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Ellipsometry of Anodic Film Growth 

Craig Gordon Smith 

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

Berkeley, California 94720 

ABSTRACT 

An automated computer interpretation of ellipsometer measurements 

of anodic film growth has been developed. Continuous mass and charge 

balances are used to utilize more fully the time-dependence of the 

ellipsometer data and the current and potential measurements. A 

multiple-film model is used to characterize the growth of films which 

proceeds via a dissolution-precipitation mechanism; the model also 

applies to film growth by adsorption and nucleation mechanisms. Charac~ 

teristic parameters describing the film growth are evaluated by a fit~ 

ting routine in a multidimensional space, and error limits for the values 

are assigned. The characteristic parameters describe homogeneous and 

heterogeneous crystallization rates, film porosities and degree of 

hydration, and the supersaturation of ionic species in the electrolyte. 

Additional descriptions which may be chosen are patchwise film forma~ 

tion, non-stoichiometry of the anodic film, and statistical variations 

in the size and orientation of secondary crystals. Theories were devel-

oped to describe the optical effects of these processes. 

An automatic, self-compensating ellipsometer has been used to 

study the growth in alkaline solution of anodic films on silver, cadmium, 

and zinc. Mass-transport conditions included stagnant electrolyte and 

forced convection in a flow channel. Single crystal and polycrystalline 



vii 

electrodes were used. Multiple films are needed to characterize the 

optical properties of these films. Anodic films grow from an electro-

lyte supersaturated in the solution-phase dissolution product. The 

degree of supersaturation of the solution-phase species depends on 

transport conditions and has a major effect on the structure of the 

film. Anodic reaction rates are limited by the transport of charge 

carriers through a primary surface layer. Film porosities derived 

from ellipsometer measurements agree with film conductivity inferred 

from electrode potential measurements. The primary layers on silver, 

zinc, and cadmium all appear to be non-stoichiometric, containing ex-

cess metaL Diffusion coefficients, transference numbers, and the free 

energy of adsorption of zinc oxide have been derived from ellipsometer 

measurements. 
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II. Introduction 

ipso:metry is a surface~sensitive technique which allows _in !l2_t::~ 

observations to be conducted during electrode reactions, While this 

technique has been known since the turn of the century, the fact 

that the use of manual ellipsometers required about 5 minutes to make 

a measurement restricted the applications of this technique to 

observations of static or slowly~changing surfaces. Automatic 

ellipsometers, which have recently been developed, have measurement 

periods on the order of one millisecond, and are now able to provide 

accurate information about the optical properties of rapidly growing 

anodic films. 

A systematic investigation of the effects on anodic film formation 

of mass-transport conditions, alkaline concentration, electrode current 

density, and the crystallographic orientation of the metal substrate 

has been undertaken, Film formation on silver, zinc, and cadmium 

has been studied, These metals have practical applicati.ons towards 

battery technology, and conventional electrical measurements have not 

provided sufficient information about the reaction mechanisms involved, 

or about the effects surface layers have on the electrode process, 
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III. Literature Review 

A. 

Extensive investigations have been performed on the Ag/Ag
2
0/Ag0 

system in alkaline solutions (Al~A3). Nevertheless, the reaction 

mechanism still remains uncertain. In situ measurements have been 

restricted to classical electrochemical techniques (current, potential, 

and impedence measurements), Characterizations have also been 

performed by X~ray, electron, and neutron diffraction, and scanning 

electron microscopy, all of which require transfer of the sample into 

vacuum. 

Kinetics 

Potential measurements in the galvanostatic mode yield three 

distinct plateaus (A4), X~ray and electron diffraction studies 

(A5~A9) indicate the products of the first two plateaus are Ag
2
o 

and AgO Neutron-diffraction (AlO) indicates AgO is actually 

composed of the monovalent and trivalent silver; the divalent state 

is not present as indicated by the diamagnetic properties of silver. 

At the third plateau, oxygen is the primary product (A4), with possible 

simultaneous Ag
2
o

3 
formation, The potential during Ag

2
o formation 

for a smooth, uncycled sheet is higher than on a cycled sheet, and 

a maximum or overshoot prior to the first plateau is observed (A4, All), 

Current measurements during potential sweeps yield additional 

information. A peak prior to Ag 2o formation has been suggested as 

being due to the formation of AgOH (Al2, A13), When no AgO is 

present, only Ag
2
o and Ag

2
o

3 
peaks were observed (Al4), The trivalent 
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product Ag
2
o3 has been isolated from acid solution (Al5), but not 

from alkaline solution. On the cathodic sweep, AgO is formed from 

Ag
2
o

3 
(Al4). In general, the potential peaks and the magnitude of 

the current density depend upon sweep rates, temperature, and alkaline 

concentration (A12, Al4~Al7). 

Overpotential measurements indicate two distinct behaviors during 

the Ag
2
o plateau. In 1 M KOH and at low current densities, Tafel 

behavior is observed with a slope of 20 to 30 mV/decade and an 

exchange current density of 10~8 to 10~6 A/cm2 (All). At high 

current densities and larger alkaline concentration the potential~ 

current relationship is linear. The limiting thickness of the Ag 2o 

film at which the transition to AgO formation occurs shows corresponding 

behaviors: for i less than 
2 

0.25 mA/cm the limiting thickness 

varies linearly with current densities, while for larger current 

densities, the limiting thickness varies linearly with the logarithm 

of the current density (All). Open circuit potential decays 

(i = 0.4 mA/cm2) indicate that of 30 to 40 mV total overpotential, 

the first 10 to 15 mV had Tafel slopes of 12 to 23 mV/decade, with 

the lowest slope occurring at the middle of the Ag 2o plateau. The 

remaining overpotential decayed very slowly and had slopes of 30 to 9 mV/ 

decade (All). A subsequent investigation indicated the initial fast 

decay was followed by slower decays (Al8), 

Physical Characteristics 

The total charge passed during the galvanostatic formation of 

Ag 2o is usually less than for the subsequent formation of AgO On 



the first cycle, the Ag
2
o plateau is always shorter than for subsequent 

cycles (Al9~A21), The capacity of the electrode (charge passed before 

initiation of o
2 

evolution) increases over the first 25 cycles (A22, 

A23) . The onset of oxygen evolution is determined by the thickness 

of the Ag
2
o film, which in turn depends upon the amount of Ag

2
o 

present and the conditions underwhich it has been formed, the current 

density, alkaline concentration, and the history of the electrode. The 

thickness of the Ag
2
o layer increases as the current density decreases 

(A24, A25), Maximum oxides are formed in 30 to 3.5% KOH solutions 

(A26, AS). Thickness of the layers ranges up to 3 vm (A4, All). In 

concentrated alkaline, the films are porous, very rough, and slightly 

amorphous. At 0.7 M NaOH , low ccurrent densities, and with stirring, 

0 

glassy films up to 7000 A thick were reported (All). The thickness 

of the layers increase with cycling, with initial conditions of the 

electrode playing an important role (All) . Ag
2
o forms as distinct 

crystals, whose size decreases with increasing current density 

(0.1 to 10 vm), (AS, A9), At low current densities, the growth of 

Ag
2
o is not uniform, but forms in patches (A4, AS). 

An excellent scanning electron micrograph study (A3, A27) indicated 

that a primary layer of distinct crystals forms prior to the growth of 

a secondary layer, Electron diffraction patterns of the primary layer 

consist of rings of uniform intens The thickness of this layer 

0 

was S0-100 A, based on coulometric estimates, The variation of size 

of the crystals composing the secondary layer were greatest on the 

(100) and polycrystal silver electrodes, with the least variation on 



the (111) face, The (111) faces of the oxides tended to be parallel to 

the (100) faces of the metal. The number density of crystals increases 

0 

with current density, X-ray diffraction indicated a faint d = 3.35 A 

line at glancing incidence, which was suggested as being due to the 110 

face of the oxide. 

The increase in potential to the AgO plateau is due to transport 

through the primary layer (A3) , This is evident by an incomplete surface 

coverage of the secondary layer at the transition. This is in agreement 

with A~C impedance measurements (A28) which indicate that dissolution 

is limited by diffusion of Ag+ through the primary layer, Scanning 

electron microscopy is unable to give information on the growth of the 

primary layer after secondary crystal growth has begun, 

5 

The surface layer is oxygen rich (A29,A9). The existence of an oxide 

intermediate between Ag 2o and the monoclinic AgO has been reported. 

This oxide has a NaCl type lattice (A30). 

Reaction Mechanisms 

The overall reaction for Ag 2o formation is (A31,Al2,A32,A7) 

and for AgO formation is 

The standard potentials (vs H2) for these reactions are 0.342 V for 

Ag/Ag2o and 0.604 V for Ag20/Ag0 (A33,A34), The Pourbaix diagram is 

given in Ref, (A35), 
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Solid-State Mechanism 

In this postulated mechanism, hydroxyl groups react at the 

electrode surface with surface ions (Al2,A32). The film thickens by 

diffusing into the bulk. Modifications are that 

Ag+ and o
2 

are the charge carrier. (A2l,A36). 

Pore-Filling Mechanism 

+ Ag or both 

This mechanism regards o
2 

as the moving species, but allows 

for a porous film. The increase in the resistence of the film is 

due to the filling of the pores (A37) . 

Dis Mechanism 

In this mechanism, dissolution of ionic silver is the initiating 

step. Ag
2
o formation occurs by precipitation of dissolved material 

from the supersaturated electrolyte. A dependence of the reaction 

rate on negatively charged ions in solution has been observed (A38,A24). 

Possible intermediate for the reaction are AgOH (Al2) and Ag(OH); 

(Al2,A24,A39,Al3,A40). In a recent investigation in which transport 

conditions were controlled using a flow cell and rotating disc electrodes, 

the electrical measurements were fit using this model (A41) . The 

consideration of distinct nucleation sites is central to various 

modifications (A42,A41), 

It has been suggested that two mechanisms are involved (A2), the 

dissolution-precipitation mechanism for large current densities, and 

the solid-state mechanism for current densities less than 0.25 mA/cn/ 

This logic cites duplex film models for the silver system (A43) and 

the cadmium system (A44) as support. 
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Passivation 

It is being recognized that surface layers are probably responsible 

for passivation of the electrode. Chemisorbed o2 (A43) and OH 

have been suggested. 

Soluble Species 

(A45) 

Maximums in the solubility dependencies of Ag2o with alkaline 

concentration have been reported (A33,A23): values of 4.8xlo~4 M in 

~4 
6 M KOH (A33) and 3,3xlO in 4.12 (A23). Rotating disc studies 

during reduction of AgO in 1 M KOH indicate a value of -4 8.7X10 M 

(A46) for the solubility of AgO , The diffusion coefficient for 

the soluble species associated with Ag 2o formation decreases with 

alkaline concentration from a value of 8.7xlo~6 cm2/s (1M KOH), (A23), 
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B~ Zinc Review 

Kinetics 

Studies of the effect of the concentration of the electroactive 

species on the exchange current density i
0
,indicate a two-step disso-

lution reaction (Zl, Z2) 

Zn + 2 OH Zn(OH)
2 + 2e 

Zn(OH)~ 

The equilibrium constant for the formation of zincate from the hydrox~ 

ide has a value ~ given by (Z3) 

~ 
[Zn(OH)~] 1015' 38 

[OH-] 2 [Zn(OH)
2

] 

At low overpotentials, impedence measurements indicate the rate 

of ion exchange at the surface is controlled by the flux of adsorbed 

zinc surface atoms (Z4, Z5, Z6) and depends upon characteristics of the 

metal, The exchange current density for the (0001) face is about 1/3 

the value for polycrystal electrodes, The exchange current is inde

pendent of the soluble zinc concentration (Z7) [i (Zn++=O.Ol6M) = 0 238· 
0 • ' 

i 0 (Zn++=0,64M) = 0.224], but depends on the hydroxyl concentration as 

given by 

a Ptn 
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At high overpotentials, Tafel behavior is observed (Z5, Z8, Z9). 

The slope of 42 to 49 mV/decade is too high for the overpotential to be 

pure charge~transfer (30 mV/decade for the 2 electron step). The rest 

potential has been correlated with the zincate activity and has the 

form (Z9) 

E
0 = 0.441 - 0.1182 pH + 0.0295 log a 

Zn(OH) 4 

Soluble Species 

The solubility of ZnO in KOH increases with the alkaline concen

tration (ZlO), but does not depend on temperature, The temperature 

independence suggests zinc is in a colloid form, although the optical 

clarity of the electrolyte contradicts this. NMR and light scattering 

were used (Zll), and the authors claim that no colloids or solids exist, 

Both Zn(OH)
3
- and Zn(OH)

4 
appear to be present in strong alkaline 

electrolytes (Zl2, Zl3). At larger KOH concentrations, the predom-· 

inant form is Zn(OH)
4

- (Zl4). The phase diagram is presented in 

Ref. (Zl5). The thermodynamic solubility, based on they-hydroxide 

intermediate, has the form (Zl6) 

log Zn(OH)4 -29.78 + 2pH 

Solutions supersaturated in the zinc species are easily formed 

electrochemically. A white precipitate occurs in battery electrolytes 

during discharge (Z17, Z18). Concentrations corresponding to twice 
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the equilibrium value of ZnO are common, On standing, ZnO is eventually 

formed as the hydroxides [six forms exist (Z19)) are unstable with 

respect to the oxide (Z20, Z21), The decay of the hydroxides to the 

oxide is reduced by lithium and silicate ions (Z22), Over a very 

limited range of silicate concentrations, homogeneous nucleation is 

strongly promoted (Z23, Z24). The a~hydroxide has been found on the 

surface of anodes (Z25). 

Supersaturation has been studied by Raman spectroscopy (Z26). 

The zincate species has tetrahedral symmetry (Z27). Polarization modes 

indicate the bands are depolarized. Only one major form, Zn(OH)z, is 

present. For a 70% increas·e in dissolved zinc species, only a 12% 

increase in Zn(OH)4 was observed, or only 1/6 of the dissolved zinc 

was converted to the zincate, 

Passivation 

At large current densities, dissolution becomes limited by mass~ 

transport (Z28,Z29). Passivated electrodes become blocked for zinc 

dissolution by a passive film (Z30 ~ Z43). Three mechanisms have been 

suggested for the formation of the passivating film: 1] An absorption 

model (Z41, Z44); 2] Nucleation and two~dimensional growth of cry

stals (Z8); and 3] The dissolution~precipitation mechanism. Breiter 

and Powers (Z45, Z46) have shown that the anodic film is composed of 

two layers, Type I is a loose, flocculent precipitated film. Below 

this is a Type II film, which is dark and perhaps only 1 monolayer 

thick, 

Some authors consider the films to be orthorhombic forms of 
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Zn(OH)
2 

(Z38). Electron diffraction indicates ZnO is present with 

grain sizes of between 1 .,.,. 3 )lm (Z36), The overall stoichiometry is 

rarely ZnO. Dark, zinc-rich films have been observed at low current 

densities (Z38, Z39). x~ray transmission and electron diffraction 

indicate y~Zn(OH) 2 is present. Zno
2 

has been postulated, but not 

isolated (Z38, Z43), Excess oxygen in the film occurs at high current 

densities (Z43). It has been postulated that the blackening of the 

film (excess zinc ) is due to the deposition of finely divided zinc by 

the disproportionation of Zn(OH); to Zn and Zn(OH)Z (ZSO). 

Passivation times have been correlated by use of the following 

equation (Z33, Z34, Z41, Z42, Z43, Z47, Z48). 

This applies at constant current. i~ is the current density below 

which no passivation occurs. 
1/2 

The constant t can be justified by 
p 

considering the Sand equation for diffusion (ZS). The data are not very 

reproducible at long times (Z34), but are better at short times 

(t < 30s), (Z42), This equation applies for both natural convection 

(Z38, Z42) and for pure diffusion (Z37), For natural convection, 

k and i~ have maximums at about 9 M KOH. A theoretical derivation of 

the equation has been presented (Z49). Rotating disc studies (Z43) 

indicate thatat passivation, the zincate concentration is about 0.16 times 

the hydroxyl concentration, The value of t is affected little by 
p 

saturating the electrolyte, implying large supersaturations occur, or 

that the saturating species is not the passivating species, 



15 

Zl, T. P. Dirkse, Zinc""Silver Oxide Batteries (John Wiley & Sons, NY 
[1969]) A, Fleischer and J, L.· Lander~ edq pp, 19~28, 

Z2, H. Gerischer~ z. Physik, Chern, 202, 302 (1953). 

Z3. T. Sekine, Acta Chern. Scand. 19, 1526 (1965). 

Z4. J. P, G. Farr and N. A. Hampson, Trans, Farraday Soc, g, 3493 (1966). 

zs. . N, A . Hampson, Reference 1, pp 37,..62. 

Z6. R. D, Armstrong and M. F. Bell, J. Electroanal. Chern. 55, 201 (1974). 

Z7. J, P. G. Farrand N. A, Hampson, ibid, 13, 443 (1967). 

Z8. R. D. Armstrong and G. M. Bulman, ibid, 25, 121 (1970), 

Z9. J. O'M. Bockris, Z. Nagy, and A. Damjanovic, J, Electrochem. Soc. 
}19, 285 (1972), 

ZlO. T. P. Dirkse, AD 'F 820273. 

Z1L w. Van Doorne and T, P. Dirkse, J. Electrochem. Soc, 122, 1 (1975). 

Zl2, 1', P. Dirkse, ibid, 102, 497 (1955)' 

Zl3. F, Kunschert, z, Anorg, Chern. 41, 337 (1904). 

Zl4. T. P. Dirkse, C. Postmus Jr., and R, Vandenbosch, J. Am. Chern. 
Soc. ]l, 6022 (1954), 

Zl5. T, P. Dirkse, J. E1ectrochem. Soc. 106, 154 (1959). 

Zl6. M. Pourbaix, Atlas of Electrochemical Equilibria (Pergamon Press, 
NY 1966), p. 408. 

Z17. T. P. Dirkse, J. E1ectrochem. Soc. 102, 497 (1955). 

Z18. V. N. Flerov, Zh. Fiz. Khim.31, 49 (1957). 

Zl9. W. Fleitknecht, Helv. Chim. Acta 13, 314 (1930). 

Z20. G. F, Huettig and H. Noeldner, z. Anorg, Allgem. Chern. bbJ:, 
368 (1933). 

Z21. R, Fricke and B. Wallhorst? ibid, 205, 127 (1932), 

Z22. A. Fischbach and A. L. Almerini? U.S, Pat, 2,811~572 (Oct. 29? 1957). 



16 

Z23. A. Marshall, N, A, Hampson, J, Electroanal, Chem. 59, 19 (1975). 

Z24, A, Marshall, N. A. Hampson and M. p' Saunders, ibid, J!i, 307 (1977). 

Z25. T. Inoue, M, Sa to, and F. Ishii, J, Electrochem, Soc. Japan, ~?. 
679 (1954). 

Z26. J. F. Jackovitz and A .. Langer, Reference 1, pp. 29~36. 

Z27, J. S. Fordyce and R. L. Baum, J. Chern, Phys. 43, 843 (1965). 

Z28. R. Landsberg, L. Mueller, Wiss. Z. Tech. Hochsch. Chem. Leuna
Merseburg ~. 103 (1959). 

Z29. E. D. Farmer and A. H. Webb, J. AppL E1ectrochem. -~' 123 (1972). 

Z30. F. Jolas, Electrochim. Acta~~-' 2207 (1968). 

Z31. T. P. Dirkse, J, Electrochem. Soc. 328 (1954). 

Z32, T. P. Djrkse, ibid, 102, 497 (1955). 

Z33. S. Dmitriev, Ref. Zh. Khim, 1, Pt. 1 (1966). 

Z34. M. Eisenberg, H. F. Baumann, and D. H. Brettner, J. Electrochem. 
Soc. 1Q~, 909 (1961). 

Z35. H. Fischer and N. Budiloff, Z. Hettalik __:g, 100 (1940). 

Z36, H. Fry and H. Whitaker, J. E1ectrochem. Soc. 106, 606 (1959). 

Z37, H. A. Hampson and M. J, Tarbox, ibid, 1}0, 95 (1962). 

Z38. H. A. Hampson, M. J. Tarbox, J. T. Lilley, and J. P. G. Farr, 
Electrochem. Tech.~. 309 (1964). 

Z39. K. Huber, J. E1ectrochem. Soc., 100, 376 (1953). 

Z40. Z. A. Iofa, S. Ya Mirlina, and N. B. Moiseeva, Zh Prikl Khim 35, 
1571 (1961). 

Z41. B. N. Kabanov, Electrochim. Acta~. 253 (1962), 

Z42. R, Landsberg and H. Barlett, Z. Electrochem. ~~. 1162 (1957). 

Z43. T. I. Popeva, V. S. Bagotskii, and B. N. Kabanov, Zh. Fiz. Khim. 
l~. 766 (1962). 

Z44, M, N. Hull, J, E. Ellison, and J, E. Toni, J, Electrochem, Soc. 
11 ~' 192 (1970)' 



Z45. R. W. Powers and M. W, Breiter, ibid, 11~, 719 (1969), 

Z46. }1, W. Breiter, E1ectrochim. Acta 16, 1169 (1971), 

Z47. T. P. Dirkse and N. A. Hampson, ibid, 16, 2049 (1971). 

Z48. J. P. Elder, J. Electrochem, Soc, 116, 757 (1969), 

Z49. N, A. Hampson, P. C. Jones, and R. F, Phillips, Can. J. Chem 
45, 2039 (1967). 

ZSO, G. S. Vozdvizhenskii and E. D. Kochman, Zh. Fiz. Chern. 39 (3), 
657 (1965). 

rr 



18 

C, Cadmium Literature Review 

Cadmium hydroxide is the major product formed by anodizing cadmium 

in alkaline solutions. Two major uncertainties regarding the electrode 

process remain, although many investigations have been conducted: 

L] The mechanism by which electrode passivation occurs, and 2.] The 

possible formation of CdO. 

Soluble 

Cadmium has a small solubility in concentrated bases (Cl-C4). The 

predominant form of the soluble species is Cd(OH)Z (C4). At very low 

-2 
alkaline concentrations (10 -M), a minimum in the solubility curve 

occurs. This is possible evidence that at very low KOH concentrations, 

+ Cd(OH) may be formed (C3, C6), 

Solid Phase 

The major product formed is B- Cd(OH)
2 

(C7-C9), The basal plane 

tends to orient parallel to the surface, depending on the overpotential 

(ClO~Cl2), Values of the lattice parameters are not reproducible, and 

this variation has been attributed to the inclusion of water in the 

lattice (Cl3). The monoclinic y-Cd(OH)
2 

has also been observed (Cl4,Cl5). 

The presence of CdO has been debated, but no conclusive evidence 

exists (Cll). The only evidence for the oxide is that the anodic films 

are dark or yellowish, in contrast to the white hydroxides (Cl2, Cl6). 

Several authors, therefore, suggest that the hydroxide layer is formed 

through a primary oxide layer, Thermodynamic arguments indicate that 

CdO should not exist at the hydroxide potentials (Cl7, C2). 
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Acttve D;L!l~oluU9:!!, 

A rotating ring~isc study (C18) indicates that the electrolyte 

has a 10-f9ld supersaturation prior to film fo!'mation, After the 

formation of a surface layer, dissolution rates are greatly decreased. 

A tafel slope of 20 mV/decade has been measured (C17) compared with the 

expected 30.mV slope for a 2e reaction, Impedence measurements give 

~6 -4 
a solubility of 5,3 x 10 in 1 M NaOH (C19) and values of 3,23 x 10 

(C19) and 2,5 x 10-
4 

(C20) in 10 M NaOH. A diffusion coefficient of 

-7 2 
5.32 x 10 em Is has been similarly determined (C20). 

Passivating Film Formation 

Except at short times, the parabolic law describes the growth of 

the solid phase products (C21). The growth mechanism has been suggested 

as being the solid-state mechanism (C22) and the dissolution-precipitation 

mechanism (C23) in which cadmium oxide is first formed. The time to 

reach passivation depends strongly upon temperature and electrode 

current density (C24), Experiments conducted at constant potential 

suggest the film grows by the successive deposition of monolayers (C8). 

The results of ring-disc experiments were consistent with the 

dissolution~precipitation mechanism (Cl8). Potential sweeps on 

ring-discs (Cl7) indicated that the current-potential curves did not 

vary within the 30% experimental error with rotation rate, The authors 

cite this as proof that the solid~state mechanism applies, However, 

due to the small dissolution current, this conclusion should not be 

highly regarded. A combined solid-state/dissolution~precipitation 

mechanism has recently been discussed (C25), in which a thin underlayer 
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is covered by they and S hydroxides, The underlayer is non~ 

stoichiometric, as shown by studies conducted using Auger spectroscopy 

(C26), 
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The anodic processes at the electrode in general consist of a series 

of partial reactions. The reactions include at least one electrochem~ 

ical reaction in which charge is transferred, and possibly chemical 

reactions and phase changesfollowingor preceding the charge transfer 

step, The slowest reaction step limits the rate of the overall elec~ 

trode process, Conventional electrode kinetics can be used to model 

possible reactions and to attempt to predict or at least reproduce 

experimental current-potential relationships. This approach is not 

unambiguous, as indicated by the uncertainties cited in the literature. 

The kinetic electrode overpotential is related to the driving 

forces which cause the reactions to occur at finite rates and will be 

dominated by the rate limiting step. As given in Vetter (Gl), the 

total overpotential may be divided into charge transfer, diffusion, 

reaction,and crystallization overpotentials. The definition used for 

overpotential is the difference between the active potential when 

current is flowing and the equilibrium potential established at open 

circuit, This assumes equilibrium conditions are reached at open 

circuit. Charge transfer overpotential has been associated with the 

work required to transport charge across the electrical double layer 

at the electrode-electrolyte interface. At high anodic potentials, 

the Tafel equation relates this overpotential to the electrode cur~ 

rent density. A reaction overpotential is associated with reactions 

whose rates depend only on concentrations and is independent of the 

potential. Either homogeneous or heterogeneous reactions may give 



polarization effects; heterogeneous reactions generally exhibit poor 

reproducibility. The Nernst equation relates changes in activities to 

the overpotential. At high anodic potentials, the current potential 

relationship has the form of a Tafel equation. 

are associated with processes in which depletion or accumulation of 

reactants or products occurs in the electrolyte due to slow mass

transport processes. The concentration difference between the bulk 

electrolyte and the interface is related through the Nernst equation 

to the overpotential. 

with the incorporation of adatoms into a crystal lattice, and surface 

concentrations are relative to the overpotential, Both diffusion 

and crystallization reactions exhibit Tafel behavior as well, 

Resistance polarization is defined separately because of the lack 

of a reference equilibrium state. This polarization is due to ohmic 

Electron 

and/or ion conductivity must be considered. Within surface layers, 

high electric field strengths may occur, and Ohm's law may not apply. 

Instead the current will vary with the logarithm of the potential drop 

across the film (G2-G5) , 

Because all of the overpotentials considered (charge transfer. dif

fusion, reaction, and crystallization) have the forms at high anodic 

potentials of Tafel expressions, experimental potential measurements 

have been used in this work mainly to distinguish between possible 

reaction products, The above review was presented to accommodate 

discussion of the structural characteristics of the following model. 
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Preliminary Computations 

The model discussed in the remainder of this section was developed 

through a sequence of preliminary interpretations. Figure la shows 

eight models which were considered. Model 1 represents the anodic 

film as a single homogeneous film of constant optical properties. 

~odels 2, ~and 4 add the mass~transport boundary layer, a second 

homogeneous film, and roughness of the metal substrate. Model 5, 

which is discussed in more detail in Appendix C , interprets the 

top film as a polymer layer and uses mass and charge balances to re

late the anodic film formation products to the electrode current 

density. Models 6 and 7 add roughness to the metal substrate and a 

second dual solid film. Model 8, which is discussed in detail, adds 

secondary crystals and the hydrate layer. Models 5 through 8 use 

an automated computer interpretation to evaluate characteristic 

parameters. Only Model 8 (Fig. lb) was found to be able to repro

duce the experimental data over large ranges of film thicknesses 

using optical constants consistent with the anodic film formation 

products assigned to the electrode potentials measured experimentally. 

A discussion of the models is given in Section V. 
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Mass~TransJ?ort Boundary Layer 

Previous work (G6, G7) has shown that the concentration profile 

across the mass~transport boundary layer (MTBL) can have significant 

effects on the ellipsometer measurements. The MTBL describes the flux 

by convective diffusion of ionic species away from the electrode 

surface. Both the rate expression for the flux density and the optical 

treatment of the refractive index (concentration) profile have been 

established (Appendix D) . The major uncertainty involved is the 

degree of supersaturation of ionic species at the electrode surface. 

The Hydrate Layer 

This layer allows for the accumulation of products in the elec

trolyte adjacent to the electrode which is not accounted for by the 

MTBL. If the electrode process occurs by the dissolution-precipitation 

mechanism, the electrolyte will have a degree of supersaturation, and 

it is possible that a colloidal suspension forms by homogeneous 

nucleation (G8, G9). A previous model (Appendix C) indicated that 

a layer with optical properties consistent with a colloidal layer 

greatly improved the reproduction of experimental observations on 

silver. The formation of anion complexes such as Ag(OH);, Cd(OH)~, 

and Zn(OH)~ (Ref. Al3, C4, Zl2) would enhance the accumulation at 

the positive electrode. 
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Type II Primary Layer 

This nomenclature was chosen to conform with work done by Breiter 

and Powers (Z46) on the dissolution of zinc in alkaline solution. This 

is the lowermost layer of reaction products, immediately above the 

metal substrate. The Type II layer is conceived as forming by crystallization 

onto heterogeneous nucleation sites. Fleischmann and Thirsk (A27) indi~ 

cate that this layer forms before the s,econdary crystctls (see below) and 

used electron diffraction to gain evidence that this layer consists of 

" . crystals of about SO to 100 A d1ameter. The use of scanning eleetron 

microscopy cannot provide quantitative information on the thickness of 

this film, but ion~etching offers the possibility for such a confirmation" 

Secondary Crystals 

These crystals are also formed by crystallization onto heterogeneous 

nucleation sites. Figure 2 shows scanning electron micrographs of 

crystals formed on silver, cadmium,and zinc. As cited in the literature, 

the number densi.ty and size of these crystals depend strongly on the 

anodic current density and the electrolyte composition. 

~pe I Primary Layer 

This is the primary layer which grows after the onset of secondary 

crystal growth" It is conceived that this film is formed by homogeneous 

nucleation and subsequent precipitation, but the model is flexible 

enough to allow for the continued growth of the Type II film, Scanning 

electron micrographs indicate that the electrode can passivate 

before the secondary crystals completely cover the surface. This 
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Figure 2, Secondary crystals formed on silver, zinc, and cadmium 
single crystal electrodes during anodic oxidation in 
6 M KOH. 
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implies that the anodic process eventually becomes limited, via re~ 

sistance polarization, by the transport of the charge carriers across 

the primary films (Type I and Type II). 

Roughness of the Hetal Substrate 

This layer describes the optical effect of surface roughness. 

The roughening rate will vary strongly with the grain size and the 

number density of lattice imperfections in the substrate. Single 

crystal electrodes of close~packed orientation were used to minimize 

this roughness. Section F discusses the optical treatment of this 

layer. 

Sequential Formation of the Structural Layers 

Figure 3 indicates the sequences of formation of the six layers. 

Starting with an initially film~free surface, the electrode first 

dissolves by the formation of cations, with simultaneous roughening 

of the metal substrate. For sufficiently large current densities, 

the electrolyte becomes supersaturated and nucleation of Type II 

film begins. After growth of the Type II film to a limiting thick~ 

ness, the secondary crystals begin forming. After an induction 

period during which the hydrated species accumulated, precipitation 

of the Type I film begins, Both the secondary crystals and the 

Type I film continue to grow. 
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c. ies Between 

Simplified equations have been used for the flux densities between 

layers because insufficient detail is known about the electrode 

kinetics. The major assumption made in the following expressions 

is that the concentrations of the reactants and products reach a 

constant, steady state value after transient increases in the concen-

tration. The flux densities are defined as current densities entering 

each layer. 

Flux Density 

Type II Film iiiF = CIIF (1) 

Secondary Crystals i "" c (A I~) sc sc c 
(2a) 

or 
i C' 
sc sc 

(2b) 

Type I film 1IF fRiiH (3) 

zFD(C -C) 
iD 

ss 
(1-t+)o(t) 

Boundary Layer (4) 

Type I Hydrate iiH i-i -i D sc 
(or iii F) (5) 

For the type II Film, iiiF has assumed a constant interfacial 

concentration and the neglect of changes in surface area. The flux 

density for the secondary crystals has two limiting expressions: In 

the first case, the flux density to the secondary crystals is propor-

tional to the surface area of the crystals A 
c 

relative to the super-

ficial electrode area Ab • This flux corresponds to rate control by 

crystallization from a constant concentration of surface adatoms. 



The second expression Eq. (2b) would correspond to crystal growth 

limited by transport of reactants to the crystal surface. The flux 

density for the Type I Film Eq. (3) assumes zero order kinetics for 

the dehydration of the Type I hydrate and would also be valid for 

constant concentration of the hydrate. In the flux density for the 

boundary layer Eq. (4), transient effects are modelled by the time 

dependence of the boundary layer thickness o(t) (see below). The 

flux density into the hydrate layer is found by a linear combination 

of the total electrode current density and the five previously defined 

flux densities. This prevents overspecification of the system. 

Formalization of the hydrate layer flux density would require describing 

the kinetics for the formation of polymers and anions and the corresponding 

unsteady-state mass-transport within an electric field. 

The flux densities have units of 2 rnA/em . Areas have been 

normalized to a radius of influence of the secondary crystals defined 

by 

( 6) 

where N is the number of crystals per sq. em. The radius R. is 
0 l 

the half distance between adjacent crystal centers. 
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D. 

For constant~current experiments, the boundary layer thickness 

initially increases with time. Approximate solutions of the convective 

diffusion equation, which assume constant transport properties, have been 

used. For stagnant electrolytes, the Sand equation gives (GlO) 

0 = 1.129 rnt (7) 

For forced convection in a flow cell, a series solution by Rosebrugh 

and Miller (Gll) for a finite boundary layer was used. A characteristic 

time constant a is defined as 

(8) 

where obl is the limiting, steady state boundary layer thickness 

given by Sherwood number correlations, 

(9) 

where dh is the hydraulic diameter. For a < 0.5 • the series solution 

is approximated by the Sand equation, and the growth of the boundary 

layer is described by Eq. (7), 

It is assumed that the electrolyte must be supersaturated before 

film formation begins. The time to reach an ionic supersaturation 

C is t 
ss ss 



36 

For 0 < t < t the increase in interfacial ion concentration ss 

for stagnant electrolyte is given by (GlO), 

c. 
~ 

c + L y'j)t (l~t ) . 
b zFD + ~ 

and for forced convection (Gll) by 

(10) 

(11) 

The time t to reach the steady~state interfacial ion concentration 
ss 

C is given by (stagnant electrolyte), 
ss 

t ss 

and for forced convection by 

(12) 

(13) 

Before t no film is formed, and after t , the interfacial ion ss ss 

concentration is assumed constant. 

The Sherwood Number correlations used for the limiting forced 

convection boundary layer thicknesses are (G7): 
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d 
Sh "' 1.40 (ReSc h/X) 1/ 3 

Re < 3000 (Ill) 

1,40 (3000Scdh/X)
1

/
3 3000 ~ Re< 5000 (15) 

0 042Re0 •743sc1/ 3 . . 5000 ~ Re (16) 

For the constant potential experiments, the time dependence of 

the boundary layer thickness was approximated by the Cottrell-Stefan 

solution to the diffusion equation (G13) 

(17) 

This was used for both stagnant and forced convection transport 

conditions. For forced convection, the limiting thickness given by 

Eqs (14-16) is used for large times. The interfacial ion concentra~ 

tion c1 as a func ti.on of time is computed from the concentration over-

potential n : 
c 

n c 
(18) 

To·obtain nc' the experimental value of the total overpotential 

n is corrected for surface overpotential (charge transfer, reaction, 

crystallization) and resistance polarization. The surface over-

potential is computed from a Tafel equation 

i = (19) 

with the exchange current density i
0 

evaluated by the computational 

procedure. The resistance polarization for surface films is computed 
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assuming Ohm's law applies. For both the Type I and Type II films, 

effective conductivities are calculated by assuming parallel resistances 

to transfer through pores and through the solid film. The total 

resistance is a series resistance across the Type II and Type I layers: 

(20) 

Blockage effects due to secondary crystal growth are included in the 

fractional surface coverage f sc Using experimental values of the 

electrode current density in Eq. (20), use of Eqs. (21), (20), and (19) 

gives 

(21) 

Type II Film 

The Type II.film is assumed to be the only surface layer forming 

during the time period tss < t < tNUC The time to reach supersatura-

tion t is calculated as outlined above from the steady state degree ss 

of supersaturation of the ionic species D , for the experimental ss 

transport conditions, The time at which secondary crystal growth 

begins, 

Type I Film 

and D , are determined by the interpretation procedure. 
ss 

Growth of the Type I film begins at tNUC . The growth rate is 

characterized by dehydration of the Type I hydrate. As the flux 

density into the hydrate layer [Eq. (3)] depends on the flux density 



into the secondary crystals, the growth rate of the Type I film is 

therefore inversely proportional to the growth rate of the secondary 

crystals. The Type I film can reach a limiting thickness for 

i ~ i, 
sc 

Type I Hydrate 

Although the hydrate layer accounts for the homogeneous forma-
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tion of polymers and anions, the growth rate of this layer is determined 

by the residual charge remaining after ionic transport and heterogeneous 

nucleation and crystallization have been accounted for. For the 

optical treatment of this layer, a characteristic time Tdiff is 

evaluated by the computational procedure. Tdiff is the time to 

reach the minimum porosity of the hydrate layer. 

Secondary Crystals 

Nucleation of the secondary crystals begins at time tNUC' Three 

kinetic treatments of the crystal growth may be chosen for the compu~ 

tational procedure: [1] growth rate increases with surface area 

(crystallization control), [2] growth rate constant (transport 

control), [3] mixed kinetics where initially crystallization control 

applies until a characteristic time TKIN (evaluated by the computation 

procedure) after which transport control applies. 

Surface 

Measurements of film-free surfaces can be interpreted by use of 

independently determined optical constants and the effect of a finite 

surface roughness, A square-ridge model has been used for roughness of 

the metal substrate. Three empirical parameters are required to des-
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cribe the growth of the layer representing the roughness: [1) the 

initial peak to peak roughness, [2] an initial porosity or area fraction 

of the "valleys", and [3] the fraction of the current density which 

creates void volume (product of area fraction of valleys and peak 

to peak roughness) during the dissolution process. Two treatments of 

the growth process may be chosen for the computational procedure; the 

thickness of the layer remains constant and the increase in voids results 

in an increase in porosity, or the porosity of the layer remains 

constant and the increase in void and volume is used to compute an 

increase in the thickness of the layer. The computer program (Appendix G) 

allows changes in this layer to stop at the onset of secondary crystal 

growth tNUC or the layer may continue to grow indefinitely, 

E. Mass and Balances 

The flux densities defined above describe the current densities 

into each type of layer. Changes in volumes for the layers are computed 

by the use of Faraday's law, bulk densities, molecular weights, 

valence, and the number density of secondary crystals. The general 

proportionality factor P. 
1 

P. 
1 

is 

M. X 108 
l 

N 
0 

This factor gives volume changes in cubic angstroms per radius of 

( 22) 

-2 influence of secondary crystal for current densities in mA em density 

p in -3 g em , and number density N 
0 

incremental changes in volumes are then: 

in crystals -2 
]Jm The 



Layer 

Type II Film 

Type I Film 

Type I Hydrate 

Secondary Crystals 

dV
1

(A3 per secondary crystal site) 

dVIIF 

0 

dVIF = 0 ' 

PIFfR(i-id-isc)dt ' 

dVIH = PIH(i-id-iiiF)dt, 

t > t nuc 

t ,;;; t nuc 

t > t nuc 

t,;;; t nuc 

= (1-fR)PIH(i-id-isc)dt,t> t nuc 

dV = 0 t ,;;; t 
sc nuc 

dV = p i dt ' t > t 
sc sc sc nuc 

Dimensions of the Layers 
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(23) 

(24) 

(25) 

(26) 

The thicknesses of the Type II Film, Type I Film and Hydrate, and 

the size of the secondary crystals are computed from the volumes of the 

solids as defined above and the volume fractions of solution (porosities 

or hydration degree). For the Type I Film and Hydrate, a correction is 

included for inhomogeneous effects by assuming the porosity E increases 

Parabolically· in the dir~ction normal to the surface from E. at the bot~ 
l 

tom to Eb at the top. 

E.)(l,.. Y/T) 2 
1, 

(27) 

The time increments used to compute V. are taken from the experimental 
l 
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values input to the programo 

Layer Thickness 

Type II Film TIIF 
-1 -1 

VIIF(l-EIIF) ~ (28) 

-1 -1 
Type I Film TIF v1F[l~(2/3siF+l/3s1H)] ~C (29) 

-1 ~1 
Type I Hydrate TIH "" loSVIH(l~siH) (~C+AC) (30) 

Secondary Crystals T [v P-2(l~e: )-1]1/3 
sc sc sc 

(31) 

The areas involved are~ 

~ 108/N 
0 

(32) 

~c "" (1-f )~ sc 
(33) 

Ac (4P+2P 2)T 
sc 

(34) 

For N 
0 

in secondary crystals -2 em is in square angstroms. 

is the surface area not covered by the secondary crystals, and AC is 

the surface area of crystals having height T and width P T 
sc sc 

For 

P = 1 , the crystals are cubeso 

F. Optical Treatment of the Layers 

Principles of Ellipsometry 

Changes in the state of polarization caused by reflection are 

expressed by the ratio p of the reflection coefficients r and r 
p s 

for the electric field components parallel and normal to the plane of 
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incidence. The plane incidence is by the incident and 

specularly reflected beams. The complex quantity p is conveniently 

described by a relative amplitude change tan ~ and a relative phase 

change 6 (Eq. 35); A and~ are experimentally measured. 

p 
r 

""~ r 
s 

i/'1 
tan ~ e (35) 

For ideal (planar, smooth, isotropic) bare surfaces, the reflec~ 

tion coefficients are given by the Fresnel equations [Eqo (36), (37)] 

which involve the angle of incidence 1/> (angle between incident light 

beam and surface normal) and the angle of refraction 1/>"' (angle between 

transmitted beam and surface normal)" 

(I/> 1/> 
/' 

) tan r = 
(If> + If>"') p tan 

(36) 

r "' sin (1/> - I/>") 
s 

(1/> + 1/> ") sin 
(37) 

The angle of refraction 1/> can be obtained from the angle of incidence 

1/> and the refractive indices of incident medium n and reflecting 
0 

medium n by the use of Snell's law of refraction: 
s 

sin 1/> 

n 
0 

n 
s 

sin I/>" (38) 

For a light absorbing surface such as a metal, the refractive index 

n and the angle of refraction 1/> -" are complex quantities (Gl4) v The 
s 

sign convention followed in this work is such that the imaginary 
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of the cbmplex refractive index is negative, 

n 
s 

n - i k (39) 

For a surface covered by a homogeneous and isotropic film (Gl5), r 
p 

and r can be determined by use of the Drude equations: s 

rlv + r2v e 
-iT 

1 + rlvr2ve 

(40) 

where v is either s or p. As shown in Figure 4, r 1v is the reflection 

coefficient [Eq. (36), (37)] for the top surface of the film and r
2

v 

is the reflection coefficient at the base of the film. The phase T 

has the form (Eq. 41) 

= 4IT 
~ 

Tf n f cos ~ £ c cr 
(41) 

Tf is the film thickness, ncf the complex film refractive index, and 

cos ~cf the cosine of the complex angle of transmission through the 

film (relative to the surface normal). 

