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Ellipsometry of Anodic ¥Film Growth
Craig Gordon Smith
Materials and Molecular Research Division, Lawrence Berkeley Laboratovry

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 evror limits for the values
are assigned. The characteristic parameters describe homogeneous and
heterogeneous crystallization rates, film porosities and degree of
bydration, and the supersaturation of ionic species in the electrolyte.
Additional descyiptions 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-
opéd 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 lavers 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.

o T



IT. Introduction

Ellipsometry is a surface-sensitive technique which allows in situ
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 ovder 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 bgen studied. These metals have practical applications 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,



ITI. Literature Review

A. Silver Oxide Literature Review

Extensive investigations have been performed on the Ag/Agzo/AgO
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, electrvon, 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). ZX-ray and electron diffraction studies
(A5-A9) indicate the products of the first two plateaus are AgZO
and AgO . Neutron~diffraction (ALlQ) indicates -Ag0O  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 Ag203 formation., The potential during AgZO 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 potentlal sweeps yield additional
information. A peak prior to AgzO formation has been suggested as
being due to the formation of AgOH (Al2, Al13), When no AgQ is

present, only AgZO and Ag203 peaks were observed (Al4), The trivalent



product Ag203 has been isolated from acid solution (Al5), but not
from alkaline solution. On the cathodic sweep, Ag0 is formed from
Ag,0, (Al4). 1In general, the potential peaks and the magnitude of
the current density depend upon sweep rates, temperature, and alkaline
concentration (Al2, Al4-A17).

Overpotential measurements indicate two distinct behaviors during
the Agzo 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

8 to lOW6 A/cm2 (A11). At high

exchange current density of 10
current densities and larger alkaline concentration the potential~

current relationship is linear. The limiting thickness of the AgzO

film at which the transition to Ag0 formation occurs shows corresponding
behaviors: for 1 less than 0.25 mA/cm2 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/cmz) 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 Agzo 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 two slower decays (Al8).

Physical Characteristics

The total chavge passed during the galvanostatic formation of

Agzo is usually less than for the subsequent formation of Ag0 . On



the first cycle, the AgZO plateau is always shorter than for subsequent
cycles (A19-A21). The capacity of the electrode {charge passed before

initiation of 0, evolution) increases over the first 25 cycles (A22,

2
A23). The onset of oxygen evolution is determined by the thickness
of the AgZO film, which in turn depends upon the amount of AgZO
present and the conditions underwhich it has been formed, the current
density, alkaline concentration, and the history of the electrode. The
thickness of the AgZO layer increases as the current density decreases
(A24, A2B), Maximum oxides are formed in 30 to 35% XOH solutions
(A26, A5). Thickness of the layers ranges up to 3 um (A4, All). 1In
concentrated alkaline, the films are porous, very rough, and slightly
amorphous. At 0.7 M NaOH , low curfent dengities, and with stirring,
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), AgZO forms as distinct
crystals, whose size decreases with increasing current density
(0.1 to 10 um), (A8, A9). At low current densities, the growth of
AgZO is not uniform, but forms in patches (A4, AS5).

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 intensity. The thickness of this layer
was 50-100 &s 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
with current demsity. 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 Ag0 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 impedence measurements (A28) which indicate that dissolution
is limited by diffusion of A,g+ 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.

The surface layer is oxygen rich (A29,A9). The exiétence of an oxide
intermediate between Agzo and the monoclinic Ag0 has been reported.

This oxide has a WNaCl type lattice (A30).

Reaction Mechanisms

The overall reaction for AgZO formation is (A31,A12,A32,A7)

2Ag + 200 = Ag,0 + H,0 + 2e”

and for Ag0 formation is

2Ag0 + H,0 + 2e .

Ag,0 + 20H 9

2

il

The standard potentials (vs Hz) for these reactions are 0.342 V for
Ag/AgZO and 0.604 V for AgZO/AgO (A33,A34) ., The Pourbaix diagram is

given in Ref. (A353).



[OXN

Solid-State Mechanism

In this postulated mechanism, hydroxyl groups react at the
electrode surface with surface ions (A12,A32). The film thickens by
O; diffusing into the bulk. Modifications are that Ag+ or both

Ag+ and O2 are the charge carrier. (A21,A36).

Pore-Filling Mechanism

This mechanism regards O; 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).

Dissolution-Precipitation Mechanism

In this mechanism, dissolution of ionic silver is the initiating
step. AgZO 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 dntermediate for the reaction are AgOH (Al2) and Ag(OH);
(A12,A24 JA39,A13,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 i1s central to various
modifications (A42,A41).

1t has been suggested that two mechanisms are involved (A2), the
dissolution-precipitation mechanism for large curvent densities, and
the solid-state mechanism for current densities less than 0.25 mA/cm2
This logic cites duplex film models for the silver system {(A43) and

the cadmium system (A44) as support,



Passivation
It 1s being recognized that surface layers are probably responsible
for passivation of the electrode. Chemisorbed OZ (A43) and OH  (A45)

have been suggested.

Soluble Species

Maximums in the solubility dependencies of AgZO with alkaline
concentration have been reported (A33,A23): wvalues of 4e8X10u4 M in
6 M ROH (A33) and 393X10m4 in 4.12 (A23). Rotating disc studies
during reduction of Ag0 dn 1 M KOH dndicate a value of 8Q7X10@4 M
(A46) for the solubility of Ag0 . The diffusion coefficient for

the soluble species associated with AgZO formation decreases with

alkaline concentration from a value of 8,7X10“6 cmzls (1 M xoH), (A23).
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B, Zinc Oxide Literature Review

Kinetics

Studies of the effect of the concentration of the electroactive
species on the exchange current density io,indicate a two-step disso-

lution reaction (21, Z2)
Zn + 2 0H - Zn(OH)2 + 2e
Zn(OH), + 200 = Zn(OH)Z .

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

ide has a value B given by (Z3)

[Zn(0H), | . 1t5.38

(08717 [2n(0R), ]

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 qepends 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 (Z27) {iO(Zn++zO°Ol6M) = (0.238:
io(Zn++50964M) = 0,224], but depends on the hydroxyl concentration as

given by

@
P
=3
Lo
o
mﬂ
N
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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)

B = 0.441 - 0.1182 pH + 0.0295 log o

Zn(OH)az

Soluble Species

The solubility of Zn0 in KOH increases with the alkaline concen-
tration (Z10), 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 (Z11), and the authors claim that no colloids or solids exist.
Both Zn(OH)3a and Zn(OH)4g appear to be present in strong alkaline
electrolytes (212, 7Z13). At larger KOH concentrations, the predom-
inant form is Zn(OH)Qz (Z14). The phase diagram is presented in
Ref. (Z15). The thermodynamic solubility, based on the y-hydroxide

intermediate, has the form (Z216)
log Zn(OH)Z = ~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, Zn0 is eventually
formed as the hydroxides [six forms exist (Z19)] are unstable with
réspect to the oxide (220, 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 o<hydroxide has been found on the
surface of anodes (Z25).

Supersaturation has been studied by Raman spectroscopy (Z226),
The zincate species has tetrahedral symmetry (Z27), Polarization modes
indicate the bands are depolarized. Only one major form, Zn(OH)Zs is
present. For a 70% increase in dissolved zinc species, only a 12%
increase in Zn(OH)Z 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 (Z28,229), ©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 f£ilms to be orthorhombic forms of



1k

Zn(OH)2 (Z38). Flectron diffraction indicates Zn0 is present with
grain sizes of between 1 = 3 um (Z36), The overall stoichiometry is
rarely Zn0. Dark, zinc-rich films have been observed at low current
densities (238, Z39). ZX-ray transmission and electron diffraction
indicate YﬁZn(OH)Z is present. Zn()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 (Z50) .
Passivation times have been correlated by use of the following
equation (Z33, Z34, 741, Z42, Z43, Z47, 7Z48).
tp1/2 - K

(i - 1

2)

This applies at constant current. il is the current density below

which no passivation occurs. The constant tpllz can be justified by
considering the Sand equation for diffusion (Z5). The data are not very
reproducible at long times (Z34), but are better at short times

(t < 30s), (Z242). This equation applies for both natural convection

(738, 242) and for pure diffusion (Z37)., For natural convection,

k and i2 have maximums at about 9 M KOH. A theoretical derivation of

the equation has been presented (Z49). Rotating disc studies (Z43)
indicate that at passivation, the zincate concentration is about 0.16 times
the hydroxyl concentration. The value of tp is affected little by

saturating the electrolyte, implying large supersaturations occur, or

that the saturating species is not the passivating species.
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C, Cadmium Hydroxide 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:

1.] The mechanism by which electrode passivation occurs, and Zb] The

possible formation of CdO.

Soluble Species

Cadmium has a small solubility in concentrated bases (C1-C4). The
predominant form of the soluble species isg 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 Products

The major product formed is B - Cd(OH)Z (€7-C9), The basal plane
tends to orient parallel to the surface, depending on the overpotential
(C10~C12), Values of the lattice parameters are not reproducible, and

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

lattice (C13). The monoclinic YmCd(OH}Z has also been observed (Cl4,C15).

The presence of Cd0 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 (C12, Cl16).
Several authors, therefore, suggest that the hydroxide layer is formed
through a primary oxide layer, Thermodynamic arguments indicate that

Cd0 should not exist at the hydroxide potentials (C17, C2).
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Acttye Dissolution

A rotating ring-disc study (C18) indicates that the electrolyte
has a 10-fpld supersaturation prior to £ilm formation, 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
a solubility of 5,3 x 1026 in 1 M NaOH (C19) and values of 3.23 x IOmQ
(C19) and 2.5 x lOmé (C20) din 10 M NaOH. A diffusion coefficient of

5.32 x 1Ou7 cmz/s 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 potentiél
suggest the film grows by the successive deposition of monolayers (C8).

The results of ring-disc experiments were consistent with the
dissolution-precipitation mechanism (C18). Potential sweeps on
ring-discs (C17) indicated that the curvent-potential curves did not
vary within the 307 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



is covered by the vy and B8 hydroxides, The underlayer is non-
stoichiometric, as shown by studies conducted using Augey spectroscopy

(C26) .
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IV. Representation of the Electrode Processes

A. Introduction

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 changes following or 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 velationships. 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 ig 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 vequired to transport charge across the electyrical double layer
at the electrode-electrolyte interface. At high anodic potentials,
the Tafel equation relates this overpdtential 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
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polarization effects; heterogemneous 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. Diffusion overpotentials

are assoclated 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. Crystallization overpotentials are assoclated

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

drops within the electrolyte and possible surface layers. Electron

and/or ion conductivity must be considered. Within surface layers,
high electric field strengths may occur, and Obm'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 modéls which were considered. Model 1 represents the anodic
film as a single homogeneous film of constant optical properties.
Models 2, 3, 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 s interprets the
top film as a polymer layer and uses mass and charge balances to re-
late the anodic film formation prbducts 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. 1b) 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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B. Generalized Structure of the Anodic Film Formation Products:
Six Layers

Mags-Transport Boundary Layer

Previous work (G6, G7) has shown that the concentration profile
across the mass-transport boundary layer (MIBL) can have significant
effects on the ellipsometer measurements. The MIBL 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
MIBL. 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)Z,
and Zn(OH)z (Ref. Al3, C4, 212) 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 Solutidna This
is the lowermost laver of reaction products, immediately above the
metal substrate. The Type IT layer is conceived as forming by crystallization
onto heterogeneous nucleation sites. Fleischmann and Thirsk (A27) indi-
cate that this layer forms before the secondary crystals (see below) and
used electron diffraction to gain evidence that this layer consists of
crystals of about 530 to 100 A dismeter. The use of scanning electron
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 density and size of these crystals depend strongly on the

anodic current density and the electrolyte composition.

Type I Primary Layer

This dis 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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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 Metal Substrate

This layer describes the optical effect of suvface voughness.
The roughening rate will vary strongly with the grain size and the
number density of lattice imperfections in the substrate. Single
erstal electrodes of close-packed orientation were used to minimize
this roughness. Section ¥ 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 substfate, For sufficiently large current densities,
the electrolyte becomes sﬁperSaturaied 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 T film begins. Both the secondary crystals and the

Type 1 film continue to gYowW.
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C. Flux Densities Between Layers

Simplified equations have been used for the flux densities between
layers because insufficient detall 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.

Layer Flux Density
Type II Film irgp = Cr1p ; ’ ¢y
Secondary Crystals i, = CSC(AC(AB) (2a)
or

e . 7

Tse ™ Cac (2b)
Type I £ilm ‘ g = leiﬂ (3

ZFD(CSS@C)
Boundary Layer i, = m“ (4)
Type 1 Hydrate iy = i-ip-i o (or i.0) (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 AC relative to thg super-
ficial electrode area A . This flux corresponds to rate control by

b

crystallization from a constant concentration of surface adatoms.
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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 &(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.
Formalizétion 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 mA/cm2 . Areas have been

normalized to a radius of influence of the secondary crystals defined

by

8 o

R =

10° &
1 2V/N_

(6)

where N_ = is the number of crystals per sq. cm. The radius R, is

the half distance between adjacent crystal centers.



35

D. Unsteady State Effects

Mass-Transport Boundary Laver

For constant-current experiments, the boundary layer thickness
initially increases with time. Approximate scolutions of the convective
diffusion equation, which assume constant transport properties, have been

used, For stagnant electrolytes, the Sand equation gives (G10)
§ = 1.129 /Dt )

For forced convection in a flow cell, a sevries solution by Rosebrugh
and Miller (G11) for a finite boundary layer was used. A characteristic

time constant o is defined as

o = (8)
2
45b1
where Sbl is the limiting, steady state boundary layer thickness

given by Sherwood number correlations,

§, ., = dh/Sh (9)

bl

where dh is the hydraulic diameter. Foxr o < 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 dionic supersaturation

C is ©t_ .
88 88



For 0 < ¢t < tss the increase in interfacial ion concentration

for stagnant electrolyte is given by (G10),

4 1.129 /Dt

i~ % oFp (-t (10)

and for forced convection (Gl1l) by

§
- . bl 8 ~at
Ci = Cb + i 27D {1 - e ] . (1D

The time t to reach the steady-state interfacial ion concentration
88

CSS is given by (stagnant electrolyte),
2#D(C__-C) |
tss - 1/2 (12)
1.129 i(l=t+)D
and for forced convection by
-1 HZ zFD
tSs = = n 5 1 - (Cssmcb) m R (13

Before tss no film is formed, and after tss s, the interfacial jon
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 (Rese /x)/3 Re < 3000 (14)
1,40 (BDOOScdh/X)l/ 3 3000 < Re< 5000 (15)
0,042Re" 743513 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)
§ = Vidt a7

This was used for both stagnant and forced convection transport
conditions, For forced convection, the limiting thickness given by
Eqs (l4-16) is used for large times. The interfacial ion concentra-

tion Ci as a function of time is computed from the concentration over—

potential ncz

n, = 0.0257 fa Ui (18)

z C
s

To~obtain nC9 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
o
i o= io exp { ZnS/kT } (19)

with the exchange current density io 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:

, : )
N = 1{?115}3:{1 o Tpr (- ) j] (20)

Blockage effects due to gecondary crystal growth are included in the
fractional surface coverage fsc . Using experimental values of the
electrode current density in Eq. (20), use of Eqs. (21), (20), and (19)

gives

N, =N -"ng = Ne o (21)

Type II Film

The Type I1 .film is assumed to be the only surface layer forming

during the time period tes <t <t The time to veach supersatura-

NUC °
tion tog is calculated as outlined above from the steady state degree

of supersaturation of the ionic species DSS , for the experimental

transport conditions. The time at which secondary crystal growth

begins, tuc and D . » are determined by the interpretation procedure,
Type I Film
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
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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 = iQ
sc

Type I Hydrate

Althoughlthe hydrate layer accounts for the homogeneous forma-
tion of polymers and anions, the growth rate of tﬁis layer is determined
by the residual charge remaining after ionic transport and heterogeneous
nucleation and crystallization have been accounted for. For the

is

optical treatment of this layer, a characteristic time Tdiff

evaluated by the computational procedure. is the time to

Taies

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 T (evaluated by the computation

KIN

procedure) after which transport control applies.

Surface Roughness

Measurements of film~free surfaces can be interpreted by use of
independently determined optical constants and the effect of a finite
surface roughness. A squavre-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 vepresenting 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 ¢t or the layer may continue to grow indefinitely.

NUC

E. Mass and Charge 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 Pi is

M, X 108
i

P, = z0(0.965)N_

(22)
This factor gives volume changes in cubic angstroms per radius of
influence of secondary crystal for current densities in mA cmmz, density
p in g meB , and number density NO in crystals ummz . The

incremental changes in volumes are then:



Layer dvi(AB per secondary crystal site)
B ¥ E: ] g
Type TL Film dVIIF ﬁ PIIF iiIF dt , ¢ tnuc (23)
= O t >t
nuc
== <
Type T Film dVIF 0 s € € ue (24)
- ?IFfR(imidmisc)ét > £ L hue
- IR <
Type 1 Hydrate dVIH PIH(i i lIIF)dt9 t tnuc (25)
= (1wfR)PIH(1~1dmlsc)dt9t> tnuc
= < '
Secondary C:ystals dVSC 0 , € tnuc (26)
dv = P 4 dt , t >t
sc sc”sc nuc

Dimensions of the Layers

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 € increases
parabolically = in the directilon normal to the surface from Ei at the bot-

tom to Eb at the top.

€-e = (6-€)Q - y/1)? 27

The time increments used to compute Vi are taken from the experimental
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values input to the program.