Mass Transport Boundary Layer 

The optical effect of a mass-transport boundary layer on light 

reflected from an underlying substrate is illustrated in Fig. 5. 

Computationally the continuously varying concentration in the 



---- = I r I 
hv 

r il 
I 

$ 

r I - ----
I . 
Jll 

4. Definition of the reflection coefficients used in the t 
Drude of at the film 

r_ while reflection of 

r where at the bottom film is described 

V refers to s or p component. 

·.J1 

-9523 



optically inhomogeneous) boundary layer can be represented by a series 

of (optic~lly homogeneous) layers of uniform refractive index, with 

refraction and reflection of the light beam taking place at each 

interface between layers. Three approximations for the MTBL were 

considered; 

[1] The refractive index in the boundary layer decreases para-

bolically from the surface to the bulk electrolyte as given by 

Eq. (42). 

n (n. 
]._ 

(42) 

[2] The refractive index decreases linearly as given by Eq. (43). 

n ( 43) 

The Nernst boundary layer thickness was used for the linear pro-

file~ oN = 1/28, which gives the same interfacial concentration grad

ient as does the parabolic profile when used in the Sherwood number 

correlations (Eqs. 14-16). 

[3] A homogeneous film approximation was used with the same 

interfactial refractive index n. and the Nernst boundary layer thick
l 

ness. The multiple-film method (G7, Gl6) was used to treat the 

inhomogeneity described by Eqs. (42) and (43). 

Figure 6 shows results of the computations for the three approxi-

mate representations of the MTBL. A constant interfacial refractive 

index n
1 

was maintained as the boundary layer thickness was increased. 

For thick boundary layers, the values of 6 and ~ converge to a limit-
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Figure 5, Representation of the inhomogeneous boundary 
layer by multiple homogeneous films vlith reflection 
and refraction taking place at the interface between layers. 
~b is the of incidence upon the boundary layer~ 

~i the angle of incidence upon the substrate (solid phase). 
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ing value for the inho~ogeneous film representations. Reflection 

within the MTBL becomes negligible (G6 1 G7) and the principal optical 

effect is a change in the angle of incidence ¢i on the substrate. 

This effect depends on the refractive indices in the bulk fluid nb 

and at the interface n., and can be determined from the angle of 
I ' 

incidence outside the boundary layer¢ by use of Snell's law. 
0 

sin¢. 
J. 

(44) 

For very thin boundary layers, the homogeneous film does approximate 

the inhomogeneities described by Eqs. (42) and (43). The homogeneous 

film approximates the linear profile for about 1/4 of a cycle of 

oscillation. The boundary layer thickness at this point is given by 

Eq. (45) (G7). 

A 
0 (45) 

The optical effect of the MTBL was determined by using the two 

limiting approximations indicated above. For boundary layers thinner 

than the thickness given by Eq, (45), the HTBL was treated as a homo-

geneous film having the refractive index Thicker boundary layers 

were treated by modifying the angle of incidence according to Eq, (44). 

For short times, prior to the formation of the hydrate layer, the re-

fractive index n. corresponds to the concentration of ionic species at 
I 

the interface. When the hydrate layer is present, n. depends on the 
I 
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Figure 6a, thickness 8 ~ 
on 6. • Zinc dissolution in KOH, 
6.c the concentration difference between interface and 

for ic and linear refractive 
index and the homogeneous film approximation. 
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Figure 6b. Effect of mass-transport boundary layer of thickness o , 
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~c the concentration difference between interface and 
bulk. Computations for parabolic and linear refractive 
index profiles and the homogeneous film approximation. 
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treatment of the hydrate layer (see below). 

Hydrate Layer 

Either of three descriptions of the optical effect of the hydrate 

layer may be chosen for the computational procedure; 

[1] The hydrate layer is a homogeneous film with refractive index 

nH and the thickness given by Eq. (30). The refractive index is a 

linear average of the solid refractive index of the hydrated species 

n . (specified as input to the. computer program) and the refractive 
ppt 

index of the electrolyte nsoln' as by . (!+6). 

(1 ~ E ) n + E n 
H ppt H soln (46) 

For this treatment, the refractive index of the HTBL is given by 

the concentration of ionic species at the HTBL-Hydrate layer interface. 

[2] The hydrate layer is viewed as an extension of the HTBL. 

The reflection at the HTBL-Hydrate interface is neglected to represent 

a gradual change in refractive index between the two layers. The 

refractive index nH (calculated as specified above) becomes n. for 
]. 

the MTBL. 

[3] The hydrate layer is an inhomogeneous film with a parabolic 

distribution of porosity [Eq. (27)]. The multiple-film method is 

used (G7, Gl6) >vith five equivalent homogeneous films. The refractive 

index of each homogeneous film is determined the use of Eqs. (27) 

and (46), The refractive index n. of the MTBL is the same as des~ 
1. 

cribed in case [1], 



Jype I Film and Type II ~ilm 

The type I f:tlm is treated as a homogeneous film of thickness 

TIF as given by Eq. (29). The refractive index of the film is com

puted by a linear average fEq. (46)] of the solid film refractive 
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index niFS and the electrolyte refractive index nsoln' The constant 

porosity of the film ElF used in the linear average is determined by 

the computations, 

The type II film is also treated as a homogeneous film. The 

thickness TIIF is given by Eq. (28) and the refractive index again is 

the linear average of the solid film refractive index niiFS and the 

electrolyte refractive index n 
1 

. For the computational procedure, 
so n 

the porosity of this layer can be set to the constant value of 0.21 

(corresponding to close~packed spheres), or allowed to decrease to 

0,21 linearly with time until the value t , The decrease with · nuc 

time is an approximate treatment of patchwise film formation on the 

scale of the coherent length~ of the light beam (see below). 
c 

Secondary Crystals 

The optical treatment of the secondary crystals is determined by 

the number density of crystals, or equivalently, by the size of the 

crystals. Three general regimes of crystal sizes T are distinsc 

guished (Gl7) : 

T << A. "" .A ;::; 0 (lOOA) ( 4 7) 
sc l ~-

ni 

T o (A.) ( 48) 
sc l 



T >> /;_, 
sc "" 

0 (SG ) 
c 

(49) 

Where A. is the wavelength of light in the material i, A the wave~ 
1 

length in vacuum~ and 5G the lateral coherence of light. For very 
c 

10 ~2) small crystals or large number densities [N ~ 0(10 em '], the 
0 
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crystals are not individually distinguishable, Crystals on the order 

of the wavelength of light ( :.\ "" 546.1 nm) must be treated by the co~ 

herent superposition of light reflected from distinct crystals. 

Crystals having sizes larger than the lateral coherence of light must 

be treated by the incoherent superposition of reflection from two 

regions, Unfortunately, no adequate theory for the optical effect of 

crystals in the latter two regions is available in the literature, 

but theories have been developed for this dissertation. 

Small 

In this regime of the secondary crystal sizes, homogeneous films 

are used to represent the optical effect of the layer of crystals. The 

thickness of the layer T is given by Eq, (31). As the surface between 
sc 

the crystals is covered by the Type I film and the hydrate layer, the 

layer of secondary crystals is divided into two sublayers having thick~ 

nesses TIF {Eq. 29), and Tsc-TIF" The refractive indices of the films 

are linear functions of the optical surfa"ce coverage of the crystals 

as given by Eq. (50). 

n see C n + (1 - C ) n 
c c c uc 

For the bottom layer n uc is the Type 

(50) 

I film, while 



for the top sublayer, nuc is the hydrate material. (If TIH < Tsc- TIF 

a third sublayer is included). 

Two methods were used to compute the optical surface coverage of 

the crystals. The first method uses the projection onto the surface 

when viewed along the surface normal. The second method uses the pro~ 

jection along the propagation vector of the light and includes the 

angle of incidence ¢ • Two angles specify the orientation of the 
0 

cubes (Fig. 7). The angle between the surface and the side of the 

crystal is a, and the smallest angle from the s-plane to a crystal 

face is S. The use of two angles assumes a line of contact between 

the surface and the crystals. The coverage projected along the sur-

face normal is: 

c 
c 

( P cos a + sin 

The coverage projected along the propagation direction is: 

(51) 

c 
c 

P Tsc 
2 

tan¢ 
0 

(1 +P 
2)

112
sin(a+45) [cosB+cos(90-S)] (SZ) 

2 Ri 

To calculate the optical effect of the complete structure given 

in Figure 1, the multiple-film method was used for the 5 (or 4, depend-

ing on the treatment of the hydrate layer) homogeneous layers of the 

roughness, type II film, type I film, secondary crystals and hydrate 

layer covered by the MTBL. 
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Coherent Superposition from Distinct Crystals 

Crystal sizes in this regime are treated by computing the reflection 

coefficients r and r from an area average of the reflection p s 

coefficients for the surface covered by the secondary crystals and the 

uncovered surface, as given by Eq. (53) where v is either s or p . 

C r + (l~C )r b , c vc c v (53) 

The coverage projected along the propagation direction [Eq. (52)] was 

used. Two models were used to represent the crystal-covered surface. 

The first model treats the cubes as a homogeneous film having 

thickness T sc 
The multiple~film method is used separately for the 

covered and uncovered surfaces, and rvc and rvb are combined by use 

of Eq. (53). 

The second model uses a ray method to describe light transmission 

through the cubes (Appendix B) • 

Incoherent Superposition from Distinct Crystals 

This regime applies when the crystal sizes are larger than the 

lateral coherence of the light beam. The lateral coherence can be 

estimated by Eq. (54)(Gl8) 

0 
c 

0.16 SA 
Dd 

(54) 

For source dimension Dd resulting from the pinhole diameter following 

the light source of 1 mm and a distance S (focal length of collimator) of 
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fifteen em(;\. "" 546,1 nm) ~ a lateral coherence of 13 )lm is determined 

for the ellt.psomete.'r (see Eqtdpment section), 

Incoherent superposition is treated as an intensity average of 

the reflectance ratios p. [Eq, (35)] for the covered and uncovered 
:L . 

portions of the surface, as given by Eq. (55). 

p Cc Ic pc + (1 ~ Cc) Ib pb 

c c Ic + ( 1 -c c) Ib 
(55) 

The two methods described in the coherent superposition section were 

used to treat the optical effects of the cubes. The intensities Id 

are given by Eq. (56). 

(56) 

Statistical Variations in the Secondary Crystal Size 

The effect of random variations in the number density (size) and 

orientation (a and B) of the secondary crystals may be investigated 

for assumed distribution functions. Three points in the Gaussian dis·-

tribution space were used, X = )l and X - )l ""± a, where the probability 

of X (number density, a, or B) is given by 

f(x, ]J, o) 1 

6 
exp (1/2 (x;¥ )2) (57) 

For random variations in the intermediate range of crystal sizes, 

Eq. (53) is used to determine r and r for each value of the statis-
s p 

tical quantity, and a weighted average is computed using Eqs, (57) 



and (58). 

(58) 

For random variations in the incoherent superposition regime, 

Eq, (55) is used to determine p for each value of the statistical 

quantity, and a weighted average is computed using Eqs. (56), (57), 

and (59). 

p 

i=l 

1 

f(X.)I(X.) 
l l 

3 
~ 

i=l 

tatistical Variations in the Nucleation of 

(59) 

The use of a uniform distribution on the surface in the number 

density of secondary crystals as outlined above results in a uniform 

thickness for the Type II film. An alternate approach allows for 

variations in the Type II film thickness at different points on the 

electrode surface: The time of the onset of crystal growth tNUC is 

allowed to be a statistical quantity having three values, the mean 

value V and V ± a. At each experimental value of time, the three 

58 

computed curves resulting from the three values of tNUC are incoherently 

superimposed using Eqs. (56), (57), and (59). 
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Depletion of the Hydrate Layer 

The formation of secondary crystals will tend to deplete the 

dissolved material which accumulates in the hydrate layer prior to the 

nucleation of the crystals. To account for the optical effect of 

the depletion of the hydrate layer, the porosity of the hydrate 

layer may be increased from the minimum value at TDIFF until 0.999 

at a characteristic time TPACK • The increase is a linear function 

of time,and TPACK is evaluated by the computational procedure, 

Patchwise Film Formation 

Under certain conditions, most notably low current densities 

(see the results for cadmium hydroxide formation), anodic film will 

form preferentially on localized regions of the electrode. To model 

this patchwise film formation, the electrode surface is divided into 

a fraction covered by secondary crystals and a fraction assumed free 

of secondary crystals. The fraction of coverage (of secondary crystals) 

increases from a value COVII at TNUC parabolically with time until 

TDISS , a characteristic time evaluated by the computational procedure. 

As nucleation at preferred regions is probably due to variations 

of surface composition, the model allows for films to be present on 

the electrode surface before the current is initiated. For the 

computation procedure, the initial surface layer may cover only the 

fraction COVII or cover the total electrode surface, The thickness 

of the initial layer, TFICCO is evaluated by the computational procedure. 

This initial layer is the first phase of the Type II film. 



60 

During anodic film formation, the volume of material forming 

secondary crystals (eq. 2, 22, 26) is divided by the fractional coverage 

before the crystal sizes are computed by use of eq. 31, The hydrate 

layer is assumed to cover the total electrode surface. 

For the computation procedure, the Type I film may either cover 

the total electrode surface or only the fraction covered by secondary 

crystals. 

Variations in Surface Composition 

To account for changes of the primary layer composition (Type II 

and Type I Films), two different refractive indices may be used for 

the portions of the surface covered and not covered by the secondary 

crystals. The refractive index describing non~stoichiometry may be 

determined in either of two ways: 1) Both the real and imaginary parts 

are evaluated by the computational procedure, 2) Excess metal is 

considered to be the cause of the non-stoichiometry,and the refractive 

index is computed using the Lorenz-Lorenz equation (eq, (60)), 

(Appendix C) to average the metal optical constants with the input 

oxide optical constants 

( 60) 

Bulk densities pi are used, and f 1 is the volume fraction of component 

1 calculated from the mole fraction of component 1 (evaluated by the 

computational procedure) by assuming additivity of molar volumes. 



The regions having different primary layer compositions can be 

averaged either coherently (eq. (53) with C as the area fraction 
c 

of the patches) or incoherently (eqs. (55), (56)), 

Changes with time of the prlinary layer composition are modeled 
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in two ways: (1) The fraction of the surface covered by the non~stoichiometri.c 

patches increases parabolically with time from the value COVII at 

TPACK to 0.999 at TDISS. (2) The mole fraction of excess metal in the 

films increases linearly 1:-Jith time from an initial value (determined 

by the computational procedure) from TPACK to unity at TDISS. 

Adsorption of Dissolved Species 

Film formation has been restricted to begin after the metal 

cation concentration exceeded the solubility limit of the metal in 

the electrolyte by a supersaturation required for nucleation or 

precipitation. Kinetics approximating an adsorption mechanism for 

film formation may be used for the computational procedure by the 

evaluation of the parameter VADS. This parameter, fulfilling the 

same role as CIIF in eq. (1) , describes the flux density entering the 

Type II film for the time interval 0 < t < t where is the 
ss 

time to reach supersaturation of the metal cation (eq. (12), (13)). 

Another consideration is the optical effect of adsorbed species 

on the electrode surface. Two approaches may be used for the computational 

procedure. The first approach forms a monolayer coverage of Type II 

film at a rate determined by VADS introduced above. The film is 

optically distinct from the mass~transport boundary layer, the refractive 

index of which is determined by the concentration of cations in the 

electrolyte at the surface. 



The second optical treatment of adsorbed species assumes that 

there is no discontinuous change in refractive index between the 

boundary layer and the adsorbed sub~monolayer film, For this case, 

the interfacial refractive index of the mass-transport boundary layer 

is determined by the coverage of adsorbed species, using a linear 

average of the electrolyte and the adsorbed species refractive indiees. 

The coverage of adsorbed species is calculated using an adsorption 

isotherm of the form of eq, ( 61) 

e f( ~6G/RT) = a
1

, e (61) 

where is the activity of the dissolved species in the electrolyte 

at the interface and 6G is the free energy of adsorption. 6G is 

evaluated by the computational procedure, and a. requires use of an 
1. 

activity coefficient-concentration relationship. 

G. Computation Procedure 

Interpretation of the experimental data is accomplished by finding 

values of characteristic parameters in the model which will best reproduce 

the experimental values of IJ. and 1./J , The computer program 

(Appendix G) is a subroutine which calculates an error term (for fixed 

values of the characteristic parameters) defined as the average distance 

per point between experiment and theory, as given by Eq. (62) 

1 Vl 2 c . ) I (IJ. -6t) . + n-1. . . e J 
J"'l 

( 62) 
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The subroutine is designed to be used with a program which evaluates 

characteristic parameters by minimizing the error term" 

The minimizing program used (MINUIT) was available as a library 

program (Library (Minuit73)) at the Lawrence Berkeley Laboratory. Sim~ 

plex (Gl9) and Davidon variable matrix (G20) algorithms are used to 

evaluate all (or specifically chosen) parameters. Two versions are 

available, accommodating 15 and 55 variables, Parabolic error estimates 

are used to provide limits of uncertainty for the parameters. A para~ 

bola is fitted through the partial derivative of each parameter near 

the minimum, A measure of uncertainty is given by the change in 

parameter value necessary to change E~ (the distance between experimental 

and calculated points) by a specified value, In addition, a Monte Carlo 

routine (G21) may be used to search randomly the multidimensional 

space for multiple roots. In the routine, new initial values for the 

iteration process for the parameters being evaluated are chosen at 

random,and a new minimization is conducted, 

The characteristic parameters in the model which may be evaluated 

by the computational procedure are given in Table IA, In practice, 

only a few of these parameters are simultaneously evaluated, with 

the remaining parameters becoming input variables. 



Table IA. 

Parameter 

VCRYS2 
PORE I 
RATF 
POREF2 
POREFf/) 
CNf/) 
VCRYS 
HYDR 
FRUFF 
PO REf/) 
TMf/) 
TFlCCI/i 
p 

DSSAT 
AITAF 
ALPH, BETA 
TNUC 
TDIFF 
FPACK 
TPACK 
TDISS 

TNFR, TNFI 
CO VII 
SIGCN 
SIGTN 
SIGALF 
SIGBET 
FARRAY 
BADS 
VADS 
PADS 
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Parameters which may be Derived from Ellipsometer Measurements 

Description 

Crystallization Rate of the Type II Film 
Porosity of the Type II Film 
Dehydration Rate of Hydrate Layer 
Porosity of Hydrate Layer 
Porosity of Type I Film (Initial) 
Number Density of Secondary Crystals 
Crystallization Rate of Secondary Crystals 
Hydration of Secondary Crystals 
Rate of Void Formation in Roughness Layer 
Porosity of Roughness Layer 
Initial Thickness of Roughness Layer 
Initial Thickness of Type II Film 
Width to Height Ratio of Secondary Crystals 
Degree of Supersaturation of Metal Cations 
Charge-Transfer Exchange Current Density 
Orientation Angles for the Secondary Crystals 
Time, Onset of Secondary Crystal Growth 
Time, Minimum Porosity of Hydrate Layer 
Final Porosity of Type I Film 
Time for Compaction of Type I Film 
Characteristic Time Describing Depletion of Hydrate 

Layer, Patchwise Film Formation, or Developing 
Non-Stoichiometry 

Complex Refractive Index Describing Non-Stoichiometry 
Initial Coverage for Patchwise Film Formation 
Standard Deviation in CN0 
Standard Deviation in TNUC 
Standard Deviation in ALPH 
Standard Deviation in BETA 
Limiting Coverage of Secondary Crystals 
Free Energy of Adsorption 
Rate of Adsorption of Type II Film 
Adsorption Parameter for 2-Parameter Isotherms 



V. Experimental Equipment and Procedures 

A. Equipment 

Automadc S~lf-Compensat::_inUllipsomet:.§'! 

The ellipsometer (G22 ) is a self-compensating instrument. The 

basic arrangement is illustrated in Fig. 8 With the quarter wave 

compensator set at± 45°, the polarizer azimuth is adjusted to give 

linearly polarized light after reflection from the sample. The 

analyzer azimuth is crossed at 90° to the reflected azimuth, giving a 

minimum intensity in the light transmitted to the photomultiplier. 

The experimental parameters, the relative amplitude tan ~J and the 

relative phase 6, are computed from the polarizer and analyzer azimuths (G25). 

Figure 9 shows the arrangement of components for the automatic 

ellipsometer. Faraday cells, driven by 150 ampere bipolar program

mable power supplies, rotate the planes of polarization to maintain 

the minimum in intensity. The instrument has a response time of 1 ms 

and a resolution of 0.001 deg. in azimuth, It has a slew rate of 

1600 deg/sec,which corresponds to wm/sec film growth. 

Electrochemical Current 

Experiments were conducted at constant current and constant po

tential modes. For galvanostatic operation, a Fluke Model 382A 

regulated power supply was used. Six digits may be set over a 0-2A 

range. The compliance rating is 50 volts. Potentiostatic measure

ments were performed using a Magna Model 4700M potentiostat. This is 

a dual channel power supply with a 5A/20V range to control potential 

over a ± 3V range. 



s XBL774- 3291 

8. Azimuths of ellipsometer at compensation. 
P, Q. s. A. refer to the polarizer, quarter-wave compen
sator, specimen. and analyzer. E represents ell ic 
polarization incident on the surface and E" represents 
linear polarization after reflection. ~ 
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Figure 9. Arrangement of components for the automatic self-compen
sating ellipsometer. 
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Flowmeter and Flowsy~~~ 

An ultrasonic flowmeter (Series 240, Controlatron Corp.) was 

used to monitor fluid velocity during forced convection experiments. 

The flowmeter measures the Doppler shift in the ultrasonic beam 

travelling across the pipe. Readings are taken every 20 ms over a 

range of 0.01 to 333 gpm. A 0-10 V analog signal is used for record-

ing. The flow system is illustrated in Fig. 10 The holding tank 

and the 3/4 in.sch 80 pipe are made of polypropylene. while the flow 

cell and the degassing chamber are made of plexiglass. The magneticallv-

coupled pump (Gorman-Rupp, Model 14520) has a polypropylene drive 

assembly. 10 ~m polypropylene elements are used in an in-line filter. 

Recorder 

Hard-copy outputs of the polarizer and analyzer azimuths, flow 

velocity, electrode potential, and cell current are obtained in 

analog form with a Honeywell (Model 1108) galvanometer recorder. The 

input voltages deflect mirrors in the galvanometers to direct light 

beams onto photo-sensitive paper. The pre-amplifier to the recorder 

has an input impedance of 20 :r<.n. For potential measurements, a 

10M~ pre-amplifier is used in series with the recorder. Signals for 

recording the polarizer and analyzer azimuths (current to the Faraday 

cells) and the cell current are generated by precision shunts. 

A 0-10 V output is generated by the flowmeter controller. 
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B, Electrode ion 

Electrodes were formed from high-purity (99,999%) silver, zinc, 

and cadmium metals, Polycrystalline and single crystal electrodes were 

designed to be used in a single electrode holder \vhich is used with 

both the stagnant and flow cell. Polycrystalline electrodes were 

milled to give L 2 x 3 em surface area, Silver, zinc, and cadmium 

single crystals (purchased from Orion Chemical Co.) were cut using 

electrical discharge (EDM, Model ClOOO, South Bend, Indiana). Laue 

x-ray diffraction was used to orient all crystals for cutting and 

mounting. Brass screws (1/4-20) were silver-soldered to the poly

crystalline samples,and silver epoxied to the single crystal electrodes. 

They served to attach the electrodes to the holder and to make 

electrical contact. The electrodes were cast in epoxy mounts of 

1.5 in. diameter. 

The initial surface preparation for all electrodes was identical: 

rough polishing through a series of silicon carbide papers to the 

0000 grit. A jig was used to keep the surface perpendicular to the 

cylinder axis, Anodic dissolution in aqueous 1M H
2
so

4 
was used to 

remove 10 ym of damaged surface from the single crystals prior to the 

final polish with 1 ym diamond paste. Prior to placement in the cell, 

all electrodes were cleaned of organic materials left by the polishing 

sequence by evolving hydrogen at 100 mA/cm
2 

in 1 M NaOH for three 

minutes in a beaker. 

C. Electrolyte Preparation 

Analytical-grade chemicals and glass--distilled, deionized water 
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were used to prepare the electrolytes used for the experiments. The 

molarity of the KOH solutions was determined by titration with a 

standard 1 M HCl solution. A degassing chamber (Fig. 11) was used 

to remove dissolved oxygen from the electrolyte by stripping with 

water-saturated nitrogen for 30 minutes. This procedure was used to 

decrease the oxygen content of the electrolyte by at least 3 orders 

of magnitude. 

Design of the Degassing Chamber 

The design was treated as a batchwise stripping of two liters of 

electrolyte by a stream of 1 mm diameter bubbles, The change in 

concentration of oxygen with time is 

( 63) 

where A is the surface area for transfer, V the volume of electrolyte 
e 

(2 liters), and k the mass~transport coefficient. 
c 

A is given by the hold up volume of the gas stream 

diameter d 
p 

A 6V /d 
g p 

Substituting into eq. (63) gives 

c 
0 

exp 
( 

6V kc ) ~~~t v d • 
1 p 

The transfer area 

v 
g 

and the bubble 

( 64) 

The mass transport coefficient is evaluated from (G23) 
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Figure 11. Degassing chamber for removing dissolved oxygen from the 
electrolyte. Nitrogen is saturated with water in the 
nearest column, and then dispersed as bubbles into ·the 
electrolyte in the second column. 



(
d u)112 

Ll3T ( 65) 

The rise velocity u for 1 mm bubbles (Fig. 6.14) (G23) is 15 cm/s· 

For a diffusivity of 2 I 1 em 1 s, _<. 
c 

"' 0.0138 cm/s 

Equation (65) indicates for a gas holdup volume of 0.252 9-, 

L4 min is required to reduce the oxygen content by a factor of 1000. 

5 mrn diameter bubbles 3. 2 min at a hold up of 0. 58 L Thirty 

minutes was used in practice for an average bubble diameter of 3 mm and 

a gas holdup of 0,4 9-. 

D. 

Two cells were used to provide defined mass~transport conditions, 

a stagnant cell and a flow cell. The cell windows are oriented at 

right angles to the path of the incident and reflected light beam to 

prevent polarization changes which would affect the ellipsometer 

measurements. The cells were constructed for observations at 75 deg, 

angle of incidence. 

The stagnant cell is shown in Fig, 12. The counterelectrode is 

a 2X2 em platinum sheet located 8 em from the working electrode, 

Inlet and outlet ports connect the cell to the degassing column, in 

which a centrifugal pump (Flotec Model R2Plll04V) is used to transfer 

the electrolyte to and from the chamber, which serves as a 

reservoir. A capillary is used for the reference electrode connection 

(Hg/HgO for KOH electrolyte) , The cell is mounted with the working 

electrode directed face~up (pure diffusion) or face-down (natural 
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Figure 12. See caption on page 75 
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Figure 12. Cross~section of stagnant solution celL 

A cell body 

B observed electrode approxlmately 1X3 cm
2 

area 

C body for electrode (acrylic, exchangeable) 

D electrical connection to electrode (chrome-plated brass) 

E O~ring seal 

F adjustable body for controlling electrode depth 

(chrome~plated brass) 

G sealing nut for electrode body (aluminum) 

H washer (Teflon) 

I 0-ring for electrode body (silicone rubber) 

J holder for electrode body (polypropylene) 

K screws for attaching holder to cell body 

1 0-ring seal for holder 

M frame for window (acrylic, glued to cell body) 

N sealing nut for window (acrylic) 

0 support for counter electrode (acrylic); also position 

for diaphram 

P counter electrode, copper 

Q O~ring for cell window 

R cell window 

S pressure sleeve for cell window 

T screws for attaching fourth side 

U O~ring seal for fourth side 

1 capillary for reference electrode 

2-4 inlet and outlet for electrolyte and nitrogen 



convection) on a coordinate table giving x-y translations. The 

coordinate table is mounted on an adjustable tripod base giving 

three-dimensional rotations, 

The flow cell is shown in Fig, 13 The trapezoidal cross~ 
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section of hydraulic diameter 1.21 em include a 75 em entrance 

length to establish fully-developed flow. The working electrode and 

stainless steel counterelectrode are vertical. A 0.030 in. 

capillary located downstream from the electrode is used for potential 

measurements. The cell mounts on an aluminum plate \vhich uses three 

push-pull screw arrangements for alignment with respect to the 

ellipsometer. 

E. Experimental Procedures 

The ellipsometer components are first aligned for observations 

under the appropriate transport conditions. Auto-collimation is done 

using a precision trapezoidal prism (accurate to 16 sec. of 75 degrees) 

with reflection coated end pieces located at the specimen position. 

A light beam is directed along the optical axis by use of a special 

eyepiece which introduces the beam from the side by reflection from 

a partially-transmitting mirror. With the prism stationary, each 

sub-assembly of components is adjusted separately until the light 

reflecting from the prism returns along the optical axis (G24). 

The electrodes were then introduced into the cells and polarized 

10 mV negative to the bare metal potential (with electrolyte) to 

remove air-formed oxides and prevent corrosion processes. The cell is 

then aligned with respect to the ellipsometer by centering the light 
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Figure 13. Cross~section of flow c Materials of construction 
and seals are similar to those in the stagnant cell, 
Figure 12. The same electrode bodies can be used in both. 
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beam on the electrode and positioning the reflected beam through the 

optical axis of the second sub-assembly of ellipsomC'tl'r compmwnts. 

The chosen transport conditions are obtained. For forced

convection experiments, the volumetric flow rate associated with the 

chosen Reynolds number is set by adjusting the valves in the flow 

system. For convection~free experiments, the pump circulating elec

trolyte from the degassing chamber is stopped. 

A four-zone measurement is taken to allow determination of 

specimen misalignment errors (G25 ). The recorder is turned on and 

the electrical current initiated to perform the experiment. For 

conditions in which relatively slow changes in the optical properties 

of the electrode surface occur (low current densities) and result in 

slow changes in the polarizer and analyzer Faraday cell compensation, 

the azimuths of the Clan-Thompson prisms in the fixed polarizer and 

analyzer may be stepped manually to follow changes greater than the 

present ± 22 degree electrical compensation of the ellipsometer. 

The values of the analyzer and polarizer, current, electrode 

potential, and volumetric flow rates as functions of time are read 

from the recorder. The relative amplitude parameter tan 'Jl and the 

relative phase ~ were calculated from the polarizer, analyze~ and 

quarter wave plate azimuths by use·of a linearized theory accounting 

for optical imperfections in the ellipsometer (G25 ). 
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VI. Results of Experimental Observations 

A. Induction Periods at Low Current Densities 

During constant current experiments in stagnant electrolyte, 

detailed structure in the ~ ~ ~ curve becomes apparent at low current 

densities. Figure 14 shows changes in the slope of the experimental 

2 curve (0.05 mA/cm ) occurring at times designated as e1 and e
2 

. 

Prior to time 8
1 

, changes in ~ may be explained by roughening of 

the silver surface. During this time, the electrode potential is increasing 

and reaches the value of 0.22 V (0.244 is the Ag/Ag 2o plateau) at 

e1 . The curve between 81 and 82 may be explained in terms of 

increasing surface coverage of an adsorbed layer of either Ag 2o or 

AgOH. Film growth begins at e2 , with the ~ ~ ~ curve agreeing 

exactly with the slope calculated using compact Ag
2
o optical constants. 

Due to the low solubility of silver oxide, an increase in the 

concentration of silver ions during this time period cannot be detected 

because the change in refractive index at the interface would be too 

small to observe. However, the times 8
1 

and 82 can be correlated 

by use of the Sand equation (eq. 12) which applies for these experimental 

conditions, By assuming the solubi.lity limit of Ag
2
o is reached at 

e1 , a diffusion coefficient for the ionic species of -5 2 Ll4Xl0 em /s 

is calculated. Using this value of the diffusion coefficient, an 

interfacial concentration of 2.30 times C ("' 1.5xlo~4M) is calculated 
s 

from 82 . This indicates a minimum degree of supersaturation of 2.3 

is required for the heterogeneous crystallization of silver oxide. 

This correlation applies for other metals as indicated in Figure 15. 

Diffusion coefficients were determined from the first slope change in 



So 

the 6 - ~ curve at low current densities (appropriate to the solubility 

of the ionic species) for Zn, Ag, Cd, Ph, and Cu . A value of 

* C C= C/C ) was then determined from the second slope change. The 
s 

solubilities and diffusion coefficients corresponding to Figure 15 are 

given in Table I. 

At larger current densities, this structure becomes less distinct, 

as shown by the 
2 

0.1 mA/cm curve in Figure 14. The values of 

indicate that supersaturations larger than 10 occur at higher current 

densities. 
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Figure 14. Induction periods for correlating interfacial concentra
tions. At time e
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, the solubility limit of the ionic 

species in the electrolyte is reached. Heterogeneous 
crystallization begins at e2 • 
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Figure 15. Supersaturation of electrolyte at onset of anodic film 
growth. Concentrations determined from e2 values in 

Figure 14. (Abscissa should read amps cm-2.) 



Table I. Diffusion Coefficients Indicated by Ellipsometer Transients 
(Solubilities obtained from the literature (Appendix F)) 

Metal Electrol~te Solubilit~ (moles/liter) 2 D (em Is) 

Ag 1 M KOH l.Sxlo-4 11,4XlQ-6 

6 M KOH 4, 7XlQ-4 

Zn 0.5 H KOH 4.lxlo-3 9,7X1Q-6 

2 H KOH 6.6XlQ-Z 

6 H KOH 0.6 

Cd 1 M KOH 5X1Q-6 8,6X1Q-6 

Pb 1 H KOH 1. 6Xlo-2 11.3Xl0-6 

1 H H2so4 
4,3XlQ-Jt 

Cu 1 H KOH 1,9XlQ-J 7,8X1Q-6 

t Calculated using diffusion coefficient obtained from 1M KOH experiment. 
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B. Computations for Developmental Models 

To illustrate the relative merits of the models presented in 

Figure la, the average deviation between experimental and computed 

values of the relative amplitude parameter ~ and the relative phase 

6 was computed for the anodic oxidation of silver in 6M KOH at 

2 
1 mA/cm (stagnant electrolyte). These results are presented in 

Table II. Computations were omitted for Model 5, which is discussed 

in Appendix C. 

Table II. Deviation between Experiment and Theory for 
Models of Anodic Film Formation (Exp. Ag 80-30). 

Model No. (Fig. la) Ave. Deviation (deg) 

1 .56.23 

2 .56.22 

3 62.02 

4 9.06 

6 6.03 

7 7.7.5 

8 4.90 

Model 1 uses a single homogeneous film having a refractive index 

corresponding to porous silver oxide. The addition of the mass-transport 

boundary layer in Nodel 2 does not improve the deviation between 

experiment and theory, as the solubility of silver is too low to give 

a concentration of ions having a significant optical effect. The use 

of two homogeneous films (Model 3) representing films of different 



porosity also gives very poor agreement with experimental observations. 

Model 4 includes a roughness layer and two porous oxide layers, 

The top oxide refractive index of 1.42 - 0.02 i is similar to the 

colloidal layer described in Appendix C, Model 6 uses a non-absorbing 

top layer, of refractive index 1.41, an intermediate oxide layer, the 

porosity of which decreases with time from 0.85 to 0, and a roughness 

layer with refractive index 1.22 - 0.60 L The use of an additional 

porous oxide in Model 7 does not give an improvement over Model 6. 

For the computations in Model 8, the roughness layer was neglected 

and a constant porosity was used for the Type I film. A detailed 

discussion of Model 8 is given below. 

Models 6 and 8 give the smallest deviations between experiment 

and theory. The optical effect of the growing secondary crystals 

in Model 8 is similar to the decreasing porosity of the oxide layer 

in Model 6. The porous Type II film in Model 8 and the roughness 

layer in Model 6 also appear to have similar optical effects, 

C. Silver Oxide ~20) Formation 

Qualitative Aspects 

The effects of electrode current density, alkaline concentration, 

electrolyte flow velocity, and the crystallographic orientation of 

the silver substrate on the optical properties of the anodic film are 

shown qualitatively in Figures 16, 17, 18, and 19. Scanning electron 

micrographs of the electrode surfaces are shown for comparison in 

Figures 20, 21 and 22. The 2 
1,0 rnA/em curve of Figure 16 is character-

istic of the electrode surface being covered with large number densities 
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Figure 16. Differences in the optical properties of anodic films 
formed at different current densities as indicated by 
the ellipsometer measurements ~ and W . Times at 

endpoints (lower left) 1.0 A/cm2 ~ 109 s ~ 0.2 mA/cm2 ~ 
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Figure 18. Differences in the optical properties of anodic films 
formed at different electrolyte flow rates, as indicated 
by the ellipsometer parameters ~ and ~ . Times at 
endpoints (left) 0 Re ~ 109 s , 1000 Re ~ 33 s , 
10000 Re ~ 30 s • 
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Figure 19o Differences in the optical properties of anodic films 
formed on different metal substrates, as indicated by 
the ellipsometer parameters ~ and ~ 0 Times at end~ 
points (lower left) (100) ~ 660 s , (111) - 660 s , 
po1ycrystal - 670 s o 
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Figure 20. Higher number density of secondary crystals with higher 
current density. 
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of secondary crystals. Large changes in ~ and ~ result from the 

growth of the anodic film. The 2 
0.2 mA/cm curve (Fig. 16) is 

characteristic of small number densities of secondary crystals being 

present on the electrode surface. The ranges of ~ and ~ are 

much smaller. 
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The increase in the number density of secondary crystals with 

increasing electrode current density, decreasing alkaline concentration, 

and decreasing flow velocity is readily explained by large number 

densities being associated with large degrees of supersaturation of 

the solution~phase silver species. The effect of crystallographic 

orientation is less obvious, but still consistent. SEM observations 

indicate larger number densities of secondary crystals on the (100) 

electrode than on the (111) electrode. However, a large distribution 

in crystal sizes is also observed on the (100) and polycrystalline 

electrodes. 

The trends illustrated by Figs, 16~22 are very reproducible for 

the experimental procedures given in Sec, V, This reproducibility is 

a further indication that solution~side processes are dominant, as 

the electrode surface is less easily controlled than is the electrolyte. 
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Quantitative Interpretations 

For the interpretations presented below, the optical model shown 

in Fig. lb was used. tated otherwise the following assumptions 

were made for the representation of the electrode process (Section IV): 

1) The porosity of the Type I film was constant with time. The porosity 

of the hydrate layer decreased until time TDIFF, afterwhich it remained 

constant. 2) The growth rate of the secondary crystals was proportional 

to their surface area (eq. 2a). 3) Type I film formation and the 

optical effect of the hydrate layer began at the same time (tNUC) that 

secondary crystal growth began. 4) The optical effect of the secondary 

crystals was calculated using coherent superposition from distinct 

crystals (eq, 53) with the cubes being represented as homogeneous films. 

The surface coverage was determined from eq. 52, which uses the 

projection along the propagation direction. 5) The hydrate layer was 

treated as an asymptotically thick MTBL. 

The number density of secondary crystals was determined from 

SEM photographs. The value used for the refractive index of bulk 

argentous oxide, 2.18 ~ 0.28 i, was determined from ellipsometer 

measurements on compressed analytical grade powder, The hydrate 

layer was assumed to be porous silver hydroxide; the bulk refractive 

index of 1,87 was calculated from the oxide using molar refractivities 

(Appendix F), Appendix G contains the computer output describing the 

interpretations. 
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Film Growth in 6M KOH Elec 

2 
Stagnant Electrolyt~, 1 rnA/em (Exp. Ag 80~30) 

Figures 23 and 24 show the interpretation of ellipsometer 

measurements of an anodic film containing a large number density 

8 2 
(4.7X10 /em) of secondary crystals. The average deviation between 

experimental and theoretical 6 - ~ points was 4.90 deg. Figure 24 

presents the values of the parameters evaluated by the computational 

procedure, The measure of uncertainty corresponds to changes in 

parameter values which shift the average deviation 0.5 deg away from 

the minimum value of 4.90 deg; the experimental error as determined 

by the error analysis for the ellipsometer is 0.5 deg. The crystallization 

rate of the secondary crystals can be determined to within about 12%. 

The porosity of the Type I film and the hydration of the secondary 

crystals have experimental uncertainties of about ±0,05 volume fraction 

electrolyte. The time for the onset of secondary crystal growth has 

large uncertainty limits. Two factors contribute to this large 

uncertainty: 1) The crystals have to reach a finite size before 

they have an optical effect. a) The assumption that Type I film 

formation begins at the same moment as secondary crystal growth appears 

to be invalid, as will be discussed later. 

The porosity of the hydrate layer of 0.999 is a consequence of the 

assumption that the hydrate layer reaches and maintains a minimum 

porosity; the hydrate layer appears to be depleted by later stages 

of film growth. 
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The left-hand portion of the curve in Figure 23, where the 

theoretical points lie to the left of the experimental points, is the 

region of major discrepancy. It is likely that this discrepancy is 

caused by non~stoichiometry of the Type I film, which begins precipitating 

at the point where the experimental and theoretical curves diverge. 

At this point, the electrode potential decreases from 0.38 to 0.33 

volts, 
2 

This non~stoichiometry is discussed further for the 0,2 rnA/em 

experimental results presented below, 

At the end of the curve of Figure 23 ((6.~) coordinates (26°,15°)) 

0 

the thickness of the Type I film was 1400 A and the size of the secondary 

0 
crystals was 1200 A. The calculated crystal sizes are generally smaller 

than the crystal dimensions measured from SEM photographs, The 

disagreement between secondary crystal sizes can be a result of the 

statistical variation in the size found on the (100) electrode. As the 

crystals are light absorbing, the larger crystals are opaque and 

give no contribution to the light intensity reaching the photodetector. 

Computations using statistical variations in the secondary crystal 

sizes did not reduce the average deviation between experiment and 

theory, This again is an indication that the deviation between 

experiment and theory results from properties of the primary layer not 

accounted for by the present analysis. 
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Figure 23. Interpretation of ellipsometer measurements (Exp. Ag 80~30). 



Si 

meters E I !i meter I 
6 stagna 1 , (1 

ntyt 

lue 

II II Film 12 013 

is 158 19 

I 260 

> 1 13 

1 > 1 

6.13 s 23 3.25 

of Seconda Is 12 

me to reach steady state rate 13. s 
on 

t Change in Parameter Value resulting in 0.5 deg. deviation. 

Figure 24. Film parameters and their measure of uncertainty for the 
interpretation shown in • 23 (Exp. Ag • 

·.0 
......:; 



98 

2 Stagnant Electrolyte, 0.2 rnA/em (Exp, Ag 80~32) 

Figures 25, 26, and 27 show interpretations of an anodic film 

containing a small number density of secondary crystals. 

For Figs, 25 and 26 a constant porosity was used for the Type I 

film. The secondary crystals were treated as homogeneous films in 

Figure 25 and the ray model (Appendix B) was used for the computations 

presented in Figure 26. Very poor agreement with experiment is 

obtained in both situations, 

For the computations presented in Figure 27, the optical effect 

of the secondary crystals was neglected. The experimental data were 

interpreted in two stages, curves AB and curves BC • Along curve 

AB , the electrode potential is increasing to the value 0.29 V at 

point B • Beginning at point B(t = lOOs) , the electrode potential 

drops 40 mV over a 140s time interval. 

The primary layer growing along curve AB was treated as an 

inhomogeneous film with the solid volume fraction decreasing parabolically 

from 0.874 (evaluated by the computational procedure) at the metal 

surface to 0.013, the solid fraction in the hydrate layer. Five films 

were used to describe the inhomogeneity, This optical treatment is 

consistent with a primary layer consisting of optically indistinct crystals, 

0 

The thickness of this layer at point B is 30 A. 

The theoretical curve BC was obtained from the patchwise growth 

of a non~stoichiometric Type I film. The initial fraction of the 

surface covered by the patches was 0,36, and the time at which the 

surface coverage was complete, TDISS = 32ls , corresponds very closely 
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to the experimental time of 300s at which the electrode potential reached 

a stable plateau of 0.26 V. The porosity of this film decreased from 

0.73 to 0.60, and the refractive index of the hydrate layer decreased 

from 1.420 to 1.386 (the refractive index of the electrolyte) during 

the same compaction period. The refractive index of the solid non

stoichiometric film material determined by the computational procedure 

was 2.19-1.04 i; the refractive index of the fin.al porous Type I film 

was 1.71-0.42 i. 

Measures of uncertainty were not computed for the parameters 

evaluated by the computational procedure in order to keep the interpretation 

qualitative until verification of the non-stoichiometry by Auger 

spectroscopy (Appendix A) can be sought. 
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Figure 25. Interpretation of ellipsometer observations (Exp. Ag 80-32). 
Secondary crystals treated as homogeneous films. 
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ray model described in Appendix B. 
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2 
1000 Re~ 1,0 mA/cm (Exp. Ag 300-16) 

The interpretation of ellipsometer observations of the growth 

of an anodic film with flowing electrolyte is given in Figure 28 and 

Table III. The major change in the growth characteristics of the film 

is that a steady state condition is reached and the film stops growing 

for a significant period of time. This steady state condition was 

reached at 32 sec. for the experiment presented in Fig. 28, At 

this point the primary layer was 700 A thick, and no indication of 

non-stoichiometry was observed, Under laminar flow, film growth at a 

much reduced rate will usually begin after as long as a 30 second arrest, 

while under turbulent flow the steady state condition may continue 

indefinitely. 

The average deviation between experimental and theoretical points 

was 1.25 deg. The parameter values determined from the computational 

procedure and their measures of uncertainty are presented in Table III. 

The porosity of the primary layer and the hydration of the secondary 

crystals agree very well with the values computed for the stagnant 

electrolyte experiment (Ag 80-30). The porosity of the hydrate layer 

is significantly smaller for the forced convection experiment, and the 

crystallization rate of the secondary crystals is correspondingly higher. 

The nomenclature for the primary layers should perhaps be modified 

at this point. The primary layer showing no signs of non-stoichiometry, 

which continues to grow after the onset of secondary crystals,will still 

be called a Type II film, while the non-stoichiometric primary layer 

which beings growing when the electrode potential drops will be called 
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a Type I film. The primary layer computed for Fig. 28 is stoichiometric, 

and the electrode potential has reached a stable plateau (at 0.29 V) 

with no subsequent decrease in potential. It is possible, however 

that the large number density of secondary crystals is concealing 

the non-stoichiometry of the primary layer. 
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Figure 28. Interpretation of ellipsometer observations (Exp. Ag 300-16). 
Primary layer thickness indicated along the curve, forced 
convection, 



Table III. Anodic Oxidation of Silver Parameters Derived from Ellipsometer 

Interpretation 6M KOH, Re = 1000, 1 mA/cm
2

, Ag( 

Parameter Value --- Measure of Uncertai~ 

Positive Negative 

Crystallization Rate of Type II Film 0.056 mA/ 0.015 0.012 

Crystallization Rate of Secondary Crystals 0.328 mA/cm 
2 O.Oll 0.047 

Porosity of Type II Film 0.247 0. 0.069 

Porosity of Hydrate Layer 0.913 0.015 0.022 

Dehydration of Hydrate Layer 0.933 >0.012 0.067 

Onset of Secondary Crystal Growth 5.63s 2.87 3.10 

Hydration of Secondary Crystals 0.41 0.021 0.052 

Time to reach steady state hydrate 
concentration 18.53s 4.48 8.43 

tChange in parameter value resulting in 0.5 deg deviation. 

+ 

f-' 
0 
0\ 
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The transport of solution~phase species downstream flowing 

direction. The theoretical curve in 29 only ively 

the values of ~ and W , 30 illustrates 

that the thickness of the primary layer and the number density of 

both increase in the dovmstream direction. 

Of the non~uniformities in secondary growth described 

in Section IV, the statistical variation in the time of the onset 

of the between experiment and 

theory for forced convection experiments. This formalism does allow 

for variations in the thickness of the primary ~ which has 

been assumed to begin growth simultaneously with the crystals. 

Removal of this last assumption should lead to a more accurate 

of Exp. Ag 300-2 (Fig. 29). Table IV shows the 

'.Cather· xnodest result from the use of statistical 

varj_ations in TNUC. 

Table IV. Statistical Variation in the Onset of S 
Growth. 

Ave. Deviation between 
and 

iment Re i Ag Statistics No Statistics 

300~3 10500 0.6 (100) 2.88 L;, L; 7 deg 

300~6 4600 0.6 ( '7,54 8.18 

300~7 !+600 0,6 ( 4,12 5,86 



The remaining discrepancies between experiment and theory could 

result from non-stoichiometry of the primary layer and different 
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times for the onset of secondary crystal and Type I primary layer 

growth. It is instructive that the use of statistical variations in 

tNUC does not lead to improved interpretations for stagnant electrolyte 

experiments, 
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Film Growth in 0,1 M KOH Electrolyte 

2 
Stagnant Electrolyte, 0.2 mA/cm (Exp. Ag 80~18) 

111 

The current densities at which the electrode passivates in 0.1 M KOH 

are approximately 10 times smaller than the current densities in 6 M KOH. 

This is a consequence of the decreased solubility of the silver ion 

in 0.1 M KOH, Figure 31 shows the experimental curve characteristic 

of large number densities of secondary crystals (Fig. 21), The major 

disagreement between experiment and theory is in the initial portion 

of the curve, where the experimental points are to the right of the 

theoretical points. The use of a porosity of the hydrate layer which 

increases with time, which describes depletion of the layer, would 

decrease the disagreement, 
0 

The 1400 A thick primary layer was 

taken to be stoichiometric, 
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Figure 31. Interpretation of ellipsometer measurements (Exp. Ag 80-18). 
Primary layer thickness indicated along the curve. small 
secondary crystals (Fig. 21), 



Film Growth 

The solubility of silver ion in 1 M KOH is intermediate to the 

solubilities in 0.1 M and 6 M KOH, The optical properties of the 

anodic films again show a very strong dependence on the degree of 

supersaturation of the solution-phase species: larger current 
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densities yield a larger number density of secondary crystals, There 

does appear to be a decrease in the degree of the non-stoichiometry 

of the primary layer which indicates a dependence on the hydroxyl ion 

concentration, The electrode potential also does not pass through a 

Inaximum, which correlated well with the presence of the non-stoichiometric 

film in 6 M KOH , 



Stagnant Electrolyte, 0.4 mA/cm
2 

(Exp. Ag 80-4) 

Figure 32 shows the comparison between experimental and calculated 

points. The primary layer (Type I Film) was compact, and reached a 

0 

thickness of 580 A after 70s. Experimental curves for comparable 

number densities of secondary crystals in 6 M KOH were diverging 

more towards the right at the last point of Figure 32. 

2 
Stagnant Electrolyte, 0.2 rnA/em (Exp. Ag 80-3) 

For the results presented in Figure 33, the major deviation 

between experiment and theory is along the right-hand portion of the 

curve. An increasing porosity with time of the hydrate layer would 

decrease this disagreement. 

Stagnant Electrolyte, 0.34 volts vs Hg/HgO ~-Ag 80-12) 

The constant potential experiment shown in Figure 34 certainly 

indicates that the properties of the primary layer change with time. 

For the interpretation, a time-invariant porosity of 0.25 as evaluated 

by the computational procedure gives very poor agreement along the 

left-hand portion of the curve. The deviation of the theoretical 

curves is analogous to the effects produced by non-stoichiometry in 

the 6 M KOH electrolyte. As the potential of 0.34 volts will result 

in very large supersaturations of the silver ion (assuming charge-

transfer overpotential is negligible), this is evidence that the 

production of the non-stoichiometric film is proportional to the silver 

ion concentration. 
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Stagnant Electrolyte, 0.55 volts vs ~g/HgO (Exp. Ag 80-13) 

The potential of 0.55 volts lies above the plateau assigned to 

AgO formation (0.49 volts). However, the interpretation presented 

in Fig. 35 modeled the film growth as the formation of argentous 

oxide. The current density decreases along the horizontal portion 

of the curve from 20 to 10 mA/cm
2 

and then increases to 15 mA/cm
2 

at 

2L5s. 

The currents to the Faraday cells of the automatic ellipsometer 

were at maximums at the last point of Figure 35. New power supplies 

are under construction which will extend the range of the instrument 

and allow ellipsometer observations over a longer experimental period. 

Comparison of Primary Layer Porosit~~d Co~ductiyity 

It was noted above that under forced convection, a steady state 

situation is reached in which anodic film formation stops. At steady 

state, the degree of supersaturation of ionic species can be calculated 

from the electrode current density and the mass~transfer rate corres

ponding to the transport conditions. Assuming that charge transfer 

overpotential is negligible, the steady-state electrode potential will 

be composed of concentration polarization and resistence polarization. 

Use of the degree of supersaturation of ionic species allows computation 

of the resistence polarization, from which conductivities of the 

primary layer can be obtained. 

Table V presents a comparison of the primary layer porosities 

determined from ellipsometer measurements and film conductivities 

computed at the steady state, no film growth conditions. The surface 
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Table V. of Pr Layer Poros 

Ag 300-16 300-13 Ag 300-7 

i, 1.0 1.0 0.6 

Re 1000 1000 4600 

( ( 

Surface Area Correction 1.41 1.16 1.98 

Ionic 13.5 16.5 2.75 

Concentration 
Overpotentia1 67 72 26 

Resistence 
Polarization (mV) 3 8 54 

Primary Layer Thickness 700 616 680 

Porosity of Primary Layer 0.24 0.20 0.02 
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-1 Q em 250 81 13.4 

and Conduc . 
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area correction in the fourth row is the ratio of the secondary 

crystals and primary layer surface areas to the superficial electrode 

area. The concentration overpotential has been computed using the 

Nernst equation (eq. 18) and the degree of supersaturation of monovalent 

argentous ions. The resistence polarization is the difference between 

the experimental electrode overpotential (a rest potential of 0.22 vs Hg/HgO 

volts w~s used) and the concentration overpotential. The film conducti-

vities were calculated using the ellipsometrically determined film 

thicknesses and by assuming the transport of charge occurs only across 

the portion of the electrode surface not covered by the secondary 

crystals. 

The first column of Table V supports the assumption that charge-

transfer overpotential is negligible, as the concentration overpotential 

is within the 10 mV experimental error of the total electrode overpotential. 

The seventh and ninth rows indicate that ellipsometer measurements 

show compact primary layers only when significant resistence polarizations 

are observed. As the porosity of the primary layer has been determined 

to within only approximately 0.05 volume fraction electrolyte~ it is 

not possible to differentiate quantitatively between solid state and 

solution phase charge transport mechanisms for the compact primary 

layers. However, it is apparent that when porous primary layers are 

present, the transport mechanism is the solution-phase diffusion of 

argentous ions. For the computation of the concentration overpotential 

in Table v. the following values were used: D = 1.14xlO-S cm2/s, 

2 
V = 0.015 em /s , and the solubility of argentous ion. 
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D. Cadmium Formation 

_C}~~l itative Aspects 

The physical and optical properties of anodic cadmium hydroxide 

films are strongly affected by the initial state of the electrode 

surface. The base metal cadmium corrodes in alkaline solution, as 

significant changes in 6 and ~ occur when no current is being 

passed. The corrosion rate is greatly enhanced by the presence of 

dissolved oxygen. The degassing chamber was designed to treat the 

2 liters of electrolyte used with the stagnant cell and seemed 

inadequate to treat the 20 liters of electrolyte used in the flow 

system. As a result, increasing the flow rate of the electrolyte, which 

would increase the transport rate of dissolved oxygen to the electrode 

surface, increases the corrosion rate. The growth rate of anodic 

films also varies significantly for different electrodes of the same 

crystallographic orientation. An air-formed oxide is possibly responsible 

for these latter variations in anodic film growth characteristics. 

The most striking feature of scanning electron micrographs of 

anodic films formed on cadmium is the non~uniformity of the film. 

This patchwise film formation is, illustrated in Figures 36, 37 and 38. 

A competition between nucleation and crystallization occurs on a 

local level, leading to islands with large number densities of 

secondary crystals. The patchwise film formation is probably a 

consequence of the initial state of the electrode surface generated 

by corrosion processes. 

The growth characteristics of the cadmium hydroxide secondary 

crystals are similar to these of silver oxide. Increasing the 
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supersaturation of the solution~phase dissolution product increases 

the number density of secondary crystals. Larger number densities 

are associated with larger current densities (Fig. 39), less concen

trated alkaline solutions (comparison of Figs. 36 and 37), and lower 

flow rates (Fig. 40). Experiments were performed only on (0001) single 

crystal electrodes. 

The properties of the anodic films vary significantly along the 

flow direction for forced convection experiments, as shown in Figure 41. 

Transport of material downstream leads to larger number densities of 

secondary crystals and a thicker film away from the leading edge of 

the electrode. The film downstream is also darker, both to the eye 

and to the SEM. 

Quantitative Interpretations 

For the following interpretations of ellipsometer measurements 

made during the growth of anodic cadmium hydroxide films, the patch

wise film formation described in Sec. IV (p. 59) was used. The 

electrode surface at the moment at which the anodic current was 

initiated was covered by patches of cadmium hydroxide. The refractive 

index of cadmium hydroxide used for the computational procedure, 2.13, 

was computed from the refractive index of cadmium oxide. The cadmium 

oxide refractive index, 2.51, was determined from ellipsometer measurements 

on compressed powders (Appendix F). 

Figure 42 shows the changes in the ellipsometer parameters 6 

and ~ resulting from the anodic film growth of cadmium hydroxide. 
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The computed curve for the compact hydroxide is shown for comparison. 

The latter part of the curve shows a periodic behavior (with respect 

to film thickness) in 6 and ~ . In this region, the secondary 

crystals appear to be optically dominant. The interpretations presented 

below exclude this region of the curve in order to emphasize primary 

layer film growth characteristics. 
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Figure 38. Scanning electron micrographs of anodic cadmium hydroxide. 



~--~ &oam 

11 s , s 

I 

-' -
( D d ub 

XBB 786-7620 

Figure 39. electron micrographs of anodic cadmium hydroxide. 
i-' 
rv 
():) 



e = I -- - - - -

I I I 
ns 

t --T s t ( n d 

XBB 786-7621 
.'0 
\.0 
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Film Growth in 1 M KOH 

2 
Stagnant Electrolyte, 0.1 rnA/em (Exp. Cd 100~26) 

Figure 43 shows the interpretation of ellipsometer observations. 

At t = 0 , 37% of the electrode surface was covered by patches of a 

0 

porous (0.20 volume fraction electrolyte) Type II film 150 A thick. 

After 120s, all of the electrode surface was covered by a 400 A thick 

film. This period of time covers the linear portion of the curve in 

Figure 43. During this same interval, the porosity of the hydrate 

layer increased from 0.70 to 0.99. This increasing hydrate layer 

porosity probably represents a compaction of the primary layer, from 

an initial inhomogeneous state to a final more homogeneous state. 

Another indication of the primary layer becoming more dense with time 

is that the Type I film, which begins forming after 60s, has a porosity 

of only O.OL 

The computer output for this experiment (Appendix G) gives a 

surface coverage of secondary crystals (coverage projected along surface 

normal) of only 3.5% after 420s. This is perhaps an artifact of the 

optical treatment of the secondary crystals, as Fig. 36 indicates that 

in regions of the electrode surface, the coverage of the secondary 

crystals is much larger. 

The latter part of the curve is qualitatively reproduced by the 

theoretical growth of a compact Type I film which reaches a thickness 

0 

of 950 A after 420s. Further work is necessary in order to resolve 

whether the discrepancy between experiment and theory is due to variations 

in the optical properties across the electrode surface, such as 
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light scattering from secondary crystals, or whether the discrepancy 

is due to variations in the chemical composition of the film in 

the direction normal to the surface. 

Effective substrate refractive indices are determined by using 

the bare substrate reflection coefficients (Eqs. 35-38) to compute 

the refractive index which gives the initial value of 6 and W . The 

use of effective substrate refractive indices for cadmium metal 

gives very poor results, as indicated in Figure 44. It is impossible 

to reach the large experimental values of ~ (68 deg is the maximum 

in Figures 44 and 43) by using effective substrate optical constants. 
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Figure 43. Interpretation of ellipsometer measurements (Exp, Cd 100-26). 
Primary layer thickness indicated along the curve. 
Patchwise film formation. 
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2 
Stagnant Electrolyte, 0.2 mA/cm (Exp. Cd 100-25) 

For the interpretation presented in Figure 45 and Table VI, 

0 

62% of the electrode surface was initially covered by a 320 A thick, 

20% porous cadmium hydroxide film. After 60 seconds, when the 

electrode passivated, the assumed linear increase with time of the 

surface coverage leads to a 87% coverage of the primary layer. During 

this interval of time, the thickness of the primary layer increased 

0 

by only 9 A . 

The small values for the crystallization rate of the secondary 

crystals and the dehydration rate of the hydrate layer (Table VI) would 

seem to indicate only a very small fraction of the current results 

in film formation, However, it is possible that the secondary crystals 

act as light scatterers or occupy too small a portion of the electrode 

0 

surface to have any significant optical effect. The 500 A dimensions 

for the secondary crystals given in the computer output are by no 

means representative of the 1 urn crystal sizes shown in scanning 

electron micrographs, 

2 Stagnant Electrolyte, 0.4 mA/cm (Exp. Cd 100-15) 

For the interpretation presented in Figure 46, 38% of the 

0 

electrode surface was initially covered by a 300 A thick hydroxide 

layer. The secondary crystals have a very small optical effect, as 

their final surface coverage is only 4%. The time at which the surface 

coverage of the compact primary layer becomes complete, TDISS = 90.8s, 

agrees exactly with the experimental time at which the electrode 

passivates. 
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Table VI, Anodic Cadmium Hydroxide Parameters Derived 
from Ellipsometer Measurements, 1 M KOH 

2 
stagnant, 0,2 mA/cm , Cd (0001) 

Initial Film Thickness 318 ± 61 xt 
Initial Film Coverage 0.62 ± 0,11 

Initial Porosity of Hydrate Layer 0,83 ± 0.02 

Time to Complete Film Coverage 92 ± 12s 

Time to Dissipate Hydrate Layer 99 ± 15s 

138 

Number Density of Secondary Crystals 2,11Xl09 ± 0,26 crystals/em 

Crystallization Rate of Secondary Crystals 0.0042 ± 0.006 mA/cm 2 

Dehydration Rate of Hydrate Layer 0.0010 ± 0.0014 mA/cm 2 

t 
Uncertainty gives 0.5 deg change in the average deviation, 

2 
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2 Stagnant Electrolyte, 0.6 m.A/cm (Exp. Cd 100-24) 

Figure 47 illustrates the dependence of the film growth characteristics 

on the history of the electrode surface. For Cycle 1, the experimental 

curve initially shows the patchwise film formation trend, and then 

the relative phase 6 decreases rapidly as the electrode passivates. 

0 

The decrease in corresponds to the growth of about a 20 A thick 

compact hydroxide layer which completely covers the electrode surface. 

After the current was stopped, the ellipsometer parameters 6 and ~ 

drifted to the values corresponding to t = 0 for the second cycle. 

For the second cycle, 90% of the surface was initially covered 

0 

by a 390 A thick film. After 50s, the primary layer completely covers 

the surface and is 550 A thick. Once again, the time at which complete 

coverage is reached agrees exactly with the time at which the electrode 

passivates 9 as indicated by potential measurements. 

2 
Stagnant Electrolyte, 1 mA/cm (Exp. Cd 100-22) 

For Figure 48, 63% of the electrode surface was initially 

0 

covered with a 450 A thick film. The time to reach complete patch 

coverage, TDISS = 9.ls, agrees exactly with the experimental time 

for the passivation of the electrode surface. The electrode potential 

rises 1.3 volts between 9 and 12s, and during this period the primary 

0 

layer thickness increased by 6 A. 
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Film Formation in 6 M KOH Elec 

Stagnant Electrolyte, 0, 6 mA/ cm
2 

(Exp, Cd lQ_()-33) 

The experimental observations presented in Figure 49 were interpreted 

in two sections. The first five theoretical points were computed 

using patchwise film formation. The surface coverage increased from 

77% initially to complete coverage 54 seconds after the current was 

turned on. The primary layer thickness increased from the initial 

value of 460 X to the value 700 1 after 50s. The initial porosity of 

the primary layer was 0.15, and the porosity of the Type I film decreased 

from 0.134 to 0.100 volume fraction electrolyte. The secondary crystals 

had a negligible optical effect. 

After about 50s, the optical properties of the anodic film change. 

The continued growth of the porous hydroxide film would lead to increasing 

values of ~ with only a minor decrease in the relative amplitude 

parameter ~ , The experimental curve instead shows a large decrease 

in ~ with a small increase in ~ , Although it may be possible that 

this change in the optical properties of the anodic film is the result 

of secondary crystal growth, none of the optical treatments of the 

secondary crystals outlined in Section IV was able to reproduce this 

change. 

The latter part of the experimental curve in Figure 49 was reproduced 

using non-stoichiometry. The primary layer was slightly absorbing, 

with a refractive index of 1.86 - 0.001 i. However, beneath the primary 

layer a very strongly light absorbing film (n = 1.48 ~ 1,41 i) grew to 

a thickness of 400 A at 110 seconds. This bottom layer was modeled 
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Figure 49. Interpretation of ellipsometer measurements (Exp, Cd 100~33). 
Primary layer thickness indicated along the curve. 
Interpretation in 2 segments. 



as the growth of a porous~ rough layer. This optical behavior is 

very typical of stagnant, 6 M KOH experiments. 

2 Stagnant Electrolyte, 1 mA/cm (Exp. Cd 100-30) 

The two-part reproduction of experimental observations described 

above (Exp. CD 100-33) was used for the interpretation presented in 

Figure 50. The initial stoichiometric hydroxide layer was compact, in 

comparison to the porous (10%) layer formed at 0.6 mA/cm2 . 

The degree of non-stoichiometry of the primary layer formed at 

latter stages was much larger than the film formed at 0.6 mA/cm2 . The 

refractive index of 2.65 - 0.28 i corresponds to a metal mole fraction 

of 0.59. A patchwise development of non-stoichiometry was used, in 

which the fraction of the surface covered by the absorbing film 

increased from 0.91 at 67s to 1.0 at 138 seconds. 

2 Stagnant Electrolyte, 2 mA/cm (Exp. Cd 100-32) 

The interpretation presented in Figure 51 can be viewed as the 

growth of an inhomogeneous film with variations in both porosity and 

chemical composition in the direction normal to the surface. The 

porosities (constant with time) of the hydrate layer, Type I film, 

and Type II film were 0.86, 0.47, and 0.15. The refractive indices 

of the three films and the rough layer were 1.489, 1.81 - 0.005 i, 

2.17 - 0.01 i, and 1.45 - 1.09 i. Light absorption in the film was 

modelled by patches of film occupying 5% of the surface and containing 

5 mole percent metal. 
0 

After 70s, the Type I film was 1300 A thick, 

0 0 

the Type II film was 390 A thick, and the rough layer was 950 A thick 
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2 
1140 Re, 0.2 mA/cm (Exp. Cd 400~15) 

For the initial portion of the experimental curve presented in 

Figure 52, the theoretical values of 6 and ~ "~;Jere computed using 

patchwise film formation with roughening of the substrate. A compact 

0 

180 A thick hydroxide film initially covered 43% of the electrode 

surface. The porosity of the Type I film decreased from an initial 

value of 0.79 to 0.02 after 107 seconds. The refractive index of the 

roughness layer was 1.70 ~ 1.59 i. 

In order to interpret the latter part of the experimental curve, 

non-stoichiometric patches containing excess metal and a thinner and 

less porous roughness layer were used. Patches containing 82 mole 

percent metal initially occupy 2% of the electrode surface, and the 

surface coverage of the patches was 77% after 250s. Dark regions are 

observed on scanning electron micrographs. The refractive index of 

the roughness layer was 1.60 ~ 3.37 i. 

2 
1140 Re, 1 mA/cm (Exp. Cd 400~l£L 

Figure 53 shows deviations between experiment and theory similar 

to those indicated in Figure 52, which are an indication of developing 

non-stoichiometry in the anodic film. The rapid rise in ~ at the 

point at which the divergence begins is probably the result of excess 

metal in the primary layer (Figs. 39 and 40). 

7000 Re 

For the interpretation presented in Figure 54, 27% of the electrode 

0 

surface was initially covered by a compact, 490 A thick hydroxide film. 
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The point at which the tal and theoretical curves di.verge 

corresponds to the time at which the primary layer completely covers 

the electrode surface, 66 seconds. At this point the compact primary 

0 

layer is 550 A thick. 

6, ~coordinates (87.2°, 50,5°), At this point, the potential rises 

abruptly as the electrode passivates. The rapid rise in ~ occurring 

simultaneously with passivation is an indication that excess cadmium 

metal allows the film to become an electron conductor. 

0 

For the in 56, the initial 122 A 

thick hydroxide which occupied 76% of the electrode surface 

completely covered the surface after 6.6 seconds. At this value of 

time, the electrode potential jumped from ~0.50 volts to +0.86 volts. 

A change in the slope of the experimental 6 ~ ~ curve occurs at 

the third data point. At this moment, the electrode potential shifts 

from ~0.90 to -0.75 volts. 
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E. Zinc Oxide Formation 

Qualitative Aspects 

Due to the formation of zincate, Zn(OH)4 , the solubility of 

zinc in alkaline solution is a strong function of the alkaline concen-

tration. In 6M KOH, the solubHity of zinc is three orders of magnitude 

greater than the solubilities of silver and cadmium, and as a result, 

the anodic electrode current densities used to study film formation 

2 
were as large as 750 mA/cm . 

Zinc corrodes in alkaline solution. The following observations 

in 6H KOH indicate that a surface phase is formed on the electrode 

surface as a result of the corrosion processes. When the zinc electrode 

2 is cathodically protected at ~1,7 Volts (approximately 1 mA/cm current 

density) with electrolyte flowing at 1,7 cm/s linear velocity, 

oscillations in the ellipsometer parameters occur. The magnitude 

of the oscillations for both 6 and ~ are 2 degrees, with a frequency 

of approximately 2 seconds. When the cathodic protection is removed, 

the potential shifts to ~1.35 V, the relative amplitude parameter ~ 

increases by about 5 degrees, and 6 remains constant. If anodic 

current is immediately passed, ~ decreases by the same 5 degrees 

and the initial electrode behavior is that of a growing mass~transport 

boundary layer with negligible roughening of the metal substrate. 

When the cathodic protection is maintained at -1.37 V, no oscillations 

in 6 and ~ occur, and no shift in ~ is observed when the 

cathodic protection is removed. When anodic current is passed, major 

roughening of the metal substrate occurs, which is greatly accentuated 

by portions of the electrode surface being passivated by a surface layer. 
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The primary formed on zinc in 0.5 M KOH has a glassy 

appearance in scanning electron micrographs. Major voids are apparent, 

possibly caused by secondary which detached from the surface 

during the period when the electrode was being removed from the cell, 

Localized dark regions are observed by SEM, The dark regions are more 

pronounced at high current densities. 

In 6M KOH, the anodic film is localized rather than uniformly covering 

the total electrode surface. Scanning electron microscopy cannot 

provide quantitative information about the pr layer formed over 

the regions of the electrode surface not covered by the secondary 

crystal growth. 

ion 

Film Formation in 0.5 M KOH 

-1.2 V VS 

The ellipsometer observations presented in Figure 57 were 

interpreted in four sections in order to describe changes with time 

in the optical ies of the anodic film, For comparison, the 

general features of an anodic film formed by approximately reproducing 

the current vs. t:L"'11e behavior is shown in :Figure 58, 

The theoretical values of 6 and ~ for the initial portion of 

the curve (points A in 57) were computed using patchwise film 

formation with of the metal substrate. Compact zinc oxide 

began forming on 52% of the electrode surface, and after 65 seconds 

covered 94% of the surface, The thickness of the primary layer at 

0 

this tim.e was 325 A. Dur this same time interval the porosity of 
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the hydrate layer increased from 0.88 to 0.99 volume fraction electrolyte. 

Roughening of the substrate was modeled as the growth of a layer of a 

constant porosity of 16 volume percent metal. As indicated in Fig. 57, 

the initial slope of the computed curve is too steep; a larger volume 

fraction of metal would give better agreement with the initial slope 

of the experimental curve. The small value of the metal volume 

fraction possibly indicates that undercutting of the oxide layer occurs, 

resulting in a metal fraction which decreases with time. 

The second portion of the theoretical curve (points B) was 

computed using the growth of compact zinc oxide. Secondary crystals 

occupied only 7.5% of the electrode surface and had a minor optical 

effect. The thickness of the primary layer after 305 seconds was 

0 

780 A. The constant metal volume fraction in the roughness layer was 

0.38. At the end of this portion of the curve, the theoretical points 

computed as outlined diverge from the experimental curve, with the 

computed values of W being too large. 

The third portion of the theoretical curve (points C), which at 

best only qualitatively reproduces the experimental curve, was computed 

using a dual film structure for the zinc oxide, 
0 

A Type II film 220 A 

thick completely covered the surface, A compact Type I film 700 A thick 

expanded across the surface. The metal volume fraction was unity for 

the roughness layer (no roughness). 

The last part of the theoretical curve (points D) was computed 

using a non-stoichiometric primary layer. The mole fraction metal 

in the film was 0.087, giving a refractive index of 2.10- 0.061 i. 
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Secondary crystals of hydration 0.63 volume fraction water occupied 

about 40% of the electrode surface, After 450 seconds, the primary 

0 

layer was 3000 A thick and the height of the secondary crystals was 

0 0 

2800 A. The final thickness of the roughness layer was 330 A and the 

layer contained 94 volume fraction metal, The localized black regions 

in Fig. 58 are probably the source of the non~stoichiometry indicated 

by the computations, 

~1.0 V vs Hg/HgO (Ex~: Zn 70~23) 

The experimental curve in Figure 59 shows three distinct regions. 

Roughening of the metal substrate during the time interval 0 < t < 1.5 s 

leads to the decreasing values of ~ , At 1.5 s, the discontinuity in 

the experimental curve indicates a sudden onset of film formation. 

The second portion of the experimental curve covers the time 

interval 1.5 s < t < 50 s The theoretical values of ~ and ~ 

computed using a primary layer which completely covers the electrode 

does not reproduce the rise in ~ values observed experimentally. The 

use of patchwise film formation would probably improve the agreement 

with experiment. Beginning at t ~ 3,5 s ((~.~) coordinate (94.3,.33.9)) 

the relative phase ~ decreases simultaneously with a decrease in 

2 electrode current density from 3.3 to 0.11 mA/cm , The behavior of the 

ellipsometer parameters is consistent with either the compaction of 

0 

an approximately 70 A thick primary layer or the formation of an 

0 

approximately 5 A thick primary layer. 

Beginning at t 50 s , the electrode current density doubles 

to 0,2 mA/cm
2 

and ~ and ~ both begin to decrease. The theoretical 
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values of D. and l/1 presented in Pigure 59 V>Jere computed using the 

0 

growth of a roughness layer covered by a 109 A, 19% porous primary 

layer, The volume fraction of metal in the roughness layer was 0.51, 

The roughness layer could describe developing non-stoichiometry in 

the interior of the film. 

2 10 mA/cm (Exp, 70-10) 

The interpretation presented in Figure 60 used patchwise film 

formation to compute the theoretical values of D. and l/J , Film 

formation began on 20% of the electrode surface and after 15 seconds, 

0 

the 440 A thick primary layer covered 70% of the surface, During 

this interval, the porosity of the primary layer decreased from 14.3% 

(volume) electrolyte to 5.6%. The roughness layer containing 48% 

0 

(volume) metal was 100 A thick at the end of this period, 

Figure 60 indicates that the theoretical curve is shifted to the 

left of the experimental curve, The hydrate layer contained 98% 

electrolyte, The use of an initially concentrated hydrate layer which 

is depleted with time would eliminate much of the deviation between 

experiment and theory, 

The optical effect cannot be due to zinc cations, as the initial 

concentration necessary to shift D. by 10 deg is about 2,5 M (Fig. 6a), 

while the solubility of zinc is only 10-J M, 

Film Formation in 6 M KOH 

2 
StagE-pnt Electrolyte, 100 mA/_<.:-~(Ex~~~J0-61) 

The topography of the anodic film formed at 100 mA/cm
2 

is shown 

in Figures 61 and 62, The secondary crystals have a pyramidal shape 
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and do not completely cover the electrode surface, Ellipsometer 

observations are presented in Figure 63, Three portions of the 

experimental curve are distinguishable. 

The initial portion of the experimental curve was interpreted using 

roughening of the metal substrate and the growth of a MTBL with the 

interfacial refractive index determined by the surface coverage of 

adsorbed zinc oxide. The large initial decrease in W between the 

first and second experimental points was not satisfactorily reproduced 

by the square-ridge roughness model (Section IV), The observations cited 

in the qualitative zinc oxide results (p. 155) indicate it is possible 

that the initial decrease in W is due to the removal of a surface 

phase produced by corrosion which fractionally covers the electrode 

surface. 

The surface coverage of adsorbed species 8 was computed using 

a Langmuir isotherm ( (G 26), Section IV • p. 

-6G/RT 
a.e 

1 

) 

The activity of the zinc species in the electrolyte having the 

( 66) 

interfacial concentration determined from the Sand equation \vas computed 

using eq. (67) 

a= 0.735 + 6.13 C • (67) 

Equation 67 i.s a least-squares fit of experimental data found in the 

literature (G27). 
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The parameters evaluated by the computational procedure are 

given in Table VII, 

Table VII. Adsorption of Zinc Oxide Parameters Derived from 
Ellipsometer Measurements, 6 M KOH (stagant), 
100 mA/cm2, (0001) Zn. 

Free Energy of Adsorption 

Volume Fraction Metal 
in Roughness Layer 

Current Fraction Forming Roughness 

1.47 ± 0.24 kcal/mole 

0.39 ± 0.07 

0.14 ± 0.02 
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At point B in Figure 63 (t = 30 s), an inhomogeneous Type I film 

begins forming. The porosity of the film was assumed to increase 

parabolically with film thickness, and the film was divided into five 

sublayers to describe the inhomogeneity. The porosity at the bottom 

of the film was 0.30% (volume) electrolyte, and the porosity at the top 

of the film was 85%, 
0 

At point C, (130 s) the primary layer was 57 A 

thick, Secondary crystals were growing during this period, but their 

optical effect was negligible. 

The optical effect of the secondary crystals becomes important 

at point C. For the theoretical values of A and ~ along segment 

2 CD , the crystallization rate of the secondary crystals was 93 mA/cm , 

the width to height ratio of the crystals was 0.13, and the crystals 

were strongly hydrated, containing 75% (volume) water. The crystals 

were treated optically as homogeneous films, and coherent superposition 

was used to average the reflection coefficients for the covered and 



uncovered portions of the surface. The surface coverages were computed 

using the projection along the light propagation vector. 

2 
Stagnant Electrolyte, 200 rnA/em (Exp. Zn 70-62) 

For the first 5 experimental points in Figure 64, the electrode 

potential was constant at -0.93 volts. The free energy of adsorption 

determined by the interpretation was 1.76 ± 0.28 kcal/mole. This value 

2 agrees exactly with the free energy computed for another 200 rnA/em 

experiment, 70-58. After 10 seconds, the potential begins increasing 

in correspondence to a change in slope of the ~ - ~ curve. An abrupt 

decrease in ~ occurs at time t = 30 s , and at this moment the 

potential jumps from -0.72 v to+ 1.00 volts. The thickness of the 

0 

compact primary layer at passivation was computed as 206 A. 

The anodic current was turned off immediately upon passivation. 

Figure 64 shows major changes in the ellipsometer parameters occurring 

after the current interruption. This portion of the experimental 

curve is uniquely characteristic of the growth of a compact primary 

layer which completely covers the electrode surface. 

2 Stagnant Electrolyte, 500 rnA/em (Exp. Zn 70-63 B) 

The theoretical values of ~ and ~ in Figure 65 only qualitatively 

reproduce the experimental values. The downward trend in ~ is an 

indication that roughening of the electrode is significant. Film growth 

certainly continued after the current was interrupted upon passivation. 

The free energy of adsorption determined from the measurements was 

6.3 ± 3.3 kcal/mole. 
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Forced Convection Experiments (6 M KOH) 

Figures 66-70 show scanning electron micrographs of anodic 

films formed under forced convection mass transport conditions. 

Lateral growth is favored over the pyramidal growth observed in 

stagnant electrolyte. The films are thicker and more compact downstream, 

indicating that dissolved species are being transported. The films are 

more compact at high current densities and low Reynolds numbers. The 

film morphology is greatly affected by the crystallographic orientation 

of the zinc substrate. Film formation is absent at high Reynolds 

numbers (Fig. 70) unless the ctlrrent density is large enough to provide 

the degree of supersaturation necessary for film formation. 

900 Re, 400 mA/cm
2 

(Exp. Zn 200-21) 

The general features of the experimental tJ. - 1jJ curve shown in 

Figure 71 are similar to the curves for stagnant electrolyte, with 

the exceptions that the inhomogeneous Type I film and the initial 

decrease in 1jJ are absent. For the time interval 0 < t < 6.3 s 

the theoretical values of tJ. and 1jJ were computed using adsorption 

of zinc oxide. The only parameter determined by the computational 

procedure, the free energy of adsorption, had the value 3.25 ± 0.43 

kcal/mole. The average deviation between experiment and theory was 

0.97 deg. 

Beginning at time t = 6.3 seconds, the rapid formation of a 

porous (0.36 volume % electrolyte) primary layer leads to the passivation 

" of the electrode. The thickness of this layer reaches 2500 A after 

2 seconds. 
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2 3000 Re, 200 rnA/em (Exp. Zn 200~18) 

The free energy of adsorption determined by the interpretation 

of the curve AB in Figure 72 had the value 2.72 ± 0.05 kcal/mole 

The average deviation between experiment and theory was 1.5 deg. 

The curve BC was interpreted using the growth of secondary 

crystals containing 67% (volume) water. The thickness of the layer 

after 55 seconds was 1 ~m. 

2 4500 Re, 458 rnA/em (Exp. Zn 200~22) 

The free energy of adsorption for the initial portion of the 

experimental curve presented in Figure 73 was 3.11 ± 0, 37 kcal/mole 

The electrode passivates after 4 seconds, and the thickness of a 24% 

0 

porous primary layer was 2100 A at t = 5.7 s. 

2 9000 R~O rnA/em (Exp. Zn 200~39) 

For the interpretation of the experiment presented in Figure 74, 

the free energy of adsorption was 3.74 ± 0.43 kcal/mole The electrode 

does not passivate, which illustrates the role of mass-transport in 

the anodic processes. After 15 seconds the thickness of a 15% 

0 

porous primary layer was 2600 A, and the secondary crystal layer was 

16 ~m thick. 

2 11000 Re, 472 rnA/em (Exp. Zn 200~34) 

For the interpretation of the initial increase in ~ observed 

experimentally (Figure 75), adsorption was negligible. The increase 

in ~ is due to ionic zinc, as indicated in Figure 76, The concentration 
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Figure 72. Interpretation of ellipsometer measurements (Exp. Zn 200~18). 
Accumulation of dissolved species followed by film formation. 
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of zinc at the interface reached 0.92 M after 1.1 seconds. The use of 

the Sand equation (eq. 12) to describe the change with time of the 

interfacial concentration resulted in an average deviation between 

experiment and theory of 0.13 deg. 

The growth of the anodic film (Fig. 75) was only qualitatively 

reproduced by theoretical computations. After 28 seconds, a compact 

" primary layer 540 A thick completely covered the surface~ and a 21 vm 

thick layer of secondary crystals (75 volume percent water) fractionally 

covered the surface. 

Qualitative Comparisons 

Figures 77-80 indicate the effects of electrode current density, 

electrolyte flow velocity, and substrate crystallographic orientation 

on ellipsometer observations. 2 In Figure 77, the 200 mA/cm curve 

rises more sharply than the 400 mA/ cm2 curve in the region where zinc 

oxide formation is dominant. This is characteristic of a more patchy 

or porous film forming at lower current densities. As the current 

density is increased, the rates of film formation become so fast that 

further increases produce only minor differences in the film characteristics, 

as indicated in Figure 78. 

As increased electrolyte flow rates increase the mass-transport 

rate of the solution-phase zinc species, the supersaturation of zincate 

is lower at higher flow rates. Figure 79 illustrates that a very compact 

primary layer passivates the electrode at the lower Reynolds number, 

while at the high Reynolds number, a more porous film grows on the 

active electrode. 
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Figure 77. Variations in the optical properties of anodic zinc oxide 
films formed at different current densities experiments. 
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Figure 79. Variations in the optical properties of anodic zinc oxide 
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Passivation at lower flow rate indicated by current off. 
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Only minor differences in the ellipsometer curves for different 

electrode orientations are observed, as shown in Figure 80. Macroscopic 

differences are apparent in scanning electron micrographs (Fig. 67). 

The large degree of disorder on a lateral scale larger than the 

wavelength of light is probably scattering much of the light beam. The 

anodic film shown in Figure 81 is not typical, but would scatter much 

less light. This film was observed on the downstream corner of an 

electrode. Immediately upstream, the electrode surface was not covered 

by an anodic film. 

Interfacial Concentrations During Zinc Dissolution 

The current interruption technique outlined in Appendix D was 

used to measure the interfacial concentrations of zinc during anodic 

dissolution in the flow cell. The results are given in Table VIII. 