Layer Thickness
Type 11 Film T = v (l-e._ ) taTt (28)
e~ VirettCroe) e
s _ -1 -1
Type I Film Tip = VIF[1m<2/3eIF+1/3€IH)] Anc (29)
_ -1 =1
Type I Hydrate Ty = 1,5VIH(1wEIH) (ABC+AC) (30)
B -2 -171/3
Secondary Crystals Tsc [VSCP (1w€SC) J (3L
The areas involved are:
8
AB = 10 /NO (32)
g = (ot )y 39
2
AC = (4P+2P )Tsc (34)
For No in secondary crystals cmwz s AB is in square angstroms. ABC

is- the surface area not covered by the secondary cxystals, and AC is
the surface area of crystals having height Tsc and width P L For

P =1, the crystals are cubes,

F. Optical Treatment of the Lavers

Principles of Ellipsometry

Changes in the state of polarization caused by reflection are
expressed by the ratio p of the reflection coefficients rp and T,

for the electric field components parallel and normal to the plane of
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incidence. The plane of incidence 1s defined by the dincident and
specularly veflected beams. The complex quantity 0 1s conveniently
described by a relative amplitude change tan Y and a relative phase

change A (Eq. 35); A and Y are experimentally measured.
‘ iA
p = TE; = tan Y e (35)

For ideal (planar, smooth, isotropic) bare surfaces, the reflec~
tion coefficients are given by the Fresnel equations [Eg. (36), (37)]
which involve the angle of incidence ¢ (angle between incident light
beam and surface normal) and the angle of refraction ¢ (angle between

transmitted beam and surface normal).

. tan @~ 97) .
“p tan @ F 67 (36)
r, = sin ¢~ ¢) (37)
“sin (0 +9¢7)

The angle of refraction ¢ can be obtained from the angle of incidence
¢ and the refractive indices of incident medium ) and reflecting
medium n by the use of Snell's law of refraction:
- no '
sin ¢ = — sin ¢ (38)
s

For a light absorbing surface such as a metal, the refractive index
n and the angle of refraction ¢ ~ are complex quantities (Gl4)., The

sign convention followed in this work is such that the imaginary part
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of the c¢omplex refractive index 1is negative,

n = n=-1ik {(39)

For a surface covered by a homogeneous and isotropic film (G15), r

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

r = r + r emiT

v v 2V ?
=17

v 20

(40)

1 +r

where v is elther s or p. As shown in Figuvre 4, Ty is the reflection

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

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

has the form (Fq. 41)

T = 4] T n.p cos ¢cf . (41)

T. is the film thickness, n,

£ the complex film refractive index, and

f
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~iransport boundary layer on light
reflected from an underlying substrate is illustrated in Fig. 5.

Computationally the continuously varying concentration in the



Figure 4. Definition of the reflection coefficients used in the
Drude equations. Reflection of light at the top film
boundary is described by Tiy oo while reflection of light

at the bottom film boundary is described by Toy * where X@g@ 787“‘“@523

V refers to & or p component .



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. 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 = (ni - nb) (1 - y/6)2 + n (42>

b

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

n = (ni - nb) (1 -~ vy/8) +n (43)

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

file, §, = 1/28, which gives the same interfacial concentration grad-

N
ient as does the parabolic profile when used in the Sherwood number
correlations (Egs. 14-16).

[3] A homogeneous film approximation was used with the same
interfactial refractive index n, and the Nernst boundary layer thick-
ness. The multiple~film method (G7, G16) 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 constaunt interfacial refractive

index n, was maintained as the boundary layer thickness was dncreased.

For thick boundary layers, the values of A and ¢ converge to a limit~
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Figure 5. Representation of the optically inhomogenecous boundary
layer by multiple homogeneous films with light reflection
and refraction taking place at the interface between layers.
Qb is the angle of incidence upon the boundary layer,

f

i the angle of incidence upon the substrate (solid phase).
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ing value for the inhomogeneous film representations. Reflection
within the MTBL becomes negligible (G6, G7) and the principal optical
effect is a change in the angle of incidence ¢, on the substrate.

This effect depends on the rvefractive indices in the bulk fluid ny

and at the interface N and can be determined from the angle of

\

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

il

SE_ sin ¢O (44)
n

sin ¢i
i
For very thin boundary layers, the homogeneous film does approximate
the inhomogeneities described by Egs. (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

8 = o (45)
%§n2¢0>1/2

2
Z(ni -ny

The optical effect of the MIBL was determined by using the two
limiting approximations indicated above. Tor boundary layers thinner
than the thickness given by Eq. (45), the MIBL was treated as a homo-
geneous film having the refractive index n, . Thicker boundary lavers
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

the interface., When the hydrate layer is present, n, depends on the
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treatment of the hydrate layer (see below).

Hydrate Laver

Either of three descriptions of the optical effect of the hydrate
layer may be chosen for the computational procedure;

[1] The hydrate laver is a homogeneous film with refractive index
ny and the thickness given by Eq. (30). The refractive index is a

linear average of the solid refractive index of the hydrated species

(specified as input to the computer program) and the refractive

n_.
ppt
index of the electrolyte Doo1g 28 given by Bg. (46).
= - € €
n, (1 ,H) nppt LS S (46)

For this treatment, the refractive index n, of the MTBL is given by
the concentration of ionic species at the MIBL-Hydrate layer interface.
[2] The hydrate layer is viewed as an extension of the MIBL.
The reflection at the MTBL-Hydrate interface is neglected to represent
a gradual change in vefractive index between the two layers. The
refractive index Dy {(calculated as specified above) becomes ni for
the MTBL.

[3] The hydrate layer is an inhomogeneous film with a parabolic
distribution of porosity [Eq. (27)]. The wmultiple-film method is
used (G7, G16) with five equivalent homogeneous films. The refractive
index of each homogeneous film is determined by the use of Eqs. (27)
and (46). The refractive index 0, of the MTBL is the same as des-

cribed in case [17.
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Type I Film and Type IT Film

The type T film is treated as a homogeneous £ilm of thickness

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

puted by a linear average [Eq. (46)] of the solid film refractive

index n and the electrolyte refractive index n . The constant
IFS soln

porosity of the film €__ used in the linear average is determined by

IF
the computations,

The type 1T 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 DI 1pg and the

electrolyte refractive index n For the computational procedure,

soln’
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 e’ The decrease with

time is an approximate treatment of patchwise film formation on the

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

Secondary Crystals

The optical treatment of the sécondary crystals is determined by
the number density of crystals, or equivalently, by the size of the
crystals. Three general regimes of crystal sizes.TSC'are distine-

guished (G17):
T <<= A= O(1004) 47

= 0]
T () (48)
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98]

7 > =
r, P A = 0 (1) (49)
Where Ai is the wavelength of light in the material 1, A the wave-
length in vacuum, and RQ the lateral coherence of light. For very

small crystals or large number densities [NO = O(lOlOcmm29

1, the
crystals are not individually distinguishable. Crystals on the ovder
of the wavelength of ldight ( A = 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 crystals

In this regime of the secondary crystal sizes, homogeneous films
are used to represent the optilcal effect of the layer of crystals. The
thickness of the layer Tsc is given by Fq. (31). As the surface between
the crystals is covered by the Type I £ilm and the hydrate layer, the
layer of secondary crystals is divided into two sublayers having thick-
nesses TIF £Bq. 29), and TschIF“ The refractive indices of the films

are linear functions of the optical surface.coverage of the crystals

as given by Eq. (50).

no, T CC n, 4+ (1 - CC) no. (50)

For the bottom layer oo is the Type I film, while
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for the top sublayer, n o is the hydrate material, (If TI < Tscm T

H IF

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 ¢o° Two angles specify the orientation of the
cubes (Fig. 7). The angle between the surface and the side of the
crystal is o, and the smallest angle from the s-plane to a crystal
face is B. 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:

, ] 2
C - Tsc (P cos o + sin o) (51)
2 R,
i

The coverage projected along the propagation direction is:

/2

P TSCZ tan ¢ _ (1 +P Z}l sin(art45) [cosBtcos (90-B) ]

2 R.z
i

(52)

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 IT film, type I film, secondary crystals and hydrate

layer covered by the MIBL.



Figure 7.

BN

XBL 786-9164

Projected angles in the p and s planes specifying
the orientation of secondary crystals on the electrode
surface. The observer is locking across the electrode

surface for the p-projection, and straight down at the
surface for the s-projection.
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Coherent Superposition from Distinct Crystals

Crystal sizes in this regime are treated by computing the reflection
coefficients rp and L from an area average of the reflection
coefficients for the surface covered by the secondary crystals and the

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

= C.ry. + (lmcc)rvb . (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 Tsc . The multiple-film method is used separately for the
covered and uncovered surfaces, and e and r, 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 Distinctzérystals

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)(G18)

o g.,m‘ (54)
c Dd

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 cm(A = 546,1 nm), a lateral coherence of 13ym is determined
for the ellipsometer (see Equipment section).

Incoherent superposition is treated as an intensity average of
the reflectance ratios Py [Eq. (35)] for the covered and uncovered

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

Cc Ic Pe + (1 - CC) Ib pb
Cc IC + (1 wCC)Ib

p =

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).

E

%
I = (rsd rsd 4 rpd rpd )] (56)

Statistical Variations in the Secondary Crystal Size

The effect of random variations in the number density (gize) and
orientation (o and B) of the secondary crystals may be investigated
for assumed distribution functions. Three points in the Gaussian dis-
tribution space were used, X = |4 and X - 4 = * O, where the probability

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

f(x, u, 0) = 1  exp <w1/2 <§:E.>2 } (57)
VoI, °

For random variations in the intermediate range of crystal sizes,
Eq. (53) is used to determine Ty and rp for each value of the statis-

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



and (58).

r, = igl FGp) T, () (58)

For random variations in the incoherent superposition regime,
Eq. (535) is used to determine p for each value of the statistical
quantity, and a weighted average is computed using Eqs. (56), (57),
and (59).

3
o - 1 2R TP, (59)

3 .
IOEE)TE) i=1
1=1

Statistical Variations in the Nucleation of Secondary Crystals

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 TI film thickness at different points on the
electrode surface: The time of the onset of crystal growth tNUC is
aliowed to be a statistical quantity having three values, the mean
value 4 and u * o, At each experimental value of time, the three

computed curves resulting from the three values of t are incoherently

NUC
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 T is evaluated by the computational procedure.

PACK

Patchwise Film Formation

Under certain conditilons, 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 £ilm 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 sécondary crystals)
increases from a value COVII at T parabolically with time until

NUC

TDISS s @ 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, is evaluated by the computational procedure.

TFICCO

This initial layer is the first phase of the Type IT film.
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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 1s 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
congidered 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

= 1 f

) - 1 (lwfl) n
Pe

“»%;n
Py

(60)

n, - 2 DZ n

Pt NI R B

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

1

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

computational procedure) by assuming additivity of molar volumes.
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The regions having different primary layer compositions can be
averaged either coherently (eq. (53) with ¢, as the area fraction
of the patches) or incoherently (egs. (55), (56)).
Changes with time of the primary layer composition are modeled
in two ways: (1) The fraction of the surface covered by the non-stoichiometric
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 with 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 golubility 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 parvameter, fulfilling the
same role as CIIF in eg. (1), describes the flux density entering the
Type IT £ilm for the time interval 0 < ¢ < tSS , where tss is the
time to reach supersaturation of the metal cation (eq. (12), (13)).

Another censiﬁeratien 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.
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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 gpecies, using a linear
average of the electrolyte and the adsorbed species refractive indices.
The coverage of adsorbed species is calculated using an adsorption

isothermof the form of eq. (61)

e=AG/RT

B = f(al, ) (61)

where a, is the activity of the dissolved species in the electrolyte
at the interface and AG 4is the free energy of adsorption. AG is
evaluated by the computational procedure, and a; requires use of an

activity coefficient-concentration relationship.

G. Computation Procedure

Interpretation of the experimental data is accomplishéd by finding
values of characteristic parameters in the model which will best reproduce
the experimental values of A and ¥ . The computer program
(Appendix () 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 o 2 2
€y = “(f{?f)‘\éz Byt Wby (2

=17,
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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 (G19) 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 pavameter near
the minimum. A measure of uncertainty is given by the change in
parameter value necessary to change Eg (the distance between experimental
and éalculated 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, 1In practice,
only a few of these parameters are simultaneously evaluated, with

the remaining parameters becoming input variables.



Table IA.

Parameter

VCRYS2
POREI
RATF
POREF2
POREF®
CcNg
VCRYS
HYDR
FRUFF
PORE{
™™
TF1CCH
P
DSSAT
AITAF
ALPH, BETA
TNUC
TDIFF
FPACK
TPACK
TDISS

TNFR, TNFI
COVII
SIGCN
SIGTN
SIGALF
SIGBET
FARRAY
BADS

VADS

PADS

6h

Parameters which may be Derived from Ellipsometer Measurements

Description

Crystallization Rate of the Type II Film

Porosity of the Type Il 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 CN§

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

Automatic Self-Compensating Ellipsometer

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 polavized light after rveflection 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 { and the
relative phase A, are computed from the polarizer and analyzer azimuths
Figure 9 shows the arrvangement 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 dege in azimuth. It has a slew rate of

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

Electrochemical Current Supplies

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

over a * 3V range.

(G25).



Figure 8.

XBLTT4- 3291

Azimuths of ellipsometer components at compensation.

P, Q, S, A, refer to the polarizer, quarter-wave compen~
sator, specimen, and analyzer. E represents elliptic
polarization incident on the surface and E" represents
linear polarization after reflection.

99
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Arrangement of components for the automatic self-compen-

sating ellipsometer.
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Flowmeter and Flowsystem

An ultrasonic flowmeter (Series 240, Controlatron Corp.) was
used to monitor fluid velocity during forced éonvection 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 magneticallyv-
coupled pump (Gorman~Rupp, Model 14520) has a polypropylene drive

assembly. 10 um 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 galvanometefs to direct light
beams onto photo-sensitive paper. The pre—-amplifier to the recorder
has an input dimpedance of 20 KfI. TFor potential measurements, a
10 MO 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.



Figure 10. Flow system used for forced

—convection experiments in
flow channel;

XBL 787-9524
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B, FElectrode Preparation

Electrodes were formed from high-purity (99.999%) silver, zinc,
and cadmium metals. Polycrystalline and single cyystal electrodes were
designed to be used in a single electrode holder which is used with
both the stagnant and flow cell. Polycrystalline electrodes were
milled to give 1.2 x 3 cm surface area. Silver, zinc and cadmium
single crystals (purchased from Orion Chemical Co.) were cut using
electrical discharge (EDM, Model C1000, 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 HZSO4 was used to
remove 10 jm Qf damaged surface from the single crystals prior to the
final polish with 1 pm 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/cm2 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—-gaturated 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
c

e (63)
e

where A is the surface area for transfer, Ve the volume of electrolyte
(2 liters), and kc the mass-transport coefficient. The transfer area
A is given by the hold up volume of the gas stream Vg and the bubble

diameter dp .

A= 6V /d
g P
Substituting into eq. (63) gives
o 6V kc
e ~$§~Ef~ . (64)

The mass transport coefficient is evaluated from (G23)



Figure 11,

XBB 764-3743
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,
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p = L Bp éoaés T 0.2 dp> : (65)

The rise velocity u for 1 mm bubbles (Fig. 6.14) (G23) is 15 cm/s-
For a diffusivity of 2x10“5 cmz/’s9 kc = 0,0138 cm/s

Equation (65) indicates for a gas holdup volume of 0.252 &,
1.4 min is required to reduce the oxygen content by a factor of 1000.
5 mm diameter bubbles require 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 L.

D. Electrochemical Cells

Two cells were used to provide defined mass-fransport 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 2%x2 cm platinum sheet located 8 cm from the working electrode,
Inlet and outlet ports counect the cell to the degassing column, in
which a céntrifugal pump (Flotec Model R2P11104V) is used to transfer
the electrolyte to and from the degassing 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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See caption on page 75

Figure 12.
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Figure 12. Cross—gection of stagnant solution cell.

cell body

observed electrode approximately 1X3 cmz area

body for electrode (acrylic, exchangeable)

electrical connection to electrode (chrome-plated brass)

O-ring seal
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adjustable body for controlling electrode depth
(chrome-plated brass)

sealing nut for electrode body (aluminum)
washer (Teflon)

O-ring for electrode body (silicone rubber)
holder for electrode body (polypropylene)
screws for attaching holder to cell body

O-ring seal for holder
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frame for window (acrylic, glued to cell body)

sealing nut for window (acrylic)

o =

support for counter electrode (acrylic); also position
for diaphram

counter electrode, copper

O-ring for cell window

cell window

pressure sleeve for cell window

screws for attaching fourth side

O-ring seal for fourth side

capillary for reference electrode

SR S I L2~ - B & B v

-4 dnlet and outlet for electrolyte and nitrogen
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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 trapezéidal cross-
section of hydraulic diameter 1.21 cm include a 75 cm 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 which 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 divected along thé 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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‘beam on the electrode and positioning the reflected beam through the
optical axis of the second sub-assembly of ellipsometer components.
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 (G235 ). 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 Glan-Thompson prisms in the fixed polarizer and
analyzer may be stepped manually to follow changes greater than the
present t 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 ¥ and the
relative phase A were calculated from the polarizer, analyzer, 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 A - Y curve becomes apparent at low current
densities. Figure 14 shows changes in the slope of the experimental

curve (0.05 mA/cmz) occurring at times designated as 0, and 62 .