Interfacial concentrations were computed for comparison using equations 

14~16. Migration effects were neglected, 

The interfacial concentrations measured in 1M KOH were consistently 

lower than the theoretical values, with the average deviation being 

about 20%. If depletion of the hydroxyl ion by complexing with zinc 

is negligible, the measurements indicate that the transference number 

ranges from 0.19 to 0.23. The solubility of zinc in 1 M KOH is about 

10~2 M (Zl6), and yet interfacial concentrations of 0.6 M were observed. 

The interfacial concentrations measured in 6 M KOH agreed very 

well with theoretical values, especially at large flow rates (Re 

In certain instances, notably the results obtained at a Reynolds 

11400) ' 

number of 2700, adsorption of zinc appears to be present, as the measured 
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Figure 81. Scanning electron micrograph of anodic zinc oxide. 



interfacial refractive index would correspond to 2.75 M while the 

theoretical value is 1,47 M9 and the solubility is 0.66 M. 

For the computations, a diffusion coefficient of 9,7xlo-6 cm2/s 

was used. The refractive index of zincate solutions, as measured by 

a refractometer (G28) is a linear function of concentration, 

where nref 

n n f + 0.00575 C re 

is the refractive index of the KOH solution in the 

(68) 

temperature range 20° < T < 30°C and the wavelength of light range 
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435.8 < A < 589.2 nm • The refractive index-concentration relationship 

was measured for zincate concentrations up to 0,6 M. The linear 

relationship was extrapolated into the concentration ranges covered 

in Table VIII (Appendix F). 



Table VIII. Interfacial Concentrations of Zinc Derived from Ellipsometer 
Measurements 

Electrolyte Re i 
2 (mA/cm ) .£1: (theory) .£i (experiment) 

1. 025 M KOH 900 170 0.73 M 0.67 

2800 180 0.52 0.39 

250 0.72 0.60 

3000 241 0.69 0.62 

8000 180 0.31 0.25 

232 0.40 0.31 

6.01 M KOH 1640 500 1.74 1.66 

750 2.61 3.00 

2700 400 1.18 1.41 

500 1.47 2.75 

3200 400 1.11 1.68 

3400 500 1.36 1.42 

11400 500 0.66 0.66 

750 0.99 0.99 



VII. Discussion 

Induction Periods at Low Densities 

The major assumption which was used to correlate the induction 

periods with interfacial concentrations and diffusion coefficients is 

that f:Hm formation begins when the solubility limit of the cation 

is reached, If small but finite degrees of supersaturation are 
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present, the interfacial concentrations are underestimated in eq. (10), 

and the diffusion coefficients in Table I are larger than the true values, 

Silver Oxide Formation 

The deviations between experiment and theory for all of the 

interpretations are larger than the experimental error in the values of 

6 and ~ of about 0.5 deg, This indicates the evaluation of six 

or seven parameters by the computational procedure does not overspecify 

the system of equations in the representation of the electrode process. 

At least 40 experimental quantities(values of time, current density, 

6 and ~ for 10 points) were used for each interpretation. 

When large number densities of secondary crystals were present on 

the electrode surface, the computed degree of hydration of the crystals 

was consistently between 0, 37 and 0.43 volume fraction water. Assuming 

the additivity of molar volumes, the volume fraction of water in 

Ag 20·H 2o is 0.34. This is strong evidence that the secondary crystals 

are formed by the crystallization of the hydroxide, which gives this 

degree of hydration. The rate expression for the growth of the 

secondary crystals which applied for all interpretations was eq. (2a), 

in which the rate is proportional to the surface area of the crystals. 
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The use of the constant rate (eq, (2b)) generally led to deviations 

between experiment and theory of 20 deg, when the use of eq. (2a) 

gave deviations of 5 deg, The average deviation was also very 

sensitive to the initial size of the crystals. The computations used 

the thickness of the Type II film for the initial secondary crystal 

dimension, 

When small number densities of secondary crystals are present, 

ellipsometry is sensitive to the optical properties of the primary 

layer. The primary layer appears to be non-stoichiometric, as 

indicated in the discussion for experiment Ag 80-32, The refractive 

index of the solid, non-porous material evaluated by the interpretation 

was 2, 19-L 04 i. The large imaginary part could indicate silver is 

present in a powder form, possibly resulting from a disproportionation 

reaction, One possible reaction mechanism is given in eqs, 69 and 70, 

+ -Ag + Ag(OH)
2 

( 69) 

(70) 

As neutron diffraction studies have indicated that AgO is actually 

composed of the monovalent and trivalent silver, the divalent state 

indicated above could be unstable, While AgO formation has been 

assigned to the 0.49 V peak, potential sweep measurements (Al4) have 

shown that if no AgO is initially present, only peaks associated 

with the monovalent and trivalent states are observed, The reactions 

given in eqs. (69) and (70) are consistent with observations that the 
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non-stoichiometry is more prevalent in more alkaline electrolytes 

(6 M vs. 1M), at larger Ag+ concentrations (Exp. Ag 80-12), and 

occurs when a decrease in electrode potential (removal of concentration 

overpotential) is observed. 

An interpretation which is alternative to the development of 

non-stoichiometry is that precipitation of the hydroxide occurs under 

the three conditions stated in the previous sentence. The theoretical 

~ - ~ curves lie to the left of the experimental curves, and would 

be shifted to the right by the hydrate layer. Removal of the assumption 

that the hydrate layer and Type I film begin forming at the same time 

as secondary crystal growth begins would probably allow the computational 

procedure to reproduce the experimental observations. 

The two non-idealities in the primary layer characteristics, 

non-stoichiometry vs. a precipitated hydroxide layer, probably cannot 

unambiguously be distinguished by the use of ellipsometry alone. 

If the samples can be transfered into vacuum without major changes 

occuring in the characteristics of the film, film profile studies 

(Appendix A) may be able to provide distinguishing information, 

Properties of anodic films formed under forced convection vary 

along the direction of flow. Due to the transport of solution-phase 

silver downstream, the primary layer is thicker and the number density 

of secondary crystals is greater away from the leading edge of the 

electrode (Figure 30). The use of statistical variations in the time 

of the onset of secondary crystal growth, which also allows for 

variations in primary layer thickness, does reduce the deviation between 
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experiment and theory resulting from the use of a uniform film thickness 

and number density. This variation in properties is not actually 

random, and an alternate formalism is probably warranted. 

The initial stages of film formation at +0.55 volts (Exp. Ag 80~13) 

was interpreted using the optical constants of the monovalent oxide, 

and very satisfactory agreement with experimental observations was 

obtained. The monovalent oxide should form if most of the overpotential 

is initially concentration overpotential. This indirectly implies 

that resistance polarization resulting from surface layers restricting 

ionic transport leads to the higher valence state formation at 0.49 volts. 

The fact that steady state conditions are reached in forced 

convection experiments has allowed the computation of the crystalization 

overpotentials in Table V. By assuming that charge transfer over~ 

potential is negligible, primary layer film conductivities were calculated 

which qualitatively agree with film porosities derived from ellipsometer 

measurements. Under forced convection, the film porosity increases 

with current density. An explanation for this behavior is that 

the large supersaturations of the solution~phase silver species at 

large current densities promote nucleation of particles, while at 

lower current densities, crystallization of material onto existing 

sites leads to a more dense phase. 

The hydrate layer discussed in Sec. IV appears to have a minor 

optical effect. This conclusion is valid unless the effect interpreted 

as non~stoichiometry in the discussion of experiment Ag 80~32 is instead 

due to the precipitation of the hydroxide. 
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The size of the secondary crystals derived from ellipsometer 

measurements are generally smaller than the dimensions measured by 

scanning electron microscopy. Unless the crystals continue to grow 

after the current is interrupted, the theoretical descriptions of the 

optical effect of the crystals (Sec. IV) are therefore only qualitatively 

correct. It is in fact possible that ellipsometry is not sensitive 

0 

to crystals larger than about 1000 A because of light attenuation by 

absorption or because of light scattering effects. El1ipsometry 

measures the relative change in amplitude between the s and p 

components, and not absolute changes in amplitude, Reflectance 

measurements, in which the change in the intensity of the individual 

s or p component is monitored, are probably necessary for the 

quantitative description of secondary crystal growth. While the 

thickness and the optical properties of the primary layer are of 

present interest, a sensitivity to secondary crystal growth is required 

in order to use mass balances (Sec. IV) to derive kinetic parameters 

and to relate the thickness of the primary layer to the electrode 

current density. 

Cadmium Hydroxide Formation 

The results for the anodic formation of cadmium hydroxide films 

are more qualitative than the results for silver oxide formation. 

The interpretations of ellipsometer observations indicate that the 

electrode surface initially is covered by patches of film formed by a 

corrosion process. The initial film thickness is about 300 A, A more 



detailed study of the corrosion of cadmium is warranted, especially 

as the characteristics of anodic film formation depend strongly on 
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the initial state of the surface. An initial film allows crystallization 

to occur and prevents the formation of the more compact, passivating 

layer resulting from the larger supersaturation of ionic species required 

for nucleation. The use of scanning wavelength or spectroscopic 

ellipsometer should allow the thickness and coverage of the initial 

film to be determined with greater accuracy and certainty. 

Non~stoichiometry appears to be present in the lower most layer. 

The degree of non~stoichiometry increases as the primary layer thickness 

increases. The refractive index for the non~stoichiometric film indicates 

that the film is light absorbing, and possibly due to excess metal. 

Other investigators have suggested that the darkness of these films 

is due to cadmium oxide being present. However, as the oxide optical 

constants (Appendix F) do not provide the necessary degree of light 

absorption, and as no evidence for the oxide has ever been obtained, 

it is very probable that no oxide is being formed. Film profile studies 

(Appendix A) will be necessary to obtain more quantitative information. 

Zinc Oxide Formation 

The corrosion of zinc in alkaline electrolyte leads to roughening 

of tbe metal substrate and possibly to the formation of a patchy 

hydroxide or oxide layer. The initial values of 6 and \jJ do not 

provide enough information to uniquely characterize the fractional 

coverage, thickness, and refractive index of an initial surface layer. 

The use of spectroscopic ellipsometry would provide additional information. 
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The ultrahigh vacuum system (Appendix A) would allow the determination 

of the refractive indices as a function of wavelength of zinc and 

zinc oxide compressed powder (Appendix F) . 

In 0.5 M KOH, the degree of non-stoichiometry of the anodic 

film increases as the film thickness increases. The blackening of 

the film has been postulated (Z50) as resulting from the deposition 

of finely divided zinc by the disproportionation of Zn(OH); to Zn 

and Zn(OH)4 . In order to obtain quantitative information about the 

developing non-stoichiometry, film profile studies will be necessary, 

in conjunction with the use of scanning electron microscopy, as the 

film composition appears to vary across the electrode surface as well 

as in the direction normal to the surface. 

The information obtained about the physical properties of the 

anodic films formed in 6 M KOH should be regarded as being qualitative. 

The structures assumed for the secondary crystals in Sec, IV are not 

strictly applicable to the pyramidal shapes observed by SEM (Fig. 61) 

for the films formed in stagnant electrolyte. In forced convection 

experiments, the metal substrate dissolves non-uniformly due to 

localized blockage of the surface by patches of the anodic film, leading 

to both roughening of the substrate and a highly disordered film 

(Fig. 66). The degree to which the water content of the film can be 

differentiated from void space is uncertain. Reflectance measurements 

would provide additional information. Experimental procedures could 

also be developed which would minimize the disorder in the film 

(Fig. 81). Saturating the electrolyte by electrochemically dissolving 

zinc would result in film formation at lower current densities. 
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Additional verification of the adsorption of zinc oxide, which 

was used to interpret the initial large increase in ~ for experiments 

conducted in 6 M KOH, should be sought. Scanning wavelength ellipsometry 

or simultaneous electrode impedence measurements would provide additional 

information. 
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VIII. Conclusions 

The structures of anodic films formed on silver, cadmium, and 

zinc in alkaline solutions are quite complex. The films are not 

isotropic and homogeneous, as indicated in Figure 2, and any realistic 

model describing the optical properties of these films must reflect 

this structural detail. The multi-dimensional interpretation of 

ellipsometer measurements developed in this dissertation has three 

major assets: 1) The inclusion in the analysis of mass transport 

in the electrolyte, and electrical charge passed as a function of time, 

experimental information which has previously been disregarded by 

investigators, provides necessary constraints on the thickness of the 

anodic film. 2) The automated interpretation procedure, in which 

characteristic parameters (having physical meaning) are evaluated 

by minimizing the deviation between experiment and theory, provides a 

means to investigate and compare the effects of alternate assumptions 

made for the representation of the electrode process. 3) Measures 

of uncertainty determined by the computational procedure indicate the 

sensitivity of ellipsometry towards various physical processes. 

Ellipsometry is sensitive to the optical properties of the 

primary layers covering the silver, zinc, and cadmium electrodes. The 

anodic reaction rates are limited by the transport of the charge 

carriers through the primary layer (see Table V, p~20, and the discussions 

for experiments Cd 100~15, p ·136, and Zn 200~21, p .172) , The primary 

layers on all three metals appear to contain excess metal, and film 

profiling studies combining ellipsometry, Auger spectroscopy, ion-etching, 

and scanning electron microscopy are warranted. 
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Quantitative information regarding the structure and composition 

of large (appoximately 1 ~m dimension) secondary crystals probably 

cannot be obtained from ellipsometer measurements alone. Light scattering 

and absorption reduce the optical effect of these crystals relative 

to the primary layer. As knowledge of the secondary crystal sizes 

is required in order to use mass balances to relate the primary layer 

thickness to the electrode current density, future studies should 

combine reflectance measurements with ellipsometer and SEM observations. 

The concentration of the solution-phase species at the electrode 

surface has a major effect on the structure of the anodic film. Large 

degrees of supersaturation promote nucleation and increase crystallization 

rates. Maximum electrode current densities can probably be maintained 

when the interfacial concentration is large enough to allow a disordered 

film structure resulting from continued nucleation (Table V). 

Ellipsometry is sensitive towards the presence of solution-phase 

species, An accumulation of species at the electrode surface, in 

concentrations much larger than can result from the diffusion of 

positive species, appears to be present during the anodic dissolution 

of silver, zinc, and cadmium. For zinc, this accumulation was interpreted 

as resulting from zinc oxide adsorbing on the surface with a free 

energy of adsorption which increases from 1.5 to 6 kcal/mole as the 

2 current density increases from 100 to 500 mA/cm . At large electrolyte 

flow rates, the optical effect corresponds exactly to the interfacial 

concentration predicted by mass transport theory. 
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Appendix A. Construction of an Ultrahigh Vacuum System for Film 
Profile Studies 

The chemical composition of surface layers can usually not be 

determined unambiguously from ellipsometer measurements when the 

structural variations discussed in section IV are also present, In 

order to augment ellipsometer data, an ultraigh vacuum system has 

been built in which surface layers can gradually be thinned by ion 

20'( 

etching, while being observed by ellipsometry. Elemental composition 

at various stages of thinning can be determined by Auger spectroscopy 

without realignment of the specimen. With this equipment, it will be 

possible to determine composition and porosity profiles of surface 

layers which can be transferred without alteration into a vacuum 

environment, 

The whole vacuum system can readily be removed from and reconnected 

to the ellipsometer (F Al). The optical windows of the chamber 

are mounted on bellows to allow alignment normal to the beam. The 

three probes (light, electron, and ion beams) intersect at the focal 

point (radius of curvature) of the three~grid LEED optics, which serves 

as detector for the Auger signaL The beams are incident onto the 

at an angle of incidence of 75 degrees from the surface normal. 

1 
Two sorption pumps are used for rough pumping from atmospheric 

pressures to 
~4 

10 mm Hg The pressure is monitored 

2 3 in this range by a thermocouple gauge. A diode Vac~Ion pump is used 

to obtain ultrahigh vacuum pressures of up to 
~11 

10 mm Hg The pressure 
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CBB 760~11054 

Figure Al. Ultrahigh vacuum system for simultaneous use of ellipsometry, 
Auger spectroscopy, and ion~etching. 
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is monitored in this range by a vac~ion gauge, 
4 

Elec 

A schematic of the Auger electron detection system is shown in 

Figure A2. The retarding voltage (0 to 3 KV) to the second grid of 

the LEED optics5 is modulated at a selected frequency and amplitude by 

the oscillator. A ramp generator is used to sweep the DC retarding 

voltage at rates from 1 to 500 volts/min. The current collected by 

the phosphor screen of the LEED optics is amplified and sent to a 

1 k , 1'~' 6 h' h . d h f' h . f h oc. ~1.n amp l . .L 1.er, w 1.c 1.s tune. to t e 1rst armon1.c o t e 

modulation frequency to measure the derivative of the Auger electron 

intensity with respect to the electron energy. 
7 

The oscilloscope
8 

following the lock~in amplifier provides additional amplification of 

the signal prior to recording, The first and third grids are grounded. 

9 A leak valve is used to introduce gases into the bell jar at 

controlled flow rates. The energy of the argon ion beam generated by 

the ion~bombardment gun
10 

may be varied from 0 to 3 kV, The ion beam 

may be scanned over the sample by rastering to achieve uniform sputter 

rates over an approximately 1 cm
2 

area, 

Holder 

Th 1 . 1 11 'd 1 e crysta man1.pu. ator prov1. es separate X~Y-Z trans ations 

plus rotation of the sample about an axis parallel to the ellipsometric 

p-plane. Power feedthroughs on the crystal manipulator may be used 

for resistive heating of the sample and thermocouple feedthroughs may be 

used to monitor the temperature of the sample. 
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Appendix B. A Ray Model for Describing the Optical Effect of Brick~ 
Shaped Crystals on Ellipsometer Measurements 
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This model attempts to describe changes in the state of polarization 

of a light beam specularly reflected from a surface covered by brick~ 

shaped crystals. Only light rays whose propagation direction is not 

changed by transmission through the crystals are considered; scattered 

light, which does not reach the photodetector, is neglected. This 

constraint requires that a ray must enter and leave the crystals through 

coplanar faces. The light may reflect from the surface beneath the 

crystals either before or after transmission through the crystals. 

Superposition of Six Rays 

The crystals are assumed to contact the surface at a crystal 

edge. This leaves two angles necessary to specify the average orientation 

of a crystal. Figure 7 defines the angles a and S in terms of 

projections normal to the p plane and the surface. Six rays need to 

be considered (Fig, 7 ) , 3 "p~rays" x 2 "s~rays". For a < 45 two 

rays reflect from the surface before entering the crystal faces 

oriented at either 6 or 90~S degrees from the s~plane. A third ray 

transmits through the crystals before reflecting from the surface. 

For a ~ 45° , two rays pass through the crystals before reflection 

and one ray reflects before transmission. The angle of the light ray 

relative to the surface normal is used to describe the effects of 

reflection and transmission on the state of polarization of light. 

Each of the six rays have different angles of incidence on the crystal 

faces. These may be determined using the cosine law (eq. Bl) for the 
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angles normal to the surface in the p~projection (¢c) and the 

s-proj ection C¢s) . 

cos ¢ cos ¢a cos ¢8 . (Bl) 
e 

Figure Bl shows the three incident angles in the p-projection and 

Figure B2 shows the two incident angles in the s-projection. These 

angles are 

¢al Ia + ¢ - 90j (B2) 

¢a2 90 ¢al (B3) 

¢a3 I¢ a! (B4) 

¢a4 90 - ¢ a3 
(BS) 

¢Sl s (B6) 

tPsz 90 - s (B7) 

where ¢ is the angle of incidence on the surface beneath the crystals. 

~ is used for a < 45° 
'~-'a3 

and ~ 
4 '~-'a is used for a > 45° . 

angles of incidence given by eq. (Bl) are then 

cos-
1

[cos Ia + ¢ - 90j cos (90 S) J 
-1 

¢
3 

~ cos [cos I¢ - al cos SJ 

¢4 ~ cos-1 (cos J¢ - al cos (90- B)] 

for a > 45 

The six 

(B8) 

(B9) 

(BlO) 

(Ell) 
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63 

:\) 
}~...: 

..;:;:·-



I 

I 
I 

I 
I 

2!. 5 

---

XBL 786-9162 

Figure B2. Angles of incidence on the different crystal faces of 
secondary crystal faces of secondary crystals. normal 
projection onto the electrode surface. 
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¢5 
~1 -1 

cos [cos (a+¢) cos S], or cos [cos(l80-a-¢) cos S] (Bl2) 

¢
6 

cos-1 [cos (a+¢) cos (90-S)], or cos-
1

[cos (180-a-¢) cos (90-S)] (Bl3) 

for a < 45° , 

~1 I cos [cos ¢ aj cos S] (Bl4) 

cos-l [cos j¢- aj cos (90- S)] (Bl5) 

Transmission Coefficients 

The transmission coefficients Tv (v is either s or p) for light 

passing through the crystals are the ratios of the complex electric 

field leaving the cube relative to the incident electric field. These 

coefficients describe amplitude changes and phase shifts resulting from 

entering, passing through, and leaving the crystals. Figure B3 shows 

that the exiting electric field may be viewed as a series of beams 

resulting from multiple reflections and transmissions. The first 

order beam N1 will give a transmission coefficient of 

-io 
(1- rlv)(l- r2v)e 1 (B16) 

where and are the reflection coefficients at the first and 

second crystal faces (eqs. (36), (37)) and o1 is the phase shift given 

by 
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2TI - n cos cp L . 
A. c c 

(Bl7) 

The second reflection coefficient r
2
V has the opposite sign of 

(Bl8) 

For a large number of beams, the multiple beam series converges 

to the Drude equations (eq, (40)). The transmission coefficient for 

a film covered surface is (G 30) 9 

00 

t v 

(Bl9) 

The number of beams leaving the crystal can be shown to be given by 

eq. (B20) for i "" 1 to 6. 

p is the 

For N. < 
l-

for N. > 
l-

ratio of 

1 > eq. 

3 
' 

eq. 

N. 
l 

the width to 

(B16) is used 

(Bl9) is used. 

1 
(B20) tan 

the height of the crystals, p = h/w . 

for the transmission coefficient, while 

For 1 < N. < 3 the transmission 
l ' 

00 

coefficient is a weighted average of t 
1 
v and t v as given by eq. (B21) 



!\) 

B3. Multiple-beam representation of the electric field leaving 786-91 :r-l 
(X) 

secondary crystals. 



Reflection and ion 

The changes in amplitude and phase for a light beam passing 

through the crystals and reflecting from the surface are given by 

equation (B22) 

R. 
1 

+ 
E 
refl. 

+ 
E. 

lnC, 
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(B21) 

(B22) 

~ is the reflection coefficient for the surface beneath the crystals 

(eq. (40)). If the crystals are covered by a film, r 1v in eqs. (Bl6) 

and (Bl9) is computed using the Drude equations, 

Area Fractions for the S 

To superimpose the six rays, an effective reflection coefficient 

is formed from the coefficients for each ray by summing with respect 

to the active area fraction of the crystal surface. The active fraction 

is that portion of the area which allows the ray to exit from a 

crystal face parallel to the entrance face. The area fraction is 

composed of three factors, the area fractions in the p~ and s-projections 

and the fraction of the exit face coplanar with the entrance face in 

the projection along the light beam. Figures B4 and B5 give the 

fractions for the s- and p-projections, Figure B6 the active area 

fraction f 
a The area fractions for the six rays are given in 

eqs. (B23) - (B32). 
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for a > 4S 0 

for a < 45° 
' 

where 

Al 

A2 

A3 

A4 

As 

A6 

As 

A6 

f 
u 

= 

f f (1 ~ p tan cjllr) u r 

f (1-f ) (1 - P tan ¢2r) u r 

(1-f ) f (1 - tan ¢3/P) u r 

(1-f )(1-f) u r 
(1 - tan ¢4/P) 

f f (1 ~ p tan cjJSr) u r 

f (1-f ) u r (1 - P tan ¢6r) 

(1-f )fr (1 tan cjJSr/P) u 

(1-f )(1-f) u r (1 - tan cp6r/P) 

sin (a+cjl) 
P sin Ja + cjJ - 90j + sin (a+cjl) 

f 
r 

cos B 
cos B + sin S • 

(B23) 

(B24) 

(B25) 

(B26) 

(B27) 

(B28) 

(B29) 

(B30) 

(B31) 

(B32) 

It should be noted that the angles '"' in the active area factors '~'ir 

are the angles of refraction at the crystal faces, which must be 

computed from the complex angle of refraction cjlicr used in the 

reflection coefficients for absorbing crystals. The real angles are 

computed using equation (B33) 



where A 

B 

with 

and 

~1 2 2 112 
sin (1 - A /B ) 

Real ( cos cpicr) 

CD/ A
2

) 
1/2 

(C ~ D + 

C [Real (n )]
2 

c 

D 
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(B33) 

The complex cosine cos cpicr is found using the complex form of Snells 

law and the trigonometric ident cos ¢ "-' (1 . 2,h)l/2 
sln 'f' , 

cos "· 'f'lCr 
CSQRT (1 

with n the (real) incident medium and 
0 

(Bl5), 

as by eqs. (BS) -

The effective reflection coefficient for an isolated crystal 

which has no interactions with other crystals is given eq, (B34) 

6 
R (1 - q) + q I AitViRVb ve 

i"'l 

6 

Ai tvi] Rvb 1 - q) + q l' (B34) 
i<L 
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The fraction of the surface covered by the crystals q is given by 

eq. (52). 

When the crystals are sufficiently close together, the light beam 

will have to pass through two crystals, before and after reflection. 

Squared terms should then be included in the summation, as indicated 

by (eq. B35) 

R ve 

for a < 45 , and for a > 45° 

A.t . + F 
1 V1 

R ve R b rl _ q + q [ I A . t . + F \) L i=l 1 \)1 
I I 

i=l,2,5,6 
A.t . I 

1 Vl 
j=3,4 

(B35a) 

A.t .JJ (B35b) 
J VJ 

The factor F may be included to describe the orderliness of the 

crystals. An ordered array ·will transmit more light than a disordered 

array. 
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Appendix C. A Preliminary Model for the Interpretation of Ellipsometer 
Observations of Anodic Films 

This automated interpretation of ellipsometer observations (G 29) 

was developed to include mass~transport processes in the interpretation 

of ellipsometer measurements of anodic film formation and to more 

fully use electrochemical data collected simultaneously. The reaction 

rate at the electrode surface is derived from the current density, 

and the amount of reacted material accumulated at different distances 

from the substrate is obtained from a balance of mass fluxes. Electrode 

potential measurements are used to identify thermodynamically possible 

products and major changes in products with time, 

The potential usefulness of several simple optical models was 

initially evaluated by conventional computation. Figure Cl illustrates 

that homogeneous films with different complex refractive indices cannot 

account for the measurements. Assuming the existence of a colloidal 

suspension (see Hydrate , section IV) near the solid film dramatically 

improves the agreement with observation, as shown in Figure C2 (the 

refractive index of this region is too high to be due to ionically 

~4 
dissolved silver, which has a solubility of only 4.7xlO Min this 

solution). 

Calculations for uniaxial birefringence, with the optical axis 

normal to the surface ( do not fit the data, Calculations for 

biaxial anisotropy have not been conducted, but the deviations from 
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Figure Cl. Anodic film formation on silver in alkaline solution. The 
calculated curves represent different film porosities. 
Monovalent and divant oxides are the products indicated by 
electrode potential measurements. 
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Figure C2. The use of a Colloidal Overlayer of constant refractive 
index n = 1.45 and constant thickness T = 1200 A0 in a 
preliminary interpretation. Same film ~efractive indices 
as in Figure Cl. 



Optical Model 

The optical film model used for the automated interpretation 

of ellipsometer measurements is illustrated in Fig, C3, It consists 

of a smooth substrate, a homogeneous solid film (which may be porous), 

a colloidal overlayer and a mass-transport boundary layer. A constant 

anodic current density i (based on macroscopic surface area) is 

passed across the electrolyte-metal interface and results in the 

production of an equivalent flux of dissolved primary reaction product, 

A fraction of this flux, corresponding to the current density i 
c 

enters the colloidal layer, the remainder is precipitated as solid 

film. Part of the dissolved material is precipitated in colloidal 

form, and the remainder (flux density jD) enters the mass-transport 

boundary layer. 

The Sand equation, valid for diffusion into a stagnant, semi-

infinite medium, is used for determining the boundary layer thickness 

as a function of time: 

1.129 IDt . (Cl) 

A uniform film porosity is modeled to decrease from an initial 

value of s
0 

to zero at an adjustable film thickness of Tfl : 

s "' s (1 
0 

(C2) 

To account for a possible restriction in the removal of primary 

dissolution product by the growing film, the dissolution current i 
c 
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Figure C3. Preliminary optical model for automated interpretation of 
measurements with definitions of layer thicknesses and 
flux densities between layers. (Model 5, Figure la). 
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is modeled to decrease to zero at an adjustable thickness Tc£ 

The refractive index n of the colloidal layer is assumed to remain 

constant~ an approximation valid for a steady state process. 

Neglecting ionic migration effects (valid due to the large excess 

of KOH), the diffusion flux across the boundary layer of dissolved 

reaction products is given by 

= - DilC 
-6- (C4) 

where 6C is the concentration difference between the colloidal layer 

and the bulk solution. A value of 2.3 times the solubility of silver 

hydroxide has been used for the ionic concentration at the boundary 

between the colloidal layer and the bulk solution. 

Table CI shows the parameters describing the film formation 

process which are evaluated by the computational procedure (see 

Section IV-G). From the values of 

the time-dependent variables of jD, 

s ' 0 
and Tfl, 

determined. The porous film refractive index n -
f 

is calculated 

using the Lorenz~Lorenz mixing rule (G29) to average n -ik 
s s 

with the 

colloidal suspension in the pores (eq. C2). The film thickness Tf 

at each moment is determined by using the valence, molar volume, porosity, 

and charge consumed in film formation to calculate the volume per 

2 
em of solid reaction products. The thickness of the colloidal 



Table CI 

Parameters of Anodic Film Formation Determined 

Interpretation 

Time-invariant parameters: 

n -ik - Solid film refractive index. 
s s 

the Automated 

f - Initial current fraction used for dissolution, eq. (3). 

Tc2 - Film thickness for zero dissolution current, eq. (3). 

n - Refractive index of colloidal overlayer. 

s - Initial film porosity, eq, (2). 
0 

Tfl _, Film thickness for zero porosity, eq, (2). 
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Time-dependent variables (functions of the time-invariant parameters): 

jD Ionic diffusion flux density, eq. (4). 

i Dissolution current density, eq. (3). 
c 

s - Film porosity, eq. (2), 

Tf - Thickness of porous film. 

T - Thickness of colloidal overlayer. 
c 

nf-ikf - Refractive index of porous film. 
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overlayer of each moment is determined as follows: 

The integrated difference between the dissolution current i and 
c 

the diffusion flux jD gives the charge used in colloid formation. 

Valence and molar volume then give the total volume of colloid 

particles formed. The volume fraction of colloid particles is 

calculated with the Lorenz-Lorenz mixing rule using the values of n 

(Table CI), the compact colloidal material refractive index n (= 1.87), 
c 

the bulk solution refractive index nb , and the bulk densities of the 

electrolyte and the colloid material. The ratio of the volume per 

2 em and the volume fraction gives the thickness. 

To reduce computation time, the optical effects of the inhomogeneous 

boundary and colloidal layers were represented by the two limiting 

models described in Section IV, p. 48, 

Results 

Shown in Figure C4 and Table CII are the results of an automated 

interpretation of ellipsometer observations of an experiment conducted 

on a (111) Ag substrate at 2 0.6 mA/cm in stagnant 6 M KOH A 

CDC 7600 computer required 5 seconds to evaluate all seven parameters, 

The accuracy of the fit (Fig. C4), an average distance of 0.5 deg 

between experimental and calculated points, agrees favorably with 

experimental uncertainties of ±0.1 deg in ~ and ±0.25 deg in ~ 

which were indicated by the error analysis for the automatic ellipsometer, 

However, the accuracy of the fit decreases if later portions of the 

curve are included. 
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Figure C4. Least-squnres fit of the initial portion of ellipsometer 
measurements of anodic film formation on silver. 



Table CII 

Least-Squares Fit of Anodic Film on Silver. Average distance between experimental and calculated 
points d: 0.50 deg. 

Parameter 

Solid Film Refractive 
Index 

Initial Current Fraction 
Used for Dissolution 

Film Thickness for Zero 
Dissolution Layer 

Refractive Index of 
Colloidal Overlayer 

Initial Film Porosity 

Film Thickness for 
Zero Porosity 

t 

n -
s 

n 
s 

k 
s 

f 

Tc£ 

n 

E 
0 

Tfl 

Value Positive ---

1.474 + 0.031 

0.306 + 0.036 

0.018 * 

0 

130 A * 

1.448 + 0.059 

0.272 + 0.223 

0 

1, 770 A 4,250 

Change in parameter value result 0.83 deg change in d. 

Negative 

- 0.156 

- 0.027 

* 

* 

- 0.038 

- 0.167 

* 

*Non parabolic behavior about the minimum, resulting in excessive number of iterations. 

IV 
w 
\.J1 



236 

The minimum given by the parameters is the best obtained after 

numerous Monte Carlo searches (see Section IV, p. 63), supporting 

uniqueness of the solution. Although seven parameters are involved in 

fitting the 6 - ~ curve, various characteristics of the model provide 

additional constraints. Besides values of 6 and ~ , the shape of 

the curve and the charge passed as a function of time are 2 additional 

experimental quantities. 

The value found for the refractive index of the compact film 

material, 1.47 - 0.31 i, is not the value for Ag 2o of 2.18 - 0.28 i 

determined independently from ellipsometer measurements, The large 

measures of uncertainty for f, Tct and Tfl as well as the non-parabolic 

behavior about the minimum for f and Tct are indications that the 

modeling of the colloid layer and the description of the compaction 

of the film (eq. ( 2)) are inadequate. 



Appendix D. Interfacial Concentration Determined by Ellipsometry 
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Ellipsometry is an optical technique in which monochromatic 

polarized light is reflected from a specimen surface. Changes in the 

state of polarization caused by the reflection are measured and 

interpreted in terms of physical properties of the reflecting surface [1]. 

The traditional use of ellipsometry has been restricted to the 

investigation of solid thin films and, until recently, was confined 

to slowly-changing phenomena due to the slow response (approx. 5 min.) 

of manually operated instruments. 

The presence of mass~transfer boundary layers has been shown 

previously [2] to significantly affect the measurement of films and 

surfaces by ellipsometry. The recent development of automatic 

ellipsometers [3] has made it possible to use ellipsometry as a new 

technique for specifically observing mass-transport boundary layers 

on a local level. The technique samples an area of the interface 

which is determined by the intersection with the light beam (usually 

a few mm diameter) and doesn't interfere with transport processes. 

Since the measured parameters are sensitive to the refractive index 

of the liquid phase at the interface the technique is applicable to all 

transport processes which result in boundary layers of variable refractive 

index which includes heat transfer processes. An optically reflecting 

interface is necessary, preferably one which remains unaffected by the 

transport process, otherwise, interruption of the transport process 

can be used to establish changes in substrate optical properties. 

The purpose of this paper is to demonstrate the validity of the 

technique by its application to electrolytic mass transport in the 



deposition and dissolution of Cu from aqueous Cuso4 . Stagnant 

electrolyte and channel flow have been used. 

Principles of Ellipsometry 

Changes in the state of polarization caused by reflection are 

expressed by the ratio p of the reflection coefficients r 
p 

and 

for the electric field components parallel and normal to the plane 
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r 
s 

of incidence. The complex quantity p is conveniently described by 

a relative amplitude change tan ~ and a relative phase change ~ 

(eq. 1); ~ and ~ are experimentally measured. 

r i~ 
p = _£ = tan ~ e 

r 
(1) 

s 

For ideal (planar, smooth, isotropic) bare surfaces, the reflection 

coefficients are given by the Fresnel equations (eqs. 2,3) which 

involve the angle of incidence ~ (angle between incident or reflected 

light beam and surface normal) and the angle of refraction ~~ (angle 

between transmitted beam and surface normal) . 

r 
p 

r 
s 

= tan (~ - ~ 1 ) 
tan (~ + ~ 1 ) 

sin (~ ~') 
sin (~ + ~') 

(2) 

(3) 

The angle of refraction ~~ can be obtained from the angle of incidence 

and the refractive indices of incident medium n 
0 

and reflecting 

medium n by use of Snell's law of refraction (eq. 4) 
s 



sin <P' = 
n 

0 sin cp 1 , 
n 

s 

2J9 

(4) 

For a light-absorbing substrate, such as a metal, the refractive 

index n and the angle of refraction <P' are complex quantities [1]. 
s 

For a film-covered surface, r and r can be determined by use 
p s 

of the Drude equations [4] in place of the Fresnel equations. 

Optical Effect of Boundary Layers 

The optical effect of a mass-transport boundary layer on light 

reflected from an underlying substrate is illustrated in Figure 5, 

Computationally, the continuously varying concentration in the 

(optically inhomogeneous) boundary layer can be represented by a 

series of (optically homogeneous) layers of uniform refractive index, 

with refraction and reflection of the light beam taking place at each 

interface between layers. Optical calculations have shown that for 

concentration gradients typically encountered in mass-transport boundary 

layers, reflection from within the boundary layer is negligible 9 and 

the principal effect is a change in the angle of incidence </J
0

d on the 

substrate. This effect depends on the refractive incides in the bulk 

fluid, n
0

b • and at the interface, n . , and can be determined from 
0~ 

the angle of incidence </J
0 

outside the boundary layer by use of 

Snell's law. 

sin "' = '~'od n . 
0~ 

¢ . 
0 

(5) 
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The change in angle of incidence on the substrate, in turn, results 

in the measured changes in the ellipsometer parameters ~ and ~ , 

The independence of the boundary layer effect from the nature of the 

concentration profile or the thickness of the layer forms the basis 

of the present use of ellipsometry for the determination of interfacial 

concentrations, 

E~ipment 

Measurements were made with a self-compensating automatic 

ellipsometer [5], Fig, 9, The light source was a 100-watt mercury 

0 

short arc lamp. The 5461 A line was selected by a narrow band 

interference filter, Clan-Thompson prisms in rotating mounts served 

as polarizer and analyzer. The two Faraday cells serve to electrically 

rotate the plane of polarization to reach compensation, The azimuths 

of rotation are the two measured parameters. A mica plate served as 

quarter wave compensator, Iris diaphrams have been used to define a 

light beam of 3 mm diameter which intersects the reflecting surface 

with an ellipse of approximately 3x6 mm, Cell windows were 6,3 mm 

thick quartz, and were oriented normal to the light beam and provided 

an angle of incidence of 75 deg, An RCA 931 A photomultiplier was 

used for light detection. 

Mass-transport boundary layers were generated by the electro-

chemical deposition and dissolution of copper in aqueous Cuso
4 

conditions under controlled transport conditions. A cross-section 

of the flow channel used for forced convection experiments is shown 

in Fig,. 13. The trapezoidal cross-section had a hydraulic diameter of 
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1.21 em. A 75 em entrance length was used. Convection-free experiments 

were conducted with stagnant electrolyte in a similarly designed cell. 

Experimental Procedures 

Single crystal copper electrodes ((111),(100)) of 1x3 em area 

were cast in epoxy holders and finished in a sequence of abrasive 

leveling, electropolishing, and mechanical polishing with 1 wm diamond 

paste. To avoid natural convection, the electrode surface under 

observation was oriented horizontally facing downward in the stagnant 

electrolyte. In the flow channel, the electrode was oriented vertically. 

To minimize surface oxidation, the 0.2 M Cuso4 electrolyte was 

deoxygenated with a nitrogen stream saturated with water. This was 

particularly important for the case of forced convection, where 

diffusion of dissolved oxygen can result in significant rates of oxide 

formation. The electrolyte continuously contacted a copper surface 

in the electrolyte reservoir to minimize etching of the surface under 

observation caused by the Cu - Cu++ disproportiation to + Cu 

The optical effect of the mass-transport boundary layer was 

separated from that caused by changes in surface roughness by the use 

of current interruption techniques. In the flow cell, current pulses 

were applied to generate step changes in the interfacial concentration 

(Fig. Dl), In the stagnant cell, the time-dependence of the interfacial 

concentration was followed by applying cathodic current densities of 

2 
5, 10, and 20 mA/cm for varying time periods. At the end of each 

deposition period, a pump circulated the electrolyte in the cell to 

remove the diffusion layer. t A refractometer was used to determine the 

tBausch-Lomb Precision Refractometer, Catalogue Number 33-45-03, 
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dependence of refractive index on the Cuso4 concentration. For 

0 < C < 0.2 M , (546.1 nm wavelength) 

(6a) 

The corresponding temperature dependence (for 20 < T < 30°C) was found 

to be 

Results 

n (T) 
0 

n (20°) - 0.00012 (T - 20) . 
0 

( 6b) 

As indicated in Figure Dl the changes in 6 due to concentration 

changes, 66 , are much larger than the corresponding changes in ~ . 

The experimental data have been interpreted by substituting '"' and 'Vod 

n . from eqs. (5) and (6a) into eqs. (1) - (4) to reproduce the 
Ol 

experimentally generated changes in 6 , The magnitude of 66 depends 

on the optical constants of the reflecting surface [3]. Effective 

substrate optical constants were first determined from the values of 

6 and ~ without the boundary layer, by the use of eqs, (1) - (3), 

Figure D2shows the changes in interfacial concentration as a 

function of for convection free copper deposition, The solid 

lines are given by the Sand equation [6] (constant transport properties) 

for a diffusion coefficient -6 2 D "' .5Xl0 em /s and a transference 

number t+ = 0.385 , The deviation of the experimental data show a 

trend similar to interferometer results which could be interpreted by 

the use of concentration-dependent transport properties [7], 



Figure D2. 

24lt 

t, s 
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XBL 7510- 40C 
Experimental de~endence of the interfacial Cuso

4 
concentra~ 

tion C with t 1 2 (stagnant electrolyte). Electrode current 
densit~ indicated next to solid curves given by Sand Eq. [12]. 
D = 5 x 10-6 cm2/s. t+ = 0.385. 



The forced-·convection results are shown in Figure D3. Changes in 

concentration between the bulk fluid and interface are expressed as 

functions of the electrode current density i and I~eynolds number, 

again for copper deposition. The solid lines represent the following 

Sherwood number correlations. In the laminar region, theory [8] gives 

Sh 1.23 (ReSc d /x) 113 
n 

(7) 

while in the turbulent region, the Chilton-Colburn analogy [9] and the 

integral method [10] with v cc 

Sh 

1/7 
y leads to 

The Sherwood number has been expressed here as 

Sh 

(8) 

( 9) 

[ 

_} 

Bulk fluid properties p"" L027 g/cc , v = 0,01.33 cm2/s , D = 5.19Xl0-6 

2 
em Is , and t+"" 0.336 have been used, The experimental results in 

the flow cell show a smaller concentration difference than predicted 

by the correlations. The increase in diffusion coefficient with 

decreasing concentration could account for this deviation. 

To demonstrate the validity of the technique for interfacial 

concentrations greater than bulk concentrations, measurements were also 

conducted on the dissolution of copper. The results are presented below. 
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Figure D3. Experimental dependence of concentration difference on flow 
velocity for different current densities. Cathodic depo
sition from 0.2 M Cuso
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• channel flow. 
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and Dissolut 

(Re 1600, 0.2 M bulk Cuso4 concentration) 

ion Dissolution 

i M cb - c. M cb - ci 1 

15 mA/cm 
2 

-0.64 deg 0.045 moles/liter 0.59 deg -0.045 moles/liter 

30 -1.27 0.091 1.22 -0.094 

45 -1.89 0.135 1.82 -0.145 

60 -2.55 0.182 2.44 -0.188 

Note that the ellipsometer parameter o/J. is not simply related to the 

concentration difference cb ~ ci because of changes in the optical 

constants of the electrode surface. 

Conclusions 

Ellipsometry has been introduced as a new technique for the 

in situ measurement of local interfacial concentrations (or temperatures) 

under various transport conditions. The technique complements the 

observation of boundary layers by interferometry, where the interfacial 

refractive index may be difficult to derive precisely from the 

observations [11]. 

Model experiments conducted with the electrochemical deposition 

and dissolution of Cu have shown good agreement with predictions 

derived from established correlations. Minor disagreements can be 

attributed to the use of concentration~independent transport properties. 

For a practical resolution of an ellipsometer of 0.02 deg in the value 
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of 6 , 0.002 M changes in Cuso4 concentration can be detected. For 

heat transfer in aqueous medium, the resolution is about 0.5 deg C. 

The major difficulties associated with this technique are due to 

surface changes occurring during the generation of the mass~transport 

boundary layer. Equation (2) indicates the dependence of 6 and ¢ 

on the reflecting surface refractive index n 
s 

Deposition and 

dissolution both change the surface topography, as do chemical reactions 

with dissolved materials such as oxygen. 

The fast response of recently~developed automatic ellipsometers 

[3] is primarily responsible for the feasibility of mass transport 

studies, allowing the use of current~interruption techniques to 

separate out the effects of surface changes. 
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Appendix E. Concentration of Supporting Electrolyte at Electrode Surfaces 

Introduction 

The determination of the electrolyte composition at the cathode 

surface has immediate applications towards industrial electrorefining 

processes. In free convection, the rate of mass transfer is greatly 

influenced by the variation of the density of the electrolyte within 

the mass-transport boundary layer. Knowledge of the interfacial 

concentration of supporting electrolyte is necessary for the calculation 

of electrode current densities which are controlled by mass-transport. 

Early measurements performed by pinhole sampling
1 

and freezing 

2 
the electrolyte indicated that during copper deposition, the increase 

in H
2
so4 concentration is 0.5 to 0.7 times the change in Cuso4 concen

tration. Computations based on the technique of dj~ensional analysis3 

suggested a much lower value for the increase in acid concentration. 

4 
Optical measurements by interferometry in a capillary cell and during 

free convection5 ·seem to confirm the larger changes in H
2
so

4 
. 

The degree of dissociation of the bisulfate ion greatly influences 

the suppression of # + Cu migration and the accumulation of H at the 

electrode surface. 
4 

Hseuh and Newman obtained numerical solutions of 

the convective diffusion equation for boundary layer (rotating disc, 

forced convection) and penetration (stagnant diffusion) models for mass 

transport. Selman and Newman
6 

similarly obtained solutions for free-

convection boundary layers. The two cases of total and no dissociation 

of the bisulfate ion were treated. For complete dissociation, in the 

limit of well-supported electrolyte, the change in H
2
so

4 
varied (for 



2 

the three boundary layer models) from 0.43 to 0.50 times the change in 

Cuso
4 

concentration. For no dissociation, the proportionality constant 

varied from 0.16 to 0.27. The ionization constant for the bisulfate ion 

at infinite dilution, 
4 

K = 0.0103 , has been found by Raman spectroscopy 

to increase by three orders of magnitude at 3 molar H
2
so4 concentration. 

The larger experimental values cited
4

•5 for the increase in H
2
so4 should 

remain uncertain, as interferometry measurements in general include 

7 
distortion by ltght deflection effects, which complicate the derivation 

of interfacial concentrations. 

The recent development of automatic ellipsometers with fast response 

times
8 

has led towards a new technique for the determination of 

interfacial refractive indices. The Cuso4 ~H2so4 system has been 

studied. The refractive index of the electrolyte within the boundary 

layer is generally a result of both the cu* and H+ concentrations. 

To obtain unique interpretations of experimental data, measurements 

have been performed at limit current, where the cuprous ion concen~, 

tration (zero) is known. 

Ellipsometry of Boundary L~yers 

Ellipsometry measures changes in the state of polarization of light 

reflecting from a surface. The experimentally determined parameters are 

the relative intensity parameter 1/J and the relative phase 6 , which 

refer to different intensity changes and phase shifts for orthogonal 

components of the electric field vector.
9 

An analysis of the optical 

effect of the mass~transport boundary layer has been presented earlier. 10 

The basis for the numerical method used is illustrated in Figure 5. 
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The refractive index profile resulting from the concentration field may 

be viewed as an inhomogeneous film. This film may be approximated by 

a series of homogeneous films. Reflection and refraction occur at 

each interface. Computations indicate,:LO however, that for boundary 

layer thicknesses greater than about lO]Jm, reflection within the boundary 

layer becomes negligible, For this "thick-film11 regime, which encompasses 

most transport conditions, the mass~transport boundary layer results 

in a modification of the interfacial angle of incidence, Changes in 

6 and ~ may be characterized by using Snell's law to couple the 

interfacial refractive index with the appropriate bare substrate or 

film covered ellipsometer equations. 9 For boundary layer thicknesses 

greater than about lO]lm, ellipsometry is sensitive to the interfacial 

refractive index but not to the refractive index profile or to the 

thickness of the boundary layer, 

Changes in the optical properties of the substrate occur during the 

electrochemical generation of the diffusion layer, As ellipsometry is 

particularly sensitive to surface properties, care must be taken to 

separate the optical effect of the boundary layer from effects due to 

the changing substrate. The outlined experimental procedure sought 

to accomplish this separation. In addition, the magnitude of the 

changes in ~ and 6 due to changes in the interfacial refractive 

. d d d h b . 1 lO 1.n ex epen s on t e su strate opt1ca constant. 

Procedure 

Mass~transport boundary layers were generated by galvanostatic 

copper deposition. Current interruption techniques were used to separate 
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surface changes from changes in the interfacial refractive index. 

Figure Dlshows changes in 6 and ~ during deposition from a flowing 

electrolyte, The current was manually interrupted when the electrode 

potential began the sharp rise characteristic of secondary H2 evolution, 

at which time the flowing electrolyte dissipated the diffusion layer. 

Measurements were made with an automatic self-compensating ellipsometer.
11 

Two transport conditions were investigated: diffusion through a 

stagnant, convection-free electrolyte (horizontal electrode facing 

down) and forced convection across a vertical electrode, Figure 13shows 

a view of the flow cell. Windows were oriented so that the light enters 

and leaves the cell at normal incidence and reflects from the surface 

at an angle of incidence of 75 degrees. The equivalent hydraulic diameter 

was 1.21 em, and a 75 em entrance length allowed development of the fluid 

velocity profile. The cell for stagnant electrolyte studies was 

similarly designed. 

Single crystal copper electrodes ((100), (111)) of approximately 

1 x 3 em area were used. They were cut by electrochemical machining 

and cast in cylindrical epoxy mount. A combination of abrasives and 

anodic dissolution was used to polish the cathodes to a lym finish. 

To minimize the surface chemical reaction, dissolved oxygen was 

removed from the electrolyte by stripping with water-saturated nitrogen. 

To reduce surface topography changes due to the Cu - Cu++ disproportion 

+ to Cu , the electrolyte continuously contacted bulk copper. A 

12 refractometer was used to correlate the concentrations of cuso4 and 

0 

H2so4 with the refractive index at 5461 A wavelength. 
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Results 

As indicated in Figure Dl the change 66 due to the change in 

interfacial refractive index is larger than the corresponding value of 

10 
6~ • and is therefore measured to greater accuracy by the 0.01 deg. 

resolution of the instrument. Effective substrate optical constants 

were first determined for the copper surface without the diffusion 

layer. The interfacial refractive index was determined from computations
10 

by reproducing the value of 66 . Assuming the additivity of molar 

refractivities for Cuso4 and H2so4 • the concentration of H2so4 

was calculated from the refractive index at the surface, 

Convectionless diffusion results are shown in Figure El. Acid 

concentration (bulk values) was varied up to 6 molar. Solubility limits 

prevented larger acid concentrations for the 0.5M bulk copper sulfate 

2 curve, Electrode current densities of 30, 60, and 120 mA/cm were 

used for the 0.1, 0.25 and 0.5 M cuso4 solutions to maintain deposition 

periods of about 5 sec. For comparison, the theoretical values of 

Hseuh and Newman
4 

and Wilke et al. 3 are presented for 0.25 M bulk 

Convective diffusion results are presented below: 

ACCUMULATION OF SULFURIC 

Re i 
0 00 

CB-CB 
0 00 00 

(CB-CB)/CA 

0.176 M 750 3 3.89 M 0.062±0.009 0.35±0.05 

6250 65 0.060 0.34 

0.193 1080 40 1.02 M 0.067±0.007 0.35±0.04 

8600 so 0.071 0.37 
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Results 

As indicated in Figure Dl the change 66 due to the change in 

interfacial refractive index is larger than the corresponding value of 

10 
6~ , and is therefore measured to greater accuracy by the 0.01 deg. 

resolution of the instrument. Effective substrate optical constants 

were first determined for the copper surface without the diffusion 

1 h . f . 1 f . . d d . d f . 10 
ayer. T e 1nter ac1a re ract1ve 1n ex was eterm1ne rom computat1ons 

by reproducing the value of 66 Assuming the additivity of molar 

refractivities for Cuso4 and H2so4 , the concentration of H
2
so4 

was calculated from the refractive index at the surface. 

Convectionless diffusion results are shown in Figure El, Acid 

concentration (bulk values) was varied up to 6 molar, Solubility limits 

prevented larger acid concentrations for the 0,5M bulk copper sulfate 

curve. Electrode current densities of 30, 60, and 120 mA/cm2 were 

used for the 0.1, 0.25 and 0.5 M Cuso4 solutions to maintain deposition 

periods of about 5 sec. For comparison, the theoretical values of 

Hseuh and Newman
4 

and Wilke et a1. 3 are presented for 0.25 M bulk 

Cuso4 

Convective diffusion results are presented below: 

ACCUMULATION OF SULFURIC ACID 

Re i 
0 00 

CB~CB 
0 00 00 

(CB~CB)/CA 

0.176 M 750 3 3,89 M 0.062±0.009 0.35±0.05 

6250 65 0.060 0.34 

0.193 1080 40 L02 M 0.067±0.007 0.35±0,04 

8600 80 0.071 0.37 
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co 
CB refer to the interfacial and bulk fluid H

2
so4 

concen~ 

co 
trations, while CA is the bulk Cuso4 concentration. Other flow 

velocities (characterized by the Reynolds number Re) were investigated, 

but the increase in H
2
so4 concentration was constant for a given 

cuso4~H2so4 solution. The large degree of uncertainty is primarily 

due to the roughening of the copper electrode during deposition, 

Discussion 

The results for both convectionless and convective diffusion 

indicate that the bisulfate ion is largely, but not completely dissociated, 

For forced convection, the value of 0.35 for lies between 

h 1 f 0 43 d 0 16 f 1 d d . . . 4 t e va ues o . an , or comp ete an no 1ssoc1at1on, 

As previously mentioned, the large uncertainties in the measurements 

under forced convection are largely due to electrode surface changes. 

Roughening is greatly accentuated by the dissolved oxygen content of 

the electrolyte. The stripper used to remove oxygen was designed to 

treat the two liters of solution used in the stagnant cell system, and 

seemed inadequate for the 20 liter volume used for the flow cell. 

. . . . 13 h . d' d h h h' h Prev1ous 1nvest1gat1ons ave 1n 1cate t at t e rate at w 1c 

limiting current is reached effects the limiting current plateau. It 

is possible that the values presented here for the accumulation of acid 

have been influenced by the relatively fast approach to limiting current 

( 5 sec) . 

While ellipsometry should be intrinsically more accurate than the 

methods previously cited,l~S unsteady state effects could alter the 

comparison of experimental results. Further studies should include the 



rate and manner (potentiostatic vs galvanostatic) in which limiting 

current is reached. Because of changes in surface topography, towards 

which ellipsometry is particularly sensitive, rigorous deoxygenation 

of the electrolyte is necessary. 
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Appendix F. Physical Properties of Anodic Film Materials 

Qptical Constants of Solid Film Materials (Fl) 

Compressed powders of known composition have been used to 

independently measure the optical constants of anodic film materials. 

A hydraulic press is used to compact materials in the form of powders 

in a cylindrical stainless steel die. The compacted material replicates 

the polished surfaces of the end plates. To avoid thermal decomposition 

of labile compounds, the pressing was done at room temperature. To 

facilitate removal from the die and subsequent handling of the fragile 

discs, the powders were pressed inside a brass ring placed on the 

lower end plate. The use of annealed rings has been found to minimize 

the relaxation of elastic deformation which causes strain-induced 

anisot.ropies in the samples. Other variables which affect the mechanical 

properties of the specimens were found to include pressure and the 

particle size and shape of the powder. 

Optical constants determined by this method are shown in Table Fl. 

Corrections for porosity effects have been based on the difference 

between the measured density of the compacted specimens and the 

theoretical density of the same material. Ellipsometer measurements 

were performed in air. 

Molar Refract of Zincate 

The concentration-refractive index relationship for zincate 

(Zn(OH)4) was determined by measuring the refractive index of alkaline 

solutions containing known quantities of analytical grade ZnO powder. 

Measurements were performed using a refractometer (ref. G28) at 
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Table Fl. Optical Constants of Solid Film Materials( 546,1 nm) 

ZnO 

Pb02 

AgOH 

Zn(OH) 2 

Cd(OH) 2 

Ag 

Zn 

Cd 

specimen 

6,18 g/cm 
2 

5.37 

5.55 

7.58 

theoretical 

7.14 g/cm 
2 

8,15 

5.61 

9.38 

5.7 

3.05 

4.79 

10.49 

6.92 

8.55 

n - ik 

literature 
present (real part) ref. 

2.17-0.28i 2.10t F2 

2.50-0.0li 2.49 F3 

2.00-0.00li 2.01 F2 

2.09-0.3li 2.23 F3 

1.87-0.0i tt 

1.68-0.0i tt 

2.13-0.0itt 

O.l8-3.61ittt 

1.92-4.95ittt 

1. 64-3. 96i tt·r 

t Calculated from literature value for the molar refractivity~ ref. F2. 

tt Calculated using method given in ref, F2 (p. 10-258), AgOH was 
computed from Ag 2o refractive index, Zn(OH) 2 and Cd(OH) 2 from ZnO 

and CdO refractive indices. 

ttt . Determ1ned from ellipsometer measurements in air on polished metal 
surfaces. 
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wavelengths of 435.8, 546.1, and 539.2 nm, in 6 M and 8 M KOH 

solutions, and at 20° and 30°C, Zincate concentrations up to 0.6 M 

were measured; high concentrations could not be obtained by the 

dissolution of ZnO powder. The concentration-refractive index 

relationship was linear, 

n + 0.00575 c -
Zn(OH)~ 

The reference refractive index is the refractive index of the KOH 

solution at a given temperature and wavelength (F4). 

Solubilities of the ies 

The solubilities used in computations (Table I, p. 83) were taken 

from the literature. The references for the solubilities are: silver -

A23, A33; zinc - Zl6; and cadmium - Cl to C4. 

Transport Propertie~ 

The diffusion coefficients used in computations were those presented 

in Table I, p. 83. They agree reasonably well with literature values 

for the silver (A23), zinc (F5, F6), and cadmium species (C20). The 

viscosity and density of KOH solutions are given in ref, F7. For 

2 3 6 M KOH, v ~ .0145 em /s and p ~ 1.238 g/cm at 25°C. 
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Appendix G. Results and Interpretations of all Experiments 

The following pages contain the interpretations of experimental 

observations on anodic film formation. A discussion of selected 

experiments has been presented in Sec, VI. The number of the experiment, 

e.g. Ag 80-1, has been used to determine the order in which the 

interpretations are listed. Stagnant cell experiments are indicated 

by the prefixes Ag 80, Cd 100, and Zn 70, and flow cell experiments 

are indicated by the prefixes Ag 300, Cd 400, and Zn 200. These 

+ 
interpretations were generated by the Fortran IV program RUFF.' 

Coding has been used to choose among various alternatives in the 

representation of the electrode processes (Sec. IV). The key to the 

codes listed at the top of the output is given below. 

Code 1 

1., The experiment was conducted at constant current. The 

potential is read in for each experimental value of time, 6 

and l/J 

2., The experiment was conducted at constant potential, and 

the electrode current density is read in. 

Code 2 

Describes the optical treatment of the secondary crystals. For 

the values given below, the positive value indicates that the 

Type I film has been treated as a homogeneous film, while the 

program RUFF is listed in LBL-8083, in preparation. 



negative value indicates that the Type I film has been treated 

as an inhomogeneous film with an assumed parabolic decrease with 

thickness of the film porosity. 

±0., Small secondary crystals are treated using eqs. (50) and 

(51). 

±1., Small secondary crystals are treated using eqs, (50) and 

(52). 

±2., Coherent superposition of the reflection coefficients for 

the bare and covered portions of the surface (eq. (53)). 

The crystals are treated as homogeneous films, and the area 

fraction is given by eq. (52). 

±2.5., Incoherent superposition (eq. (55)) of the reflectance 

ratios for the bare and covered portions of the surface. The 

crystals are treated as homogeneous films, and their surface 

coverage is given by eq. (52). 

±3., The ray model (Appendix B) is used for the secondary crystals. 

±4., The optical effect of the secondary crystals is neglected. 

Code 3A 

0., The porosity of the Type II film is constant with time, 

= 4., The porosity decreases parabolically with time from 1 to 

the value POREI at time tNUC' 

Code 3 

Describes the growth of the roughness layer. 

= le, The porosity of the layer is constant for the dissolution 

current id being larger than the film formation current if' and 
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the fraction of current FRUFF forming void volume results 

in an increase in the thickness of the layer. For 

the thickness is constant and the porosity increases. 

2,, For id > the description for the value 1 applies, 

For id < if , both the porosity and the thickness are constant, 

3. to 6., The porosity of the layer is constant and the thickness 

increases, either indefinitely(= 3,), until TPACK (=4,), 

or until TDISS (=5,), For Code 3 = 6., the thickness increases 

from TNUC until TPACK. 

7,, The porosity increases from time t "' 0 until TPACK with 

a constant thickness, then the thickness increases until TDISS 

with the porosity remaining constant. 

Code 4 

0., The Type II film has the refractive index TNPT (for silver 

and zinc, the hydroxides), 

L, The Type II film has the refractive index TNF (for silver 

and zinc, the oxides), 

Code 5 

1., The hydration of the secondary crystals is a linear average 

of the refractive index of water and the non~porous materiaL 

2., The Lorentz~Lorenz eqn. (eq. (60)) replaces the linear 

average in the description for the value 1, 



Code 6 

Directs the refractive indices used for the Type I film, the 

hydrate layer, and the secondary crystals. The Type I film is 

the oxide (TNF) for the values 1, 4, and 5, and is the hydroxide 

(TNF2) for the value 3. The hydrate layer is the hydroxide 

(TNF2) for all values except 4, when the layer is the oxide (TNF). 

The secondary crystals are the oxide for all values except 5, 

when the layer has the nonhydrated material refractive index TNPT. 

Code 7 

Directs the rate expressions for the formation of the secondary 

crystals and the optical effect of the hydrate layer, 

0., The crystallization rate of the secondary crystals is 

proportional to their surface area (eq, (2a)), 

= 1., The crystallization rate is constant (eq. (2b)). 

2 •• At time TDIFF, the kinetics change from eq. (2a) to eq. (2b). 

For the values 0~2, the hydrate layer was treated as a homogeneous 

film with its thickness given by eq. (30). For the following 

values in which the thickness TF2 has been set to -0.001, the 

hydrate layer determines the interfacial refractive index of 

the MTBL, 

2.5, Same as 2, with the hydrate layer thickness TF2 = -0,001. 

3.0, Same as 0., with TF2 = -0.001. 

= 3.5, Same as 1., with TF2 = -0.001. 
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Code 8 

0., The optical effect of the hydrate layer begins at time 

t = TNUC. 

3., The optical effect of the hydrate layer begins at TDIFF. 

Code 9 

0., The thickness of the Type I film is computed using an 

effective porosity which results from assuming a parabolic 

decrease in porosity with film thickness (eq, (27)). 

1., The thickness is computed assuming a constant porosity. 

Code 10 

0,, The optical averaging for statistical variations in the 

secondary crystal properties and for non-stoichiometry effects 

is on the coherent scale (eq. (53)). 

1., The optical averaging is on the incoherent scale (eq, (55)). 

Code 11 

Directs the treatment of transient variations in the porosities 

of the Type I film and Hydrate layer, and the patchwise coverage 

of secondary crystals and/or non-stoichiometry. 

The porosity of the hydrate layer decreases from 1 to POREF2 

over the interval 0 < t < TDIFF . After TDIFF, the hydrate 

layer is constant, or increases to 0.99 at TDISS for Code 11 

2, 3, 6, 7, 12, 13, 16, or 17. 



The porosity of the Type I film constant except for the values 

1. 3, 5, 7. The porosity changes from POREF0 to FPACK linearly 

with time, from TNUC to TPACK for Code 11 ~ 1 or 3, and from 

TNUC to TDISS for Code 11 = 5 or 7. 

For Code 11 = 5, 6, or 7, the fraction of the surface covered by 

secondary crystals increases parabolically with time from COVII 

at TNUC to 0.999 at TDISS. For Code 11 = 15, 16, or 17, the 

change is over the time interval TPACK to TDISS. 

For Code 11 ~ 10., a fraction of the electrode surface has the 

refractive index TNFA while the rest of the surface has the 

refractive index TNF. For TNUC < t < TPACK, the fraction is COVII. 

For TPACK < t < TDISS, the fraction increases parabolically with 

time from COVII to 0.99. 

Code 12 

0., The substrate refractive index is an effective vaJ.ue 

determined from the value of !:, and l/J at t "' 0 " 

1., The substrate refractive index uses the values read from 

the input file. 

Code 13 

0., The formation of the Type I film from the hydrate layer has 

the constant rate RATF. 

= 1~, RATF = RATFO * COV(I,l), where COV(I,l) is the fraction 

of the surface covered by the Type I film (see Code 14). 
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Code 14 

Directs the surface coverages of the Type II and Type I primary 

layers in relation to the fraction of the surface covered by 

secondary crystals (Code 11). For Code 11 ~ 10., both primary 

layers cover the electrode surface. For Code 11 < 10., and Code 14. 

0., The Type II film covers the surface, while the Type I film 

covers only the fraction of the surface covered by the 

secondary crystals (COV (I,l)). 

1., Both Type II and Type I films have the surface coverage 

COV(I,l). 

2., The Type I film covers the surface, while the Type I film 

has the coverage COV(I,l). 

The columns at the bottom of the listings are the experimental 

values of time, current density, electrode potential, the relative 

phase 6 , and the relative amplitude parameter ~ , the theoretical 

(computed) values of 6 and ~ , the thicknesses in angstroms of the 

Type II, Type I, hydrate, and secondary crystal layers, and the coverage 

of the secondary crystals according to the projection along the surface 

normal. 
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*AGS0-12~ *E=+.34V* *lMKOH,lOO* 

C0DES, lo2o3A,4,5,6,7,8 = 2.0, 2.0, 0.0, 1.0, l.Q, 1.0, 3.0, 0.0, 
REYNOlDS ~UMBER = 0.0 
ErfECTlVE REFRACTIVE INDICES AND POROSITIES, 
TYPE 2 F!l~ 2.170 -.2800 I .210 
TYPE l fll._.~ 1.965 -.2103 I .249 
TYPE l hYCRATE 1.385 0.0000 l .922 
SECCNDAI<Y CRYSTALS 2.162 -.2172 l .010 
NuMBER Of SEGCf\DARY .59E+09 L!M!liNG COVERAGE .790 
CKYSTAl. RATE OF SEC. IMA/SQCM!, .14592 
CKYSTAl. RATE OF TYPE2 FilM IMA/SQCM), 
:,JPERSAltRAriCN OF IGNS, 14.994 ,TIME TO Sl -1 
INITIAl D SSOltfiCN CURRENT IMA/SQCM! -1 
TIMES, Of\SET OF SEC. CRYSTAlSISEC 15.00 PPT. CONSTANT ISl 49.94 
Oi:HVCRAHON RATE ll>lA/SQCMl .286 
EFFECTIVE FILM CURREhTIMA/SQCMI 2.378 
AvE. DISTANCE BETWEEN EXP. AND THEORY 7.948 DFGI 

EXPERIMENT THEORY THlCKNESSESIAl 
HMEISl II MAISQCMl VOlTS DEl PSI DEL PSI TYPE2 TYPEliF I TYPE1! ) SECONDARY CCV 

0. JO 4 .00) .340 12 .ooo 42.400 12.000 42.400 -I o.o -I 0 .o o.ooo 
i O. JO 4.00J • 340 66.6 00 41.700 67.892 42.191 29.3 .a .o .a .ooo 
2 o.oo 4· .ooo .340 62.000 41.800 61.062 41.898 29.3 Ul.3 -.o 62.2 .ooo 
30.00 4.000 .340 60.800 42.300 61.242 42.539 29.3 234.2 -.o 165.8 .003 
40.00 3.0JJ .340 61.400 44.000 61.887 45.351 29.3 332 .l -.0 328.0 .012 
so. 00 3.00() .34() 63.000 47.400 55.900 41.161 29.3 412.0 -.o 531.9 .032 
6 o.oo 3 .. 00) o 34C 62.100 53.100 52.570 48.091 29.3 494.6 -.o 782.4 .061 
10.00 2.00) • 340 53.100 60.100 50.362 53.681 29.3 559.2 -.o 1051.7 .122 
80 ... 00 2.COJ .340 31.600 64.400 39.510 59.985 29.3 603.7 -.o 133 8.8 .197 
)0.00 2.00J .340 4.000 55.100 2. 784 62.121 29.3 640.5 -.0 1639.0 .296 

10 0 .oo 2.000 .340 -6.200 44.500 -21.922 44. 13 29.3 667.3 -.o 1949.3 .418 
l o.oo 2.000 .340 -5.400 35.30C -2.435 28.224 29.3 681.6 -.o 2267.2 .566 

lL 0. JO z.coo .340 1.400 30.800 14.597 30.084 29.3 681.6 -.o 2587.2 • 131 
uo.oo 2.000 .340 8.000 28.900 8. 853 34.997 29.3 68i..6 - .. 0 2843.3 .890 
140.00 2.CO) .340 13.400 28.800 
150.00 Z.COJ .340 17.100 29.000 
16 o. 00 2.000 .340 19.200 29.800 
l10.JO 2.00) .340 20.200 3C.600 
rsc.oo 2.00J .340 19.200 31.800 
190.00 2.000 .340 11.200 32.600 
ZL 0. JO Z.OOJ .340 13.900 33.000 
220.00 Z.OOJ .340 10.200 33.600 
24 J.JO 2.000 .340 9.800 32.200 
Zo a. 00 z.ooo .340 8.000 31.200 
28 0. 00 2.000 .340 6.400 31.000 
300.00 2.00J .340 5.400 30.200 
320.00 2.00J • 340 s.zoo 29.900 

l\) 
--:j 

0\ 
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*AG80-l5* *E=+.34* *lMKOH,Pl* 

~ODES, 1,2,3A,4,5,6,7,8 = 2.0, 2.0, 0.0, 1.0, 1.0, 1.0, 3.0, 0.0, 
REYNOlDS ~UMBER = 0.0 
EFFECTIVE REFRACTIVE INDICES AND POROSITIES, 
TYPE 2 F U.M 2.110 -. 2800 i .210 
TVPc 1 FilM 1.999 -.2219 1 .208 
lY PE l HYDRATE 1.366 0.0000 I .958 
St:CONCARV CRYSTAlS 1.617 -.1150 1 .589 
NuMBER OF SECONDARY SITES/SQCM .47E+09 liMITING COVERAGE .790 
Cil. YSTAl. RATE CF SEC. CRYSTAlS IMA/SQCM!, .43719 
CKYSTAl. RATE OF TYPE2 FILM IMA/SQCMJ, .00231 
SuPERSATURATICN OF lOiS, 3.408 ,TIME TO REACH!Sl -1 
INITIAL DISSOLUTION CURRENT IMA/SQCM! -1 
TiMES ONSET OF SEC. CRYSTALSISECI 15.00 PPT. CONSTANT IS! 84.16 

ION RATE tMA/SCCM! .311 
EfFECTIVE FILM CURRENTIMA/SQCMJ 9.424 
AVE. DISTANCE BET~fEN EXP. AND THEORY 12.467 IDEGI 

EXPERIMENT THEORY THICKNESSES! AI 
MEISl II MAl SI;;CMl VOlTS DEL PSI DEL PSI TYPEZ TYPEH F 

u.oo l o. 000 .340 79.400 40.000 79.400 40.000 -I o.o 
l o.oo 10.000 • 340 61.000 4o.aoo 11.491 39.990 ll.l .o 
20.00 lJ.C.JJ .340 59.000 41.900 61.937 40.352 ll.l 152.2 
.>0.00 10.000 .340 51.900 47.400 56.010 42.257 U.l. 303.3 
'vO.OO 12.000 .340 49.500 55.500 38.741 50.12 5 11.1 467.6 
~o.OO 12.000 .340 21.2 00 59.600 33.194 45.047 11.1 570.9 
:> o.oo 12.000 .340 5.400 57.200 32.424 52.4 7l H.l 633.0 
60.JO 16.000 • 340 -12.100 36.200 -23.201 31.727 ll.l 794.8 
70.00 16. OJO .340 5.900 21.300 !4.139 31.512 ll. 912.7 
30.00 15.000 .340 24.000 28.000 23.813 26.52 9 H.l 909.3 
90.00 15.000 .340 30.800 31.800 18.725 28.813 H.l 

lUu.OO 12.001) .340 30.400 35.000 11.161 21.000 11.1 .9 
10.00 11.000 .340 28.000 37.200 19.807 26.547 ll.l 907.9 

lL >J. 00 lO.OOJ .340 24.000 38.600 21.237 27.092 ll.l 907.9 
130.00 9.000 0 340 20.600 38.300 21.064 27.657 11.1 907.9 
l'vO.OO 5.000 .340 11.100 38.100 20.424 21.894 ll.l 907.9 
150.00 3.000 .340 16.300 38.000 19.999 27.945 ll.l 907.9 
160.00 3.000 .340 15.700 37.500 19.690 27.946 ll.l 907.9 
uv .oo 2.00) .340 15.500 37.000 19.450 21.925 11.1 9()1.9 

-I -1 -I - -I 

TVPEl IHl 

-I 
.o 

-.0 
-.0 
-.o 
-.0 
-.o 
-.c 
-.o 
-.0 
-.0 
-.0 
-.0 
-.0 
-.0 
-.o 
-.0 
-.0 
-.o 

SECONDARY 

o.o 
.o 

58.2 
280.2 
807.8 

1449.5 
2037.0 
3275.6 
4705.2 
6208.0 
1178.9 
1811.0 
8316.9 
8790.8 
9i34.3 
9311.1 
9502.0 
9597.4 
9675.5 

cov 

o.ooo 
.ooo 
.ooo 
.001 
.057 
.184 
.364 
.941 
.790 
.790 
.790 
.7'90 
.790 
.790 
.790 
.190 
.790 
.790 
.1<!0 

!\) ......, 
\0 



ll•3~-lao •iE-4 ANP.i• t•lMKDrlolJO• 

t~J~~~ lt2t3As4tS96t7td m lc0~ 2Q0t ~e~O loCP lolw loO, 3~0 l®Ct 
,.;vr~~wL.;$ .>vMack " \l.J 
HhClhE: "::fidl\..i <i.: A·hilCE:> A:~J P;Jf!USilli:So 
H.>~ <. ~h.rl <..11.. - • .:<>0t I • .:~0 
It~~ 1 ~IL.-1 l.d;J -.lHd7 I olZ6 
lt.'c: l h'Hv<~H !.J4l ~.().)·}·) I .990 
s<:.;c.l,;;UI't CRY)lli>l$ <:ucZ -."·11.: I .010 
i~J.~;j"f! .Jf .:i.:i.lll<JA"Y .)!T.::.>/.>IIi.!'l ol>3li .. C'>l lii'IHI\G CIJY!iRA"'E .\1~() 
CH:>T.-L. 0'\Alt: uf ::Otl •• CRYSTAlS IMAISJC'I)o .0:9CO 
C.<.t::il.\1..• ""l"- .:.f l'l'i'i:Z fU.M 11'-V.i"Oii, .JJOe75 
Slh!i.i.UU.<tllllAJi< ul- II..NS, l.OS:; ,f!,1t iJ R,;IICHISI .()<.961 
&.H n .. ._ ul S.iU.vi H .• ~ (.JI<I<o:.IH I "'A/S.QCMI .0.:110 
TlttSo ll~$~T JF SE:~. CMISTAL~IS.:CJ 79.!1 PPi. CLNiTINT lSI 50.00 
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l93\t4~5o~~1w3 n loO~ -4o~o OoV& leO& l0U~ Ao09 lo~t 0G0t 
ll.J~llo:lllwil~d ... h!l.l- • £..,0'01 OeOQ 500t 3e0o O~~oOo O~~>Ot~ Z~:J., 
1\IJ~~f.~ a ~.J 

HFite.tn\lt l1oHCH \'IIJ IOIJI<CS!TI£~, 

ll<l '-• -A.-H1.: I .120 
u• I -.414'> I .134 
[>-l-\1'( lo4lll ..lo!.C:JJ I ,479 

CRYSTAlS i.!H'5 -.~223 I .400 
.4~:J -.1.1>17 I ?.ooo 

SECU'\If,ll~'l' SIr,~ SISJC:•~ o14~<>C9 lii'H W•> CJ\IERACE .790 
P•TE ~F 5~C. C~Yii~L5 !MI/SQCMio ,04R 
F-~U: 'lF n»tz filM w~;s~;c.~l, • .;no 
~.H!CI\l OF IClS 1 l,OJ oil'4[ H; REIIC•HSI 1.36 
I S:.IH.tll !I.N C.IJ!<;l.E'H IM~ISCC~I .o 154 
SET ~F Sft, CRV~FALSISECI ID5oD PPT. CONSTANT 151 Z.D 
C:<',I.Hf PATCI-' C'JIIER·\Gt 321,1 
F AC~ tCI'PI\C T f II.~ I 3\JOoO S 

lOJ.J TDISS m 321,1 
Clll RIHE I'!AISCC'Ii .Oil5 
~'Kl I CIJ"I'LHI UfSQCf'll ,()So 

HEIGHJ Of itt. C~ISTAlS, loDOU 
!ITCH Cll\IER.\GE o1o4 
CSITW Of TYPE I HU1 .600 
IJ"' H!'!E Hl.lo JO 
AIIJCIE IIH!.U:l\1 EXo>, /l.~O T1UCI!W 1o5M IDECI 

EXPERIM(NT THE OR 'I' TH ICKi\IESSES U I 
i l'i.lfSCC'41 \IJlTS CH. l''il •Ul PSI T'\'1'[2 TWI'fUfl 

.zoo .l1\l :H.ZOO 56.800 35.1!50 54.472 o.o ·n.:ll 

.zoo ol.~<.; 27.700 56.200 211.542 55.&U o.o 155.2 

.zoo ,,2<;1() 21.400 55. 50\J 21. 5{ 4 55.691 o.o 232.11 

.lOll .21) u;. 200 S4,<l(!J !5~53~ ss.on i!o!l 305.6 

.zoo .2 7) u.ooo 53.90\J 10.517 53.9\l) o.o 1131.1 

.zoo ,L?J &. 50() >3.000 f .192 ~2e a41 o.~ 431.4 

.zoo .l5J 2. atHJ 5~.400 2.15<, 51.'1'49 (),() 496.9 

.zoo @ 25:-» -2.300 51.000 50.@102 o.o 552.5 

.zoo oL50 -6,600 49.500 50.121! o.o 604.4 
• ;eo J ol6J -s.soo o, 7, SilO - u.co1 4\l.llU 0 651. a 
.zoo .L6LI -!2.600 4 5.400 -u ,06o 44.!1'1'(> 61l~.!! 

.20J .,.!t..Ul -!5,00() 43,000 -1.1.447 44.383 o.o 16>5.0 

.zoo .26.:! -16,1100 4C.OOO -14.134 J9.00l!l (),0 ®10.6 
.ZJO .2'011 -UJ.400 Jl!. 700 
.zoo • 21> J -AS.WJO 36,600 
.zoo .26·) -1~.200 34.600 
.zoo ~l~i) -14.4'10 33.1>00 
.200 .26:) -u.~oo n.zoo 
.lJII oll>i) -'1.400 J!,!OO 
.20J .l6J -.400 .i''I,!UO 
.zoe .Zoil 3.200 26.500 
.zoo olbJ 7. 000 27.~00 

.:zoo .i!:IJJ 9o!l00 28.200 

.zoo .26:J u .400 .?B,J<lO 

TWI'EU~tl SECOIIOJU'I'f CllV 

' -.o .on 
-.o .0110 
-.o o!ll:l\ 
-.o .o:n 
-.o .O:l\7 
-.o 164:!1.1 .on 
-.o l6'o 1.4 .0311 
-.ill 1.642.5 oOll 
-.Ill A6110.6 ,<U1 

-.o 1.630.1 .o:n 
-.o 1669.6 oill311 
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Q:l 
\.11 



<t-.(PJ-~2• ~tf-4 14~S• •< <M ·1, LhJ< 

C.JJ~'it ~o~w-,f",o4,.,,~~~11~· :!e !o 1J9 :ie=...·t 1~e')9 !o.;;9 lo~'!l lQCw 5(0Jijl lJoO~ 

.. ~v.u.c·.s ,Wll:C>- = .J.J 
H r-EO I'd .rFUICf !VI J'dJ h.c~ l~'' ,>f.RL~l Tl~S, 

T 0 r < r I! < 2.! 1 J -. 2J·. ; I • :' 1, 
rv>~ 1 f!L·~ ?.tn -,21081 .oc~ 

n.>F I ""''· o< lfc !.~~~ :;, .' C J I ,So 52 
s.~t:l..a.'d")t-.q.\< C..!~VSf.lli .. S C:ol.7-.~ -01L:~JV I J..,JVJ 
i•Jll''·'" I•YS!H~I:>,C< li<Hli:-JGlfiiiE~JIG!: .110 
(\..,'l>Yll;4lo ( F )f:o..-"' (I'VSf~lS (·~ OI~·:J~1J3 

l_.iYSf<L. :.HE Cf l<,'~<' llM Hh/;,.Jl'<l, ,J ,JJu 
~J~~,,~;\TIJ<'HII.I\ ;1 il";, 1,10·) ,q,.,r f.:; ~E l•HSl ,11133 
l•ili ll ~~~..l>l.llliC". LU.<. l•l I"'·VS,C'.l , u~3 
!!.•~;,, 'r,:,H 1.~ ,;cc, (.<~ IIILSI;,:cl 32.cl0 fl>i' , f.U!IiSTJir<T IS lil,JJ 
OtHYC,~ !'.,FAT~ 1"!./~<:t l ,lll 
EHCCTIVt Fll" f.,Jf f.ri\H'' IS ;C~l .~P 

AJ F • . 1Ll4'<t:<: i!:" I~ ::r. !-. f)( f1i 0 .. \') T~ ~-i.i;... V :1,?,75 !tJfG l 

;:XP'"HL~~t.il l'HELRV TH ICKII!ESSESI A! 
H 1"1 ';I I "'!).J$r;~.,.~» v ll T:, ;;[l PSI 1El PSI TYPF2 fYPfliF! 

.. o ....... ~£ J - .. ~40 Z)Y"') ~,:,; 41.1J0 ~ 'l. :)f)') 41. nc -I ;) " " 
..: J. J) • ;:: ) J .,~SJ (., 7,. J.Jj '• J. <00 6 5. 31 [) 41. ?6'5 2'~.0 .0 
·i>O<'lJ.; .? J J e?':,.,:_ oS., "j J..: "".50·) 12.844 4').98J 45.3 5'5.4 
'""J,. .) ) .;:: J J ... : 1v 6d.l':J 4'1. JJ·J 71\,912 3~~ei11 45.3 l2J.2 

J. J • 2 ')) • 2:10 S-i.,l:.;O 5'·.;; oc 52.111 4'0.3 185.7 
lv;,. 1; . /)) .?'1u 9 .)~; 56 .. 6JO 256 4'>.3 .8 
•'..;. J) "';· j) .. 27J 6 ,"2 jj f)o e:~JG oU: 45.3 3 2 
1·• J. J J • 10) .no ? I. 1iJC 56.,£00 38.'>63 51. 120 45.3 3%.P 
lv 1..'4> ) .- .,2')) .. ,::.-.) Zl e4 ..,.j 53 0 51).,J 3j.l47 54e }6<J 45.3 4'51. 6 
1.;~·-J • ;; J) "'·' 70 1 L .2 )..) )~ 0 ~~·)J 1~.763 5c,J04 45.3 519.6 
LvC .. ;.u • <..J .} "'2 70 ll.uOO 53. 7.921 55. 5 ~c 45.3 '585.? 
u • ) 1 .2 J) .?.1._. c"' :.;.; ._J 53®> .cJZ 53.<112 J"~5 e3 652 .<; 
'-"' ;. ) J .2JJ .. ~ 5J ""' 1 ) ) 52 ·'•0'.1 -5.201 51.8.~4 45.3 no.? 
L.:; J «~ C'J • 2 J) (0 1.?) -,: .. 3:;) ~I • .J\,.) - ~. 527 SJ. ·l 86 4Soo3 181.6 
"d .... J .. &: ~ 1 .. Z:J·) -6$1..3) J 49.~00 -D.~JI 4fL1) :;Jz 45.3 3'\5,0 
jvJ od·] o LJ l ¢1 :t-O -<,.~00 41 c'iOO -H.HS 47.166 45.3 972.5 
j~ ) .. . : J .. 2 .Jj "'?("'!;'.) -1? .. 61.) 45 .',.)•) -H.H5 46.1'57 45.3 990.1 
j ·~; .. .J) .l.JJ "'?t .. ,) -~'::> .. JJ) 43. JOO -IJ.l94 45.~'11 45.3 lJ57,H 
j,,~ .. JJ Q" J ~ .... ~vO -lc.~oo 4(),()(}0 - ~. 105 45.'>69 45.3 H2'>.5 
j....,._,"' ... J .,z,~ .P "' ~ ,., ... -l-'i.,4J,j 3d .?Jv 
"t .... ;,:" _;j Q ;:.J J .. .:oJ -I~,JJJ j".f>JJ 
4~ (.. )•) .<')I .,/I;J -I" .2tl0 34~60C 
-t~ ,..,,J J ""') j (i> ?~.~:... -l 4. 4 ~'" '33 of)')';) 

'tV..:;'" } J • ?u) e.Z(..J -1 > .r .. JJ >2 .z,JJ 
4·.) -: .. 01 .21)) ~~~~f:': - s;dl ~ .;;} Jl.lJv 
s .... """<; ; J .2 l) .0 rt!..6") -o4 )..; ~9.D'J 
:J,J!...,.,..:J .,; 0 j c 26·1 .l. 2 JO ~~-~00 
6~.,.- .; .. .J.• • 2·J J .lb'. 1., )•,·) n.~vo 
¢..'1" ... 0 J.) @ 2 ) ) .. 26~~ <;.~); za.;:o:J 
" ~ . .)) • 2[)) .. .!nO l !. '•JJ:J 2fl.JOO 

flll'EUHI 

-K 
.o 

240'5.3 
3'14'l.8 
\5l31.3 
62U.3 
62U.3 
6211.3 
6211.3 
6211.3 
62H.3 
621 .3 
62U.3 
621 .3 
6,?! 1.3 
62H.3 
62U.3 
62U.3 
t>Zl I. 3 

SECOI\IIJAilV CCII 

o.o OoO(}O 
.o .ooo 

58.7 .321 
106.6 .ass 
130.5 .190 
147. .7'10 
l6l.!ll .. -.1"10 
11'31.8 .1'l0 
Ul4.:ll .190 
l'H.1 .190 
2()2.31 790 
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224.4& .190 
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\I!AG®Cl-?1., \Ill E-4 A !II I'<; !I! $t\MKOH 9 l()O;~ 

tones. 1.2.3A,4,5.~.1.s w n.o. z.o. 4.o. n.o. n.o. t.o. s.o. o.o. 