1

Prior to time 61 , changes in A may be explained by roughening of

the silver surface, Dufing this time, the electrode potential is increasing

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

@1 . The curve between 61 and @2 may be explained in terms of

increasing surface coverage of an adsorbed layer of either Agzo or

AgOH. Film growth begins at 92 , with the A - ¢ curve agreeing

exactly with the slope calculated using compact AgZO optical constants.
Due to the low solubility of silver oxide, an increase in the

concentration of silver lons 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 91 and 92 can be correlated

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

conditions. .By assuming the solubility limit of AgzO is reached at

Gl , a diffusion coefficient for the ifonic species of 1614X10E5cm2/s

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

interfacial concentration of 2.30 times Cs(z 135X10m4M) is calculated

from 62 . 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
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the A -y curve at low current densities (appropriate to the solubility
of the ionic species) for Zn, Ag, Cd, Pb, and Cu . A value of
C*(E C/Cs) was then determined from the second slope change. The
solubilities and diffusion coefficients corresponding to Figure 15 are
given in Table I.

At larger currvent densities, this structure becomes less distinct,
as shown by the 0.1 mA/cm2 curve in Figure 14, The values of 62
indicate that supersaturations larger than 10 occur at higher current

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

Metal Electrolyte Solubility (moles/liter) D (cmz/s)

Ag 1 ¥ KOH 1.5%x107" 11.4x107°
6 M KOH 4,7><10“’é
7n 0.5 M KOH 4. 1x1072 9.7x10~°
2 M KROH 6.6x10"%
6 M KOH 0.6
-6 -6
cd 1 M Ko 5%10 8.6x10
Pb 1 M Kod 1.6x10~2 11.3x107°
3+
1 M HyS0, & .3x10
Cu 1 M XoH 1‘,9><10‘=3 7°8x10“6

+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 P and the relative phase
A was computed for the anodic oxidation of silver in 6M KOH at
1 mA/cm2 (stagnant electrolyte). These results are presented in
Table II. Computations were omitted for Model 5, which is discussed

in Appendix C.

Table 1I. 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 7.75
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 Model 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
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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 i. 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 (AgZO) Formation

Qualitative Aspects

The effects of electrode current density, alkaline concentration,
electrolyte flow velocity, and the crystallographic orientation of
the sgilver 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 1.0 mA/cm2 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 A and Y . Times at

endpoints (lower left) 1.0 A/cmz - 109 s , 0.2 mA/cm2 -
680 s .
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Figure 20, Higher number density of secondary crystals with higher
current density.
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Figure 21. Higher number density of secondary crystals with lower
solubility.
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of secondary crystals. Large changes in Y and A result from the
growth of the anodic film, The 0.2 mA/cm2 curve (Fig. 16) is
characteristic of small number densities of secondary crystals being
present on the electrode surface, The ranges of A and Y are
much smaller.

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. 1b was used. Unless stated otherwise, the following assumptions

were made for the vepresentation 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 (eg. 2a). 3) Type I film formation and the

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

NUC
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 MIBL.

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;bthe bulk refractive
index of 1.87 was calculated from the oxide using molar refractivities
(Appendix F). Appendix G containg the computer output describing the

interpretations.



Film Growth in 6M KOH Flectrolyte

Stagnant Electrolyte, 1 mA/cm2 (Exp. Ag 80-30)

Figures 23 and 24 show the interpretation of ellipsometer
measurements of an anodic film containing a large number density
(497X108/cm2) of secondary crystals, The average deviation between
experimental and theoretical A - { 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 127%7.
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
Targe 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, This non-stoichiometry is discussed further for the 0.2 mA/cm2
experimental results presented below.

At the end of the curve of Figure 23 ((A,V) coordinates (26°,15°))
the thickness of the Type I film was 1400 A and the size of the secondary
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 phoﬁodeteetorg
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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Anodic Oxidation of Silver
Parameters Derived from Ellipsometer Interpretation
6 M KOH stagnant, 1 mA/cmz, Ag(100)

Measure of Uncemaém\ﬂ
Parameter Value Positive Negative
Crystallization Rate of Type Il Film 0.012 mA/cm? 0.013 0.003
Crystallization Rate of Secondary Crystals 0.158 mA/cm? 0.008 0.019
Porosity of Type | Film 0.260 0.046 0.073
Porosity of Hydrate Layer 0.999 >(0.001 0.013
Dehydration of Hydrate Layer 1.00 mA/cm? >0.001 0.043
Onset of Secondary Crystal Growth 6.13 s 4,23 3.25
Hydration of Secondary Crystals 0.40 0.053 0.012
Time to reach steady state hydrate 13.05 s — —

concentration

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 Fig. 23 (Exp. Ag 80-30).

XBL 787-9522
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Stagnant Electrolyte, 0.2 mA/cm2 (Exp. Ag 80-~32)

Figures 25, 26, and 27 show interpretations of an ancdic 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 = 100s) , 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.
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 = 321s , 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 1; the refractive index of the final porous Type I film
was 1.71-0.42 1.

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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Figure 26. Interpretation of ellipsometer observations (Exp. Ag 80-32).
Optical effect of secondary crystals computed using the
ray model described in Appendix B.
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Figure 27. Interpretation of ellipsometer observations (Exp. Ag 80-32),
The optical effect of secondary crystals has been neglected.
At 360s, the primary layer is 830 A thick. Micrograph of

large secondary crystals shown in Fig. 20. Patchwise film
formation.
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1000 Re, 1.0 mA/cm2 (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 expeviment presented in Fig. 28, At
this point the primary layer was 700 ) thick, and no indication of
non-stoichiometry was observed, Undér 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 IIT.
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 IL 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. Tt 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 IIT. Anodic Oxidation of Silver Parameters Derived from Ellipsometer

Interpretation 6M KOH, Re = 1000, 1 mA/cmZ, Ag(100) .

e

Parameter Value Measure of Uncertaintyi
Positive Negative
Crystallization Rate of Type II Film 0.056 mA/cm2 0.015 0.012
Crystallization Rate of Seconddry Crystals 0.328 mA/cm2 | 6.011 0.047
Porosity of Type 1I Film 0.247 0.034 0.069
Porosity of Hydrate Layer 0.913 0.015 0.022
Dehydration of Hydrate Layer 0.933 mA/cmZ >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

Change in parameter value resulting in 0.5 deg deviation.

90T
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10500 Re, 1.0 mA/cmZ (Exp. Ag 300-2)

The transport of solution-phase species downstream by flowing
electrolyte leads to variations in f£ilm properties along the flow
direction. The theoretical cuvrve in Figure 29 only qualitatively
reproduces the experimental values of A and ¢ . TFigure 30 illustrates
that the thickness of the primary layer and the number density of
secondary crystals both increase in the downstream direciiono

0f the non-uniformities in secondary crystal growth described
in Section IV, only the statistical variation in the time of the onset
of secondary crystals improves the agreement between experiment and
theory for forced convection experiments. This formalism does allow
for variations in the thickness of the primary layer, which has
been assumed to begin growth simultaneously with the crystals.

Removal of this last assumption should lead to a more accurate
interpretation of Exp. Ag 300-2 (Fig. 29). Table IV shows the
rather modest improvements resuliing from the use of statistical

variations in TNUC.

Table IV. Statdstical Variastion in the Onset of Secondary
Crystals Growth.

Ave. Deviation between
Experiment and Theory

Experiment Re i(mA!cmZ) Ag Statistics No Statistics
Ag 300-3 10500 0.6 (100)  2.88 deg 4,47 deg
Ag 300-6 4600 0.6 (111 7 .54 8.18

Ag 300-7 4600 0.6 (100) 4.12 5.86
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The remaining discrepancies between experiment and theory could
result from non-~stoichiometry of the primary layer and different
times for the onset of secondary crystal and Type I primary layer
growth. It 1s instructive that the use of statistical variations in
t does not lead to improved interpretations for stagnant electrolyte

NUC

experiments.
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Film Growth in 0.1 M KOH Electrolyte

Stagnant Electrolyte, 0.2 mA/cmz (Exp. Ag 80-18)

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. 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).
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Film Growth in 1 M KOH Electrolyte

The solubility of silver don 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 specles: larger current
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 hydroxzyl ion
concentration. The electrode potentlal also does not pass through a
maximum, which correlated well with the presence of the non-stoichiometric

film in 6 M KOH.
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Stagnant Electrolyte, 0.4 mA/cm2 (Exp. Ag 80-4)

Figure 32 shows the comparison between experimental and calculated
points. The primary laver (Type I Film) was compact, and reached a
thickness of 580 K 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.

Stagnant Electrolyte, 0.2 mA/cm2 (Exp. Ag 80-3)

TFor 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 (Exp. Ag 80-12)

The constant potential experiment shown in Figure 34 certainly
indicates that the properties of the primary layver 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 £ilm is proportional to the silver

ion concentration,
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Stagnant Electrolyte, 0.55 volts vs Hg/HgO (Exp. Ag 80-13)

The potential of 0.55 volts lies above the plateau assigned to
AgO formation (0.49 wolts). 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/cm2 and then increases to 15 :mA/cm2 at
21.5s.

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 Porosity and Conductivity

1t was noted above that under forced convecti@n, 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 rvesistence 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 ellipgometer measurements and film conductivities

computed at the steady state, no film growth conditions. The surface
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Table V.
Ag 300-16
2

i, mA/cm 1.0
Re 1000
Ag (100)
Surface Area Correction 1.41
Tonic Supersaturation 13.5
Concentration

Overpotential (mV) 67
Resistence

Polarization (mV) 3
Primary Layer Thickness (&) 700
Porosity of Primary Layer 0.24
Conductivity

o tem™Ix10” 250

Ag 300-13

1.0
1000

(100)

16.5

72

616

0.20

81

Ag 300-7

4600
(111)
1.98

2.75

26

54

680

13.4

Ag 300-6

0.6
4600
(100)
2.18

2.51

24

56
484

0.01

11.0

Comparison of Primary Layer Porosity and Conductivity,

Ag 300-5

0.6
4600
(111)
1.49

3.66

33

57
622

0.02

8.4

Ag 300-3

0.6
10000
(100)
1.49

2.17

20

60
605

0.02

7.9

Ag 300-2

10000
(100)
1.06

5.10

42

78
454

0.02

6.0

0cT



area correction in the fourth vow i1s 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 was 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 porticn 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
igs 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. TFor the computation of the concentration overpotential

5

in Table V, the following values were used: D = 1.14x10° cmz/s5

v = 0,015 cmZ/s , and the solubility of argentous ion, CS = 4Q7X10“4 M .
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D. Cadmium Hydroxide Formation

Qualitative Agpects

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 A and Y occur when no current is being
passed. The corrosion rate 1s 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 larvge 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 secondéry

crystals are similar to these of silver oxide. Increasing the



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 f£ilm 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 A

and U resulting from the anodic film growth of cadmium hydroxide.



12k

The computed curve for the compact hydroxide is shown for comparison.
The latter part of the cutvevshows a periodic behavior (with respect

to film thickness) in A and Y . 1In this region, the secondary
crystals appear to be optically dominant. The interpretations presented
below exclude this rvegion of the curve in order to emphasize primary

layer film growth characteristics.
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ANODIC CADMIUM HYDROXIDE

I M KOH, stagnant, (0001 Cd BB 786-7633
OlmA/cm2, 1505
Scanning electron micrographs of anodic cadmium hydroxide.
Magnification of bottom picture is 10 times smaller than
the magnification of the top pictures, for which the scale
applies.

Ymd
J

3



i

ANODIC CADMIUM HYDROXIDE

6 M KOH, stagnant, (0001) Cd
0.6 mA/em? , 258

XBB 786-7627

Figure 37. Scanning electron micrographs of anodic cadmium hydroxide.
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Scanning electron micrographs of anodic cadmium hydroxide.
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Figure 39.
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Scanning electron micrographs of anodic cadmium hydroxide.
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Figure 40. Scanning electron micrographs of anodic cadmium hydroxide.
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Figure 41. Scanning electron micrographs of anodic cadmium hydroxide.
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Film Growth in 1 M KOH

Stagnant Electrolyte, 0.1 mA/cmZ (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
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 T film, which begins forming after 60s, has a porosity
of only 0.01.

The computer ocutput for thils 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
of 950 g after 420s. TFurther 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 (Egs. 35-38) to compute
the refractive index which gives the initial value of A and ¥ . 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 Y (68 deg 1s the maximum

in Figures 44 and 43) by using effective substrate optical constants.
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The use of effective substrate optical constants gives
pooxr agreement with theory, in comparison to the use of

an dnitial film (Fig. 43), covering 37% of the surface
and 150 A thick.
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Stagnant Electrolyte, 0.2 mA/cm2 (Exp. Cd 100-25)

For the interpretation presented in Figure 45 and Table VI,

627% 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 877 coverage of the primary layer. During
this interval of time, the thickness of the primary layer increased

by only 9 E .

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 1s possible that the secondary crystals
act as light scatterers or occupy too small a portion of the electrode
surface to have any significant optical effect. The 500 2 dimensions
for the secondary crystals given in the computer output are by no
means representative of the 1 um crystal sizes shown in scanning

electron micrographs.,

Stagnant Electrolyte, 0.4 mA/cm2 (Exp. Cd 100-15)

For the interpretation presented in Figure 46, 38% of the
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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Figure 45. Interpretation of ellipsometer measurements (Exp., Cd 100-25).
Primary layer thickness indicated along the curve. Spreading
of initial layer.
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Table VI. Anodic Cadmium Hydroxide Parameters Derived
from Ellipsometer Measurements. 1 M KOH

stagnant, 0.2 mA/CmZ9 cd (0001)

Initial Film Thickness 318 + 61 &'

Initial Film Coverage 0.62 * 0.11

Initial Porosity of Hydrate Layer 0.83 £ 0.02

Tinme to Complete Film Coverage 92 + 12s

Time to Dissipate Hydrate Layer 99 *t 15s

Number Density of Secondary Crystals 2.11X109 * 0.26 crystals/cmz

Crystallization Rate of Secondary Crystals 0.0042 * 0.006 mA/cm2

Dehydration Rate of Hydrate Layer 0.0010 + 0.0014 mA/cm2

1Uncertainty gives 0.5 deg change in the average deviation.
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Stagnant Electrolyte, 0.6 mA/cm2 (Exp. Cd 100-24)

Figure 47 illustrates the dependence of the film growth characteristics
on the history of the electrode surface., TFor Cycle 1, the experimental
curve initially shows the patchwise film formation trend, and then
the relative phase A decreases rapidly as the electrode passivates.
The decrease in A 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 A and U
drifted to the values corresponding to t = 0 for the second cycle.

For the second cycle, 907 of the surface was initially covered
by a 390 A thick film. After 50s, the primary layer completely covers
the surface and is 550 & thick. Once again, the time at which complete
coverage is reached agrees exactly with the time at which the electrode

passivates, as indicated by potential measurements.

Stagnant Electrolyte, 1 mA/cm2 (Exp. Cd 100-22)

For Figure 48, 63% of the electrode surface was initially
covered with a 450 A thick film. The time to reach complete patch
coverage, TDISS = 9.1s, agrees exactly with the eiperimental 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

layer thickness increased by 6 A.
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Film Formation in 6 M KOH Electrolyte

Stagnant Electrolyte, 0.6 mA/cmZ (Exp. Cd 100-33)

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 initdial
value of 460 A to the value 700 & 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 A with only a minor decrease in the relative amplitude
parameter Y . The experimental curve instead shows a large decrease
in ¥ with a small increase in A . Although it may be possible that
this change in the optical properties of the anodic £ilm 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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as the growth of a porous, rough layer. This optical behavior is

very typical of stagnant, 6 M KOH experiments.

Stagnant Electrolyte, 1 mA/cm2 (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/cmZ°

The degree of non-stoichiometry of the primary layer formed at
latter stages was much larger than the film formed at 0.6 mA/cmz, The
refractive index of 2.65 - 0.28 i corregponds 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.

Stagnant Electrolyte, 2 mA/cm2 (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 1. Light absorption in the film was
modelled by patches of film occupying 5% of the surface and containing
5 mole percent metal. After 70s, the Type I film was 1300 A thick,

the Type II film was 390 A thick, and the rough layer was 950 R thick
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1140 Re, 0.2 mA/cm2 (Exp., Cd 400-15)

For the initial portion of the experimental curve presented in
Figure 52, the theoretical values of A and Y were computed using
patchwise film formation with roughening of the substrate. A compact
180 A thick hydroxide film initially covered 43% of the elecirode
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 1.

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 rvegions are
observed on scanning electron micrographs. The refractive index of

the roughness layer was 1.60 - 3.37 4.

1140 Re, 1 mA/cm2 (Exp. Cd 400~16)

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 U 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, 0.4 mA/Cm2 (Exp. Cd 400-11)

For the interpretation presented in Figure 54, 27% of the electrode

surface was initjially covered by a compact, 490 A thick hydroxide film,
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The point at which the experimental and theoretical curves diverge
corresponds to the time at which the primary layer completely covers
the electrode gurface, 66 seconds. At this point the compact primary

layer is 550 A thick.

7000 Re,l mA/cm® (Fxp. Cd 400-10)

The experimental curve in Figure 55 has a discontinuity at the
A, ¥ coordinates (87.2°, 50.5°). At this point, the potential rises
abruptly as the electrode passivates. The rapid vise in Y occurring
simultaneously with passivation dis an indication that excess cadmium

metal allows the film to become an electron conductor.