- ------- :~~-~g~~~EN~:~~~tffVI'I~i)jcFS-ANn i>!iRiiilltE-s;·----- --- -· -·-·------ -· -·- ------- -·- --- --· --- -----· 
TYPE ?. filM 2.170 -.2'1100 I .HO 
TYP!" l Fit"! 2.089 -. 250" I .1 04 
i'fii'E l H'l'!'tlli UE 1.405 o. 0000 I .'1160 
SECCN~£1''1' t~YS1AlS 2.110 -.2~00 I 0.000 

__ ------- 'fiii!G_toy_E_!ti!.GE ___ .. -:431 ____ _ . . 
CR11SfU. RUF 0~<' Hll'f2' flU' II'IAISQIC"~I. • .:12995 
SIJfi>!'RSJIIHIRArii:'N OF !tillS, 3.R3'5 REACIHSI 4.$21"51. 
11'4 U Ul 01 SSOUJliiJN CIJRREI'll ! .0121' 
il~fS, tNSFl OF SEt. CR'I'SfAlSISEt! 32.00 fi>PT. CONStANT lSI 18.00 

·~-·- -~-- -·---- ·-·-· 

Eiti'I'IHM~IIiT THE OR 'I' TIHt!i:liiiUSU IIU 
'Hi>!EISI I I'IA/SOCMI IIOU'> Ofl I'SI Oft !>SI l'I'!>E2 l111"fllfl flfi"EUH~ SEtOI'SOIIII'Ilf 

o.o.:> .:eoJ ·z-o.o;--------.id'i 
40.0) .20) .260 45.2 96.4 
60oOJ .2~) o21Q 45.2 '11'1'1e1' 
8 .J. OJ .ZJJ 21.11.1' 
l~O.CJ .200 

.:?()) 
·.;-io5--

t&o.oo .21.400 5o;.o;oo 4'5.2 6317.4 
1110.0) 16.200 4,5.2 6l17.ii> 
200.()0 l 
22 J.oa 

2!1':1.00 
Ho.oo 
3120.0':1 .2~) -l2.MO -1:'1.121 :n. 134 4'5.2 651.6 6311'.4 401'.1 
3140.0::1 .ZJO- -15.000 -110.401!1 zq.57"i 4'5.2 ~&q1.5 M17.ii> 411&.6 
3160.00 .200 .260 6111'.4 425.1 ----- -- -:!l!lo.o'r·-----.-2'",:r----.<!M___ -----------------
4ao.oo .zoo .210 -18.aoo Jt\.1oo 
420.00 .2)J .?10 -11!1.200 34.600 
440.()) .20) • 260 31J .600 
460.00 .zoo 

.nJ ------ ---~ioo--

560.0J .200 .2Ml 31.200 2111.500 
6\.IJoOO .;nJ .260 1.000 21.30() 
640.00 .zoo .260 '11.®00 21'1.200 
680.00 .zo> .260 11.400 2®.JOO 

------------ ·-- . --- -- --------------------

··-·.: 
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AG8 0-3;; Sf-~ A"'FS 5MI<Orl,111 

COJ~S~ 11Jl21Jl3A,4'JlS,6..,7',8 = 1o0, Z00-t iJ0lh loOw io, 1®'39 3ot>t CGt'Jl 
R[V'l OLOS = o, 0 
FFF~CTIVE INDIC~S 'ND PJ~DSIT~lS~ 
rv~~ 2 =rv1 -.zaJ:J I .21~ 
TYPE 1 F!LM 2.170 -,2o00 I OoOOO 
TY 0 ~ 1 HYOR.~E lo'-10 Q,OOOD I ,950 
SFCO~DtR.Y CRYSTA.!.S 2.170 -,2800 I 0,000 
1\JI.Jf"IB!'.R JF S::CONDARY .BE•OS CO\I~R~GE: .640 
CRYSTAL, <.nE· JF Si~C. ·~AISQCHl • .. 
CRVST.Al, RQT!' OF TYPf2 FILM H1~/SQ~"'l, .OO!iOD 
SU 0 ERSITURATIJN ~F IONS, 1.249 ,TIME TO ~EACHISJ .07976 
INITIAL DISSOLUTION CURRENT IMA/SQCMl .0082 
TI~ES, JNS~T JF S~C. CRYSTA_S(S~CI 16.70 ONSET OF PPT. lSI 11.00 
!J':~V f[ !MA/SQCM .3% 
AVE, BI:TW[c N [)(P, AND THEO'l.V 4."975 IDEGl 

:x "ERI HE. NT THEORY THICI<NESS!::S U l 
TnfiSl !IMAISQCMI VOLTS o::L PSI DEL PSI TVPf2 TYPE IFJ iY"':11HI SECONDARY 

o. 0 0 .sao -Q500 67(11500 41,400 c?.llD{J ~1.400 -I o.o -I o.o 
1 ~ e ~:: • s 0 0 '2'"0 6&.000 41.«00 6~.31S o1o3Zo 19.9 • 0 • 0 '0 
2 o. ~ 0 • c 0 0 .260 6i<., GO 0 .. z.ooo 65. €<;.<. 4Do9SO 19.9 111· 6 -.o sz.~; 

3 o. 00 o Of.'~ • 2E:f: 51 •• .i+6¢7~.:: S. '3.e :;o 1 ~&2.660 19.9 229.3 -.o 183.7 
1., o. 0 0 , 6 DC • 260 '32, 10 0 ~20 20 0 51. ~52 4 8o <~..53 l'lo'l 344.7 -.o 432.0 
50. 00 .¢1 E. 0 0 • 260 39.20 0 5'>.100 36.192 52 ... 26 19.9 ~4~ Q 7 -.o 789.5 
60.00 .:;no .2t,Q 2 00 s;.,.ooo 26.0:>38 s 6. ""2 1'3.9 t+99c~ -, 1231,5 
~ o. 00 • 5 Q 0 4>2~0 0 50.600 13.1H 57.135 19.9 "-99.!3 -.o 1539.5 
8 0' 0 0 • 6 00 • 300 8. 0 46.6U~ 1 • .?.83 3l'' m~3?~ 19.9 '>99.~ -. 1908.4 
90. 00 ': Q 0 • 3 0 0 7' 0 0 0 43.400 io 22 E ,.2.952 19. 'l """·!:' -.o 2117.6 

100.00 • 5 GO • 3 0 0 &.:.oo 41. 50 0 6. 57 0 38.52 .. 19.3 ,.99.5 -.o 2 292. 2 
il.J@ f)"" <>:5~~ • 3 00 6.t~5 a a 39,700 U.S21 36.8"7 19.9 1.,99.::; -.o 2443,1 
120, 00 .Eoo • 310 8, 0 0 0 38 .3 0 0 1.<.. 0 37.952 19.9 .:W99~!; -.o 2578.6 
130.00 .600 • 330 g,;.,o(J 37.600 15. 3 9. &37. 19.9 :.99.5 -.o 27G J .1 
14 0. 00 .~oo .~20 10 •• 0 0 37.20 0 
1 '50. 0 0 .soo • 'i 10 10. uo 0 37.700 
16 0. 0 0 .600 ~500 13,400 37.800 
il'G. 0" ¢1 5 ~ f' .~.><;o 16.; 0 0 3';. 9 0 0 
180.00 @!; 0 0 • ,.go 19.~00 34 ·" 0 0 
190.00 • 50 0 .!'00 21.100 :n.zoo 
2~ a~ c~: .:.oo ,'<00 2 2. 00 0 32.100 
210. 0 0 ,soo Q500 22.'-00 31.200 
220.00 .sao .550 22.:0UO 30.900 
23:.1)( • 0 '0 .o;oo 23.000 30.800 
24 0. 0 0 .soo e~OO 23,200 30.800 
2!: 0. 00 .600 .500 23.6,00 30.900 
2f:J, U" • o'.r .:;oo 21;.000 31.10 0 
27 0' 0 0 .sao .sao 24. 20 0 31.200 
280.00 .600 .500 24.200 31, E 0 0 
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OJ 



1(;110-35 ot-4 ~~~41'S 6/liKCilhUl 

CJJ~~. lo2,3Ao4•~•~•1•8 • 1.0, 2.0, 0.0, !.~, loOo 1.0, 3.0, ).~, 

it~= 2 r!l~ 2ol10 -.2800! 
H' ~c • F H. II .i:o J.39 -.21>611 ! o 040 
TIP~ l ~~J~ITE 1 •• 10 O.OJDJ I .950 
s.:CD•~JMV CR'I'SUL!> loU) -.2800 l oliGO 
~.)~8=~ Jf_~~:~l,~U,~K 
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;;.il'!'\ifel4lo ii>~TIE Gf i'I'I'E2 f!ll'l U44/£1o!tlll, o00959 
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HI'IE>., uNSET uf Sl::i.o CW.'IISl.lllSIScC.I U>o7J CNSET Of- PI'V~- lSI i.'t.&i! 
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.too 
ot>OO 
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eliPERIMEI\Ii -lHEJR'i' - lHK;KiiES>SES&/1 
i#:Jl f£ LlEl I' £1 OEl_ PSI f~l'f2 lfPEliFI lti'Ellril ~Et~IIILlARW 

~.() 
--;-:!" 

• .<.!'>() t.-..aoo 4z.oo~ c5.·14~ 'ol.o:u 311!1.1 lO'>. 1 

-K a.c 
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-.0 1bo( 
.260 1>1.400 46.100- - 5'1.,5! 42olllo~ 3tl.l 22).~ -.0 ZZ<:.a; 
o26) 52ol0J- :;z.,WO 'tSoOil!i 31'1ol 335o1 -.o 4<c5o<;, 
o260 39.200- 55.100 52.LH 3~.! 4:05.5 -.0 79.2.4 
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~2!>) --·:so;~-oo---r4-~ssr-~-t-a.-.i~4---- ----·-so·tJ.·r---- --..--- --::.-o---l~o .. .-.. ----------
.3ao 5.400 46.600 1. 5lo9~) 3Sol 5>lo2 -.0 18310.5 
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olOC bo400 41.500 5.1~~ 3~o3l~ 3So1 5~J.l -.: 22o!loe 
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AG3VJ-C3, J .. 6MA/SG.CMl/2,2GPM._AGlJ0-3 

C._;,OCS, llP2r3A,41)5,6.,?,0-= l.oC? 2 .. 0, 4 .. 1, l .. O? 1.,,.:, l.,t, 3,)9 ;).,C9 

Ko YNCLOS NU'18ER " L 51' C. C 
t:r FECT lVE R:'FK.ACT !\IE INDICES AND PCRGS!T!ES, 
U i'E 2 F!L~ 2.l7C -.28(<( l .zL 
ill i'E 1 FlU' 2.162 -.2772 l .JlJ 
T¥ PE l rlYCk.\TE 1.397 O.OCOJ ! .977 
~cCGNllAf<Y O,YSTALS 1. 754 -.1407 I .498 
,,JMilE« <JF SECCNCAkY >lTES/SQCM .36E<-J9 llM!T!NG COVERAGE .986 
c.cYSTAL. C<ArE UF SfL fi'YSUlS MA!SQCMl, .14456 
'-' YSTAL. RATE UF 1YPF2 F llM !~A/SQO!l, .05CJ0 
~~PERSATU~ATIGN OF IC~S, 1.700 ,TIME TC REACHISI .45500 
l; lf!Al ClSSOLUTfCN CLRRENT {1'1\/SQC"'I .2526 
fl ~c fi\SE JF ~ STAlSiSECl 9.7G PPT, CCI\SfANT iSI ll.OC 
Uc ATICN RATE MD/ I .599 
Er FECT !VE FILII CURREI\T IMA/SCCf\11 .337 
,o.J E. D ST"\NCE BET" fEN EXP. ANC THEORY 4.470 !DEGl 

EXPERIMENT THEGRY THICKNESSES I Al 
l M~ IS) HMA/SQCI') VCLTS DEl PS DEl PSI TYPEZ TYPfl!Fl fYPfl H SECIJNOARY 

L;.,,J) ,6 . .)) -,.l4L 67.55C 4jot~75S 67 .. 550 43.750 -! J.'J -! •J .a 
5., -JJ • 6C J .280 64.510 43.22J 62.944 43.341 38.8 .o .o .J 

L .. v:.J .6)) • 260 cr: .. 99C 41.97~ 59.170 42.956 69.5 22.6 - .. D 28.7 
~ J "'ij J 0 6) ) • 3JC' 61.1 8C 42.J8G 57.4 7l 42.867 69 .. 5 109.~ -.0 96.0 
.) 0, JJ .6JJ .. 300 61. 42C 41>.880 54.9 21 44.230 69.5 196.9 -.0 219 .l 
j 5., 00 ,6(,) • 3j0 52.59C 49.76C· 54.439 46.1(;5 69.5 239.9 -.c 329.0 
? u .,·::..IJ .6)) .3DO 54.120 53.010 52. 636 49.315 69.5 282.1 -.0 451.1 
.5.JJ .6JJ .300 46.070 55.550 46.898 53.253 69.5 322,.9 -.0 583.7 
.) l .. ~~ v .6) J ~ 3:]') 3 7 .. G 80 57. 1 ') 39. 364 56.212 69.5 361.8 -.') 722 .4 
-;, 5 .OJ .6)) • ~ ')J 28.030 57.080 3::J.08l 58.2R2 69.5 3'!8 .l -.0 866.2 
..1J J .. OJ .6 JJ .3JO 2C.4-70 56.190 2':1. 752 58.50(' 69.5 431.2 - .. 0 1013.9 
~ 5. :::~ .6Jj ., 3Y) 14.3 7(' 54.550 13.757 57.839 64.5 46J.4 -.o 1164.6 

o.cJ • 6 ) ) .3,)0 1J.670 5'3.160 g~8C8 57.138 69.5 484.9 -.0 13l7.9 
I 5. OJ .t JJ .,3'=J-' 1 .nc 51 .. 700 7.834 57. )73 69.5 504.<:. oV 1473.1 
j, u"' ),) • 6')) • 3 JO 5.461) 5~.46C 6.659 57.716 69.5 5l7.C - .. c 163·) .l 
o 5. OJ .,6(;) .3JO 5.460 50.460 5. 582 53.802 69.,5 523.1 -.0 1788.5 
~ o.v~ .t)) o3')0 5.540 49m34S 
'11 5 .. C·.J .6J) • 3)J 5.580 48.840 

i.v 0 .. 0) .6JJ ., 300 5.79C 48.64C 
11 c"' J J .6 )j • 3JO 13.220 51.36C 
i..J.. 5 .. J.j • 6) ) .3JC 23.170 52.660 
lL O.JO .6 0 J .3JO 36.270 52.180 
l:.: 5., 0) <> 6 )j .3 )0 46. 77G 49.1~'J 

l o J. OJ .6 J) .3JJ 53.670 45.55J 
l.J 5 <> 00 .6JJ .300 56.530 42.38:) 
.L+v .. .J) • 6J) .. 3uC' 57.610 41.44') 
lJ.::" J.:. .6JJ - .ll 0 58.61C 41 .48 0 

CCV 

O .. Ot)() 

.000 

.,.n;~c 

.00 

.,;)C3 

.,0( 7 

.014 
• ·~ 23 
.035 
.050 
.C69 
.O'ii 
.117 
.146 
.179 
.2l5 



AGJOC-5oOo6MAISQCMo2o3GPM,£Glll-3 

&JDESo l.~.Jio4o5o6o7o8 • 1.0, z.o, 4.0, 1.0, I.a. 1.0, 3.~. 0.'), 

------ Etf liGRtUUUo 

--- ---·---

2 
n 1 
ill PE l H'I'CIUlf l ... u: .~50 
Sc CCNDilll'l' UYSUI..S ~ o 300 

.IH2 

&~'I'Sfllo RITE Of TYI'fZ FilM IMIISQCMB 
SJI'E!l.S.IIh.il<ll.ION Of 1(1\$, 1.000 ,H"'E olOOU 

DISSOlUTIGM CU!l.!l.FNT IMIISQCM! .1486 
Of SFt. tRYSTilSISECI 1.00 PPl. COMSTIMf IS» 24.~5 

--;11,l6-
I~E. OISli~CE EEfWEE" EXP. INC THEORY 8.586 IDEGI 

EXPIEIIUMEI>Sl THEOII'I' liHCKNESSESUI 
h I'IEI51 UI'IIISQ(MI VOlTS DEl PSi DEl 1'51 TVI'El T'I'Pfllfl f'I'PEIIHI SECONDI~' ClliW 

() .').J --- .6oJ-- -. ()b(j ·-- -,6-~~r2o--·--··n~567J. . 4l;:>5cr- -- -:;.t· . --- -f$·.-r.: - -·- -------r- --- -1)~-e.ooo---- . 
5>.0J .6JJ - 42 43.23';! o.o 211.!11 -.o .t .coo 
lli.OJ .e>OJ -. 'Ill <02.940 o.o 63.'1 -.o l.l .ooo 
9.0:) .6JJ • 3120 5'>.410 41.130 42.1160 O.l) 14.11 -.o 5.2 .ccc 

t.O.()J .6JJ .320 58.820 41.6()0 42.1'91 il.O 86.3 ' -.o t<>.ll .oo!l 
e - .940 42.8631 o.o 199.31 -.o 63.5 .00!1 
:hi -·-·,.s-.1'n-·- -·-:-cr.-o· ·-- · 3lT. '!!·-· - ··-- ·---·~ ---t~><t.<t· --.~3 

• S>.CJ .6JJ .32() 54.610 52.000 59.1'68 49.697 ').J 367.4 -.o 273.3 .()07 
~ o.oo .600 .320 43.9'110 56.&,3() 55.727 55.91'5 o.o 421.!11 -.c 4011>.6 .014 
'oloOiJ o60•J .320 3'l.250 51.«:.90 50.969 58.761 JoO 442.1 -.o 410.3 .ozo 
,. "· (J:) .6JJ • 32() 3:l\.95() 5!11.440 43.654 61.1~8 46lo!!l -.o ');31.:!1 .0.1!6 .. .6 51!.630 35.666 62.'1H 1 ~. 482.2 -.o 605.3 .032 

.. 
~--- ·- 51l.:no-- --;n~z7<r-- 53.~- -·-..,.o · ·--,oiJ;.?--- -- -- ·-~.o- t;l"t;;t--·--·-.o-.o· - -· -"-·-

~ 

;o J.OJ • 6):) .320 H.UO 51.540 U.655 63.981 o.o 518.2 -.o 143.6 .049 
!> ']:) .6.)) • 320 'll.•no 56.140 1().9118 63.205 o.c '53'>.5 -.o !!113.1!1 .05'11 

.6JJ .320 5.880 55.2'>0 5.206 61.83 8 o.o 549.6 -.o IIIS'I>o4 .OM 
;) 6.00 .6JJ .320 1.990 53.760 1. 515 60.3101 o.o 563.&, -.o <ill55.5 .Oiill 
., $60J 5f'l.66'.l -2.~4 'H.'\!1!1® o.o 581."1 -@v 1,1'19.6 .Hl5 

-·- .6JJ ---- .,..,~~Jo ·---·-.;.;31.8"7T-- :s~>."Ps9-·- ---o.o----- Iii?.~~> -- ----~.-o-- 1255•' ---··.t!'t-
"" IO.(lJ .6JJ -5.440 43.44() -4.4'5!!1 57.111H 11.0 622.3 -.o 1424.2 .ll"' 
15.00 .6JJ -4.41!0 41.260 -5.1'25 59.240 o.c 622.3 -.~ 15"11.'9 .224 
o~oJ. OJ .6JJ ~ 320 -2.920 3'\J.20J 
111l.OJ .6 }::l .320 .64J 37.160 

z. 36.11!!10 ------·-· -- -::~6.09(! --- ·--- ··- -··------ -----·- - ----- -· -·-- -··-- ---. --- _. ___ ---- . ----- ------··--·- --- ---
HO.OO .oJJ .zoe -2.190 35.14() 
.;: .. o.o'J .6JJ .200 -.720 36.5701 
/.</,0.001 .&OJ .2001 -.5Hl 41.5'>0 
1~ o.cn • &OJ .zoo 5.1!'90 47.260 

5.to .61()() .2JO 21.5101 50.510 
o.oo - ----.6\JJ -·---;;zmr ···- el!l~no --- 50.lnr ---- · -- --- ·- -- ··- --------- - -- ··-·-- - ···-- --.--- --· ------- --------·- -----------

1l 5.0J .&OJ .zoo 36.870 49.720 
Ja o. OJ .6JJ .2JO 'i>3.63'J 48.110 
:h o.oo .&JO .201[' 53.410 43.1110 
:~~:. o.oJ .&OJ -.no 51.240 41.120 



AG3CC-t, ·:.or>AISQO:,l.OGPM,AGlJ0-2 

~~DES, 1,2, A,4.5,6,7,8 = l~J• 2Q0• 4e0t lQJ, leO~ leCt 3oJ, 0o0t 
k~YNlLDS ~U BEP = 46CJ.C 
E~FEGTIVE R FQACTIVE INCit~S AND PCROSITIES, 
l>' PE 2 FILM 2.170 -.ZBCJ l ,21Ci 
¥PEl F!Lel 2.lc1 -.2769 l ,Jll 

T>' PE l HYCR.\TF 1.391 0.0000 l ,990 
:>i:CCNOr.RY CRYSTAlS 2.lt3 -.2777 I .008 
NJM5ER OF SECCNJARY SITES/SQCM .36E+09 LIMITING COVERAGE .414 
C~ YST,\L. RAE CF SEC. CRYSTAlS IMA/SQCMl, .26052 
C"YSTIIL. RATE OF TYP~Z FilM !MAISQCM), .10C•JO 
~JPER~~TUkAfiCN OF lC~S, 1.70J ,TIME TC REACHISI .14770 
l< !TI,\L f:ISSCJU;T!CN CuRRENT ()'J\/SCCMJ .1883 
r,MES, CNSET 0~ SEC. CRYSTALSISFC 19.99 PPT. CO~STANT (S 20.89 
D=rlYORATlON RATE ~.A/S-~c.~ .286 
b- FECT lVt FJL!" CURRENT l .390 
~JE. D!STANCF BETWFEN EXF. AND THECRY 7.804 lnEGI 

EXPERIMENT TI->EORY THICKNESSES(AJ 
Ti ~E ( S J !(MA/S_,JCMl VOLTS DEl PSI OFl PSl TYPE2 lYPEUFl 

'"'"' ,jj 
() 6) 1 -.176 64.0SO 39.590 64.()<;() 39.590 -I o.c 

c.: 0 .. ~ J .6)) .330 60.650 38.920 64.134 39.588 o.o J.O 
; 0. J,j .6JJ • 300 59.780 39.760 60.963 39.640 :) .o 52.8 
t J-o~0 .6JJ • 3JC 56.200 41.730 56.413 39.948 0 .. 0 105.5 
.) 0 .. JJ .6JJ .3JO 51.480 42 .860 52.947 40.475 0.:3 158.3 
~ o. JJ .6JO .300 46.030 42.970 50.421 41.35 7 Oo0 2lloC 
I O. 1·~ .6)) .. 3JO 41.780 43.260 48.336 42.95<; ':).,0 263.5 
~ o. JJ .6C J • 3 JO 38.760 43.33 J 43.724 45.325 o.o 315.2 
, o. JJ .6( J • 300 35.75J 43.200 35.515 45.920 0<1>'0 364.4 

1 ... u .. y:, .,6•.) j .3vC 32.920 43.28') 33.113 45.847 o.o 409.0 
~· .J. -J J .6)) • 3)0 29.870 43.760 31.891 48.004 o.o 446.1 
1<::::0,.,0(...; .61:) 3f"lr, 27.230 44.07(' 21.283 5'}. 744 o.o 472.5 
1., c, .. ~ j ,.,6')\.. .:3··.::c· 24.580 44.480 19. J29 52. 2 51 o.o 484.5 
l'* J o OJ .6JJ • 3J0 22.150 44.73 0 11.033 50. 13 5 o.o 484.5 
.1...> o .,c.J .6 }J • 3clC 2!.:. 510 45.16Q 8.936 48.324 O.G 484.5 
lo J. JJ • 6 )J .3 JO 18.290 45 .31) 10.281 46.508 o.o 4-84.5 
ll 0 .OJ .6)J .300 15.66C 45.550 12.134 45.103 O.'C 484.5 
l;O.JJ .6)} 12.6'50 45.490 1'5.('03 45.662 0 ... 0 484.5 
i.• o. JJ .6 )J . l:J,JSCI 45.340 16.636 46.040 o .. o 48't.5 
~-o •. JJ .6)) • 3CO 7.050 45.100 11.610 46.588 O .. r:." 484.5 
2~>.. O.,J,.: .6•)·) o 3~C 4 .. 06C 44.770 18.040 47.163 o.o 484.5 
2" 0. OJ .60J .300 1.300 44.150 1 Eo 059 47.691 o .. c 484.5 
2..ll 0 .. C'J • 6)) .30:J -.830 43.150 
2-.0.CJ .60J .300 -2.91J 41.580 
2> <.). <.l·J .60J .366 -5.100 41.590 

TYPHIHJ SECONDARY 

~r o.o 
-.0 .a 
-.0 .4 
-.0 5.5 
-.0 30.7 
-.0 97.6 

.. ~~o 215.6 
-.0 378.9 
-.0 576.3 
-.o 798.1 
-.0 1037.4 
-.0 1289.4 
-~\) 155() .9 
-.0 1795.0 
-.o 1986.3 
-.0 2146.5 
-.o 22'85.8 
-.0 2410.0 
~.o 2522.5 
-.0 2 62 5. 7 
-.o 2721.5 
-.,c 2810.9 

CCV 

c.ooc 
.ooo 
.. c~;o 
otJOO 
.000 
.,COl 
.~03 

.010 

.022 
<~>C43 

• 072 
.112 
.162 
• 216 
.2t5 
.310 
.351 
.3'l0 
.421 
.463 
.498 
.531 

1'\) 
\[) 
+::--



A~ltti.~.~~A/S~CM•R•lGPMolll-2 

tLDESo l.~.~~•4•~•o•1o8 m 1.0. d.Co @.~. 1.0. loOw l.Co 3.Co O.Oo 
~E~NOLDS ~L~EER a ~tJC.C 
Eff~tlKvi ~EF~AClKVE !~CitES A~a PC~CS!llESo 
!WP~ l ~llM ,.l1Q -.,a~C l .~10 

lWPc l fll~ ~.1~4 -.2144 I .t2t 
JYP~ I PYtRITE 1.•5~ G.DnJO I .t~J 
SECCN~~~· C~YSTAlS ~.lJ~ -.£2~0 i .2DO 
~UMo~~ Cf ~~Ct~~~~y SIT~SIS~LM .dtE+C~ liMITING tU~ERAGE .~~D 
ST~. ~E~IAJIC~ lh l~yC IC(Hl~E~ll 7.26 Sft 
tRY~liL. Rile Gf Scl. C~YSTilS ~~~~~,(~lo .48142 
C~~§i~L• R~lt Of TYPf2 fllM I~A/SGCMI• 10v0' 
SUI>~KS~l~~All(~ (~ l.7CO ii~E TC ~E~(~ISI .14110 
lhiTIAl ~ISS(l~TIC~ I I .lE~l 
fl~cS• ChSli ~f £E~. CP~STAlSIS£CI 1S.S6 PPT. CUNSTANl lSI &0.00 
OEHYO~ATICN ~ATE I~A/SGC~I .cOO 
~ftt(fl~E filM CUkRENliMAISQC~I .422 
A~E. JISTANCE fEi~ff~ fXP. ~~( T~EGR'If 1.5;8 !OECI 

I:JII'ERII'IENT lHIECPW TH ICI\NIESSES I U 
Ul&dS~ 141'41/SGll'll llllTS Cd PSI IJEl PSI flPE2 l'l'PEUf I 

C.Cil .o!:lC -0 ~0 4~.;H( )'!;.5;,(1 4!.3H 39.560 =I o.o 
5.0(1 $6VC o.!U3C 415o618:2 ::~~.no 4~. 201 40.356 2 .o 

HI.IJO .;,co; .nil 4J.HC 41::.5()0 4J.034 42.058 1.90.0 .o 
iS.OC .6iJC G)3!,j1) 46.C:iC .4E.l'll:: 45.ltl 44.'>25 2'1'2.8 .o 
~JcOO .tee <1)~~0 48.02(: 41il.79il Sl.SU 41.625 2'92.18 u. 
2S.JC .<.CC .:wo 44.CiiiC 55.5lC 46.9:;3 52.993 292.8 11.3 
:o!J.J&, .t>C'O 0 Ji;KI .29. ::oo 3€:.152 60.0"1 2'92.18 131.5 
~~<lice: atlbi.)J . e. sH: 61.160 9.014 66.186 2\lZ.S lll:l&o.31 
.. o.Jo .tee . = !.l5C ~1.'ii3C -H:.<;Ce 51!.133 292.8 23"·" 
45.JJ .occ . -U.12C ~~.!50 =9.58!3 52.511 <:92.6 280.! 
~OoVC .3JJ -.:c. 52 c 48.!00 -1.845 5>3 .5191 292.8 3.1.9 .3 
t.C.Oil .:;'):) -to;.uc 4!:.1!20 =1'i.66'ii !>:1.965 2'>2.8 319.1 
t:~.Ci; .~c.J <!) j~Q -!6./;j<\= 1120 -2'>·0~5 H.09::1 292.1Jl )88.1 
10.;)0 .60J .JC;) -15.5~, 317.t"IC -2 ... i!~'i &o3.l!.~<1 292.!l 31918.1 
H.OC e6~(. @~;J -U.6e.C 36.450 -2.2..195 ;;<;.!!:;.;, 2'id.S 3&8. 

!JO.OQ .cOO .j;Jj -~.!H 3JI~o~fC -4.8411 34.5>43 292.8 3S~L.7 

l"C • .;O .tOJ .jJj -'J.UIC u.tHl -.<;96 3~. 704 2"12.1! 388.1 
lSC.Ct .60J .ZJJ -'ii.llt::l 31.850 
UO.Oil .b::l!l a~CC -!C.HC ~<:.S'iit 
;;;c~;.cc, .1!>00 .20·) =1. ~ .... : ~4.150 
ao.JO .<!>CO .dJJ .JZI: 3o.C~O 
.<«O.!lO .t.OC .2CJ t:::.HC ~€:e/E~«j 

;nc.o' .600 .e.oo 2o • .<<;!l .31.<;50 
:uo. o.; of~C .zcc H.UC &OC. 'l©t 
Hl:l.tll .600 oliJ,J 4t.nc ,.,A.UO 
~-;cQ.o~ .cCC =.J.CO 5C.62C "0.9(.() 

HPEUHI SECONillil'lf CO¥ 

- O.lill o.~e 
.o .o .CDC 
.() .o .()()(; 

.cnillJ 
-.o 6&1>.2 .Oil!© 
=.© 151.1 .o:n 
-.o 216.1!. .004 -. 431'11. .OO'i 
=c~ 612.6 
-.o 18106 • .o:u 
-.c Eo .04'ii 
-.o 13801.5 .0191 
-.c 1603.5 U:!! 
-.c &07.1$ .151 
-.o 11111'>.2 .ur 
-.c 2552.1 .:nz 
-.o 3012.4 .4315 



AG3CC7,0.6MA/JQC~,l.lGP~ 111-Z 

CJDES'l' l"2""3A.,495,6'?7'll8 = lQC, 2..-C, C.,.:Jil 1.,.;), l .. Oto l ... C'll 3 .. 'Jil' 0 .. 1)? 

~~YNOLDS NUMBER= 460C.O 
EffECTIVE REFRACTIVE 11\D!CES AND PCRCSITIES, 
HPEZF!lM 2.170 -.280C•l .210 
Td PE l ~llM 2.154 -.2744 l ,·~20 
Tt PE l 1-i'VCRATE l.41C 0.0000 I .95') 
:,cCGNCARY CRYSTALS 1,996 -.2218 l .208 
1\d MBFK OF SECCNCARY SllES/SOCM .28E+09 LHI!ITING COVERAGE .614 
C' YSTAL. RATE OF SEC. CRYSTALS 04A/SQCMl, .'>5873 
C~YSTAL. RATE OF TYPE2 FILM MA/SQCMI, .07421 
SJPERSAJURATION OF IC~S. 1.682 ,TIME TC REACHISI .14464 
;!HAl DISSOLUTION CURRENT !MA/SQOO , 863 

H MES, CNSET OF SFC. CRYSTAlS! SEC I 17.25 PI'T. CONSTANT !Sl 19.41 
,JcHVDf<AT!ON RATE iMA/SGCI"l .600 
EfFECT !VE FILM CUFRENTII"A/SCCM I .423 
A; E. ll!STANCE BETWEFN EXP. AND THFORY 8.115 WEGl 

EXPFR!MENT TI-!EORY HIICKNESSES 
TiME Sl ('!A/SQCMl VOLTS Dfl PS DEl PSI TYPE2 TVPEliFl l'i'I'El!H SECONI'ARY cov 

G.JJ • 6)) -. 150 48.310 39.560 48.310 39.560 -I c.o -I 0 .o o.coo 
5.JO .61 • 300 45.680 39.720 43.4Cl 40.302 83 .l .o .o .o .OJO 
o.oo .60J .300 43.600 40.500 40.309 41.879 166.1 .a .o .o .. c~c 

c 5. 0) .6)) • 3)0 46.020 43.190 31.9 80 45.131 249.2 .o .o .o .ouc 
2 0.('') .6 )•) .300 48.020 48.790 44.578 48.199 249.2 42.7 -.0 240.6 .003 
< 5. 00 .6,)) • 300 44.080 55.530 37.739 53.376 249.2 96.1 -.0 394.1 .. 008 
> 0. OJ .6)) .300 29.160 60.36C zz. 738 57.260 249.2 146.8 -.o 573.0 .on 
, 5. ,)J .6JJ .300 8.570 61.16J 4.934 56.090 249.2 192.8 -.0 769.9 .031 
+ o.oo .6)) • 3JO -11.150 57.930 -4.342 53.914 249.2 231.7 -.0 979.7 ,.t)'5.0 
-t 5 .. 0) .6)) .. 300 -18.120 5::' .150 -9.023 52.861 24"J.2 260.7 -.o 1199 .z .075 
> 0 .OJ .6J() • 300 -20.520 48.100 -13.024 53.273 249.2 276.8 -.o 142 5. 9 .106 
~ 0 .. OJ .. 60) • 3CIO -19.180 48.820 -22.638 51.609 249.2 276.9 -.o 1839.2 .176 
u S .. JJ .6J) • 300 -16.840 38.82 J -25.650 48.466 249.2 276.9 -.o 1990.3 .207 
10. 0) .6JJ • 300 -15.550 37.640 -26.194 45.049 249.2 276.9 -.0 2121.3 .235 
., 5.0J • 6 )J • 3CO -13.660 36.450 -24.787 41.943 249.2 276.9 -.0 2237.9 .26 

l J 0. OJ .6)) .300 -9.110 34.480 -8.811 35.466 249.2 276.9 -.0 2692.5 .378 
u o.oo .60J • 300 -9.160 32.870 -4.673 3il. 521 249.2 276.9 - .. (' 3089.6 .498 
bG.O') .6)J 40 2CO -<;.860 31.850 
11 J. JO .6:)) .200 -10.360 32.890 
2.J O. OJ .60) .zoo -7.540 34.750 
2< O.J·J .6'J') .. 200 .330 36 .04·J 
2 .. J.JJ • 6 )J .zoo 13.310 36.850 
2J o.o:: .6 J.J .?02 26.290 37.950 
ju.. u .. oJ .6J) • 2<JC 3 7. l 70 40.400 
3:> 0.0) .6)) • 200 46.970 41.260 1\) 
3':i ()., JJ .6)) -.lOG 5{) .. 62!J 40.960 \{) 