7000 Re, 4 mA/cmZ (Exp., Cd 400-9)

For the interpretation presented in Figure 56, the Initial 122 A
thick hydroxide layer which occupied 767 of the electrode surface
conpletely covered the surface after 6.6 seconds. At this value of
time, the electrode potential jumped from -0.50 volts to +0.86 voltis.
A change in the slope of the experimental A - ¥ 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)Z , the solubility of
zinc in alkaline solution is a strong function of the alkaline concen-
tration., In 6M KOH, the solubility 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 filwm formation
were as large as 750 mA/cmZa

Zinc corrodes in alkaline solution. The following observations
in 6M KOH indicate that a surface phase is formed on the electrode
surface as a result of the corrosion processes. When the zinc electrode
is cathodically protected at -1.7 Volts (approximately 1 mA/cm2 current
density) with electrolyte flowing at 1.7 em/s  linear velocity,
oscillations in the ellipsometer parameters occur. The magnitude
of the oscillations for both A 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 A remains constant. If anodic
current is immediately passed, Y 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 A and Y occur, and no shift in Y 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 layer formed on zinc in 0.5 M KOH has a glassy
appearance in scanning electron micrographs. Major voids are apparent,
possibly caused by secondary crystals which detached from the surface
during the period when the electrode was being vemoved from the cell.
Localized dark regions ave observed by SEM. The dark regioﬁs 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 primary layer formed over
the regions of the elecivode surface not covered by the secondary

crystal growth,

Quantitstive Interpretation

Film Formation in 0.5 M KOH (Stagnant)

~1.2 V vs Hg/HpgO (Exp. Zn 70-25)

The ellipsometer obgervations presented in Figure 57 were
interpreted in four sections in order to describe changes with time
in the optical properties of the anodic film. For comparison, the
general features of an anodic film formed by approximately reproducing
the current vs. time behavior 1s shown in Figure 58,

The theoretical values of A and ¢ for the initial portion of
the curve (points A in Fig. 57) were computed using patchwise film
formation with roughening of the metal substrate. Compact zinc oxide
began forming on 52% of the electrode surface, and after 65 seconds
covered 947 of the surface. The thickness of the primary layer at

o
this time was 325 A, During 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
780 &, 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 1y 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. A Type IT 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 1.
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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
layer was 3000 A thick and the height of the secondary crystals was
2800 gg The final thickness of the roughness layer was 330 g and the
layer contained 94 volume fraction metal. The localized black ;egions
in Fig. 58 are probably the source of the non-stoichiometry indicated

by the computations.

-1.0 V vs Hg/HgO (Exp. Zn 70-23)

The experimental curve in Figure 59 shows three distinct regions,
Roughening of the metal substrate during the time dnterval 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 ¢ . The theoretical values of A and
computed using a primary layer which completely covers the electrode
does not reproduce the rise in Y values observed experimentally. The
use of patchwise film formation would probably improve the agreement
with experiment. Beginning at t = 3.5 s ((A,¥) coordinate (94.3,33.9))
the relative phase A decreases simultaneously with a decrease in
electrode current density from 3.3 to 0.11 mA/cm2@ The behavior of the
ellipsometer parameters is consistent with either the compaction of
an approximately 70 A thick primary layer or the formation of an
approximately 5 K thick primary layer.

Beginning at ¢ = 50 s , the electrode current density doubles

to 0.2 mA/cmZ and A and Y both begin to decrease. The theoretical
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values of A and ¢ presented in Flgure 59 were computed using the
growth of a roughness layer covered by a 109 K9 19% porous primary
layer. The volume fraction of metal in the roughneéss layer was 0.51.
The roughness layer could describe developing non-stoichiometry in

the interior of the film.

10 mA/cem® (Bxp. 70-10)

The interpretation presented in Figure 60 used patchwise film
formation to compute the theoretical values of A and ¥ . Film
formation began on 207 of the electrode surface and after 15 seconds,
the 440 A thick primary layer covered 70% of the surface. During
this interval, the porosity of the primary layer decreased from 14.37
(volume) electrolyte to 5.6%. The roughness layer containing 48%
(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 A by 10 deg is about 2.5 M (Fig. 6a),

while the solubility of zinc is only 1Om3 M.

Film Formation in 6 M KOH Electrolyte

Stagnant Electrolyte, 100 mA/cmZ (Bxp. Zn 70-61)

The topography of the anodic film formed at 100 mA/cm2 is shown

in Figures 61 and 62. The secondary crystals have a pyramidal shape
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Figure 61. Scanning electron mlcrographs of zinc oxide. Stereo pair.
Pyramidal shape of secondary oxide crystals.
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Figure 62 Scanning electron micrographs of zinc oxide. Stero pair,
uniformity of secondary crystal distribution.
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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
rvoughening of the metal substrate and the growth of a MIBL with the
interfacial refractive index determined by the surface coverage of
adsorbed zinc oxide. The large initial decrease in Y 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 ¢ is due to the removal of a surface
phase produced by corrosion which fractionally covers the electrode
surface.

The surface coverage of adsorbed species 0§ was computed using

a Langmuir isotherm ((G 26), Section IV, p. )

o) -AG/RT
T S 24e / . (66)

The activity of the zinc species in the electrolyte having the
interfacial concentration determined from the Sand equation was computed

using eq. (67)
a= 0,735+ 6.13 C . (67)

Equation 67 is a least-squares fit of experimental data found in the

literature (G27).
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The parameters evaluated by the computatlional procedure are

given in Table VII.

Table VII. Adsorption of Zinc Oxide Parameters Derived from
Ellipsometer Measurements. 6 M KOH (stagant),
100 mA/cm?, (0001) Zn.

Free Energy of Adsorption 1.47 £ 0.24 keal/mole
Volume Fraction Metal

in Roughness Layer 0.39 + 0.07
Current Fraction Forming Roughness 0.14 + 0.02

At point B in Figure 63 (t = 30 8), 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 0.307% (volume) electrolyte, and the poresity-at the top
of the film was 85%. 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 Y along segment
CD , the crystallization rate of the secondary crystals was 93 mA/cmZs
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.

Stagnant Electrolyte, 200 mA./cm2 (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
agrees exactly with the free energy computed for another 200 mA/cm2
experiment, 70-58. After 10 seconds, the potential begins increasing
in correspondence to a change in slope of the A - { curve. An abrupt
decrease in A 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
compact primary layer af 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.

Stagnant Electrolyte, 500 mA/cm2 (Exp. Zn 70-63 B)

The theoretical values of A and § in Figure 65 only qualitatively
reproduce the experimental values. The downward trend in Y 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 downstrean,
indicating that dissolved species arebeing 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 current density is large enough to provide

the degree of supersaturation necessary for film formation.

900 Re, 400 mA/cm2 (Exp. Zn 200-21)

The general features of the experimental A - ¥ curve shown in
Figure 71 are similar to the curves for stagnant electrolyte, with
the exceptions that the inhomogeneous Type T film and the dinitial
decrease in § are absent. TFor the time interval 0 <t < 6.3 s ,
the theoretical values of A and Y 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 ¢ = 6.3 seconds, the rapid formation of a
porous (0.36 volume 7 electrolyte) primary layer leads to the passivation
of the electrode. The thickness of this layer reaches 2500 R after

2 seconds.
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Figure 66. Scanning electron micrographs of zinc oxide. Effect of
istance from the leading =dge.
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3000 Re, 200 mA/cm® (Fxp. Zn 200-18)

The free energy of adsorptioﬁ 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 677 (volume) water. The thickness of the layer

after 55 seconds was 1 um.

4500 Re, 458 mA/cm® (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 247

porous primary layer was 2100 Aat t=5.7s.

9000 Re, 500 mA/cm® (Fxp. 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 157
porous primary layer was 2600 E, and the secondary crystal layer was

16 um thick.,

11000 Re, 472 mA/cm® (Exp. Zn 200-34)

For the interpretation of the initial increase in A observed
experimentally (Figure 75), adsorption was negligible. The increase

in A is due to donic 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
exéeriment 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 um
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. In Figure 77, the 200 mA/cm2 curve
rises more sharply than the 400 mA/cmzcurve 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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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 cévered

by an anodic film,

Interfacial Concentrations During Zinc Dissolution

The current interruption technique outlined in Appendix D was
used to measure the interfacial comcentrations of zinc during anodic
dissolution in the flow cell. The results are given in Table VIIIT.
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
1Om2 M (216)? 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 = 11400) .
In certain instances, notably the results obtained at a Reynolds

number of 2700, adsorption of zinc appears to be present, as the measured



Figure 81.

XBB 787-8247

Scanning electron micrograph of anodic zinc oxide.
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interfacial refractive index would correspond to 2.75 M while the
theoretical value is 1.47 M, and the solubility is 0.66 M.

For the computations, a diffusion coefficient of 9;7X10m6 cmZ/s
was used. The refractive index of zincate solutions, as measured by

a refractometer (G28) is a linear function of concentration,

no=n . + 0.00575 C (68)

where noof ig the refractive index of the KOH solution in the
temperature range 20° < T < 30°C and the wavelength of light range
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).
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Table VIII. Interfacial Concentrations of Zinc Derived from Ellipsometer

Measurements

Electrolyte Re i (mA/cmz) .gi(theory) Ei(experiment)

1.025 M KOH 900 170 0.73 M 0.67

2300 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
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VII. Discussion

Induction Periods at Low Current Densities

The major assumption which was used to correlate the induction
periods with interfacial concentrations and diffusion coefficients is
that film formation begins when the solubility limit of the cation
is reached. If small but finite degrees of supersaturation are
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
A 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,
A 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
AgZOéHZO 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.



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 2.19-1,04 1. 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 egqs. 69 and 70.

Ag+ + Ag(OH); Ag, (OH) (69)

AgZ(OH)Z > Ag + AgO°H,0 . (70)

As neutron diffraction studies have indicated that Ag0 1s actually
composed of the monovalent and trivalent silver, the divalent state
indicated above could be unstable. While Ag0 formation has been
assigned to the 0.49 V peak, potential sweep measurements {Al4) have
shown that if no Ag0 ig 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 Mvs. 1L M), 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
A - U curves jie to the left of the experimental curves, and would
be shifted to the right by the hydiate 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 iu 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 veduce the deviation between



198

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 gilver 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
to crystals larger than about 1000 A because of iight attenuation by
abgorption or because of light scattering effects. Ellipsometry
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 io 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 vesults 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
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detailed study of the corrosion of cadmium is warranted, especially

as the characteristics of anodic film formation depend strongly on

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-stoichiometyry 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 corrvosion of zinc in alkaline electrolyte leads to roughening
of the metal substrate and possibly to the formation of a patchy
hydroxide or oxide layer. The initial values of A and ¥ 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 (Appendixz 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)i . 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 directdion 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 A 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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VITII. 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 varlous physical processes.

Ellipsometry is semsitive 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.120, and the discussions
for experiments Cd 100-15, p.)36, 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 um dimension) secondary crystals probably
cannot be obtained from ellipsometer measurements alome. 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 dissoclution
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
current density increases from 100 to 500 mA/cmZ, 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
etching, while being observed by ellipsometry. FElemental 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 wheole vacuum system can readily be removed from and reconnected
to the ellipsometer (Figure Al). The optical windows of the chamber
are mounted on bellows to allow alignment normal to the beam. The’
three probés (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

sample at an angle of incidence of 75 degrees from the surface normal.

Vacuum System

1
Two sorption pumps are used for rough pumping from atmospheric
, 4 b
pressures to approximately 10  mm Hg . The pressure is monitored
in this range by a thermocouple gaugefz A diode Vac-TIon pump3 is used

to obtain ultrahigh vacuum pressures of up to 10=11 mn Hg . The pressure
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Figure Al. Ultrahigh vacuum system for simultaneous use of ellipsometry,
Auger spectroscopy, and ion-etching.



is monitored in this range by a vac-ion gauge.

Flectron Detection System

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 opticsS is modulated at g 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
lock~in amplifier96 which is tuned to the first harmonic of the
modulation frequency to measure the derivative of the Auger electron
intensity with respect to the electron energyg7 The oscilloscope8
following the lock-in amplifier provides additional amplification of

the signal prior to recording. The first and third grids are grounded.

A leak valveg 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 gunlo may be varied from O to 3 kKV. The ion beam

may be scanned over the sample by rastering to achieve uniform sputtering

. 2
rates over an approximately 1 cm™ area.

Sample Holdexr

The crystal manipulat@rll provides separate X-Y-Z translations
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

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 propogation direction is not
changed by transmission through the crystals are considered; scattered
light, which does not reach the photodetector, is neglected. This
constraint vequires 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 o and B in terms of

projections normal to the p . plane and the surface. Six rays need to

13) 7

be considered (Fig. 7 ), 3 "p-rays" % 2 "s-rays". TFor a <45 , two
rays reflect from the surface before entering the crystal faces
oriented at either B or 90-B degrees from the s-plane. A third ray
transmits through the crystals before reflecting from the surface.
For o > 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



angles normal to the surface in the p-projection (¢@)

s-projection (¢B) .

cos @e = o8 ¢u cos @6 .
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and the

(B1)

Figure Bl shows the three incident angles in the p-projection and

Figure B2 shows the two incident angles in the s-projection.

angles are

b = la + ¢ ~ 90]
by = 90 = 9y
by3 = 10 - ol

Pos = 90 7 93
gy = 8

by = 90 - B

These

(82)

(B3)

(B4

(B5)

(B6)

(B7)

where ¢ 1s the angle of incidence on the surface beneath the crystals.

¢a3

is used for a < 45° and ¢u4 is used for o > 45°

angles of incidence given by eq. (Bl) are then

for

o > 45,

¢l = ccsml[cos !@%~¢ - 901 cos B]
¢2 = coswl[cos loo + ¢ - 90| cos (90 - B)]
g = cos T cos |6 - a] cos B]

9, = cosml[cos ¢ - al cos (90 = B)]

The six

(88)
(B9)
(B10)

(B11)



Figure Bl.

Angles of incidence on different faces of secondary
crystals, p~projection.
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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 = cosml[ces (o) cos B], or coswl{cos(180=am¢) cos B] (B12)

¢6 = cosﬂl[cos (or+9) cos (90-B)], or cosml[cos (180-0~¢) cos (90-B)] (B13)

for o < 45°

¢ = cos” [cos |6 - a] cos B] (B14)

¢y = cos = [cos |6 - a| cos (90 - B)] (B15)

Transmission Coefficients

The transmission coefficients Tv (v is either s or p) for light
passing through the crystals are the ratics 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 Nl will give a transmission coefficient of

miﬁl

-

v T Frytay®
-i8,
e . (B16)

it

R TUACHEP N

where t and ¢

v are the reflection coefficients at the first and

2V

second crystal faces (eqs. (36), (37)) and 61 igs the phase shift given

by
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61 = %g-nc cos ¢CL . (R17)

The second reflection coefficient oy has the opposite sign of

rlv(er = mrlv) , and eq. (B16) becomes
-6
. 2 1
t, = (L - rlv)e . (B18)

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),

»i@l
t., t. e
0 v 2v
Lt = ;
V ~2418
14+ r, r. e 1
v 2v
( 2 “i‘gl)
1 - rlve
= o ® (519>
~218
1 2 1
- rlve

The number of beams leaving the crystal can be shown to be given by

eq. (B20) for i = 1+to 6.

1
Ni = 1/2 [ml“ 4 lj (B20)

P is the ratio of the width to the height of the crystals, P = h/w .
For Ni <1, eq. (B16) is used for the transmission coefficient, while
for Ni >3, eq. (B19) is used., TFor 1 < Ni < 3 , the transmission

coefficient is a weighted average of ti and t: as given by eq. (B21)



Figure B3.

Multiple~beam representation of the electric field leaving
secondary crystals.
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1 0
2t = (Niml)t\) + (3~Ni)t\) . (B21)

Reflection and Transmission

The changes in amplitude and phase for a light beam passing
through the crystals and reflecting from the surface are given by

equation (B22)

=t R, . ' (B22)

Rb is the reflection coefficient for the surface beneath the crystals
(eq. (40)). 1If the crystals are covered by a film, L in egs. (B16)

and (B19) is computed using the Drude equations.

Area Fractions for the Six Rays

To superimpose the six rays, an effective reflection coefficient
is formed from the coefficlents 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 Bl and B5 give the
fractions for the s- and p-projections, Figure B6 the active area

fraction fa . The area fractions for the six rays are given in

egs. (B23) - (B32).



Figure B4.

Fraction of light f incident upon the upper crystal face
of a secondary crystal, projection onto p-plane.
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Figure B53. Fraction of light fr incident upon the right crystal face of

a secondary crystal, normal preoijection onto electrode surface.
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Figure B6.

Active area fraction f_of a crystal face for which light
enters and leaves the crystal through parallel faces.
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Al = fufr (1L - P tan ¢1r)

AZ = fu(lmfr) (1 - P tan ¢2r>

A3 = (1wfu)fr (1 ~ tan ¢3r/P)

A4 = (1mfu)(lmfr) (1 ~ tan ¢4r/P)
for o > 45°

Ag = £ £ (1L - P tan ¢ )

A6 = fu(lafr) (1 - P tan ¢6r)
for o < 45° |

Ag = (lwfu)fr (1 - tan ¢51/P)

Ay = (l«fu)(lefr) (1 - tan ¢6r/P)

where

sin (o-+d)
u P sin o+ ¢ - 90| + sin (ot9)

¢ = cos B
T cos B+ gsin B °

It should be noted that the angles ¢ir in the active arxea
are the angles of refraction at the crystal faces, which must be
computed from the complex angle of refraction ¢icr used in the
reflection coefficients for absorbing crystals. The real angles

computed using equation (B33)
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(B23)

(B24)

(B25)

(B26)

(B27)

(B28)

(B29)

(B30)

(B31)

(B32)

factors

are
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_ 1/2
-l 2,2
¢, = sin = (L - A7/BT) (833)
ihere A = Real (n, cos ¢, ) ,
) 1/2
B = (C - D+ CD/A®) )
with
. 12
C = [Real (n)]
and
D = [Imag (nc)} .

The complex cosine cos ¢icr ig found using the complex form of Snells

law and the trigonometric identity cos ¢ = (1 - Sin2¢)l/2

9

] 2
cos ¢icr = CSQRT <l - sinz ¢i/n§>

with n, the (real) incident medium and ¢i as given by eqs. (B8) -
(B15).

The effective reflection coefficient for an isclated crystal
which has no interactions with other crystals is given by eq. (B3L)

6

Boe = (= @) Ry g iil Aitvifub

i=1

6
= R, {(1 - q) + q ,Z. Ait\)i] . (B34)



The fraction of the surface covered by the crystals g is given by
eq. (52).

When the crystals are sufficiently close together, the light bean
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)

6 2 6
R, = va[} - q+ q[izl At .+ F °Z Ajro ) Ajtv%}J (B35a)

for o < 45 , and for a > 45° ,

6
Lo T oL A ] Ajtvjj (B35b)

R =R _ {1l -q+gq
ve b [1—1 i=1,2,5,6 i=3,4

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 £ilm formation and to more
fully use electrochenmical 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 fluxeg. Electrode
potential measurements are used to identify thermodynamically possible

products and major changes in products with time.

Preliminary Interpretation

The potential usefulness of several simple optical models was
initially evaluated by conventional computation., Figure Cl illustrates
that homogeneous f£ilms with different complex refractive indices. cannot
account for the measurements. Assuming the existence of a colloidal
suspension (see Hydrate Layer, section IV) near the solid film dramatically
improves the agreement with observation, as shown in Figure C2 (the
rvefractive index of this region is too high to be due to ionically
digsolved silver, which has a solubility of only 4h7><l()méé M in this
solution).

Calculations for uniaxial birefringence, with the optical axis
normal to the surface (G29) do not fit the data. Calculations for
biaxial anisotropy have not been conducted, but the deviations from
isotropic single film behavior are much greater than birefringent

effects presented by other investigators (829)a
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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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The use of a Colloidal Overlayer of constant refractive
index n = 1.45 and constant thickness T = 1200 A° in a
preliminary interpretation. Same film refractive indices
as in Figure C1.



Optical Model

The optical film model used for the automated interpretation
of ellipsometer measurements 1s 1llustrated in Fig. C3. Tt 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 1 (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 ic .
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-transgport
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 /Dt . (cl)

A uniform film porosity is modeled to decrease from an initial

value of €, to zero at an adjustable film thickness of Tfl :

e=ce (1 - T/Tfl)z ° (c2)

To account for a possible restriction in the removal of primary

dissolution product by the growing f£ilm, 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 Tcﬁ H

i, = if (1 - T/T (c3)

CK)

The refractive index =n of the colloidal layer is assumed to remain
constant, an approximation valid for a steady state process.

Neglecting ilonic migration effects (valid due to the large excess
of KOH), the diffusion flux across the boundary layer of dissolved

reaction products is given by
(c4)

where AC 1is 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 n - ik., f, Tc£§ D, €, and T'l’

s £° f
the time-dependent variables of Jps Lo £, ng TCy and ng - 1kf are
determined. The porous film refractive index n, - ik, is calculated

£ £
using the Lorenz-Lorenz mixing rule (G29) to average nswikg with the
colloidal suspension in the pores (eq. C2). The film thickness Te
at each moment is determined by using the valence, molar volume, porosity,

and charge consumed in film formation to calculate the volume per

cm2 of solid reaction products. The thickness of the colloidal
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Table CI

Parameters of Anodic Film Formation Determined by the Automated

Interpretation

Time~invariant parameters:

nswiks - Solid film refractive index.

£ - Initial current fraction used for dissolution, eq. (3).
TC2 - Film thickness for zero dissolution current, eq. (3).
n - Refractive index of colloidal overlayer.

e, - Initial film porosity, eq. (2).
Teg Film thickness for zero porosity, eq. (2).

Time-dependent variables (functions of the time-invariant parameters) :

jD - Tonic diffusion flux density, eq. (4).

ic - Dissolution current density, eq. (3).

€ = Film porosity, eq. (2).

Tf - Thickness of porous film,

Tc - Thickness of colloidal overlayer.
n.~ik,. - Refractive index of porous film.
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overlayer of each moment is determined as follows:

The integrated difference between the dissolution current iC and
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 nc(: 1.87),

the bulk solution refractive index n, , and the bulk densities of the

b
electrolyte and the colloid material. The ratio of the volume per
2 . . .
cm” 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 C%4 and Table CII are the results of an éuﬁomated
interpretation of ellipsometer observations of an experiment conducted
on a (111) Ag substrate at 0.6 mA/cmZ in stagnant 6 M KOH . A
ChC 76OQ 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 A and *0.25 deg in VY
which were indicated by the ervor 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-squares fit of the ipnitial portion of ellipsometer
measurements of anodic {ilm formation on silver.



Table CIIL

Least-Squares Fit of Anodic Film on Silver. Average distance between experimental and calculated
points d: (.50 deg.

. T
Measure of Uncertainty

Parameter Value Positive Negative
o 1.474 + 0.031 - 0.156
Solid Film Refractive
Index - ik
ks 0.306 + 0.036 - 0.027
Initial Current Fraction
Used for Dissolution £ 0.018 * %
Film Thickness for Zero .
Dissolution Layer Tci 130 A * *
Refractive Index of
Colloidal Qverlayer n 1.448 + 0.059 - 0.038
Initial Film Porosity € 0.272 + 0.223 - 0.167
Film Thickness for o
Zero Porosity Teq 1,770 A 4,250 *

A

i . . N
Change in parameter value resulting 0.83 deg change in d.
#Non parabolic behavior about the minimum, resulting in excessive number of iterations.

Gee
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The minimum given by the parameters 1s 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 A - Y curve, various characteristics of the model provide
additional constraints. Besides values of A 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 AgZO of 2,18 - 0.28 1
determined independently from ellipsometer measurementis. The large
measures of uncertainty for £, Tc% and Tfl as well as the non-parabolic
behavior about the minimum for § and Tc£ are indications that the

modeling of the colloid layer and the description of the compaction

of the film (eq. ( 2)) are inadequate.
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Appendix D. Interfacial Concentration Determined by Ellipsometry

Introduction

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
ellipsomeﬁers [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



238

deposition and dissolution of Cu from aqueous CuSOa . Stagnant

electrolyte and channel flow have been used.

Principles of Ellipscometry

Changes in the state of polarization caused by reflection are
expressed by the ratio p of the reflection coefficients rp and T,
for the electric field components parallel and normal to the plane
of incidence. The complex quantity p 1s conveniently described by‘
a relative amplitude change tan ¥ and a relative phase change A

(eq. 1); ¢y .and A are experimentally measured.

‘ il
0 =~;E = tan ¥ e . (1)
]
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).

tan (¢ - ¢")
p " Tan (6 F 01 (2)

. sin (¢ - ¢1)
Tg sin (¢ + ¢") ° (3)
The angle of refraction ¢' «can be obtained from the angle of incidence
¢ and the refractive indices of incident medium n, and reflecting

medium n by use of Snell's law of refraction (eq. 4)
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n
. o .
sin ¢' = — sin o' . )
8
For a light-absorbing substrate, such as a metal, the vefractive
index n and the angle of refraction ¢°' are complex quantities [1].

For a film-covered surface, rp and r, can be determined by use

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, and
the principal effect is a change in the angle of incidence ¢od on the
substrate. This effect depends on ;he refractive incides in the bulk
fluid, nou s and at the interface, nos s and can be determined from
the angle of incidence ¢o outside the boundary layer by use of

Snell's law.

sin ¢od = Eghxsin @O . (5)
oi
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The change in angle of incidence on the substrate, in turn, results

in the measured changes in the ellipsometer parameters Y and A ,

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.

Equipment

Measurements were made with a self-compensating automatic
ellipsometer [5], Fig. 9. The light source was a 100-watt mercury
short arc lamp. The 5461 A line was selected by a narrow band
interference filter. Glan-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 votation are the two measured parameters. A mica plate served as
quarter. wave compensator. - Iris -diaphrams have béen used to-define a
light beam of 3 mm diameter which intersects the reflecting surface
with an ellipse of approximately 3%X6 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 dissoclution of copper in aqueous CuSOa
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 cm 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 cm area
were cast in epoxy holders and finished in a sequence of abrasive
leveling, electropolishing, and mechanical polishing with 1 um diamond
paste. To avoid natural convectidns 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 coppexr surface
in the electrolyte reservoir to minimize etching-ef- 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. p1), In the stagnant cell, the time-dependence of the interfacial
concentration was followed by applying cathodic current densities of
5, 10, and 20 mA/cm2 for varying time periods. At the end of each
deposition period, a pump circulated the electrolyte in the cell to

remove the diffusion layer. A refractometerjL was used to determine the

.-fq
Bausch-Lomb Precision Refractometer, Catalogue Number 33-45-03.
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dependence of refractive index on the GuSOQ concentration. For

0 <C<0.2M, (546.1 nm wavelength)

n, = nHZO + 0.029 C (6a)
The corresponding temperature dependence (for 20 < T < 30°C) was found

to be

nO(T) = no(20°) - 0,00012 (T - 20) . (6b)

Results
As indicated in Figure D1 the changes in A due to concentration
changes, OA , are much larger than the corresponding changes in ¢ .
The experimental data have been interpreted by substituting ¢od and
n . from egs. (5) and (6a) into eqs. (1) - (4) to reproduce the
experimentally generated changes in A . The magnitude of JA depends
on the optical constants of the reflecting surface [3]. Effective
substrate optical constants were first determined from the values of
A and ¢ without the boundary layer, by the use of eqs. (1) - (3).
Figure D2shows the changes in interfacial concentration as a
function of tl/z for convection free copper deposition. The solid
lines are given by the Sand equation [6] (constant transport properties)
for a diffusion coefficient D = 5X10m6cm2/s and a transference
number t, = 0.385 . The deviation of the experimental data show a

trend similar to interferometer results which could be intevpreted by

the use of concentration-dependent transport properties [7].
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Experimental deyendence of the interfacial CuSO, concentra~
tion Cs with tt 2 (stagnant electrolyte). Electrode current
density indicated next to solid curves given by Sand Eq. [12].
D=5 x 1076 cn?/s, t+ = 0.385.



The forced-convection results are shown in Figure D3. Changes in
concéntration between the bulk fluid and interface are expressed as
functions of the electrode current density 1 and Reynolds number,
again for copper deposition. The solid lines represent the following

Sherwood number correlations. In the laminar region, theory [8] gives

/3

Sh = 1,23 (ReSc dn/x)1 (7

while in the turbulent region, the Chilton-Colburn analogy [9] and the

1/7

integral method [10] with v « vy leads to

3/4 . 1/3

Sh = 0.0395 Re Sc (8)
The Sherwood number has been expressed here as
o - il - t+>dh ()
zFD(C.b - Ci)
Bulk fluid properties p = 1.027 g/cc , v-=-0.0133 cmz/s , D= 5;19X10“6
sz/s , and t, = 0.336 have been used., The experimental results in

the flow cell show asmaller 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 CuSO49 channel flow.



Symmetry of Mass-Trangport for Metal Deposition and Dissolution

(Re = 16OO,AOQZ M bulk CuSOa concentration)
Deposition Dissolution
i SA Cb - Ci SA Cb - Ci
15 mA/cm2 -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 -(.188

Note that the ellipsometer parameter OA 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, WMinor 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 A, 0.002 M changes in CuSO4 concentration can be detected. For
heat transfer in aqueous medium, the resclution is about 0.5 deg C.

The major difficultles associated with this technique are due to
surface changes occurring during the generation of the mass-transport
boundary layer. Equation (2) indicates the dependeﬁce of A and ¥
on the reflecting surface refractive index n, . 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 samplingl and freezing
the electrolytez indicated that during copper deposition, the increase
in HZSO4 concentration is 0.5 to 0.7 times the change in CuSO4 concen=~
tration. Computations based on the technique of dimensional analysis3
suggested a much lower value for the increase in acid concentration.
Optical measurements by interferometry in a capillary cell4 and during
free convections-seem to confirm the larger changes in HZSO4 .

The degree of dissociation of the bisulfate ion greatly influences
the suppression of Cu++ migration and the accumulation of H+ at the
electrode surface. Hseuh and Newman4 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 Newman6 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 H2804 varied (for



the three boundary layer modelg) from 0.43 to 0.50 times the change in

CuSO concentration. For no dissociation, the proportionality constant

4
varied from 0.16 to 0.27. The ionization constani for the bisulfate ion

; 4
at iofinite dilution, K = 0.0103 , has been found by Raman spectroscopy
to increase by three orders of magnitude at 3 molar HZSO4 concentration.

The larger experimental values citedé’5 for the increase in H,50, should

2774
remain uncertain, as interferometry measurements in general include
. 7 . . . )
distortion by light deflection effects, which complicate the derivation
of interfacial concentrations.
The recent development of automatic ellipsometers with fast response
.8 . . .
times has led towards a new technique for the determination of
interfacial refractive indices. The CuSOQ - HZSO4 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 limiting current, where the cuprous ion concen-

tration (zero) is known.

Ellipsometry of Boundary Layers

Ellipsometvy measures changes in the state of polarization of light
reflecting from a surface. The experimentally determined parameters are
the relative intensity parameter Y and the relative phase A , which
refer to different intensity changes and phase shifts for orthogonal
components of the electric field vectorég An analysis of the optical
effect of the mass-transport boundary layer has been presented earlierelo

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 dnhomogeneous f£ilm. This film may be approximated by

a series of homogeneous films. Reflection and refraction occur at

each interface. Computations indicateelO however, that for boundary
layer thicknesses greater than about 10um, reflection within the boundary
layer becomes negligible. For this "thick-film" regime, which encompasses
most transport conditions, the mass-transport boundary layer results

in a modification of the interfacial angle of incidence. Changes in

A and Y 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 10um, 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 A due to changes in the interfacial refractive

. . 1
index depends on the substrate optical constant.

Experimental 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 A 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.

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 giameter
was 1.21 em, and a T5 cm entrance length allowed development of the fluid
velocity profile. The cell for stagnant electrolyte studies was
gimilarly designed.

Single crystal copper electrodes ((100), (111)) of approximately
1 X3 cm 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 lum 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 - Cﬁ++ disproportion
to Cu+ , the electrolyte continuously contacted bulk copper. A
refractometerlz was used to correlate the concentrations of CuSOé and

stoé with the refractive index at 5461 A wavelength,
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Results

As dindicated in Figure D1 the change G&A due to the change in
interfacial refractive index is larger than the corresponding value of
Sy ,10 and is therefore measured to greater accuracy by the 0.0l 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
by reproducing the value of JA . Assuming the additivity.of molar
refractivities for CuSO4 and HZSO4 , the concentration of HZSO4
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 theoretiecal values of
Hseuh and Newman4 and Wilke et a193 are presented for 0.25 M bulk
CuSO4

Convective diffusion results are presented below:

ACCUMULATION OF SULFURIC ACID

0o o0
C Re i C C

(8]
A B g~ C

©o
B

0.176 M 750 BOmA/cm2 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 80 0.071 0.37
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Results

As indicated in Figure D1 the change G6A due to the change in
interfacial refractive index is larger than the corresponding value of
Sy ’lO 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 computationslo
by reproducing the value of &A . Assuming the additivity of molar
refractivities for CuSO4 and HZSO4 s, the concentration of HZSO4
was calculated from the refractive index at the surface.

Convectionlesg 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 Cu804 solutions to maintain deposition
periods of about 5 sec. For comparison, the theoretical values of
Hseuh and Newmané and Wilke et alg3 are presented for 0.25 M bulk

CuS0

4
Convective diffusion results are presented below:
ACCUMULATION OF SULFURIC ACID
[ee] R (o] [e] [o] [s] o0 (o]
N Re i Cy C5Cy (CB»«CB)/CA

0.176 M 750 30mA/cm2 3.89 M  0.062*+0.009 0.35+0.05
6250 65 0.060 0.34
0.193 1080 40 1L.02 M 0.067£0.007 0.35%0.,04

8600 80 0.071 0.37
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Cg and C; refer to the interfacial and bulk fluid 32804 concen-

trations, while CZ is the bulk CuSO4 concentration. Other flow
velocities (characterized by the Reynolds number Re) were investigated,
but the increase in HZSO4 concentration was constant for a given
CuSOamHZSO4 solution., The large degree of ugcertainty 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 (cgmcg)/cz lies between
the values of 0.43 and 0.16 for complete and no dissociation.

As previously mentioned, the large uncertainties in the measurements
under forced convection are largely due to électrode 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.

Previous investigation513 have indicated that the rate at which
limiting current is reached effects the limiting current plateau. It
ig 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 citedglws unsteady state effects could alter the

comparison of experimental results. Further studies should include the
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rate and manner (potentiocstatic vs galvanostatic) in which limiting

currvent 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

Optical Constants of Solid Film Materials (F1)

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
anisotroples 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 F1.
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 Refractivity of Zincate

The concentration-refractive index relationship for zincate
(Zn(OH)g) was determined by measuring the refractive index of alkaline
golutions 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)

Material Dengilties n - ik
literature

specimen theoretical present (real part) ref.
Ag,0 6.18 g/em®  7.14 glem’  2.17-0.28i 2.10" ‘72
€do 5.37 8.15 2.50-0.014 2.49 F3
Zn0 5.55 5.61 2.00-0.00141 2.01 F2
PbO2 7.58 9.38 2.09-0.311 2.23 F3
AgOH 5.7 1.87-0.011 "
Zn(OH)2 3.05 1068=0901++
ca(on) 4,79 2.13-0.01" "
Ag 10.49 0.18-3.6141 1T
Zn 6.92 1.92-4.95:"
cd 8.55 1.64-3.961 1

T Calculated from literature value for the molar refractivity, ref. F2.