0\ 



AG30013,1.0MAISQCM,1.0GPM,100-2 

CO)ES, 1 = 1·®• 2.rn, 4.0, 1.0, 1.0, 1.0, 3,~, o.o, 
I!IEYNOlOS 0 
EFFECTIVE REF~ACTIVE INDICES AND PO~OSIT!£S, 
TYPE 2 FilM 2o1TO -,260W l o210 
TYPE 1 FIL~ 2.013 -.2240 I .zao 
TY'E 1 HYDIIT! 1.481 ~.gaoa I .938 
SIECONilAR Y CRYSUlS 1. 818 -. 182U I .JSO 
NUMBER lF SECONDARY SITESISQCH .~3E+09 LIMITING CDIERIGE .110 
STD. DE\IIUIOI\! IN TNIJC !COHERENT! 5,97 S!:C 
CRYST.I\l. RArE OF SEC. CRYS'UlS IMAISQCHI ,~ ,45000 
CRYSTAL. RATE OF TYPE2 F!LH IHAISQCM!, .0&055 
SU'ERSAfURATION DF IONS 1.7~~ oTIME TD REACHISI .D53l7 
INITIAL DISSOLUTION IMA/SQC~I oD622 
TIMESo ONSET JF SECc CRYSTALS!SECI 11.97 PPT. CONSTANT !SI 21.30 
DIE~VOR.ATIDN RUE ll'li!./Sll!CHI .99ij 
EFFECTIVE FILM CURRENTIMA/Sll!CMI ,798 
~~~:.. DISTANCE BEH!EEN EXP. AND THEH'I' 4.122' II:EGI 

EXP!:.it!I'IENT iHDRV THlCKNESSES!A! 
THE lSI I!M§,/SQCMI \IOl TS 0~. fSI IJEl PSI HP£2 lVPEUFI TYP::UHI S!:.CilNOAI<Y 

@ • @C 
1. 
2. DO 
3. DO 
i(.c ijQ 

;; 0 Jdlf. 
!; • 00 
r. o o 
s.oo 
9. OD 
u.~: 
11. DO 
12. DO 
13. OD 
11;. 
1;.11~ 

15. DO 
H. DO 
18.1lD 
13, DO 
2C.IM 
21o DO 
22. DO 
23. a;; 

llO 
DO 
-I 

i.OD~ 
DOD 

1. D 
1.000 
1. 0 D 0 
i.®C 
1, OD 
1. D 0 0 

ODD 
1. DDO 

~~t 
1oM 
1. DOD 

DOG 
1.000 
i.to~ 
1, ~GO 
1. 0 GO 
1. GOD 
1.000 
1.@~~ 
1,000 
1. oo a 

©r-t 
1, DO 0 
l.lJOO 

-I 

-.05!1 
,200 
.290 
.300 
• 300 
• 3,:~ 
• 300 

300 
• 300 
• 3 00 
Q 3>. [/; 

300 
• 3 OQ 
.300 
.300 
• 3LO 
• 300 
.300 
• 300 
• 3 00 
• 3L@ 
• 300 
• 300 
• 3.0i:l 
• 300 
• 3 00 

-! 

6~.090 
&3.990 
62.390 
60.500 
?8.210 
5S.210 
53.220 
iii1.030 
50. "'-0 
%9.&30 
'>9.<.;3~ 

'+'lio 830 
50.790 
5i.i'40 
$3.26 0 
3S.3l'ii 
Sl'.<,l'O 
S9.HO 
62,3'+11 
&1&.280 
5&.21~ 
6&.850 
6~&.&10 0 
'>8.'<-1>~ 

7'50 
~ItO 

-I 

.'lOG 
i,1,90G 
41.7%0 
41 ... 80 
41.210 
I, Q. 920 
'+0.660 
40.ij00 
40.280 
40.260 
41.261) 
40.310 
'>0.890 
41.61© 
42.?!90 
44 olH! 
45.610 
48.020 
51,850 
!$&,. 0 0 0 
59.000 
63.260 
69.390 
15 .o 30 

-I 

64. 090 
103.125 
61.82':1 
IOI!o 3Ul 
sa. 6 03 
56.101 
54.681 

229 
801 

53.306 
!02. '+35 
51.111 
i)O.:U'2 
51oU1 
l!o2.913 
;:;s.e61 
58.143 
61.1;)95 
63.20 E 
66. JH 
68. 83'4 
70.291 
64.81!0 
44.6'<>1! 
-2.1!51 

-t9.i;iU 

41.901! 
+ .8S9 

1.8H 
~1.l'61 
~ 1.720 
~ 1. 702 
<.1.l'S3 
'olo606 
~1.959 
\>2.320 
1>2. 98!i 
1,3. 803 
\)4.220 
44.743 
ft!',2:l.O 
4 <:.31!1 
it 8.368 
H.78l' 
5 &,1;32 
&0. 31% 
&4.640 
59.216 
74.1,9! 
1' 9. 782 
r 9. 912 
r z. oo8 

-I 
r.r 

1jl',3 
28.5 
41.3 
s;;.& 
71.~ 
89oi 

& 
130. 
153.9 
HW .1 
209.0 
241o 
216.$ 
315.9 
359.1' 
t.il8.1 
43&.9 
<Z$36>.9 
436>.9 
4310o9 
436.9 
436.9 

9 
.g 

o.M . 
..... ~ 

• 0 
• 0 
.o 
.o 

0 . ~ 
• 0 
• 0 . 

ij 

.o 
0 

~~ 

11.9 
l!ito1 
7~.5 
'l4o9 

UBoli 
141.0 

.3 
t 

-I 
• ij 

-~ . 
.o 
.o 
.o 
.t 
.o 
.o 
.o . 
.@ 
.o 

.o 

.o 

.I! -. 
-.o 
-.!il 
-.a 
-.o 
-.ll 
-. ij 

-.1! 

o.~ 

.o 

.o 
,I) 

.@ 

.o 

.@ 

.o 

.o 

.© 

·" .1)1 

.o 

.o 

.o 
• ij 

.~ 
96.1 

162.'1' 
241.7 
329..,~ 

42J.S 
522.1 
62'+.3 
12'1. 2 

COli' 

o. o no 
.oM 
.I'!. IJ 
.o 
• 0 00 
• o on 
• o no 
.!La 
ell 00 
• no 
• il 0@ 
• 0 00 . "' ~ .ooll 
• 0 ijij 
• 0 Oill 
• IJQ 
ell': !J 

001 
• 0 03 
• @ ~6 

• OH 
.us 
• 21 
• 039 
.1!':<3 

1\) 
\0 
~ 



AG3~0:3ol.OMA/SQCH,l.GGPMol0C-2 

:JJESr lt2t3A,4r5r6t798 = loO~ 2.C, 4e0t 1~0~ 1~01 loO~ 3o0~ J®~t 
K~t~QLDS NUMBER = 10~0.~ 

EFFECTIVE REFRACTIVE NDlCES A~D POROSITIES, 
TfPE 2 FILM 2.170 -.280( ! .210 
Tt?E l FILM 2.:46 -.2716 .030 
Tt~E 1 HYDRATE 1.457 C.OOOO .854 
SECCNDARY CRYSTALS 1.878 -.1820 I .350 
NJ43ER OF SECONDARY SITES/SQCM .53E+09 l ITING COVERAGE .437 
C{ STAL. RATE OF SEC. CRYSTALS !MA/SQC~l, .388f7 
C~tSTAL. RATE OF TYPE2 F IHA/SQCM , .06210 
SJ~ERSATURATIDN OF IONS, .70J ,TIME 0 REACHISI .05317 

j TIAL O!SSOlUT!O~ CURRENT IMA/SQCMI .0622 
TI1ES, ONSET OF SEC. CRYSTALSISECI lZ.JO PPJ. CONSTANT lSI 21.19 
JE~YDRATIO~ RATE IMA/SQCHI .000 
iFF~CT!VE F lM CURRENTIMA/SQCMJ .825 
~if2. J£STANCE BETWEEN EXP. AND THEORY 5.859 IDEGJ 

EX PER IMEH THEORY CKN2SSESIAJ 
Tl~E Sl I I~A/ SQCi''ll VOLTS DEl PS DEL PSI TYPEZ Ti'P::U Fl 

~ ... ~"~CO -.050 64.090 4" .900' 64.090 4l.9:JO -l ).) 
1.02 l.JJO .21)0 63.992 41.900 63.125 41.85;1 8.4 .c 
}_ .,;_·; l ',r, ,._.,,_. • 29r' 62.390 4!. 74f'· 61. 86<; H. 812 19.5 ~ 

-~ 
3.00 :. 000 .300 60 .. 600 41 ,,1+80 60.436 41.765 32.9 .o 
't <> !; ) 1.:. r.:-c "'300 58.210 41.2l"' 5'8.859 41. ns <;&.3 .... ) 
_5,1);) :_,t_'l':8 .300 55 .z:. 0 40.9 20 57.164 4!. 7)1 67.3 .J 
o.OO l.OOC .300 53.22) 40.6<:0 55.383 41. 7)lj. 88.8 .. 
7 .,,r-; l.~i)l' • 3~1'1 51.03() 40.4('1' 53.564 41.756 113.3 .~ 

3 .. 00 •.ooo .300 50.440 40.280 51.768 41.893 142.1 .o 
9 ... CO 1.., r<:;r • 3(( 49.63~' 4fL:-26r" 50."88 42 .13 J 176.3 .e 
) .. ('\.~ 1 .. ':'1)~ .30C 49.430 4(:, 26r 48.648 42. H5 215.6 • 0 

ll. oc: 1.000 .30') 49.830 40.3 70 47.60) 43.854 261.7 .o 
l2 .. t:":\ l. ~"'-'V" ,300 5·~·o 79ft 4n. s 9C 47.229 44,8S3 29).) .J 
~3.00 ~.000 .330 51.7 4:l 4!.6'0 50.469 46.632 290.0 37.2 
l~ .. c-J l.CJCO .300 53.26~ 42. 75f· 53.6!'1 48.211 29~.) 5;1.6 
15 .. f)') 1.,:-'Jf' • 30C ':5.370 44.,l:'..C 56. 5C1 5J.'l87 29).) 8 i <:> s 
>.~eOO :.DOD .300 57.470 45.,C70 59.16 5 52.324 290.0 103.3 
l 7 .,r,o l.,~~C- • 31'lf· 59.11 ~ 48.1)2<> 61.583 54.931 29).J 124.6 
13.[') :.,~;c .,3(10 62.840 5~ • 8 50 63. -n 3 57.924 290.0 l'i-5.5 
19.00 1. 000 .30Q 64.28:l 54.000 65.399 61.329 291:'~) 166.1l 
Z J .. G) :_.,"~11 .. 3Cr} 66. 271) 59.0{'( 66.,266 65.125 29?.J 185.8 
2 · ... oc : .• ooo .300 66.85J 63.260 65.655 69.198 290.0 204.9 
22.00 :4'0CO • 3"(', 64. 86'\ 0 9. 3 9(' 57.561 73 .6Z 5 29~.) 224.3 
23.)) l.Jar ., 3QC 48.<,40 75.1)3('· 38.555 71.24-2 290.0 243.) 
Z't.JO ~.000 • 3CO -8.750 74.66(' 7.502 77.744 290.0 260(05 
25 .. )~ l .. ""C~"" • 3~'1 -17.54') 74. sor. -17.855 73.427 29J ·" 27>.4 

-I -I -I -I -J 

TYPEl!Hl SECONDARY COif 

-! 0.,.0 O.OJJ 
.c .( .(S\::l 
.r .o .ooo 
.o .o .ooo 
... 0 .c .C00 
.o .o .ooo . .c .f'C:l 
~r .c .ooo 
.o .o .ooo 
.e .c .coo 
.o .o .0:)0 
.c .r .GCCJ 
eO .( .OC0 

-.0 .1 .ooo 
-.l' l.l .Or>) 
-.o 7.5 .ooo 
-.o 26.3 .coo 
-.(' 62.,1 .oro 
-.0 13.8 .001 
-of: 177.7 .Or3 
-.c z sr; .4 .006 
-.0 329.3 .011 
-.,0 412.8 .011 
-.0 499.7 .025 
-.c 589.2 .(34 
-.c 680.7 .C46 

f\) 
\() 

(j):) 



A~J0~-16• lHA/SQC~, 6~~CH• ACll0-2 

cc;oe:;. a,z.3.~t,>~>.~,6.l',s "' t.o. z.o, ">.o. t.o, t.o, t.o. 1.a. o.a. 

------
i1l'Pt 2 .2Hl 
TYPt ! • 241 
JYPE 1 HYCR~lE 1.423 o9ll 
SECDNaiRI CRYSIIiS ! .3~0 

' CRYSlll. RilE Of l1Pt2 ~~l~ IMI/SQCMI, .05551 
tf IC~S. 2.110 ,JIM~ iU REICHISI .09811 

CU~M~NI IMIISQCNI .2558 
• C!nSUlSI5lCI ~.6Jl PPl. tONSUNl lSI UI.Sl 

.. 

--------------

----·----------· ------------------------· 
A'lll::. o.~ISTANCE BEh!EIEN EX!'. 11\iO 11-EOR'I' 1 • .!51 IOIEGI 

11 ME I 5 hiAiSQCI'l! 
EXPE!liMENl 

'IIDlfS GEl PSI 
lHIEOR'\1' 

Oi:l PSI 
lHICKNESSESU» 

l'I'PE2 l'I'I'Ellfi l'I'PEliHI SIECO~DARI tOll 

o.oa 1.(,0\,1 -.120 --63.5<;()--d;il~59o ____ 63-:se;o---- '1>0.590--------:o-- --- -:o----------o::o------~,-~~:ioo 

s.ooJ .Z'91l ss.uo 19.11110 56.<;111 '>0.6<~>1 ~&9.1 .a .a .CI .ooo 
10.00 .290 56.280 <;O.DO 55.822 41.1'1!2 60.0 Ul.l -.0 U'\.8 .001 
t':>.oo a.ooo • .<?u MJ.o::>o H.t!>ZO 6o.o9J 44.">11 so.o 211>1.9 -.o 25l.l .oo<~> 
16.oo a.ooo .2~0 o0.9oJ 4">.140 <~>0.991 o~>5.699 ao.o 269.0 -.o 301.6 .oo<~> 

!55 - a io- - -----
0 .. 0!1.2 .. ou 

l9.oo 1.000 .290 LD.970 52.5~0 61.293 50.693 so.o J62o2 -.o 46lolli .014> 
2o.oo t.ooo .290 59.240 54.110 59.J~l 52.795 ao.o 1111.o -.o 5!6.<1> .ots 
21.ao a.ooo .290 56.oto s~.14o 56.639 5'~>.988 so.o "11.1 -.o 511.5 .ou 
22.~a t.coo .z•o ~l.ZJo 5&.590 52.1191 57.191 so.a o~>Js.z -.o 621.0 .026 

5 --· --- -- -·-- 2 -··-
2s.oo l.too .290 ?1.260 ~>31.no 36.,.<~>6 62.1131 110.<1 5031.31 -.o 196.0 
Z6.oo !.ooo .290 3!.too 64.~60 Z9.1lt 6~.19! so.o 52">.1 -.o llls:ll.o 
21.u~ !.too .z9o 22.oJo 6~.14o 22.212 65.02! so.o 545.4 -.o '\H0.2 
2!1.00 t.OOJ .290 15.430 6~.">60 !4.5631 65.23'1> 110.0 565.2 -.a 

61.660 ii!HID ------- ---- I>].I.H!i___ l<;!l-- -------- ·------. 
31.00 !.too .290 -4.tFo 6Z.o7o -31.3161 6J.2l6 so.o 6!.9.'1> -.o .ou 
JZ.oo t.ooo .290 -7.4~0 61.160 

1\) 
\0 
\0 



oCD1CD-1So o4E-3 IMgSt t14K0Ht 

COJES., 1~2t>3A 4'li5109J,6 :::::: loO<) 2(dlo; <-6cG9 1.,0t> 1,.C'!l 1~~'0'~~ 3e.Ot> DtilC'h 
CC)ES-; 9,10,1 ~3~12..,13\}14;;::: O.,J.J., i\l!J'll 7,0"' ..,<PG9 1, C, ioOw i0W',l 

REV'NOlOS t;UMB R = 0 oO 
EFFECTIVE KEF ACTIVE lhOIGES A~O PJR03ITIES, 
TYPE 2 >'ILM z,J.3Q 0,0000 1 ,200 
TYPE 1 FILM 2.,121 D.,DGGO : CcOOO 
TVPE HYCR.ATE 1, 34:2' L<l) GlJ02 I <:>9 :52 
SE~ONOA~Y CRYSTALS 2.130 0,0000 I Q,DOD 
NliMSEt. )F SECONDA~Y 5I1ES/SQCI"i .. 16E+OS LII-:ITJ:~G CCVERAGE .,j'9D 
CPVS':AL~ !-.ATE OF SEt..>~> CFVSTAlS C1A/SQCM 'll o 16202 
CRYSTAL, :;c. E JF TYPEZ FlLM !HA/SQ~Ml, olE 78 
S~~ERSATURATIJ~ OF :O~S, 2~300 ,TIME TJ REACh($) QD0021 
INITIAl OISSCL.UT:t:Qr~ CUK~~Er~T !MA/~QC~~~ oGGGt... 
liMES'~~ )NSEI ')F SEC., (.f-Y:S"iA-..St3EC} iGoO P?1, CC!\STA;-.;T {5} 2,0 
l!~E T~ COMPLETE PATC~ COVE~AGE 90.6 
l~ME TC REACh CGMPACY FIL~ I 2 3 
TIME 0 O:SSI?IlE HrC~ATE LAYE~ 7 ,z S 
OEHYDRAo:ON F.ATE !MA/SQCI1J ,3_,. 
EFFECTIVE FILM C~RF.E~TfMA/SJCMl c268 
CU~RENT F~ACT[O~ FORMING ~OJGHNESS .COl 
fiNAl TrliCK~ESS OF P.OUGHNES3 ,z 
~!IOrr-.~ TO HEIGH! OF SEC~ C!':YSTA;...S, Q 5 3E 
INITIAL PATCH ~OVE AGE .380 
F!~AL POR~SITV OF YPE I FI~M ~01 
AVE~ DISTANCE: 8ETW £1\ EXP., AND THEJ~Y 5<» 273 {CEG~ 

TI'1E { SJ : ( SQCMP VOLT 

10 0 0 Q4..l]0 -, 80 G 
2 G, Q • ~0 0 -0 00 0 
30,[ o..,.CO -<1>600 
!..OoD , ~.o GO -.600 
s 0 !') ~: ~ L..GO -..,co=· 
6 0 1) 0 • ~oo -.630 
?c." ;:, ~..o o - .Q dO 2 
8(,. 0 -0 0 -~~oou 
90.0 "' -..o c .ua 

93 o a c .r.oo o9UO 

E;(PEUMEN'i 
DE:.. 

~0~30G 
'73.,0 0 
6l.,QOD 
50., bOO 
%.6CG 

110 ... 00 
123.,,..2J 
1~5.280 
163. )00 

17G.oOJ 

RS! 

3So90Q 
37 oZ.. C C 
~o.ooo 

-3o70D 
~9.300 

:,.; 6.,::; o a 
63o6GG 
6 9 ,E, 0 0 
o So" ao 

63o~OD 

Ti1EHY 
CEL 0 S I 

s 3 <) "'f 2~ 
91oDr:C 
8So263 
8:;;. 0 9 0~ 
94o24.r;; 

HOoi [3 
12Sl ... ~;!]3 
1~.4~~8~2 

1T3.313 

38 o086 
36, 1J7 
38<11 ... 96 
91o 7 J-.} 

Oo 721 
3.32o 
Go60«~> 

5e8~8 
9.:.60 g 

HdCKNESSESIAl 
TYPE2 TVPEl(FI 

~Oiob o.o 
..yQl~~C jjj]"' s 
""U01ac 11::"'8 
"':!Giob 108 Q~ 
~01.6 2..2 9 Q 2 
,QJ..6 2-.0.6 
""!Gl<~>O 2o5o3 
401"'6 zs..,.s 
'-'J0io6, 2:J 1 Q e 

H?EUH SECON)ARV 

-.o .o -. 23-tiQ1 
-.o 256 0. 2 
-, 2'i26.9 
-, 28'0 1. 2 
-.o 290 9 .o. 
-,o 29.;1.0 
-,o 29-vS:o i) 

-.o 2929. 3 

COif 

• 0 00 
oz; 

• 030 
• 03~ 
• 037 
.039 
o O'*Q 
• o .. o 
0 (hi.!] 

w 
0 
0 



•CDl~JZZ• •lE-3 AMPS• •lMKOH• 

COUESr lr293A?4,5r6~7~8; loOs leO, 4e0r lQO, leO~ 3e0t OeOr 
COOES, 9,l0,ll,3,i2,1~,14 = OoO, ioOr 7o0w r leO, leO, !oJ9 
REYNWLDS ~U~BER = 0.0 
EFFECTIVE KEF~ACTIVE INDICES A~D PORCS!TIESo 
TYPE 2 f-lU! L. i3\J C. 0000 ! • 200 
TYPe l fllM 2.lil 0.0000 ! .015 
TYPE L rlYDKATE 1.441 0.0000 I .828 
SECGNUARY CkYSTAL$ z.UO 0.0000 1 0.000 
~cM3E" JF SECONDARY SlTES/SQCM .30E~09 liMITING CJ\IERAGE .790 
CRYSTAL. RkTE Jf- SEC. CRYSTALS IMA/SQCMl 1 .01425 
CRYSTAL. RATE uf TYPEZ FILM !~A/SQCMl, .02000 
SuPERSATUk~TION OF IONS, Z.3DJ oTIME TO REAC~ISI .00003 
INITIAL JISSOLuTIO~ CURRENT IMA/SQCMI .0009 
Tli~ES, GNSEJ .Jf SEC. CRYSTALSISEC! !.9 PPT. CONST!II><T lSI 1.6 
TIME TO COMPLETE P~TCH COVERAGE 9.! 
TIME TO REACH COMPACT FllM l 33.5 S 
TiME TO U!SS!PATE HYDRATE lAYER 38.5 
LErlYDkAT!C~ RATE IMA/SQCMI .097 
Ef-FECTIVE f lM CJRRENTIMA/SQCMI .634 
CUKRE~T FkACT!DN FORMING ROUGHNESS .000 
FINAL lrilLKNESS OF ROUGHNESS 2.0 

TO Hci"HT Of SEC. CRYSTALS, 1.000 
INITIAL PATLH ~OVERA~E .661 
HNAL f'UROSHY Gf TYPE l flU~ .011 
AV~. DISTA~CE tiET~EEN EXP. AND THEORY .574 !DEGl 

EXPER!ME\IT ThEi:JRY TH!CK~"~SESIAl 
HMEi Sl ; iMA/~0CMi VOLTS DEl PSI :JEl PS l TYPEZ HPEH FJ 

ioJ l .. JGJ -.800 102.400 41.900 103.017 41. ;>83 456., • 0 
4.0 !. ooo -. 800 103.200 42.800 W3.091 42.326 450 .. -l 4.!. 
c.u 000 -.800 104-.800 4 3. 100 ltJ4 .. 069 43.666 4=6 .. .; ?,.,S 
a .. u l .. OVJ -.800 lD5.oOO 45 .. 400 i05.569 45.725 45(:.).,:;p l J. 2 

10.0 .lllll) -.500 l06. 000 41.100 105.985 47.~31 456.,JI 13 .. .2: 
l.2 .. J i .. UJO .sao 104.800 48.20G 1C5.058 4?.7J3 456.,.) l 7. 7 

14. CJ l.OJJ l. !00 103. 600 48.700 

TYPEl!Hl SECONDARY 

-.a 119.4 
-.0 121.6 
-.() 120.8 
-.0 ll ?. 7 
-.0 116.8 
-.o H9.4 

CO\/ 

.ooo 

.ooo 

.ooo 

.ooo 

.ooo 

.ooo 

l'...;J 
0 
I-' 



$((10Q-24B* $bt-4 A~PS* *l~KOH* 

CODES, l,2,3A,4,j,6,1,8 = l.Q, 2.0, 4.~, 1.0, l.C, l.O, 3.0, u.~. 
CODES, 9,10,11,3,12,13,14 = G.o, 1.0, 7.0, 4.(), 1.0, 1.0, 1.0, 
I<E"lll'iClOS ~W41>ER ; 0.0 
EffECTIVE REfRACr !VE INDICES ANO POROS!TlES, 
TYPE 2 filM 2 •• 3C C.COOO I .200 
T'!H l FUM 2.L2l 0.0000 I 0.000 
lYFE 1 hYORATE 1.366 0.0000 I .852 
SECCNCAI<Y CRYSTALS 2.130 C.OCOC I 0.000 
~U~BE~ OF SECONO~RY SITES/SQC~ .lOE+09 liMITING COVERAGE 
CRlSTAl. RATE OF SEC. CRYSTAlS IMA/SQC~ , .12129 
CRYSTAL. RATE OF TYPE2 filM I~A/SQCMI, .33266 
SUPERSATURATION uf iCNS. 2.300 ,TIME TO REACK!Sl .00009 
INITIAl DISSQlU!iGN CURRENT I~A/SQCM! .OC05 
Hf'IES, ONSET Of> EC. l 15.0 l'l'l. CONSTANT IS! 
ll~E 10 CCMPl..HE 50.4 
HIIE JO REACH Wt!I'ACl filM I 60.3 S 
TIII.E TO OISS!PAH: 1'>\fCRATf LAYER 60.3 S 
[Ei"YCRJHION RATE I .HH 
EHECHIIE Hlll I 
CURRENT FRACTION FORM!NG ROUGHNESS 
FI~Al THICKNE~S ~f ROUGHNESS 
llilrTH W HEIGHT f SEC. CRYSTALS, 
INHUl PATCH C(U ERAH .900 

.184 
.oo 1 

4.2 
1.000 

FI~Al PORDSIIY JF TYPE I FILM .011 
A\IE. DISTANCE SH WEEN EXP. ANC THECRY l. ;!69 !DEG 

z.o 

.790 

EXPERIMENT TI-EORY THICKNESSES! Ill 
HMEISI HM/1/SdCI'I \lOllS DEl PSI DEL PSI f't'PE2 TYPEHF I 

Hl.il .&, 0 -.820 10 7 .ooo 45.t00 105.966 45.388 463.8 o.o 
20.0 .6~0 -.820 108.4()0 48.600 109.2 50 41.795 463.8 15.9 
30.() -~~ 0 -.82C !13.000 51.9(0 H4.C 16 5:1.521 463.8 40.0 
40.0 -.820 123.100 55.700 122.592 54.424 463.8 63 .. 2 
sc.o -~~ -.azo 137.500 58.600 137.423 59.954 463.8 85.1 

60.CC. <t>6C$;,~~ .soo 144.700 59.1CO 

TYPEl!Kl SECONDARY 

-.c .o 
-.0 810.3 
-.o 841.(; 
-.o 878.1 
-.0 9J3.C 

cov 

.ooo 

.007 

.007 

.008 

.008 

IJ.) 

0 
1\) 



$(u100-~5$ $lE-4 1M~Ori$ 

CC~~S9 ls2t~A,~,5,t,?,B z~Os 4.0~ lQOt 1.0, lw~@ J~O, 
COO.lS'JI <@cy j~l.c:.sl3'.l' m 7oCt 4oCh 0~~' .fl.<t>OQ leJw 
~E~NUL~S ~ 0.0 
UH:Cl li'<!JICE:S HFS, 

a.ooao .2aa 
.:::.of..d:3 OeCblllCO E OoOCO 

H't>E a.n; DoCJCO I .en 
5EtLNDARI tRrSTALS Z.lJO 0.0000 C.Oaa 

l t0¥ER~GE 

.oaou 

tOSUNt lSI t.4 

Cl8i3 

£! E DE:\. P$1 

... ..,805 4(.2CO 

""'<~>3C5 ~2o~O(j) 

-a>S{t5 
4 ~. 20() S9o926 
4.:\.900 83 

Wll.90l 48.])56 
-I -I 

SSE£! 
!1l'P[l~F1 

~-" C9 



<CCl00-26* *lE-4 AMfS>' *IM!<OH 1 # 

CODES~ lw2s3Ao4,jw6,7w8 = le~s 2o~·, 4~0t loOw loOt 1~0, 3o0t o,.c9 
CODES, 9,10, lido 12,13,14 = (l.Q, 1.0, 7.0, 4.0, 1.0, 1.0, 1.0, 
REYNCLDS ~UMBeR= ·'.:; 
EffECTIVE REFRAU !liE INC ICES Al'iD POROSITIES, 
TYPE 2 f 2."30 C.OOOO I .200 
TYPE l FilM Z.J. 21 C .JJO:• I ,(,2J 
TYPE l HHRATE 1.345 J.OCOJ I .701 
SE((NCARY CRYSU._s Z.l3J .J.OCc( I (',();)(. 
1\U~BH Of SEUJNDARY S!HS/SQCM .lOEH:) lHHliNG COVERAGE .79G 
CRYSTAL. RAfE OF SEC. CRYSTALS INA/SQCMio .00273 
CRVSHL RATE OF lYPE2 filM IMA/SQCMl 1 .DCCJO 
SUPERSATURATION uF IChS, 2.300 ,TIME TO REACHISI .00332 
INITIAL OISSOLUi<CN CURRENT !~A!SCCMI .0C02 
H~.ES, GNSEI OF> EC. CRYSTAlS I SEC! 6(;.0 PPl. CONS HINT lSI 
ll ~E 10 REACH wi'IPAC T F !lM I 120.2 S 
Tl~t TO OlSSIPATo hHRATE lAYER 191.1 S 
fE~YDRATICN RATE IMA/SGOO .Ji76 
EFFECI!VE FilM ~JRRE~liM~/SQC~! 
CURREI><T fRIIC T o,~ FCRI' 11\G ROUGHNESS 
FI~AL THICKNESS ~F ROLGh~ESS 
~IDIH TO HEIGHT JF SEC. CRYSIALS, 
INITIAl PAICH CJ•· ERAGE .368 

.094 
.200 

18.8 
.729 

Fl~Al PGI'CSlfY Jf TYPE l Fll~ .'ell 
AVE. USTANCE BdWEE!'. EXP. AND THECR'\1 lC.490 

EXPERIMENT 
H~E!Sl H MA/So~ C~ VGUS DEl PSI 

z .... <> j ol"' : ... : -.830 F.':e20C: 4£:.,2t.n:; 
4C.J .. .t.J 0 - .83.) h3.20C 41.500 
6t .J ol..JU -.83() l'~t.B(;C 43. 5•)(, 
8( .0 ed.o~IJ - .83~ 111.20<? 46. 4.J•) 

lCC.,J .J.J 0 -.830 H 7.600 4S.800 
l2t "V .,l .. n: .. -.8 3c' 121.30( 53.o6i...-0 
14...., .,.) ,J.,g.\.1 -. 83(1 l27.90C 57.500 
16C.O o.!...li D -.830 136.8CO 61.800 
181..:.., ..i .,l...;~C - .. 83J l4s.z~:, 65o 5V:..; 
zv~.,, .. \-: ... t..,~O -.830 167.100 68.500 
22C.ll .,.J..;O -.830 191.100 67.90C 
24( <>'~ oJ.,J ( - .83(' 217.8(:) 64 .. 1:,;~ 
26~ .o .. A..J c -.830 240.50J 55.900 
28C.J .,..LvO -.83C 2 58. 70G 4c. 7( (' 
3C;_ .. '.J ol..J 0 -.83:_ 263 .. 3{il.,J 38 .. 5·)l, 
32C.J el..J 0 -,83(' 251.7CO 33.6JO 
340.J od . .J { - ..,83 .... 239.3V0 3l.c~i· 
36'L oJ .,:~.., v -. 83, 227.,6('0 2S. 5.)0 
38C .. G .,L;Q -.838 217.900 3C.200 
4cl.} ol.d. -.83J z:.:,9 .. 3GV 3C.9C(. 
42i • j ol.JJL - .83] 2 s.c~~ 32 .. 1JG 

44C .. C~ .. lJ..<i -.830 2CJ.OOC 33.800 
48l.,JC ., i..J J -., t;3::.. lS3.,·.>CC 37.7C 
52(.:-, ol..t.t -.830 18S.lCC 41 ,4(.0 

56C.CC • lJJ -.OJ l88.50G 45.800 
6·~C"''>.:. "'lV..IJ -.<:30 l8S.9C'l 4S.8v'" 
c4L.0C oiJ.J -.oc 1S3.,70J 53. 40J 
t 8(. :< .. J....J.JJ -.83~ 2c .• 1(:1_ st .20•, 
72C.~c ., lo~.; -.n;; 2<S .. l(( 57.,4':..i~ 

7oc .. cc "'lv.J -o830 218.100 57 .. iOC 
8t(..U <oJ..J.J - .83(· 227.lC(. 55. 7C:.: 
24~ .C' "'.i..J.II -.83'0 23t.3.JJ 54.lCJ 

DEG~ 

ThEORY 
DEL PSI 

1::1.112 
100.660 
h~2.1S7 

100.131 
lC6.823 
115.244 
127.283 
138.289 
l47.7S5 
167.680 
200.414 
224.:;81 
238.6G7 
246.333 
249.c6<, 
247.813 
243.337 
235.735 
225.227 
212.,:45 
196.700 

z.o 

TH!CKI\IESSES!JII 
TYPE2 T'l'f'EliF I 

38.476 219.3 o.o 
38.964 325.6 o.o 
39.136 409.3 (..( 

41. 111 409.3 28.2 
42.293 409.3 57.6 
45.753 4.J9.3 8}")_,8 

47.541 409.3 96.4 
50.653 409.3 US.l 
55.:·14 40<;.3 117.5 
57.862 40<;.3 137.3 
55.678 4,j9.,3 172.8 
51.868 4:-<~.3 2·:'8.4 
48.3 43 409 .. 3 244.2 
45.556 t.,·)9.3 279.9 
43. 34 5 4~ 9.3 3:5.6 
41.479 409.3 351.3 
39.795 4~9.3 387.1 
38.219 4;)9.3 422.9 
36. 7 63 409.3 458.7 
35.534 4~9.3 494.5 
34. 7G3 4J9.,3 53J.4 

TYI'EUHI SECONDARY cov 

-.() .o .ooo 
-.0 .o .ooo 
-.o .o .Q\)(; 

-.o 595.8 ,..Cl9 
-.o 62().5 .,GZJ 
-.o 62<;.5 •. ~ 21 
-.0 626.5 .C2l 
-.0 615.6 .020 
-.(i &;C. 3 .019 
-.o 599.7 .019 
-o~J 6l8.S .,\.2C 
-..... 638.1 .022 
-.0 657.3 
- .. 0 676.6 
-.0 695.9 .026 
-.o 715.3 .027 
- .. 0 734.7 •'J29 
-.o 754.1 .C30 
-.0 713.6 .C32 
-..,u 793.2 .~33 

-,o 812.7 .C35 

w 
0 ,_ 
~ 



*C!llCu-26$ *IE-4 AIII'S* *II'll<llHw" 

COCES'* l~Zo3A'D4\1') '!l6,7'U'8 = 1 ... 0'~~ 2c0'!!' 4o0-s l<!lO l.o{h~ leOw 3.,0~ OQO$> 
COCES, 9'~~101l'li&3'ltl2:~~13"'14 = C ... Ow loOw 1c0w 0<>0'~' ]..,()'~~ l ... Ow 
RE~N(li:S ~\UMBER~ 0.0 
EFfECTIVE REfRACf IvE INDICES A~O POROSITIES, 
IYfE 2 F IU! 2 .. 3(; ~.(JJiJ() I .200 
THE 1 HUll 2 • .1.21 C.OOOO .0210 
TV i'E HY CRIH E l .345 ·1.0iJ(.(; I • 166 
SECONCAR~ C~YST"c.S 2.13J 0.0000 I 
MJIH!EI< Cf SECONil.,.RY SITES/SQ(II .lOE+l:l COVERAGE 
CRYSTAl. RATE Of SEC. CRYSTAlS IMA/SQU!l, .00242 
CRYSUL. fUifE Of TYPEZ filM U!A/SQCI'l!, .10000 
SUI'ERSAiURAf!ON uf 2.3rJ ,TIME Til REACH!SI .00332 
INIHAL OISSUliJHCN !I<AISQCM .0CC2 
l!MES, CNSET OF ~EC. CRYSTAlSISECI 61.7 i>l'l. CONSTANT IS! 
H ~E HJ RE AGH Q.M P.aCl filM X 139.6 S 
TIME 10 OISSIPAI~ HYCRATE LAYER 186.4 5 
CE!-YCI<IH !Cl\1 RATE .086 
EffECTIVE filii CJ I 
CURRE~T FRACTIOI\I fCRMlNG ROUGHNESS 
f THICKNESS J F ROUGHNESS 
~ICHi TO !cHGHT c~f SEC. CRYSHILS. 
INHUl PATCH Cll~ ERAGE .300 

.096 
.zoo 

18.2 
.568 

fUiAl FORDS! IY Jl- TYPE I fll~ .oll 
AilE. C!SlANCE B~IWEEN EXP. ANC THEORY 11.957 IOEG I 

2.0 

.7'90 

EXI'EIUMENl 1'11EOR'o' JIHCKNESSESIAI 
H~EISI II MA/S~ CMI 1/0US !JEl PSI !l!El PSI HPE2 HPH Fl 

zc,.::; o~:~.l.J .J - .83(; lCC.ZOC: 4C.200 10!1.1034 39.5184 95.2 o.o 
4( •. J o.A.J li..i -.83C· lC 3.2.:0 41.500 105.411 40.214 226. o.o 
6C.c .,.J.,; 0 -.830 Hl6.800 43.500 104.401 40.618 330.4 'l.O 
8\:. .. "2: .,J,.,pl) -.83(.: ru.z·cv 46. 40·J lOO. 862 41.3i.l.l 33).4 2.1 

lCC.O cA.J 0 -.830 117.60(). 4<;.8)0 106.828 42.156 330.4 109.3 
12c.o .lJ 0 -. 830 121.300 53.600 119.425 42.824 330.4 lH.S 
1"*': • .:; .u -.830 127.9,:u 51.530 45.192 330.4 212. 
16c.,o ..,iJ D -.830 136.800 61.800 48.185 330.4 221.1 
180.0 .u J - .. 830 149. 2'JC 6 5. 5J<l 140.VH 51.966 33:.4 211.8 
2JC O'J .,1.& :_:, -.83.:: 161.1(:,; 68.500 162.572 53.750 :no.4 243.1 
22C,..J e.i.J C -.830 191-iOO 67.900 197.458 sz.sn 330.4 283.7 
24C .:) .,..L J L -.830 211.8(;0 64.10C 223.814 49.863 3k.4 324.5 
26~ •• .. ill C. -.830 241.. 50c'• 55.900 240.207 47.296 330.4 
28C .o .LIO -.830 258.700 46.700 248.122 45.310 330.4 
3..::.t. <I> J .1. 0 -. 830 263.3\.it: 3 8. 5JC 251.549 43.713 33;... .,4 446.9 
32~ .. .j .:.l .. uJ -.830 251.100 33.600 250.019 42.4<;4 330.4 487.7 
340.0 oi..JJ 0 -.830 239.300 31.000 244.856 41.346 330.4 528.6 
36( .) .. i..o ~ -.830 227.6Ct zs.SQ;; 236.442 4J. 218 33£..4 569.'• 
38C.J .i J 0 -.830 217.9()0 30.200 225.047 39. 3J1 33().4 610.3 
40l.:_ ~l.J rJ -.83(1 2(;9,3CG 3(..9')1) 211.(.:51 38. 520 33L .4 651.2 
42C • .:, el.<~ ~~ -.830 32.L;O 195.135 38.042 330.4 692.2 

44C ... CC .lJJ -. 830 33.800 
48C • .;t "'l.JJ.P -.830 H3.0C·: 37. NO 
52C ~0L "'l,.: .P -. 83·) l8'S.l 00 41 .40(; 
56C.GC ., lJ.J -.830 188.500 45.800 
6:C.'~G "'lJJ -.830 189.9(:·:· 49 .81k 
64C .(( .lvJ -.83() 1'53.100 53 .40~ 
68C.CC ¢> 1. ... ..; -.830 2C(..l0C 56.2C: 
72t.')c ., lJ .& -.833 2CS.l(;,. 57<1>4C(., 
?6 C. GC .,l.;J -.830 218.100 57.100 
soc.u. ol..J..ll -. 830 221.10<. 55. 1C<~ 
84(;.,..::,( .. l;.J -.83) 236 .. 3\.,, 54 .lv 

T'ili'HIHI SECilNilAR'If CO \I 

- ... o .o .O()<) 
-.o .o .ooo 
-.o .o .ooc 
-.o 699.9 .1)16 
-.o 720.1 .on 
-.v 7l. 7.0 .on 
-.o 699.31 

614.5 
647.2 

-.o 651.7 .014 
-.0 670.6 .IH5 
-.o 689.5 .tll5 

708.5 
121.5 

-.o 746.5 
-.o 165.5 .019 
-.o 184.6 .020 
-.o 803.7 .J21 
-.o 822.8 .022 
-.o 842.c .023 
-.o 861411 oo024· 

w 
0 
V1 



cu l 00-30 lE-3 AMPS 6MKOH 

COOfS. 112,3A14s5,6~7,8 = leJ~ OoO~ Oe01 loJ, loO, leO, 3e5, OoO, 
CO~E$, 9,1Uwll~31!2~13,14 = DoOt 1.0~ ?.Go 3~0, 1.0, OoOt 1.0~ 

REY~OLDS NUMbER = 0.0 
EFFECTIVE REfRACTIVE INDICES A~D PGROSil!~S, 
lYPE L fiLM 2.13u OoOOOO l ol50 
1¥PE l fllM 2oCC7 C.OOOO I J.COD 
THE HYDRATE 1.447 0.0000 l .814 
.:OE.CONOARY CRYSTALS 1.892 0.0000 I .300 
ROuGHNESS !.o4J -3.9570 l .001 
~U~BER Of SECONDAkY SITES/SQCM .l9E+08 LIMITING CJVERAGE 
CRYSTAl. R4TE Of SEC. CRYSTALS !MA/St;;CMl, .:'93 
CRYSTAL. RATE Cf TYPE2 FILM I~A/SQCMl, .140 
~UPERSATURAT!ON OF lO~S, ~o82 ,TIME TO REIChl!l .oo 
E<!T!I\.L D!SSDLUTI•JN CURRENT (MA/SQCMl .0016 
HMES, OI«SET OF SEC. CRYSTALS!SECl 1.5 POTo COt>.S.iANT ISl 

ME TO COMPLETE PATCH COVERAGE 138.0 
TIME TO ~EACrl COMPACT llM I 66.3 S 
1lME TO DISSIPATE HYDRATE LAYER 66.3 S 
TPACK = 66o3 TDJSS = 138.0 
CEhYURAT!CN RATE iMAI>WCM .297 
EFFECTIVE FILM CUKRE~TIMA/SQCMl 
CuRRENT FRACTION FURMING RCUGHNESS 
fl~Al THICKNESS OF RCUGHNESS 
~lOTH TU rlElGrlT OF SEC. CRYSTALS, 
!NIT !Al PATCH COvERAGE .904 

!.531 
.016 

26.8 
.400 

FINAL POROSITY OF TYPE ! fiLM 
'OLE FRACTION METAl IN PATCHES 

.467 
o.ooo 

FASSIVATION Tl~E 3000.00 
AVE. DISTANCE BET•EEN EXP. ANC TH~CRY ;.35 L IOHl 

2.0 

o790 

O:XPER!MENT THEORY TH!CKNESSES!4l 
HME(:,J I I MAl S-<C•~l VOLTS DEL PS l DEL PSI TYP!:2 H?::Url 

!v.J l.Ouu -o920 9!.600 3C.,8CO 92.832 43.427 4!5o2 • J 
2J.) 1. OOJ -. 920 98.600 42.2CJ 98.823 46.05 8 415.2 >3.J. 
30 o') loOOO -o920 U3.200 42o6CC !U.Z24 49.0!2 415.2 lH.o 
40.0 1. .. 000 -.9LJ 133.700 ::4.,2(0 [31.595 5! .446 L-1::.,2 2Ct.J 
.50"'·) 1.000 -.9.::0 154ro 500 5J.,7CO 156.!67 52.160 41;<>2 256.7 
60.J Lo0Ju -.920 l6P. .ooo Oo,·Jo 
7J. J J.. J\)0 -.920 l74o400 37. 2)0 
80.0 loOOO -o920 112.300 26.CCO 
90.J J..uoo -.920 14'> 0100 !7. cOO 

lOJ.J 1.000 -.92) 113.900 16., C'lJ 
llJo J l oOOO -.ozo 9Co800 :!0.200 
12J. 0 J.. OQJ -.920 100.!00 27 o cOO 
UJ.J J..JOJ -0 920 lC?.lOO JLr., ceo 
l40oC> J. oOUl) -.920 ll4o000 4t.,ICO 
J.;JoJ 1. OOJ -. 92) 12 3. OJO 43., 2')0 
leu oJ loJUO - .92,1 l26oOJO o4 o Jcu 
L70. J l. JU 0 -.920 ua.4JO cOofOO 
180.) J..ooo -. 9.ZO 1:z.7oo CZo teo 
l9J.J l.JuO -o92J !71. 500 £:1~100 
2JO.J l 0 )J) -0 92J 22 .. ().JO 5g.,-'CO 
210.0 l oOll·J -o9.ZO l b5. 5()0 '~ cc 
2i0oJ LouJJ -o 92.) l':34.,JOO cso cc 
230,.0 i. 0 ji) .. 6CC 184o 600 :t. cc 
24J.J 1.uuJ o60J l84o60() 56. GO 

lYPEll Hl StCONJARY 

-.ll 3401.4 
-.0 5088.4 
-.o 6069.6 
-.0 6eOl.3 
-oo 7395~5 

cov 

.004 

.oos 

.ou. 

.014 

.on 

w 
0 
0\ 



c.c 1:)-j,;) u-~ a~Ps I>~KOH 

CJCES~ le2e3A,4,5&6~r~a ~ ie , ~o , c ' 1$ ~ !Q , 5o·, 3o5t . ' 
C Cf'E S, ~ , ) o :S 1 , :$ .& ;'"' i "? w '· ~ w J, · .., o J 1t 1 -~ Q " , !. ® ·-' 111- l r,l> {. , '- o ? w l o ~, 

k~Y.[If5 ~U•R~M • 
HHCT I \IE HFJ.ta,(f 1\/f IND ES MID PORuS If I :s, 
lYPf ~ !'Ill>! ;,1 H -,3·?85 I .15 I 

ac•-STCitHIC~fT~Y N !.173 -,398 
TYfi l fill' 2.f48 -. 2!.15 I .2~'l 

TYPf ! MYCR~T' lo5J5 l.~vJ) • <!·)() 

5EC.C~DIAY CRYSTALS 1.82! ·• • · • 3!1"' 
l<ui.GI<IIiFSS 1.481 -1.49·, I .624 
~U~~·~ CF srti.NCARY SITfS!S~C~ o24E+v~ liMITING tOYFRIGE .79J 
CRYSl~l. RITE Of SEC. C~YSlAlS , ,423 
CRYSIIL. RilE OF 1Y~f~ r(LM NIISwt~ ol4~ 
SUI'E ~SIITUR U ICIII U !C.~S, 3 • 82 , T Hf REACH I 5 i 
INHUl D!S~UlUllOi CURRE'>IT 1~1/S,..I:>II • t· 

,. . 
li~ES t~SET OF S~C. c~YSTAlSISFCI 1.5 PPT, CO~STA~T lSi 
TI"F Fr~ I•ITI IIIC~-51DICHIC~ETRV D6o3 
TI~E 10 CCMPLETf PAT~~ CJVERAGc 138. 
1PACK 2 ~6.3 TUIS£ 2 1~8,) 

(HYCI<AI!ON !UH I'1A!~~C~I ,814 
ffFFCTIVE FIL~ tUPPcNTI"I!SQCMI 
PCRCSIIY UF ROUGH LIY!~ .624 

l.3 j'l 

tURREhT FRICJICIII FC~MING kOUGH~ES~ .32 
fi~IL THICKNESS Gf ~uUG~~FSS 71>4.9 
~lOTH TO HEI~HT OF >~C. C~YST~lS• ,422 
I~IJI•t CLVFR.~E OF PITC~ES .q! 
~ClE fRAtHUN !'HAl 11\ ~AICHtS .591 
PISSI~ITIO~ Tl~e z· 
1\/E, [15TINCE 8ET~EE~ E'P· AND THEORY 6o~il I !'lEG 

FXI'E!o.IMENT Tf!EGRY 
HMriSI !1"11/SGC:~I \lOll~ llH PSI DH PSI 

6l.'.) l .... ).).) -,92) 16~.()0() 41, JOG l69,5JS 
1 • 1.· -.~2 !14.4.· ~7.2 176.367 
8 •• ) 1.·. )) -.:.'-1?} 1712.3'!') ;'!f. .,'Jj~. 117.1~6 

'91,.' olJ I. :lihl -.'12) 149.1 '-" I 1. b · 155.:53 . I ... -.92 U3.9' '~- .. I ·9.211 
u~·.:1 'd. 0:1) ": -~:~~~1.) <r .en~ 2').,210 
ll2~o~ !. ' " -.92 l• I' 21.6 ·. 
1 ~: ... '·- - .<;2 1 ~4o 1 4o046 
l4i,.. ,..) .. :) ~ -Q92J U.r,.ry.:)) 46.10,') 
15• • l. -.92 !23 •. 48o 2' ' 
16 • 1 •. - C;P" -. ~ l26.)')r. 54.J. ),) 
IN ,J !. ~( ') -.92() l39.4Cil 6J.61)0 
IS •. 1. -.'12- :52.r:·· 6?.6' 
I o;, •- l -' . _Qq2 J : 11 • !>·>:: 6~ • 1 ),' 
z.Jc .ll 1. -(192) lll2 5'l.4•}J 
21 . l -o'S2 185 • ~1o2 

22- ·" ~o';J_; -o'"PL"' !84.) ):· ss. 8·~ ·' 
2.";CoV l.J::lCI ., 6(. ... ~ l84.6JO 56o :J.'' 
24,. 1. .I>. '· 84. 6' 56o'3 

z.o 

THICKIIIESSES!Ai 
HPE2 HI'Ellfl 

56.c3l 413.0 231".<11 
H.551> 41 J,C 464.1l 

5')8 

21.H4 413.~ U73.9 
28.33·::> 
34.3''4 
36.685 413.() U92. 

TYI'HiHI $1Etlli<ICIU!y to 'I 

-\!>~~ 39211.1 .1':06 
-.!) 4949.9 .~10 

6236. 
-.o 67U.l .(llo;! 

-.() 11!151.6 

w 
0 
--4 



CD !00-5<' ,>::'-3 A~.PS 6'~KOrl 

COOE$ 9 lt2v3A~4,5,6,7,8 = lcJ~ 2oJ, o~J, lo0r leO, 5~0, Je5t OoO~ 
CODES, 9,10~11~J~12,l3~14 = Oc0g loO, lJoO, :o09 loO~ OoJ, loO, 
REVNJLDS NUMJEK • 0.0 
EFF~CTI/E KEFRACT!VE INDIC~S ANO PGRCSIJ!ES, 
TYPE 2 f!Li' 2.1.72 -.OLOZ l ol5J 
~GN-STC!CH!0METKY N 2.172 -.010 I 
TYPE l F!L~ l.cl)5 -.00'04 I .467 
TYPE 1 rlYDK~TE 1.,69 U.OJJJ I .861 
SECCNOAKY CRYSTALS 2.!30 O.OO<JO I O. llOO 
ROuGHNESS l.45c -1.0897 l .725 
1\UMdcR Or ScCuNuARY SJTooS/SQC14 .24E~08 ll~!i!NG CJVERAGE .790 
CRYSTAL. RATE Of' SEC. CKYSTALS !MAISQC~l, .<52 
CRYSTAL. RATE OF TYPE2 FILM I ~4/SQCMl, .!40 
SJPERSATJRAT IGi< Cf WNS, 3.8l ,TIME TO ReACH! ~l .JG 
INITIAL u!SSOLuT!ON CURRENT ~~~/SQCMl .JCI4 
TIMES, u:,SET OF St:C. CRYSTALSISECl 1.5 FF"!o CCI\STANT iSl 2.0 
TIME FGR !N!TI•L NuN-STC!CH!OH2TRY 82.8C 
TIME TO COMPLeTE ?ATCH COVERAG= 67.0 
TPAI..K ~ c<C.b Ti.l!SS ~ 67.0 
CEHYJRAT!ON RATE IMA/SQCMJ .600 
EFFECTIVE FILM CJRRE~TIMA/S~C~I 2.391 
FCRGSlTY OF KuU~H LAYER .725 
CURRENT FRACTION FORMING ROUGrlN~SS 1.000 
fiNAL THILK~ESS Jf ROUGHNESS 951.8 
•10TH TQ HE!uHT Jf SEC. C~YSTAlS, .453 
INITIAL COVER~~E OF fATCHES .05 
~OLE fRACTION ~ETAl !N PATCHES .050 
PA~SIVAT!LN TIME 3000.00 
A~Eo DISTA~~~ aET~~EN EXP .. AND THEORY 6.669 I DEGJ 

O:XPER!MEH TH:OOR¥ ThiCKI\ESStS!-"l 
TIME!Sl I! .~A/5\JCMJ VOLTS DEl PSI DEL PS l TYPEZ TYPtllf' 

5.,J .60L! -.S>JO 99.000 42.8(0 lO.>.t 44 45.351 3Sl.4 52.5 
10.0 .600 -.900 117.400 H.6CO 120.535 49.220 391 o4 15:::!> .. 1 
l5.J .oJu -.900 145.600 53. 7CC !41.904 55.571 391.<, 2 5i- .. ~ 
zo.u .,t_.()Q -.9JO !77.400 5 c. 1 co l79.cl9 57.071 391.4 no. 9 
zs.o .60J -.900 195.300 3l.7CG 205.492 -.5.77" 391.4 477 ·" 
3J.j .600 -.900 200.800 .zs.zco 206.351 31.094 5Slo4 584.0> 
35~J .600 -.900 192.80) l'l.OC1 U3?,:;z7 19.202 391.4 S'Jl.l 
40.J .600 -.900 153.300 E.4CO l'i8. 470 13.705 3Slo4 199.L 
45.J ,.o0J -.900 106.200 1 L.4·CO 112.740 14. 'd l 391.<, ?Oc:.o:;, 
50.0 .. oJO -.900 9i. 800 l6.6C•J S6.354 18.005 391..4 0..) 1- .. ~ 
55.,J .6JU -.,900 95..:100 2lo6CO 9L..J33 LO. 7<: 8 391.0 HZ<.J 
60.0 • <.>OJ -.900 c;s. 3oo 2 :;,. 61JC ~4.687 22.936 .>S!.4 126.> 
65.J .600 -.800 105.000 27.tCG 102.<'56 l0.238 391.4 i:L~?";, 
7u. J oC QQ -.620 105.4JO 30. •oo 

TYPi:llHJ SECONJAR '1 COY 

-.0 J.492,..S .OJ1 
- .. 0 .2341.2 .OJ3 
-.o 2 8 i6 .4 .OJ4 
-.o 3169.7 .OJ5 
-.o 3458e-l .OJ6 
-.) .>705. 0 .OJ7 
-.o 3922.8 .OJ8 
-.o 4!18 .8 .OJ9 
-'00 4297.7 .0)9 
-.o 4462.8 .olO 
-.0 L;tlt .I: .011 
-.o 4 760.7 .ou. 
-.0 4896.<'- .Jl2 

w 
0 
Q::J 



til lOOl-3:0 <~>:;-'> Alii'S 1!:1'11401'1 

tOOcSo ! ~Ao4o5ol!:o1o8 s !oOo loGo A.Oo !.Oo loll• J.S, 
COJ~~. 9, Alolo~LolJol'> a Iloilo A•ll• Co 3ollo Aollo Iloilo !ollo 
~i:VI'<.:JlJS IIIUI'I<iEI< a 0.0 
effEliiV~ ~tf~Atl!~E !fuOICES A~O PCMCSitlE> 
ilPC L fll~ ~.&Jil OoOOilO I 
lWP~ 1 fill! 2.054 0.0000 I c1~4 
TWPE A HWlKAT~ !.391 O.CJOO I 
~ECCNOARY tRYSlAlS lo852 0.0000 
~u~bHNfSS !.~15 -3.6622 l oOlC 

. ~"~ 
ol!!C 

o.oo 

~Oll!~cR Jf SllES/SQtl! !;OVEU!if: .'l''!lll 
(~l£l~l. Of S~C. CRYSTAlS I 
(RWSTAlo KATE Of TYII'El fill! IMA/S~CM!o oi~O 
~ ... II'U.Si~TUI<Al !(,.~ Of ICI>S o Jo8l 10 REJ(I'II Sl .oo 
IIUHAI.. JI~SUluHON CuRIIfNi I .CCH 
l!~~S, ~~~~S~T uf SEC. CRWSTAlSISECI !oS PPlo ([~SlANT lSI 
liME TO CCri~lEiE PATCH COVER~GE !~.A 
ll~c TU R[A(H I..U~~Atl fill! I 53.~ S 
liM~ TO JISSIPATi riY~RAT~ lAYER 5l.4 
TP~t~ m 5~.~ TOISS ~ 54.1 
CEhWI.lRATWN RAil: I'IMSQtl'l! .2~2 

fffEl H IIi: f H.l'l 
PORCSIJY 0~ kuUGH lAYER 
CJRkENT fRA~TION ftRI'IING ROUGn~ESS 
fiNAl Of ROUGHNeSS 
wiDTH iU Lf S£t. CRYSTAlS, 
INITIAl PATCH lUwEKA~E .166 

oi>05 

.ool 
.s 
.400 

fiNAl PORtSITY Of TYPE I FilM 
~llt fRACTluN METAl IN PATC~ES 

.too 
o.ooo 

fASSIVATIGN 111'1~ JOOJ.OO 
'~~. OlSTANCE bEi~EEN E~P. ANO iHEC~Y d.AOl lOHZ 

EXI'ElHMENl T>EC!l'l' 
HMEISI UliAI$11011 ~01.1 s DEl P$1 OIH I'Sl 

10.0 .4>\10 -.930 111.100 "l.ll (() 86 o1l1 
.eO.i.l .6()1) -.92.10 '>li.SOO 4~. 1 (0 
Jo.o .60() -.9JO U8.40J 53 .oco 
'>J.O .e:oo -.9:.0 H'i.OOO 56.~0() H'i • .>l6 
50~0 o6UO -.9JO nc.2oo s.=\tl no.s.n 
6\1. .ouJ -.930 1!15.600 ~5 
7/v.o .600 -.930 l S3.100 ;~¢ ~00 

III.P.Il .bOO -.93<) z.; o~oo 
90.() ... oo -o930 i'iioSQO 

lO<J.() .600 -.930 15. l()O 
i!O.J .600 -.'iJJ() 149.000 l,;t. ~()0 
12J.J .oilll -.'VJO U5o900 Ho&C() 
1.>\loll .61.10 -o93() 99.01)() 18.~00 
!4LoC obOC -.s;:.;o <;1.900 ,H,iOO 
150.iJ .6iJiJ -.930 U.JO() za. ~oo 
teo.u «~tiVO -.9Jil <;1.1 3l. 500 
HO.v .600 -.•no ace. :H. iOG 
uu.o .cuo -.930 AC5.6il0 ~l. hlil 
2vu.o .eoo -.~)() Ui!.60CI ~J.lOO 

uo.o .600 -.930 !l6.<ill0 t C. ECC 
24J.iJ .too -.9J\J it .;,oo u.coo 
lou.J •<>00 -.'iJJD 179.6()() s. 100 
lSu.o <!lbt,JJ) -.9J() H'l'.500 'l.lCO 
:uo.o .<6()0 -.'l30 1<;3.o>OO .<,()O 
:.$6\lo\J .600 -.9:10 ~~.,!.}()() 2. HC 
<,IJ<Joil elb!J(b -.'iJJj(l Uill.700 <;.coo 

.z.o 

'hiECKNI'~:>ESUo 
HI'E2 HPdll'l 

<>4.71! 459.6 .o 
47.9i!>S 459.6 66.J 
5 !.441 459.t !llob 
54.023 4>59.<. 
55e056 <,5<;.6 

i'I'PE!IHI SIEtOiiiUAil.W 

-.o .o;:n 
-.o .Gil-l 
-.o 2412.4 .O.J2 
-.o 21!4.5 .OOJ 
-.o llli!JO.l .ooJ 



1.0 ;..:~o-:u l>i:-'o lli'I'S 6Mit0H 

CCLIIE:S, A,;<,]Ao4,5,6o1,® m lolll. 1.0, l.ll, 1. J.5, O.ll, 
tot:~i:s, 9, AA.J,A.! " o.o, ~.o, 1..o, a.o, 
~=V~ULDS m 
EffE!.i!VE REf~ALll~E l~DXtES ANU l't~OSITIES 
T~PC l filM lo!Jl -.0016 I • 
~CN-SlOICHiOAEiRV N lo131 -.ccz 
Hi'<: A FH.M A.S4!l -.IJOHl l 
HPE A <iVORATO: 1.439 O. 000() l 

LI<.WSlAl£ -.OOU l 

.385 
.929 

!o416 -! l oi:"t5 
• l~C 