1+ Calculated using method given in ref. F2 (p. 10-258). AgOH was
computed from Ag,0 refractive index, Zn(OH)2 and Cd(OH)Z from ZnO

and CdO refractive indices.

i

Determined from ellipsometer measurements in alr on polished metal

surfaces.
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wavelengths of 435.8, 546.1, and 539.2 om, 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 Zn0 powder. The concentration-refractive index
relationship was linear,

+ 0.00575 C .
Zn(OH)4

n=n
ref

The reference refractive index i1s the refractive index of the KOH

solution at a given temperature and wavelength (F4).

Solubilities of the Solution-Phase Ag, Zn, and Cd Species

The solubilities used in computations (Table I, p. 83) were taken
from the literature. The references for the solubilities are: silver -

A23, A33; zinc -~ Z16; and cadmium - Cl to C4.

Transport Properties

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 (¥5, F6), and cadmium species (C20). The
viscosity and density of KOH solutions are given in ref. F7. TFor

6 M KOH, v = 0145 cmz/s and p = 1.238 g/cm3 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 RUFFQT

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, A
and Y .
= 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 homogeneocus film, while the

jl<The program RUFF is listed in LBL-8083 in preparation.
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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. |

= 10,, Small secondary crystals are treated using eqgs. (50) and
(51).

= T1,, Small secondary crystals are treated using egs. (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.
= 1., 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. Forx id < if R

the thickness is constant and the porosity increases,

= 2,, For i, > i the description for the value 1 applies.

d - "f

For 1, < i. , both the porosity and the thickness are constant.

d £

= 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).
= 1., The Type II film has the refractive index TNF (for silver

and zinc, the oxides).

= 1., The hydration of the secondary crystals 1s 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,
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Code 6

Code

Directs the refractive‘indices used for the Type I film, the
hydrate layer, and the secondary crystals. The Type I film is
the oxide (TINF) 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 (INF).
The secondary crystals are the oxide for all values except 5,

when the layer has the nonhydrated material refractive index TNPT,

7
Directs the rate expressions for the formation of the secondary

crystals and the optical effect of the hydrate layer,

il

0., The crystallization rate of the secondary crystals is

proportional to their surface area (eq. (2a)).

i}

1., The crystallization rate is constant (eq. (2b)).

= 2., At time TDIFF, the kinetics change from eg. (2a) to eq. (2b).

For the values 0-2, the hydrate layer was treated as a homogeneous

film with its thickness given by egq. (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 f., with TF2 = ~0.001.

i
]

3.5, Same as 1., with TF2 -0.001.
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Code 8
= (,, The optical effect of the hydrate layer begins at time
t = TNUC.

= 3,, The optical effect of the hydrate layer begins at TDIFF.

= (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.

= 0., The optical averaging for statistical variations in the
secondary crystal properties and for non-stoichiometry effects

is on the coherent scale (eq. (53)).

i

1., The optical averaging is on the incoherent scale (eq. (55)).

Directs the treatment of transient variations in the porosities
of the Type T 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 < IDIF¥ . 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 POREFQ 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 dndex 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
= (., The gsubstrate refractive index is an effective value
determined from the value of A and Y at t = 0 .

= 1., The substrate refractive index uses the values read from

the input file.

Code 13
= (., The formation of the Type I film from the hydrate layer has

the constant rate RATF,

it

1., RATF = RATFO * COV(I,1), where COV(I,1) 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 IT 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. TFor Code 11 < 10., and Code 14,
= 0., The Type IT film covers the surface, while the Type I film
covers only the fraction of the surface covered by the

secondary crystals (COV (I,1)).

1., Both Type II and Type I films have the surface coverage

cov(1,1).

it

2., The Type I film covers the surface, while the Type I film

has the coverage COV(I,1).

The columns at the bottom of the listings are the experimental
values of time, current density, electrode potential, the relative
phase A , and the relative amplitude parameter. P , the theoretical
(computed) values of A and P , 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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EFFECTIVE REFRACTIVE INCICES AND POROSITIES,

TYPE 2 FILM
TYPE 1 FILM

20,170
1,965

TYPE 1 KYCLRATE

SECUNDARY CRYSTALS
NUMBER OF SECUNDARY SITES/SQUM
RATE OF SEC.
RATE OF TYPE2 FILM {MA/SGCM), J
SUPERSATURATICN OF ICONS, 14.994 TIME TO REACHISY

CAYSTAL.
CRYSTAL»

19203A+4359607+8 =

20162

INITIAL DISSOLUTICGN CURRENT (MA/SQCH)
TIMESy OASET OF SEC. CRYSTALSISEC) 15,00 PPT. CONSTANT (S} 49.94
DEHYCRATION RATE {(MA/SQCM} ‘

EFFECTIVE FILM CURRENTIMA/SQCM)
AVE. DISTANCE

TIMEL(S)

0a20
1390
20.00
30.00
40,00
5 0. 00
63,00
70.00
3000
30,00
10000
11000
1238.30
13Q.00
140,00
150,00
160.00
170,00
1830.00
190.00
2006 00
22G.00
243200
200. 00
280,00
340,006
320.00

I{MA/SQCM)

4,003
4003
4.000
4,000
3.000
3000
3.003
2003
2,000
2,000
2.000
2,000
2.C00
2.000
2.0070
2,000
2.000
2.002
2,003
2.000
2:000
2-003
2.000
2,000
2.000
2.000
2,000

BETWEEN EXP.

-286
24378
AND THEQRY
EXPERIMENT

VOLTS DEL

- 340 72.000
340 66600
° 340 62,000
«340 60800
=340 61400
- 340 63,000
- 340 £2.100
=340 53,700
340 31.600
=340 4000
=340 ~6,200
° 340 ~5.400
° 340 1.400
-340 8,000
=340 13.400
340 17.100
340 19200
<340 20200
+340 19.200
- 340 17,200
=340 13,900
« 340 10.200
340 Q.800
340 8.000
= 340 6,400
+340 5400
- 340 50200

7s948

PSi

42 5400
41,700
41 800
422300
%4 o000
470400
53.100C
60100
640400
55.100
44,500
35,300
30.800
28.900
28,800
29.000
29.800
33.600
31800
32,600
33.000
33.600
32.200
31,200
31.000
30-200
29,900

-1

{DEG)

THEORY

DEL PSi

72.0G0
67.892
61.062
6l.242
61,387
55,900
52.57C
50.3€2
39,510
2.784
-21.922
2,435
14,397
8.853

2607 0,09 109 1e0¢ 1.0»

30
~02800 I 210
~=2103 1 =249

0,C000 I «922

~e2772 1 QL0
+S9E+09 LIMITING COVERAGE
CRYSTALS (MA/SQLM), 14592
200488

42,400
42,191
41,898
42.539
45,357
47,161
48,091
53,681
59,985
62,727
44,113
280224
30.084
34,997

0.0y
=790
THICKNESSESLA}

TYPEZ TYPEL{F)
~1 0.0
29,3 e
29.3 118.3
2963 23442
29,3 3321
29.3 412.0
29,3 4%94.6
29,3 559.2
29.3 603.7
29.3 6405
29,3 667 .3
29.3 681.6
29,3 681.6
29:3 681.6

TYPELIH)

SECONDARY

0.0

=0
62.2
165.8
32800
5379
782 .%
1051.7
1338.8
1639.0
1949.3
22672
2587.2
2843.3

coy

0,000
=000
« 000
« 003
« 012
«032
<067
122
- 197
=296
2418
566
- 137
=830

9le
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REYNOLDS NUMBER = 0.0

EFFECTIVE REFRACTIVE INDICES AND POROSITIES,

TYPE 2 FILM 2170 —-2 2800 1 «210

TYPe 1 FILM 1.999 -e2219 1 -208

TYPE 1 HYDRATE 0.0000 I . 958

Sc CONDARY CRYSTALS 1.677 ~1150 1 -589

NUMBER OF SECONDARY SITES/SQCHM -4 TEH09 LIMITING COVERAGE
CRYSTAL. RATE CF SEC. CRYSTALS (MA/SQCM), <43719

CRYSTAL. RATE GF TYPEZ FILM {(MA/SQCHMI, 200231

SUPERSATURAT ICN OF ICNSs

3.408

s TIME TO REACH{S)

INITIAL OISSOLUTION CURRENT {MA/SQCM)

TLIMES,

ONSET OF

SEC.

DERYDRATION RATE {MA/SCCM)

CRYSTALS{SEC) 15,00 PPT.
=377

EFFECTIVE FILM CURRENTIMA/SQCM) Deb24

AVE. DISTANCE BETWEEN EXP. AND THEORY

TIMELSY

0,00
130.00
2000
30,00
4000
+6-00
50.00
50,00
T0.00
30,00
90,00
103900
110,00
123,00
130,00
140.00
150603
160,00
173.00
-1

[IMASSCCME

10.000
10,000
13020
10.000
12.000
12,000
12.000
16000
16. 030
15.000
15.000
12,000
11.000
10.000
9000
5.000
3,000
3.000
2.C02

-1

VOLTS

340
e 340
340
- 340
=340
« 340
- 340
° 340
340
=340
=340
<340
- 340
=340
- 340
» 340
=340
=340
<340

-1

EXPERIMENT

DEL

7$.400
61,000
59,000
57.900
49,500
27,200
5.400
-12.100
5.900
24,000
30.800
30,400
28.000
24,000
20600
17.7060
16.300
15.700
15.500
-1

-1

12,467

PSI

40.000
40,000
41.900
470400
55,500
59,600
57,200
36,200
27.300
28.000
31.800
33,000
37.200
38,600
38.300
38.100
38,000
37.500
37,000

-1

—~I

{DEG}

THEORY

DEL PSI

79400
77 491
61.937
56,010
38. 741
33,194
32.%24%
-23.201
14,739
23,813
18,725
17.161
19,807
21.237
21.064
20.424
19.999
19.690
19:450

CONSTANT {S) 84.16

40,000
39,994
40352
420257
50,725
45,047
52.471
31.727
31.512
26,529
28.813
27.000
26.547
27.092
27.657
27.894
27.945
2T.946
27925

- 790

THICKNESSES(A)

TYPEZ

-1
1i.1
1l.1
1i.1
il.1
11.1
11.1
1ie1
1ls1
1l.1
1l.1
il.1
11.1
11.1
11.1
11,1
11.1
11.1
1i.1

TYPEL(FY

0.C
=0
i82.2
303,.3
4676
5709
633.0
794.8
912.7
909.3
907.9
307 .9
90T .9
907 .9
907.%
907 .9
307 .9
907 .9
827.9

TYPEL{H)

-1

<0
-0
-0
=0
-0
~o0C
-0
-0
~o0
~o0
~<0
—s0

SECONDARY

G0

=0
58.2
280.2
807.8
1449.5
2037.0C
3275.6
4705.2
6208.0
7178.9
7871.0
8376.9
8790.8
9134,.3
9371 .7
9502 .0
9597 o4
96755

cgy

0. 000
- 000
=000
=007
-087
- 184
-36%
- 941
- 190
=790
- 790
- 750
- 190
<790
=790
- 790
= 790
<790
- 790

6Le
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TvPe L HYLRATE loddl LB 0 T I ; « 990

Seel ivaRY CRYSTALS Laabl “oa®TI 1 . 2030

MIAuER UF SclUnJdARY $ITI5/7500M e 535009 LINITING CUVERALE - 9E0
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1¢do 20 « 20y ° 309 i1.300 715.900 i3.302 71853 2800 %)l9e3 Y 286.9 2010
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EFFECTIVE REFRACTIVE INDICES AND POROSITIES,
TYPE 2 FILM 2170 =.2800 I . 0280, o _ _ e e
TYPE 1 FILM 2.016 =o.2271 1 189
TYPE 1 HYDRATE  1.4L0  0.0000 I . Ce87% - . S e e
SECONDARY CRYSTALS  1.887 1853 1 338
MIMBER OF SECONDARY_ SITES/SOCH . TOESO9 LIMITING COVERAGE =670
CRYSTAL, RATE OF SEC. CRYSTALS (RA7SQCMI, 2101462
CRAYSTAL. RATE OF TYPE2 FILE (MA/SQCMI, 200330 . ... e e e —
SUPERSATURATION OF I0ONS, 9.968 oTIME TO REACHIS) 39459
INITEAL DISSOLUTION CURRENY (MASSQCHM} 0273 3 e
TEHES, ONSET OF SEC. cmsmw«ssu 10,01 PPT. CONSTAMT (S} 14,55
DEHYDRATION RATE 1A 589,
AVE. DISTANCE BETWEEN Exm AND THEDRY 9,792 (DEG)H
EXPERIMENT THEOGRY THICKNESSFSIAY - -
TIME(S) 1{MAS SOCH) YOLTS DEL .. .PST . __DEL . PBSI TYPE2 _TYPFL{FY _ TYPEI(MD SFCONDARY
000 .. 600 080 65,000 38,700 65,000 38,708 =1 Jof -1 Yol
2459 o503 +310 64,200 38,400 66,272 38,737 5.0 Py} 0 -0
1000 2603 ©350 . 52.000 63,300  62.17& 38,836  23.6 oD -0 .0
15.00 600 «350 64,000 43,700 66, 343 41,741 23,6 83,7 TI2IBLYT TR T Tt
2000 2600 +350 BT-900 . 50,600  _ 6T.3V4___ 45,229 23.6  183.3 1215.0 135.3
25,00 <600 - 350 56,000 63,500 640 641 56,753 23.6 221 .8 1204 F T26T LT T T
3000 - o503 350 292900 73,909 22.851 67,222 23.6 178 o6 116801 385 .3
35,00 603 =350 ~16.900 646,000 ~-19,436 EEPEN 23.6 75,1 TI83.7 LY
40, 00 «600 2350 ~24,900 66,800 | ~18.395 39.916 23.6 552,2 CLC15.1  T13.D
$%.20 +600 2350 =21.400 35,309 -6, 789 37,839 23.6 62301 813,14 TRe3 & T T
50000 600 »350 ~12,900 29,200 =4.876 _ 40,920 236 568,46 806.9 1091.1
55,00 602 - 353 ~1.800 26,209 ~7:323 44,857 2306 6915 2407 1274.3 T T N
63.03. .. %33 2352 82500 250300
7000 o600 ° 350 22,200 26.500
80.00 =60 0350 L. 27600 . 29.600 . —
130.00 sBUY 2350 25.600 3% 0630 - T T - -
120.00 600 2350 18,000 | 35,609
160000 633 =330 13,300 337073 h o T N
16034 - 600 o370 13,100 210309
180.00 602 -390 15,100 29,600
240000 600 600 16,900 300300
300. 00 602 - 600 19.900 31,200 . "
360.00 =607 «600 25,900 33000
°560 29800 310403 T T T e -

42 0.0 0 ®30

92
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EFFECTIVE REFRACTIVE INUICES AN) PURUSITIES,
Tres: 2 FLLH 2e 370 -92323 0210
TYps 1L FilLH4 20 169 =0 2798 { o N0
Tr3¢ . HYDRATE 1.391 CoCd22 1 ° 9L0
SE2393aRY CRYSTALS 20159 =2279% | « 001

NSAIIR IF SECUNJARY SITCS/540M «372009
S373Tal, RATE GF Skle. TRYSTALS (MA/SUIYE, 229999
S2Y3TAL, RATE OF TyPe2 FILM (44/75QCMiy 004994
SIPZRSATURAT ION OF JUNS, Y334 ,TI¥E 71 REACHIS?
IdETiaL 0lo3CLUTIUN CURRENT (43/ 54040 o0Ll%1

s32421

Lo Uy

3089

LIMETING SOVERAGE

TI93 36 JINSEZT JF SECe CRYSTALSESEZY 10.28 PPT. CONSTANT §35¢ 11,31

0323

JEAVORATICH RATE (4475304}

8o IIBTHGLE BITWEEN &XPo AND THEURY 11.493 (DEGS
EXPERIMINT
TLA2(35) [iMa7 5L M) YILTS vel Psl DEL
Jedd 2600 =053 71802 206530 Tie 802
13,03 ° B0 0 350 61,809 38059 3,331
2332 Py p] 0 36D b3e 8O0 %16 370 65,125
230 50 2t Q0 342 5€.400 480600 S5e0371
3332 ot 0347 [YRclely] 34,300 %lo913
35:u3 o€ JU 0o 3%) 29 TUI 820730 25,912
%Js J0 000 e3%J 2102 59,900 2Co58%
5333 2807 ° 283 =16, 500 410200 3,873
ENPRR] 0€0J 2383 TR D] 33,400 -8o08%
7322 e 6C1 0387 663072 27,900 o313
33,33 0 CUG 0 38¢ 12300 296 290 2o 362
30 I s &00 0380 13,702 31,900 10,073
27333 0t 033) 180300 330400 13323
Lids 33 0 GUD 0282 7302 240600 12.73¢
123.00 0 £00 280 240300 35.670 12.270
133.23 e 607 382 130903 35, 700 Yo THS
*2ds0 0€Q0 » 380 50200 35,200 £086%
13330 PXAN 0283 50 800 3%0 100 Gl ol
Podedd 2000 028J 5,002 33,300 1.983
173,909 00 0 280 $.,009 31,903 2887 -
133623 o 60U 038 £o0C0 31,100 0 251
93,03 0 &30 0390 05600 27700 0816
23333 &N [-1-1a 70300 30,600 2:27%
-1 -1 =1 -1 -1

THE IRY
P51

%0533
$Lla3%9%
%5, 723
51,8%3
55051
57.922
52,313
295739
500275
%1o357
260 831
33,712
35,8537
350,157
350,138
38, 571
3%0%23
32-.7%9%
330 70%
29.%37
26031 %
24.216
2203%3

Jo By

THESKNESSESCRD
TYPER TY?E18F) TYPEL(AD
=0 203 =1
18%.8 T gy gl
197,3 1e7ed =03
187, 3 2250 % =a 0
13703 23103 . o3
4873 3%le2 =08
18703 39Je 3 =00
1373 ~ 3%ty o mEd
187. 3 35103 =00
187.3 35103 “od
187.3 351D =2 J
1873 3%L03 =00
13703 335803 “0d
187: 3 L) T3 Attt 8
1d7.3 3513 =0
18703 35802 =0d
187.3 35100 Y
187.3 35163 =
137: 3 351,90 =o0
18743 B 3 A
187,13 35L02 ~ad
187.3 351,0 =s0
187.3 35002 =0

SECONDARY cav
0.0 0000
- T [
3109 0307
5074 <018
7060 & 2036
97002 <065
11759 20985
18888 - Pl s
1301.1 2268
2118.8 - 308
229902 2363
265509 0@l ®
259403 o962
VY9G 5800 - ——
283409 ° 552
236hod 2596
3340,9 0®35
31343 «67%
322205 o713
"5306.2 — s 790 -
338600 787
366201 2823
353%.2 2858
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CUULSs 1020385495369 748 = 1oy 2.0 0.0 1.00 1.0 1oy 3,00

REYRLL IS NUMBER = el

EFFOLTIVE KEFRACTIVE INLICES aND PCRUSIVIES,

TYPE 2 2,170 =~.Z800 | 2210

TYPE 1 Fliw 1.576  =.21l0l | . 250

TYPE | HYDRATE 1.356  0,0000 I .999

SECUNDAFY LRYSIALS 1.478 ~.1820 1 « 350

NUMAER SECUNCARY SITES/SwCn 4 TECOS LIMITING COVERAGE

CRYS>TAL, RAFE JF 5EC. LKYSTALS {MA/SGCMI, 15900

CRYSTAL, RATL OF TyPr2 FILE [RA/SWiMY, « 01274

SUPLRSATURATILN CF I(LS, 2.310 ,TIME T0 REACH(S! 09817

INITIAL LISSCLUTICN CUFRERT {MAZLGLM) 20252

TIMLS, CASET OF SEL. CRYSTALSISEL) G.16 PPT. CONSTANY (S) 13.05

DLHYDALTICN RATE (RA/SJLE) 1.000 o

EFFLLTIVE FILM CURPERT(MA/SUCHM) 2907

AVE. OISTANCE BETaklNd OXB, ANU THEQRY 4,898 (DEG!