~~~6E~ Gf S~tuNOARV SllES/SQC~ .6!1E+08 li~KTING !.DYERIIGE 
C~~STAl. k.llii: C~ SEC. CRYSTAlS IM/1/S~t~l• .C2S 
C~YSTAlo k~lE OF lY?~l filM IMII!S~CI'I .140 
SUPEKSIIlUI\AllON uf !CNSt 3.62 ,TAME RE~tHI~I .oo 
ANAiAAl JA~Sui.UTAON t~RRENT I~AISGC~I .0011 
lHI(£, ulliSH !Jf SEt. SEt! lo!l Pl'lo CCNSTANT IS! 
l!M~ F~ri l~!i!Al ICH!CMETRY 82.3C 
11~ TU COMPlETE PATCH COVERAGE 61.0 
lP~k~ a 8~.8 lOIS$ a 67.0 
CIEH~t.!RAT!u;.! RUt IIA!SQ(Hl .386 
EffECTI~E fiLM CURRcNTI~A/£YC~l 
fORlSilt Of ROVbri LAVE~ ob45 

.422 

CURReNT fRA~T!C~ fUI\MIN~ ROUGHNESS .334 
f!~Al Tri!CKI\ilSS Cf RCUGHNIESS 416.6 

TiJ HiELiiH Uf SiEt. CIIWSlA!.S, .400 
Ul. CC.~E;<A;.;I: JF I'AfLHES ol:4 
fR~Cl!uN MeTAl. !~ PATCHES .008 

I'ASS!VAT!ON l!Mc 1000.00 
~~E. Ol!:iTAt.~:.E ,;~l.,[EN EXP. /INC lHEG!<'i' 3.73~ OEGI 

z.o 

.190 

EXPEI!!@!ENT THEOIII' THI!;I(NES:i.ES!Ab 
H~EISJ l!)G;A/£>JC~I \lOllS DEl. PSI OH PSI ii'PE2 HPHifl 

40.() o6CJJ -.9310 1"-"· 0100 ~<:.400 B9.1H!l Ji9.675 441.4 ~ 

50.0 .t>oll -.9.ll!l HC • .!OO ~~0)~(0 177.419 53.411 441.4 1 

""'·;.) .~OJ -.930 HI~. e(J.:) 4~.CCC U1.o~2 <>5.6'>6 44, !.4 409o<> 
10.0 • .:oo -.'iiJO 193.70.:1 3~.30() 1'i2.<.l0 40,046 441.4 SH.< 
S.J.O oC..Ur.Jl -.9JO !95.7()0 2~.4CO !95 .S.ll~ J4.l01 4'1 !.4 tS.:i. v 
90.0 • (>01) -.9JO 1'>2.JOJ Is.<; CO l.9;;.,..:;t~ n.on 44!.4 /o.l.bo,J 

l<JU • .J ~~>6VIJ -.930 !1&.30() l~.ltc H!0.414 !9.429 441.4 S.rH • .> 
u..;.J olb-tJl) -.9.j0 A4g.coo 12.6(0 145 .7o5 H.5.10 441.4 log,<;.& 
1,0.0 .~;;()() -.9J() 115.900 H.'ICO 
l.j().() .600 -.93'1 '1>9.001.1 u;. 5CO 
!4J.J .<>C!O -.930 'H.90() doiCO 
A5J,;J oCUO -.9)()1 <J] .lilY 4S.2GC 
!t.u.v .6v<J -.SJC 0.700 32.~0J 
!7iJ.o •<>00 -.'i73'J ICC .100 n.;cc 
AlliJ.(.l 0t-ULII -.9.i10 lOS .too '12.~00 

lOO.() o6JO -.93J H8.600 !:3o!00 ,,il . .J tf}o.J.J -.9.:10 U<>.SIIO g.eco 
.: .. o.J <l>G-vO -.<JJJ !I> l.t()tl H.CC·l 
li>O.J .tOJ -o~30 ug. coo Sa ?CO 
.lBJ.J .. t.v..) -.9.$0 11>7.501) "·H) I.) 
.. .<.J. () o(JOJ -.<;JJ 1S.il.biJCl . ~ )() 

3<.oO.o etUV -.930 1.,.l,.hlu 2.ec.:J 
400.!.! <~~6Y0 -.1JJ l~i:I.7Jii 9 •• JO 
44J • .; .60J -.'i3C Hl. 6()0 5. !()() 
48i.l.J <I)(J!JIJ -,9;;J 114.~()10 ~o ECO 
;..,.). J .oJJ -.70J !7!.tJO 25.~00 

H'I"UIHI SECONOAI!Y COY 

-.o l!l.!'Oo5 
-.o 204>11>.1 
-.() 2.ll4,2.9 .006 
-.o 2 511! .1 .oo7 
-.o 2111.'9 .OJS 
-.o l'J~! ... .009 
-.o .uc7.6 .010 
-.o 1249.0 .ou 
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CJ!CESc~t l~2®3ba4~5c6'}7~S: lL·@ e.JQ t.oJo i.CIIll>..'!l' le'.J' lei. & 3¢>$11 '-...o v 
CODES~ q~l)cllfil3~12wl3~14 ~ ~00, l@Oe l)e0& 3Q~~ l0~fil OoO~ leO~ 
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~CI.GMNfSS 1.t·J2 -3.3738 I .14® 
1\UI'ISH OF SECCNDI\1<'1' SllE$/SQ(M .UE<>09 liMHii>;G (0'\IE!UIGE .19(• 

• RITE DF SEC. CRYSTALS I 
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SUPERSATURITIC~ (F ICNS, 3.12 1 TIME REI(HISI •'I 
INIJIIL DISSOLUTIC~ CURRENT IMIIS~CMI o!l56 
TI~ES, CNSET OF SfC. (RYSTALSISECI 2,5 PPl. CONSTANT lSI 2.0 
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TI~E TC COI'PLETE PAT(~ COVERAGe 322 •. 
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EFFECTIVF FIL• tU~PE.JIMIIS~CMI ~4J 
FG~QSITY OF ROUGh l~YER .148 
CUIUlEIIT FRICTICN f[R~ lNG ROUGI-NESS ,':1"2 
Fl~ll THICKNESS Cf ROLGHNESS 131.7 
~ltTM TC ~EIGHT cr SEC. CRYSTALS, .210 
II\ I H n COIIERIGE GF PITChES "' 2 
"ClE FRACTILN METAL II\ PATCHES .816 
FASSI~ATICI\ TI~E 3'~~.vJ 
~VE. CIST~NCE SETWftN EXP. ANt l~EORV 2.58$ IDEGI 

Elii'Ei!IMENT THEIJR1r THEC!<I\!ESSfSUI 
T ME lSi !MIISI.:CI'II vous DEl PSI DEl PSI TYI"E2 TYPHIFI 

11~~0 • 2(() - .sn 77.4lc. , 1. 25i . 73.234 48.812 436.1 15.1 
18 • .2 -.ll1' 1<;. 72, 48.5'9' 8 .256 4'9.613 436.1 31.6 
l9:w 1~~ ... c. c.~ -.en ~l.zz,, 4'ii.'H'J 84.533 5<J.20l 436.1 41.1 
2Cc.' .z·, -.~1 84.Hi 51. 57' 86.634 5 .• 1142 436.1 6 3.8 
2l. . .z. -.87. 81. 1~' 53. 32' 87.7114 51.855 436.1 8') .1 
22~et: 414..0"'~ -.en ~()0830 55.070 89.187 53.315 436.1 96.4 
z:: • .2. -.b1• 94 •. 8 so::. n. 91.8 45 55.492 436.1 H2.B 
24 • .z -.~1 '97o'9ld~ 58.64~ 96.6 73 58.£84 436.1 129.3 
25CoiJ .2)(1 -.~r., 1 J2. 300 6(.560 104.781 61. nJ 436.1 145.9 
26 • • z· -.<H L 1.3 ·, <f:2.28 
21 • • 2 :·: -.87) 115.26( 64o01C• 
za.:.,;, oZ.;') -.8 TJ 122.56() e~'>.J~c· 
29 .• .2 - .s? 131.42 €:8.32 
3;:.' "'2:)- -.an ~4lo3: 1.1 69.95•:. 
3 !.: Q v o2CiJ -.810 l49,83G H.22 
32 .. ' .z -.s 1 ~58.17 ?2.3, 
"'ll ""ll ' ~ 
-- ... o..; .zc -.I!J 7) ~67.46: 12.6Bc• 
34(.J .2J<:· -.81 179.78 7 2o- G_: 

35 ' • 2 -.81 lSl. "" tSoS~ 
2t:.: • ?:, -~A 7 .J 2;3,()i<l t3,(H~ 
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T'I'PUIHI SECONDARY toll 

-·"' 2435.<; @~ ""8 
-.o 3069.0 .on 
-.o 3513.2 .t11 _e,"' 3866.8 ·' 2' -.o 4165.3 .'ln 
-.o 4426.3 ·'· 26 
-o~.· 4659.7 •' 29 
-.o 41Hl.S .(!32 -. 5" 66.9 ,: 35 
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cotes, 1 c.J, o.o, t.o, l.J. l.J, 3.5, o.~. 
tOCESw 9.A.~ llw a w 1...,._ '9 1o. w 4o '0 lc·.JW ij o W 2e 
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(ll.'IS"'!lll. lUTE IJIF • CRYSTALS n, ., •l 
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XillliTIIL DISSDLUTICI< CURRENT IMIISQCMi o0l56 
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ll~f tt~PlElE CC~ER~G~ 
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lii'E TO IHSSIP!IIH ~VUUH UVER 1>1 .9 
lP!IlC~ • 6~.'l HISS s 55.~ 
tE~WC~AliO~ R~lE II'A/~'CMI .348 
EFFECII~E IFIL~ CU~·ENJIM.ISQtMI . .l~t 
FC~C!Ill OF ~CUGH LIVER .51~ 
CU~~EI<l F~AC11CN fG~~~~G ROUGH~ESS .385 
fi~Bil lHICKI\ESS Gf ~UUG!-oi\ES$ 224.6 
~ICl~ TO ~EIG~l Of CRYSTALS, 1.000 
INIH!IIL PATCH .318 
fH!IL PIJ~CSU'II JF ( I'H~ .0( 
I'CLE fRICJICN METAL I~ PllCHES JoOCC 

1 
THECII'II .111 IOEGI 

EXPERIMENT T&.EC!<'II lHICKNfSSESU! 
HHISI t I !'IIIli SI:Ci'U ~ous D~l I'SI OIEL PSI HPE2 lYi>Hifl TYI'El HU SECI:NIC!Ili!l1f co~ 

s.r. 1.000 -.lilN ~~.nc 3t.43!l 1:9.46() 37.232 3111.0 .() -.o U<!>.2 ~':"· .. 't 

li... &fc l$ :- ~· ... -.81· 1>'>.33t 31.1'31 &9.424, 31.681 381. 15.2 -o) 24~.1 •• .,( 1 
15.·. 1. ';>): -.sn 10.(;3) 3S.23CJ 69.<23 38.349 3®1.~ 3~oq -., 291.4 0'::'Cl 
2C l.llOO -.s 10. Hl:l 3S.43'l 10.130 31l.20 387.:1 -<~~>') 32.'.9 0 : ~ l 

1 ""'/~. 
c ·' .. ' n.zz· ....... 3 ''>l 31!7.' 1 -.~ ?3%i.@ 

3t ·" l.;JCQ -.61J li!.~IIC '<2.93v .174 42 77 387.(' 55.1 -.o 351.1 
Z~ce 1.1000 -.81 .. 12.93~ 4o5o: 3 ~ 
4\ oil. 1 .l"; ·, -.IH .' 13.12. H.sz: 
~~"(., 1.(10( -.971) 72 <!)40:· ~2.000 

-4<811"..~ 12o ~e.,os~· 

o"J,: ~ -.ST Ill ~4.52' 
t~.c l.COO -.no ~8.131; t5.380 
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CCUCS, 1~213A,4~5,6~7,8 = loG, OoU, CoCQ loOw 1$0~ leO, 3~5, 
CCUCS, 9,1Jwllw3g12,1~,14 = Oo09 loU~ 1oCg 4o0w loOw Oo09 2cO~ 
RE¥NOLDS ~~~BER = ll4G.u 
Ef~cCTIVE RefRACTIVE lNC!CtS ANu 
T¥Pt 2 f!L~ 2.130 O.uuuu l 
TYPE l fiLM 2.13G C.CCOC l 

POROSITIES, 
o.uoc 
.ace 

TYPe l HYCRATt 1.387 C,OOOu I 
S~CONOAMY CRYSTALS 2.130 C.0~00 

.893 
.; ..... ou 

RCuGHNESS 1.932 -l.5SSo I .5Sc 

OoO~ 

NUMocR Of SECC~LARY SITES/S,CM .llE+O~ liMITING COVERAGE .790 
CRYSTAL. RATE Of SEC. CRYSTALS IMA/S~c• , .000 
CRYSTAl. RAT" Of TYPc2 f LM !PA/S,CMJ, .OG2 
SUPeRSATuRATION OF !CNS, 3.82 ,Tl'E T[ REACh!SI ,()() 
INITIAL O!SSOLUT!CN ~uRRENT IMA/SQCMl .G!ob 
TiMeS, CNSET Of SEC. CRYSTALSISECJ 2.5 PPT. CONSTANT !Sl z.o 
TIMe TC CGMPLETE PATCH CUvERAGc 55.C 
TIMe TC RE~Cr CCMPACT fiLM I S.C ~ 

T!Mf TC O!SS!PATE HWCRAT£ LAYER 9.0 S 
TPACK ~ 9.0 TwiSS = 55.0 
OEHYORAT!CN RATE !MA/~~CMl .324 
EffcCT!V2 filM CuRRE~T!MA/S~C'l .121 
POROSITY Uf ROuGh LAYER ,oS6 
CuRRENT FRACT!C~ fGRM!~G ROUGr~ESS l,CCC 
FINAL THICKNeSS 0~ H0~GH~cSS 3C7.1 
MI0TH TO rEIG~T Of SkC. CRYSTALS, .CCC 
INITIAL PATCH CCVERAGE l,GOU 
FINAL PuRuSITY Of TYPe l fll~ .uCO 
MClc fRACTlC~ METAl !N PATCrES O.OLC 
PASSlVATlGN TIME l~CO.GJ 

AV~. 01STANLt EET~EtN EXP. AND TH~ORV 5.§S8 IDEGI 

EXPERIMeNT IHEURY THICKN£SSESIA! 
T lMdSl J(MA/SQCMI VOLTs JEL PSI LIEl PSI TYPEZ HPEHF! 

3 5. \) l.CCG -.diG 12,.<;30 4~.030 72.()36 43.991 387.0 .o 
4J •. ) 1.000 - .o7J 73<)l;::C 47.520 n. scu 45.b43 387.0 37.4 
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5u"'G l,.uiJi,; -.i:E 12. 84( 58,68U 7D.5S3 50.804 387.0 113.3 
:>S.J 1,.000 -.870 31.8;~ c4. szc 83. 287 55.213 387.0 151,8 
6 ~ .. v l.uoo - .. o?t.. Sd.73·~ 65.3b0 lOJ.944 60.992 387.0 189.8 

-l -I -I -! -! 

HPEUHl SECONDARY ((J\1 
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-.0 U8.3 .ooc 
-.o 135.4 .oco 
-.o 149.0 .ace 
-.o 160.5 .ooo 
-.o 17(;. 6 .ooo 
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Tl'FE 2 filM l •• l:lS -.JlU I .·;s,· 
HH 1 Flli'l .: ••. 12 -·JlU I ,; 
THE;, IHC114!c l.~H J.JCIJ) I .'ii!H 
Sft(!II(JU<V !Al::.I,._S. . <i.a-2<1 -.~E4 I 
~UPBfP GF s.t~NJ•RY SiTESIS~CN .5~E•07 LIMIT tOVERIGE ,7•D 
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•IN70-25• •E=-l.ZV• •0.5 M KOh• 

COOtS, l,2,3A,4,5,6, 8 = 2.0, 2.0, 4. l.Q, l.O, i.O, 3.5, O.O, 
CODES, 9,10,1!,3.12• 14 = o.o, o.o, , 4.0, 1.0, o.o, O. o, 
RE~NDLDS 1\<UMdER = 0.0 
fffECl!VE REFRACTIVE INDICES AND PCRGS!l!ES, 
1VPE 2 filM 2.U98 -.0606 l .C80 
NGN-STGlCHlOMElRY N 2.0S8 -.C6l l 
l'I'!'E ! f llM Z .091 -. OeOO l • ClO 
Hi'E 1 H VCR ATE 1.343 O. OOOJ l .990 
SECONDARY CRYSTALS !.6!8 -.0225 I .t29 
~UMI>ER Of SECONDARY SHES/SQC,~ .56EHl9 l!IHHNG COVERAGE .790 
CRWSTAL. RATE Of SEC. CRYSTALS IMA/S~CNJ, .02510 
CRYSTAL. RATE Of TYPE2 filM (,~AfSQCM!, .03400 
SUPERSATURATION Of IC~S, 2.3JJ ,TIME TO REA(hiSl .50000 
iNITIAl uiSSOlvTlON CURRENT MA/SQCMJ -! 
TIMES, ONSET Of SEC. CRYSTALSISECl 1.5 PPT. CONSTANT !Sl 1.0 
TIME FOR INAT!Al NCN-STOICH!CMETRY 497.S8 
TIME TO COMPLETE ~ATCH COVERAG~ 500.0 
TPALK = 498.J TO!SS = 500.0 
CEHYORAT!ON RATE IMA/SQCMJ 1.596 
EffECTIVE filM CuRRENTIMAISQCMl .867 
POROSITY Of ROUGH lAYER .057 
CURRENT fRACTION fCRMING ROUGH~ESS .122 
fiNAL THICKNESS Of ROUGHNESS 336.7 
~lOTH TO HEIGHT Of SEC. CRYSTALS, 1.000 
INiTIAl COVERAGE OF PATCHES .S5 
'OLE FRACTlLh METAl IN FATCH~S .087 
fASS!VATlON TIME 3000.00 
AVE. DISTANCE ~ET~EEN EXP. ANO THECRY 5.8?4 IDEGl 

eXPERIMENT THEORY THICK•~SSES !Al 
HMEISl HMAI~;JCMJ VClTS OEl P Sl DEL PSI TYPEZ Hl'Ellfl TYPE! Hl SECONDARY cov 

350.0 1.100 -1.200 206.200 33 ... 3CO 217.709 26.~95 LH.> 195!.5 -.0 2606.6 .382 
355.J 1.1uo -1.200 206.600 3G.500 .214.047 24.:.74 l3l.~ 1989. 9 -.0 2619.0 .386 
360.0 1.100 -1.200 2C5.400 27.200 208.991 22.lb6 131.~ 2J28.8 -.o 2631.3 .389 
365.0 1.100 -1.200 203.300 2~.:cc 202.300 20.184 131.; L068.J. -.o 2643.5 .393 
310.0 l.lOJ -1.200 202.100 .d.5oo 193.683 18 .L6l Ulo.> 2107.8 -.o 2655.6 .397 
375.0 1.100 -1.20C 151.300 !S. a co l82. 898 J.6.o49 131.; 2.!48oG -.0 2667.5 .400 
380.\l !.!OJ -1.200 173.300 n.zoo 169.964 !5.515 131.' 2188.7 -.o 2679.4 .404 
385.0 1.100 -1.200 157.300 15.600 1~5 .... 67 15 .J l3 Bl..> 2229.'1 -.o 2 Mil. 1 .407 
390.0 1.10() -J..200 !<eO • 700 E.3CC 140.600 15.<'22 131.; .Z2?J.. 5 -.o 2702.8 .4U 
395.1) !.!00 -1.200 124.400 16.600 L!c .663 l6.i.Jo7 Blo.> L3J. ;. 6 -.a 2714.4 .414 
400.() l. 100 -1.200 lCS. tOO n.cco 114.453 l1 .. 4-56 13!., L.i56oL. -.0 2125.8 .418 
405.0 1.1uo -l.200 96.800 lS.OOO 104.136 19.144 L>!"' 2.l99.L -.o 2131.2 .42! 
410. (i J..lOO -1.200 92.200 n.ooo 95 .5!4 20.991 131..> 2442.8 -.0 2 748.4 .425 
415.0 1.100 -1.200 88.100 22.CCC 88.L&7 L2.d8l l3l., <'~8b.9 -.o 2159.6 .4L8 
420.0 J..l()l) -1.200 84.000 2~o800 EZ.!79 2.4. 733 LH., .2531.4 -.o 2770.7 .432 
425.0 l.J.OJ -1.200 7S. c 00 2<:. ace 76.970 .e:o.50l LH.> <'576.5 -.o 2781.7 .435 
430.0 1.10() -1.200 75.00(.) 2t.aoc 72.499 28.158 131., .2:>22. i. -.0 2792.6 .439 
435.0 l.lGO -1.2 00 H.ClOO 27 .4CO 61J.651 29 • .>95 131.> .<oo8.3 -.o 2803.4 .442 
440.0 lolUO -1.200 65.600 2c.CCC 65.343 31.111 131.~ 2715.0 -.o 2814.2 .445 
445 • ..; l.HHJ -1.200 59.700 2.8.1CO 6<'.521 3Z.H4 LH., L1b2.2 -.J 2 824.8 .449 
450.0 l.lOJ -1.200 54.6CO 27.90C 60.146 33.617 13!., 2309.9 -.o 2835.4 .452 
455.0 1.100 -1.200 48.900 27<>500 
460.0 l..lu0 -1.2u0 41.100 26. 7CO 
465.0 1.100 -1. "cc 33.100 26.1CO 
470.0 Lluo -1.200 26.500 24.t00 w 
475.0 1.100 -l.20C 11.600 22.800 w 
480.() 1.1uo -1.200 e.soo 20.000 0 
485.0 1.100 -1.200 -4 .300 14.500 
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&~Z~CI•o2DOMIIS~tRo3CDD REolDID tR,STIL 

too~s. ~.2.31.~,5.6,1,® = 1.0, o.c. o.o, t.a, t.o, 1.0, !.5, o.o, 
tr.JIJE::i, ~!Jl\htll!)31)l2e-lJ..,l4 .m OoO• OoO, Oudl<~t ~oCh Oo.~tO.., OeOt~~ OoO¢~ 
REYNOlDS NuMBER m 3000.0 
E~fiCT!VE REfRACTIVE INDICES INO PCROSITIES, 
TwP~ 2 fH .. M z.uoc o.;;oou 1 c.ooo 
TYP~ ~ filM 2.00:1 0.0000 I (,COO 
TYPe 1 HYO~ITE 1.3~0 Q,ODOD I ,990 
s;:ccN...,,utw z • .Juo c.ooca 1 a.oao 
ROUbH~ESS Z -2.3474 I ol6~ 
Ht.~M~ck Of SECUIIiU.I.R'I Sl H:SISQCM .IOHD7 UMUHIG COI#ER.IiGE .190 
CKlSTILo PITE Of SEC. C~VSTILS IMIISQCMI, .OlO 
CRV~T~L. ~.I.TE Of TYPc2 ~llM I~AISQCMI• 
SuP;KS~lURITIOM 0~ IONS, 3o~l ,T!~E TC I ]9.29 
INITIAl OISSOlUTICM tURREMl 1~1/SQCMI ®$****** 
TIMe~. lMS:T Cf SECo CR'IST~lSISECI 21.0 I'PT. CONSTANT 1$1 ZoO 
TPACK = 2.2 TOISS ~ 12.0 
uEHYOR,TIO~ RATE 60o0DO 
Ef~~CTIVE filM D.OCO 

Of .26~ 
RIJUG~hESS .213 

fiMAl THICKhESS Of RUYGHNESS ~21.0 
~IJTH TC ~~IG~l Of SEC. CRYSTAl$, l.OOC 
MOle f~ACTION METAL I~ PATC~ES OoOOO 
PI~51VITIL~ TIME lUCO.O~ 
IOSONP. dl lANGMUIR, MAX. COVERAGE olll 

Bi:U = 2. H5 1\CilS!I<C!.E 
~~c. ~KSTA~tE BclAEEN EXP. AN~ fHoORY !.52~ IOEGI 

!i.l\l'cRI"ENT THIEO~V THMti<I\!ESSESd l I 
TIMi:ISI IMA/S>JI.MI I#UI.TS !lEI. I'SI Of I. I'SI TV PEl n'PEHfl T'l'i>EpHl SEtOI'IIII!Iiil'l' COli 

2.1! zc,.ccc 260 18.3'!1~ 26.200 2<1>.691 ·" o.o o.o .o o.ooo 
::..J .:uv.OOO .21>0 &S! .040 24.630 24.519 .o o.o o.o .a o.ooo 
... o zoo.oJO -1.2511 112.'>150 23.Q!50 81.'1194 24.503 .o a.o o.o .o o.ooo 
s.,...; z~;v.ooo 64.'S80 23 • .:.10 ®3.600 24.452 .o o.o o.o .o o.ooo 

c.J~'J 2~0.(0(' .240 89.1:50 2..1.310 119.256 24.361 .o o.o a.o .o o.oco 
15~ r... 2!WGoCLC -1.220 n. 42u 23.510 9).002 24.316 .o o.o o.o .a o.ooo 
z.;.u zcc.too -1.2~0 <;4.220 23.500 95.828 Z4.426 .o o.a o.o .o o.oco 
_j,i) 2C~Ls00V -luoZ:!O 96.0-'0 ,;.;.sso 9So 099 24.495 ,() o.o o.o .o o.ooo 
31\J<!)~ 2e;t.o(;0U -1.210 ~7.910 24.160 
35.;.) 2vC.OIJO -=.o2CO S7.i!C 25.660 
'90QQ ~1.!0.(,00 -1.200 ~6.'1130 ??.150 
~;;<!OJ z;!...CC\J -1.zo.; t;4.57C l!l.680 
5J.<J 2)0.0(;0 -l.~ 90 <JC.!.<!:O 31.700 
55...,V z.;c.cu;; -l..190 !>4.420 44.6:!1.! 
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CO!JIE:So l~.Zw'!A \'l'4)o1~& :s l<1>.J -2e>.::w •:e)tt lo.,l'l l® .. '~ lo:w 3c5'll' 
CODES.., ~<&ll"'ll93w t>l4 ':l!l )ll.> $ 3e0o l<!)Jw ,:,.,019 2o 'Jl 

DS ~UP1!®ER a 3J; , ' 
ll!!liC'ES i!<Oij!l IES, 

lW!'f 2 (),<)JC)) - '· 
l Y fE l , c ! • 2 
lWI'~ ! ;._,JJ i 

.1>13 

EM! "'19(§ 

25., s 
25 s 

14. 

:!1.932 
.313 

ROUGHNESS , 4) 
f !~ill D<iliJGHI'IfSS 2Ml 

SEt. t~YSH1lS, ,r, 
.411> 

X f lUI ,o())iJJO 

1!14. 

1 z.:; 

TH!:Oi1t'f 3,4!4® IIJEGi 

EXI'~Ill!!!:'l\ll fWE[lllY 
li'IEI$1 1'!111$1;;011! VO!.H IJEl I'SI 

:3~ e( :!(<:.-;(), Hol.M! <Ill®. 
3~o 2.~ , 0 • -1.2). 25.66 '14. 
45.- lo/ • 0 ..... ~' -1"'2"; ?l!l.M!J 94.!133 :n.43'J 
sc.o l!lO.f'fi() -t.~'ll} ;n.no '!Jlo 453 31.542 
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ZNL0018ol0DMAISQCM,3000 REolJlO CRYSTAL 

CODES, 1,2,3A,4,5,6,7,8 = 1.0, 2.0, 0.0, l.C, 1.0, 1.0, 3.5, 0.0, 
CODtSs 9,lO?ll,3tlLg13ol4 = OoO, OeOw 7oO, 3oJt lo09 OoOa 2o0s 
REYNOLDS NUMti=R = 3000.0 
EfFECTIVe REfRACTIVE INDICES AND ~OROS!T!ES, 
TYPE l FllM 2.000 C.OOOO l O.COO 
TYPE L FILM 1.786 O.OCOO I .!~S 

1YPE l rlVDRATE 1.448 0.0000 I .415 
SECONDARY CkYSTALS 1.~01 O.JOOJ I .75C 
"OUCHNESS 1.463 -2.5644 l .373 
~UMBER OF S~CONDARY SITES/SijCM .30E+07 LIMITING ~JV~RAG5 .790 
CRYSTAL. RATE Jf ~EC. CRYSTALS !MA/SQC~l, i6.~1E 

CRYSTAL. RATE ~f TVPE2 FILM !M~/SQCMl, 8.269 
SUPERSATURATION uf IONS, .2t ,TI~[ TO R~A(HISl .23 
INITIAL DISSOLUTION CURRENT I l 50.5C1f 
liMES, ONSeT OF SEC. CRYSTALS 26.0 PFT. CC~STANT !Sl l.O 
TIME TO CO~PLETE PATCH COVERAGE 85.9 
T!¥E TC REACH COMPACT FILM l 25.0 S 
TIME TC DISSIPATe HYDRATC LAV~R 25.0 5 
TPAC~ = L5.0 TD!SS = 85.9 
CEHVORAT!ON ~ATE !MA/S~CM) 2.726 
EFFECTIVE FILM CURRENTIMA/S~C~I 49.335 
FO~OS!TY Of ROJGH LAYER .373 
CURRENT FR~CT!ON fCRM!NG RCUGH~~SS o040 
FINAL Trl!C~NESS OF ROUGHNESS 3392.6 
o!DTrl Tu HEIGrlT Of SEC. CRYSTALS, 1.000 
INITIAL ?ATCH CGVERAGE .342 
fiNAL POROSITY Of TYPE ! FILM .2S6 
'Olf FRALT!UN MET~L IN PATCHES 0.000 
FASSIVATICN TI~E 1000.00 
AVE. OlSTANC2 tiET~EEN EXP. AND THEORY 4.800 IDEGI 

EXPERIMENT THEORY THICKNESSES ltll 
TIME IS l 11 .1A/ s .. c.~ 1 VOLTS o::L PSI DEL PSI TYPEZ HP::UFI 

JO .·J LJO.uuo -1.210 97.910 2 ~. LEO 97o5.C.l 22.587 o.o • t 
35.J L00. OJO -1.200 97.110 2 5 .t c 0 Sd.909 33.<-S7 o.o 52.1 
4j.,.) 2JJ.CJJ -1. 2JO S~o 570 2E., 6 t'J 96.>21 .H. 733 o.o l.74.< 
50.0 200.00() -1.190 90.160 3?.7(0 88.680 3 8.159 o.o 0::: s l $ 1 
55.0 200.000 -1.190 84.420 44"' 6 .20 84.621 43 .ou o.o 3SL .. 5 

-! -! -! -! -I 

TYPEliHl SECONDARY 

-.o uo1s.9 
-.o 16542.1 
-.o 21262.5 
-.o 22470.5 
-.o 23246.6 

CO \I 

.043 

.096 

.159 

.178 

.190 
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