ERPERIMENT THEURY

TIMe(3) LA ZSUCr) veLYs DEL PSI DLt £s1
0. 99 1020 - 44D 7C.600 41,500 70,600 " 41,500
S5eCd 1. GO0 L25¢ 3,800 41,700 67,373 41,393
Lu. 30 12060 L3280 55,100 42,000 55,855 41,540
150 GU 1aL 00 L3T7C 53.30C 42,300 52,625 42,402
2032 1,000 270 £0.000 50,200 53.003 51.648
21,50 LoL0u o33 60.56C 55,500 51.935 566529
PENS Leudd 23350 34,300 68,900 26,445 70843
25,90 1.C00 0 231 21400 70. 800 19,293 72,194
26,09 1,000 2340 7,000 70,000 8,565 #2.907
27.92 1,000 L350 ~16.000 67,000 ~13.682 72,054
23.0°) 1.C00 2360 ~32,000 64,800 =-30.750 680590
33,00 1.C0u 2330 =41.600 54,600 —~47.507 59,439
335,00 1.LGC 2580 ~47.4C0 38,400 ~55,253 39,240
400Ul 1.000 241G ~47,000 25,000  ~50,749% 26,711
45,00 1,400 L410 -40.400 18,700 ~38.986 18,674
50600 1,008 .42C ~20,900 11,500 ~20.075 13.785
52,50 1.000 2a20 ~4.600 10,800 ~7.585 12442
624 G0 Lo Uuu 2460 26.60C 15,100

65.00 1,500 BT 29,500 20.000
10,00 1.009 Lo2¢ 26,500 21,400
&0 00 L. 000 2570 23.500 245200

©UL 00 1,000 LL70 21,700 24,500

100,00 1.0U0 .570 22.700 26,100

169.0J Lo 00 570 24,000 27.600

Q.09
=300
THICKNESSES(A)

TYpL2 TYPELLF)
o -0

2440 =0
24,0 154.8
2460 250.4
24,0 %7408
24.0 522.8
240 634, 5
240 650, 2
2400 666,50
2440 697.3
24.0 728.5%
24.0 790, 5
2400 94304
24.0 1090.3
2440 1229.3
2400 1358.1
24,0 141604

TYPEL{H)

0.0

o0
~o 0
-s{
o0
~e0
-0
-0
=0
-l
-0
-0
~s 0
=o0
~a 0
-0
~s0

SECONDARY

Y
»0
50.%
100.4
209.6
25604

35,8

370.2
388.6
%240
459,6
526, 7
67%4.7
829,7
990, 1
11547
1244,3

cov

0.000
<000
-000
2001
2004
2006

011

s012
2013
016
~019
=024
340
=060
-086
2117
=136

€ge
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CRYSTALS Lol % ~ot223 1 o 400
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RATE IF TYPL2 FILM (ia/75GCMT, 2030
RATICN OF $LNS, 2.0 o TIME TG REACA{S) 736
ISSOLUTION CURRENT (MA/SCCHY 0 156
SET UF SFCo CAYSTALSISECY 105,00 PPY. CONSTANT {S) 2.0
CHPLETE PATLM CUVERAGE 3217
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cn RATE (RASSGLMD <085
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HETGHT OF $TL. CAYSTALS, 1009
ATCH COVERAGE s 30b
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ON TINE 10Je 30
ANCE BETWEEN EXPo AMD THEGRY 1.561 (DEG)
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45,3
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4503
45,3

TYPEL(F)

Jol

PR
55,4
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185.7
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451.6
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585,17
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TYPE 2 FILM 2,170  =.2900 1 210
TYPF 1 FILM 2,089 -.2509 { <10%

TYPE 1 MYPRATE  1.605  0.0000 © 960
SECCNDARY CRYSTALS  2.170 =.2800 | 0,000
MIMBER QF SECONCARY SIVES/SGCH - T&E +08 LIMITING COVERAGE 437

CRYSTAL. RATE OF SEC. CRYSTALS THAZSQCHT, 00314
CRYSTAL, RATE OF TYPF2 FILM {(MAZSQCY), 02995 )
SUPERS ATURAT IUN OF ICNS, 3,135 (TIME TO REACHIS) 6,521%1

INITIAL DISSOLUT ION CURRENT (MA/SQCHM) L0127 )
TI®ES, CNSET OF SFC. CRYSTALSISEC) 32,00 PPT, CONSTANT {$3 18.00
DEMYORATICN RATE (MA/SGCM) 2072
AYE. NISTANCE BEVWEEN EXP. ANE THEDRY 1175 UHEST o T
EXPRRIMENT THEDRY THITKNESSES (AT ; comTm
TIME(S) T{MA/SOCM]  VOLTS DEL (3 DEL PSI TYPE2 TYPELI®) TYPEL(H) SECONDARY
000 6203 =o380 69,000 41,700 69,000 41,700 -{ 0.0 -{ 0.0
20,03 =203 256 6f. 800 G5B T 85.507 %I.572 V.3 BEPY R () "o
©0.39 203 2260 69,500 %4 .500 71,935 61.468 45,2 29,7 23874 984
6000 203 0270 T 68,130 49,000 = 67,439 40,186 45,2 70.7 6759,2 178.7
83,03 =233 - 290 58,700 %4 ,200 53,865 %2,.361 45,2 113,1 |  6377.64 218.7
100.C3 £200 <290 46,900 56,600 50,594 44,5573 45,2 156.3 6377.6 267.8
12009 2297 0270 36,200 56,8030 45,665 460263 45,2 2001 63776 27163
146,09 L2007 T LS T T T EY. T BE.200 TG KTT LYPY AL 3P4 TEE Y BITTH 29T %
160,00 2299 =290 21,400 %5 .500 33,234 47,505 45,2 288.7 6377.% 3090
180.03 0233 270 16,200 54,800 27.601 %7.318 1 4%5.2 333,58 T 6377.4  324.8
200,00 £ 200 270 11,000 53,900 22,283 47,370 45,2 378.5 63776  339.1
22 3,00 =200 2270 6,500 53,000 " 16.3%52  46.833 &§%,2 23,6 8377.6  3%52.%
260,00 0200 .250 2,100 %2400 9.830 66,190 85,2 69,0 6377.4 3647
260,03 2229 ° 250 =2.3070 51 7G5 20281 H.6TE %5.2 51%.5 BITTo% 3763
289,60 2200 «250 = 6,600 %9,500 “6.976 41,896 45,2 56001 6377.4  387.2
300,00 200 «260 ' =9,800 %7500 ~ =10.,561 = 3B.0&D 45,2 80%.8 5377.% 397,93
323,07 =277 <260 =12.600 485,403 -13.721 33,736 48,2 651 .6 63774 4073
340,03 0200 7 =260 -15,000 43,300 ~14.%08 29,575 8%,2 6979 6377.4 8166
360,00 -200 260 -16,800 40,000 ~12.906 25,921 45,2 763.5 637746 4256
380,67 =293 0268 B T i § % o 1 B - ;
$00.00 2200 =260 -18,800 36,600
420,09 233 260 -18,200 34,600
440,03 20 2 260 ~14,%030 33,600
460,00 200 - 260 ~11.600 32,200
480,02 =230 2260 -9 o400 31,100
520.C0 208 S260 T =608 T28.,700 [ o
360,03 °200 - 269 3,200 28,500
603600 2273 0260 7000 27.800
660,00 +200 2260 9, 800 28,200
80,00 2292 - 260 11.4%0 28,300
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REVYNOLDS NUMBER = o8 T i

FEFZCTIVE REFRACTIVE INSICEZS 4o PORGSITILS,

TYSE 2 SILM  2.17F  =,2835 I .21

TYPE 1 FILM 2,170  =.2800 I 8,608

TYSZ 1 HYDRATZ  1.%10  0,8000 I 950

SECONDARY CRYSTALS 2,170  =.2308 I 00000

NUMBER JF SICONDARY SITES/SACM 2336409 LIMITING COVERAGE 0B

CRYSTAL. RATE 3F SLl. CRYSTALS (MA/SQCH) s oul 000
CRYSTAL. RATE OF TYPF2 FILM (MA/SQIM), - 00500

SUPERSATURATION OF IONS, 1.289 ,TIME TO REACH(S) 07978

INITIAL DISSOLUTION CURRENT (MA/SQCHM) 20082

TIMESy INSTY 3F SSC. CRYSTALS(SIC) 16.70 ONSET OF PPT. (S) 11.00

DEHYORATION RATE (MA/SQCMY 239§ ‘ .

AVE, DISTANCE BUTWIEN FXP., AND THEORY 4s 975 (BEG)

CXPERIMENT THEDRY THICKNESSES(A)
TINE () I{MA/ SQCMY YOLYS DEL pSI DEL PSI TYPE2 TYPEL(F) TYPIL(H) SECONDARY
8o 80 .550 -.580 875300 41,600 E7.808 31400 -1 0.0 -1 8.0

13 8¢ 2508 W2%0 £%.880 0 61,500 65,31 ¢ ole320 19.9 i) o o 0
20630 30 0260 54,000 42,080 €50 €5 45950 13,9 1156 ol 5204
30, 08 S BED . 268 81.+B% $6.7%2 59,561 42.668 19.9 223843 ~of 1837
L0, 00 0800 « 260 52,100 . £2.208 51, €52 48,653 1909 36407 -o8 432, 8
58,80 SE08 « 2560 39,200 55,1080 36,192 52426 1908 bisho? ~o8 789,56
50,00 2530 2260 23,782 84,000 26,538 56:.562 1369 899 % -0 1231:%
3. 08 8GO0 YL 13,400 50,688 13,146 B7.139 19:9 69905 <.0 1639.5
80,00 2500 2308 8,400 46,6509 1,283 50.37% 19,9 99961 -.0 1908.%
98. 08 2208 2 308 7,008 30600 1, 22¢& %20 952 1969 ©93.C =.0 211786
1000 00 2698 - 300 Bo=00 41,500 6,578 38.524 1363 53943 “e0 2292.2
113 87 o575 s 300 6.502 39,780 11. 521 380867 19.9 993 “o0 20u43.7
128¢ 08 SE88 2310 8,000 38,308 160878 37952 19.9 %99.5 “s0 2578.6
130608 =500 » 330 9,208 37.808  15.61% 33,637 19+9 493,.5 ~oll  2703.7
140600 2508 528 104080 37,200

1506 08 2500 »510 10,080 @ 37,700

160,00 2500 580 13,400 37,800

i75. 87 L300 AL 16,508 33,900

1804 80 <500 0590 19400 342400

1900 00 2500 L5800 21,180 0 33,200

280, 04 2500 %00 22,000 32,100

2180 GO 2500 2500 22,00 @ 31,200

220,00 . 500 568 22,548 30,900

23%. Gt o Bk -ih 23,080 30,800

240, 00 500 500 23,200 30,800

250600 <500 0500 23,600 ° ' 30.900

283 37 o 57C 2500 260008 310100

2706 80 2500 0500 20200 . 31,200

280,00 2500 2500 2L.208 31,600

88¢
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EFFECTLVE REFRACTIVE LNUICES Anw PLROSITIES,
Tees 2 FILA 20 170 =0 2800 1 2210
TyPe » FILM 20339 ~e26B88 1 ¢ 040

TYPE 1 AYIRATE  1a%10 0,0000 1 C .950

SECUNJARY CRYSTALS 20473 =52800 1 «LOO

_NJ4BIR_OF SECGNDARY_SITES/SUCH _ 33639 LIMITING CIVERAGE o843
SRY¥5TAL. RATE OF Se£lo CRYSTALS (Ma/5aQl4i, 036427

CRYSTALe RATE WF TYPEZ FiLM {MA/SQCH D, + 00959

SIPERSATUKATION UF 10MSe 20270 oTINE 7O REACHISSH «85333
INITEAL wISSLLUTION CURRENT (MA/SJCAS ~0le8
TIMESy UNSET UF SkLe CRYSTALS(SEC) 1607J CONSET OF PPTo (50 17060
e JEHYORATIdw RATE (MA/SQUMI_ o382 __ § _— e o -
8¥E, DISTANEE oETWEEN EXP. AND THEORY 5,186 (DEGH
EXPERIMENT THEJRY THISKVESSESIAT
TE4E(5?  [{#ASSJCHI  YOLTS OEL  PSE DEL  Psi TypER TIPELEF)  TYPELEA]  SECUNDARY
ol 0003 o600 =s500 870800 1.400  87.83) _ 1.4)) o - 1. Tt S 1Y S
13023 2600 0253 66,000 %1.400 63,188 41,279 38.1 ) o3 o0
20000 +600 0263 £40000 42,000 65145 1,033 38,1  10%,7 -o0 7600
33030 0600 0260 610400 | 460 700 590 451 42.85% 38l 22349 “ol  iléed
B 6J0 02 +600 0263 52,1007 520200 51,242 48,098 38,1 335,14 00 45509
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e _. 33233 __s600 263 230700 _ 54o000 _ 260629 __ 57«165__ _ 38sl _  5I)e2 _ _ =eQ 4803 .. _.
704 GO 0c00 0253 130403 500600 14.583 £8.294 38,1 5000 2 T 160602
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306 wd 2600 #3922 Te003 | 430400 0103 64,237 380 1 50052 “e0 239204
13390 £ 600 +30C 60400 1,500 5,195  33.32% 33,1 533.2 ~ol  226Bet
113033 ©600 +300 60600 . 390 700 10: 806  3Te3L7 3801 53302 242102
. 12203 0000 @3l) _ 8.00) 38,300 14,372  30.88% 38,1 503.2 &8%eed
133,00 0680 2330 90409 37,600 5. 710756, 982 3801 53%.2 267905
L&0o U 000 *520 100403 37,200
159003 0600 2510 10.000 37.700 "~
153622 0600 500 130403 376800
1706 00 0600 0290 160603 35,900
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190000 0600 © 5060 210100 " T33,400 - T T e e T
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2iC 030 0600 #5300 220403 31200
220, 30 0600 2500 22,603 300900
£30000 0600 o500 23,000  30.800 ;
| 290.90 600 2530 23,200 30,800
250,00 Tee00 TS0 T T EE 600 T 30,9080 T T T T T T T T s s
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270000 «600 0500 264203 31,200
230,00 2600 » 500 240200 510600
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AG3U0=03, J.6MA/SGCM 2, 2GPM-AGLO0~3

CUDESy 19293A94935:657:8 = 1oCy 2o09 409 (LoBy lauy 1a0s 222y Dofle
RIYNCLDS NUMBER = 1.80C.C
Er FECTIVE REFRACTIVE INDICES AND PURGSITIES,

Iy PE 2 FILM 2.17C -230L I 2210

IYPE 1 FILM 2.1€2 -.2772 1 =210

Ty PE 1 HYLKATE 1,387 0.5G0Y [ 2977

SSCONDARY CRYSTALS 1724 ~ol4u7 I -498

NI MBER OF SECONCARY SITES/SGLM «36E+39 LIMITING COVERAGE « 986

La YSTAL., RATE OF SE{. CKYSTALS {MA/SQCMI, 214456
Lo YSTAL. RATE OF TYPEZ FILM (MA/SQLM], 20500

SUPERSATURATIGN UF 1CNSe  1.700 ,TIME TG REACH(S) 45500

I ITIAL DISSOLUTICN CURRENT (MA/SGCM) 2526

T #ESe CASET OF SEC. CRYSTALS{SEC) 9,70 PPT, CONSTANT (S} 11.00

Ve RYCRATILN RATE {MA/SGLM) .5S%

Er FECTIVE FIL® CURRENT{MA/SGCM) 2337

AYE. DISTANCE BETWFEN EXP. ANC THEORY 4,470 (DEG)

EXPERIMENT THEGRY THICKNESSES(A)

PLMELS) T{MA/SQUCHM) VGLTS DEL PSI DEL PSI TYPE2 TYPEL(F) TYPF1{H} SECURDARY ooy
Uovd b — o L4 67.550 43,750 £7.53G 43,750 -1 JeD ~1 2.0 0.000
5,03 60D -280 64,510 43,220 62.944 43,341 38.8 -0 -0 .0 .000

PRYIRTTY! 613 - 28C £N.9SC 414977 59,170 42,956 69.5 22.6 -0 28.7 LS

2.0 NS 2300 61.18C 42 408G 57,471 42,867 69.5 109.8 -.0 36,0 -0C1

50,00 600 - 360 61.42C 464880 54,921 44,230 £9.5 196.9 —o0 219.1 .003

35,00 L6063 2330 58,59¢ 49,760 54,439 46,105 69.5 239.9 -oC 32940 LOU7

*Uall 63D 2300 54,120 534010 52.636 49,315 69.5 282,.1 -0  451.7 014
+5.00 620 .300 46,070 554550 46,898 53,253 6%.5 322.9 -0 583.7 023

S alu L6723 . 397 27,580 574110 39,364 560,212 69,5 361.8 -0 722 o4 .035

35002 2622 L300 28.030 57 J080 30.081 58.282 69 .5 398,1 -.0 86642 .050

20600 £600 .330 20470 564190 27,752 58,500 £9.5 431.2 -0 1013.9 (69

c5.0u 063 2330 14370 54 4550 13,757 57.839 69,5 463 .4 -0 1164.6 .0%1

{0.00 633 =230 10,670 534160 9,808 57.138 69.5 484 ,9 -.0 1317.9 2117

45,09 600 237G 7.77C 51.700 7834 57.273 89.5 S04 o0 ~oC  1473.1 L1468

sUe W67 3 230 50460 50,460 6.659 57.716 69.5 517.C -0 1632.1 179

55000 603 2330 5,460 50.460 5.582 58,302 69.5 5231 —.0 1788.5 .215

3060y NS 2300 5,540 49,340 -

35,07 o603 5390 5.580 48,840

1uGaC) 060 - 300 5.75¢C 48 .64C

LiCaly 063 530 12.22C 51.36C

L1500 263D .33C 23,173 52.660

14000 2600 2330 36.270 52,180

125.03 609 T 320 46,770 49,190

152,00 L60) £300 52,670 45,552

155,00 630 .300 56.530 42,385

L+Ue2) 063 - 30U 57.61¢C 41,440

153600 S EUD -.110 58,610 41,480

c6e



AG33C-5+0.6MA/SQUM 2, 3CPM, AG

1i1-3

CIDESe 1020380405060 7:8 = 1,00 2.00 %230 1000 1e0e L1o@s 330 Qo9
__REYNOLDS NUMBER = 10S0Q.C_ ,
EFrFECTIVE REFRACTIVE INCICES 4ND PORCSITEIRS, - 7~ 7777 777 7 c - T TR e s mmme e €
T¢PE 2 FILM 2,170 =.2800 1 2210
TYPE § FILM 2,156 «.2741 1. 021
T¢ PE L HYCRATE 1.41C 0.0000 I 950
Sz CONDARY. CRYSTALS 1,919 ~=.1960 § - 300
_NIMBER_OF SECCADARY STTES/SQCH ~HTES09 LIRITING COVERAGE 2812
CevSTAL, RATE DE SEL., THRYSTALS (HAJSQCWY, ™ S¥&g9e ~ 7 7 7~ - s s = e T T T T s e e e e —
CLYSTAL. RATE OF TYPE2 FILM (MA/SQCMD, 200101
SIPERSATURAT ION OF ICAS, 1000 »TIME TD REACHEST -10083
I¢ETIAL DISSOLUTICN CURRENT (MA/SQCMD 1486
TLMESe ONSET OF SFCo CRYSTALS(SEC) 1,00 PPT. CONSTANT (S) 24.95
De HYCRATION RATE (MA/SECHM) 5600
e+ FECTIVE FILM CORRENTIMATSTCEY "~ 0a36 ™ e —- e e - J— — «
AdEo. DISTANCE BETWEER EXP. AND THEORY 8.586 (DEGH
EXPERIHENT THEORY THICKNESSES{AY
Te ME(S ) TEMA/SQCH) yOLTS DEL PST DEL PSt TYPE2 TYPELI{FEY TYPEL(M) SECONDARY COV
D oDy TTTLe0d STBED TR YIRS LE6Y T T TEEL I T ARLSEYT T TR e T T = o 05— 6e 0 o
5,04 623 =060 63,160 42.TLO 65,718 43,239 0.0 28.8 ~o0 ol 090
8,00 60 - 060 60.3%0 42.070 63,6560 452,940 0.0 63.% - 1ok - 000
9099 630 ° 320 55,410 41,730 63,077 42,860 0.0 4.8 ol $.2 Ndds
LU00 632 2320 58,820 41 =600 62,542 42,791 3.0 86,3 W =0 14,8 2000
€900 _ «60u 2320 57.780 41 2940 59,857 42,863 0.0 199.3 ol 53,5 2000
3U.02 <693 LI T TR, 360 TR T TEG T TS Y, 99T T TGS, T T I Os0TT T3S T e m 69, e gy e
95,80 061 -320 54,610 52000 59,768 ©9.697 3.9 367 .4 ~o0  278.3 +007
¢ Q.00 600 «320 43,990 56,430 55,727 55,975 0.0 421.8 = 604 o6 2014
©2.00 oBUD 2320 39,250 37690 50,969 58,767 3.0 442 07 =o0 6703 020
04000 NS 320 33,950 58,4460 43,654 61,198 0.0 5628 =0  537.3 2026
96,00 5630 o320 266290 58.630 35,666 652,911 0.0 $82.2 -s0  605.3 032
¢8I N:SM] T A T T 16,480 TSR3V T2V 29T T B BYTTT T T O T TS0 T T T es@ T s s 040 e - e
23.02 N-3D] 2320 160120 575460 18:65%5 53,987 0.0 518.2 -0 743,86 - 049
52090 63) »320 9,970 56,740 10,988 63,205 0o 5365 =B 813.8 =059
24,03 063 5320 5,880 55,2460 $5.206 61.838 0.0 549.6 -0  BB&.H - 069
2600 2633 2320 1.990 53,760 1.51% 60,307 0.0 563.4 =o0  935.% -081
20600 o650 320 -1.997 | 50,6867 ~2.404 57.988 0.0 5879 “sG  1289.6 105
v 5003 c&JI2 TTREEETT TS L1600 T 88,930 T =387 T 36,989 T L0 T 8198 T T =g 12854 % - - o $39— e e
70,03 600 2320 =5.440 43,440 -4 458 57,781 0.0 6223 o0 1624.2 <179
75.00 o633 -32¢ -~ o 480 41,260 -5,72% 59,240 3.C 6223 =e3 1591.9 226
$0. 00 «60J <320 -2,920 39,200
P00 0632 -320 o643 IT.160
o ha0.00  e6u) - 320 2.870 36,880
lo0.00 GBIJT TTTTLITO T 2,880 TIBLOPQ T T TTITTITTITITIT i aa s e s s s e e - i
13000 -SR] 220C -2.190 35,140
29007 «6IJ ° 200 =.720 136,570
20 0.00 2609 » 200 =s510 41,540
3,0.02 - 600 +200 5,890 47,260
315,00 603 =230 210529 50,570
T3¢ 000 T LU T L0 T 28,970 T 0,370 T T T s - - R
32 5.0 600 200 36,870 49,729
350,00 «632 2230 43,630 48,170
320,00 2630 -20C 53,410 43.810
320000 <602 ~o110 57,247 41,120

€62



AGBUC~£, Co6MA/SQCM 1 0CGPM-AGLI0-2

LSDESy 19243A2495:65758 = 1.0¢ 2.0% 4e0s 1a0s 1e0s 1.Cs 3.0y 0.7
RS YNCLDS NUMBER =  4600,0

£F FECTIVE REFRACTIVE INCICES AND PCROSITIES,

TYPE 2 FILM  2.170  -.28C5 1 L2130

TYPE 1 FILM  2.161  =-.2769 I 2011

TYPE } MYCRATE 1,391  0.0000 I <990

SECCNDARY CRYSTALS  2.1€3  —.2777 I 008

NIMBER OF SECONDARY SITES/SQCH 236E+09 LIMITING COVERAGE <414

CLYSTAL. RATE CF SEC. CRYSTALS (MA/SQCM),  .26052
CxYSTAL. RATE OF TYPE2 FILM (MA/SQUM), - 10030

SJIPERSATUKATICN OF ICKNSy 1.703 »TIME TC REACH(S! 214770
TvITIAL DISSOLUTICN CURRENT (MA/SGCM) .1883
T.MES, CNSET 0OF SEC. CRYSTALS{SEC) 15.9% PPT. CUNSTANT ($) 20.89
D2 HYDRATION RATE {MA/SQCM) 2286
E-FECTIVE FILM CURRENT{MATSCCM) .36¢
AYE. DISTANGCE BETWEFEN EXF. AND THECRY 7.804 (DEG)
EXPERIMENT THEQRY THICKNESSESTA}

Ty MELS) T{MA/SGCM) VOLTS DEL PS1 DFL PSI TYPE2 TYPELIF) TYPEL{H} SECONDARY  CCV

LoDy .63 - 178 £4,0%0 39,590 64,0860 39.59% -1 9.0 R B0~ TG0 -
EOI 263 2300 60.650 38.920 64,134 39,588 2.0 2.0 -0 .0 .000
50000 63D -300 55.780 39,760 600963 39,640 3.0 5208 -0 o4 LO00
Dol 26730 - 33C 56,200 41,730 56,413 39.948 0.0 105.5 -0 5.5 .700
506Dy 630 .300 51.480 42,860 52.947 40,475 0.0 1583 -e0 30.7 000
50,30 0600 . 300 46,030 42,970 Co421 41,357 0.7 2110 -0 97.6 001
{070 06732 L300 41,780 43,260 48,326 42,95% 7.0 263.5 TorELm U U215 V003
30090 0603 2230 38,760 43,333 43,724 45,325 0.0 315.2 -.0  378,9 010
30,00 60 - 300 35.752 43,200 35,515 45,920 naD 36404 -0 576.3 022
LaUsd7 2604 + 340 32,520 43,280 33,173 45,847 0.0 409.0 -0  798.1 2043
e deD2 2632 + 390 25.870 43.760 31,891 48,004 0.0 456 ,1 -o0  1037.4 . 072
120e0u L8670 .300 27.23C 44,370 27.283 50,744 C.0 47245 -.0 1289.4 o112
L3005 26700 . 300 24,58¢ 44,480 19.329 52.251 0.0 485.5 =0T 1880, o162
140,00 2630 -320 22.750 44,730 11,033 50.735 0.0 484 ,5 ~o0 1795, 2216
1200 NSH 2300 206510 45,160 8,936 48,324 0.0 484 .5 -0 1986.3 25
1o .39 633 2320 18,290 45,310 12.281 46.508 0.0 484 .5 ~o0  2146.5 2310
LIDL.00 2679 2300 15.66C 45,550 12. 734 45,703 0.0 484 .5 -.0 2285.8 2351
130633 263 2300 12.650 45,490 15,003 45,662 0.0 484 .5 -o0  2410.0 »390
Ly 0edv 520 L2307 13,050 45.340 = 16.636 46 o040 0.0 58% .5 =507 252245 S&27
25 0.92 ND P .300 7,050 45,100 17,610 46,588 0.0 484 ,5 ~e0  2625.7 2463
24 Cady 603D £ 300 44060 44,770 18.040 47,163 0.0 484.5 -0 2721.5 =498
2¢G.00 60D +300 1.300 44,150 18,059 47,691 0T 48%4,5 ~o0  28l0.9 -531
250600 <63 2300 ~+B3C 43,150
2+¢0.0) 2603 -300 ~2.913 41 580
25 000 2600 - 300 -5,100 41.59¢C

w62



AG3CL o QooMA/SWCHMo Lo LGPM,y J1 k=2

CUDESD l92o3do%e%060T08 2 L1olp dolp Qofp 1.8p 18y L.Cs 3.0¢ 00
REYNG.LDS ALMBER = 4¢e3C.C
EFFECTIve REFRACTIVE INCICES ARD PCRCSITIES

TyPe 2 riLw 2.170 =o28IC | 2210

TyPe 1 FILP 24154 =s274& 1 -€2C

TyPe & rYLEATE Low5d G.0000 | «953

SECCNUaRY CRYSTALS 20333 =oZdeld { - 200

MoMoER CF SECChOARY SITES/SCUM «£EECCS LIMITING CUYERAGE «649

3T0s OVEVIATICK Ik TRYL (CCHLREATD T.26 SET
CRYSTAL. RATE CF SzCo. CRYSTAHLS (®A/5CIP), 048342
CRYSTheo RATE OF TYPEZ FILM (PAJSCCHID, » 10002

SUPCRSATLRATICN CF ICRSy LoT7CU0 oTIME TU RESCHIS) 14770

IRIVIAL CESSTLLTICN CURRENT (RA/ZSQLY) »LEED

TiBESy CNSET CF SEL. CRYSTALSISEC) 15.56 PPT. CUNSTANT (S 20.00

OEHYORATICK RATE (PFAJECCWMD 600

EFFeCT IvE FiLM CURRENTIMA/SQCHM) <422

AYE, JISTANCE BETWEEM EXP. &AL THECRY 7.538 (UEG)

EXPERIMENT THECRY THICKRNESSESIAS

Titelis) F{ras/SEiM) YLLT S Cel PSE DEL P5i TypPE2 TYPEL(FD TYPELIM)
G-GQ 600 =ol%Y 48.31¢ 3%.5%60 48.31C 39-560 =] 0.0 =1
5.0% obul o EBO 45,684 36.72C 420207 40-356 87.2 o0 =9
18.90 2600 33d 43.6CC 40,500 43,034 %$2-058 190.0 BxY +0
15.3G -Tvly o 300 46.L8C . 42,180 45.7%1 49,525 2%2.8 o o8
£3.00 o &LC 0300 4B.02¢ 48,790 5Ll.%11 47 .62% 2%2.8 2207 =o(
25,06 660 =300 44,080 55.53¢C 460833 52,993 Z292.8 773 =o0
36.3¢ +600 PED N FATNL-1 &80 260 36,752 605347 292, 8 131.5 =o0
EX-FIv Fy-iviy) 0 4GU E.57¢ 6le 160 9,074 65786 29208 184.3 =e 0
40.J0 600 0300 =1l.15¢C £T.83C =LE.508 58733 292-8 23%-% =0
LERYN 2 6CE 0 3 =18.12¢C 520450 =3,588 52+371 £92.8 280.1 =00
000 06CL o 2 ~2C.5£¢ 8. 130 =Ta 845 53587 292.8 319.3 =50
6L.08 «&%0 0309 =15.,18C 4Co 820G =16 685 50.96% 2%2.8 379.7 =o0
[3-F394Y o &Hd o Jwl 16842 38.820 =24s065 47,093 29208 388.7 =oL
T0.00 <600 0 30 =15.58¢ 27064C =24, 854 43,147 292.8 388.7 =0
T5.3€ PY-114 0 33d =13:.86C 36450 22,798 35,833 2948 38807 =q0
18 .0¢ «5J0 0 33d =G, 1LC 34.48C o846 34.543 292.8 388.7 e

138.u0 603 0334 ~%. 160 220670 =596 36,704 2928 388.7 o0

150.6¢C « 600 «&J3 =%5,863 31.850

170.08 2638 Erads =1C.3EC 2c.85C

Z8C-00 600 =203 =Ta563 24,750

220,30 I3-194 0 &I «32¢ 36,040

245,00 2608 2200 12.21¢C 26 E5Q

27€.3¢ +600 0209 260267 37.%50

318.9¢ 0 €GT «2CC 37.17C 4G . 480

350.08 2600 o 2UJ 46.$7C 41l.2¢0

3%0.3¢ iy -19e =ad00 5(.62C 40960

SECORDARY

4.0

=0

@

0
&% 2
1517
2788
434.5
Bleo6
B06.8
101C.6
1380.5
1603.5%
1807.8
1974.2
25%2.1
30L2.%

cov

0.00¢C
=000
«00¢
=028
20080
=001
-004
- 008
=918
<031
«06%
«091
o123
<387
=2 1B7
«312
2933

g6e



AG3CC T, 0.6MA/SUCM 1 .1GPM,1L1-2

CUDES: L1o203As4s5565798 = 1.0y 2.0 Coly LoDy 1a0s 1o0s 30
RE YNOLDS NUMBER = o
EF FECTIVE REFRACTIVE INDICES AND PORCSITIES,

460C.0

f¢ PE 2 FILM 2,172 —a2800 1 <210

Ty PE 1 FILM 2:154 ~e2744 1 320

Ty PE 1 HYCRATE 0.0000 I «950

Se CGNDARY CRYSTALS 1.9%6 -.2218 1 2208

NJ MBFR OF SECCUNCARY SITES/SQCM - 28E4+09 LIMITING COVERAGE

CRYSTAL., RATE OF SEC.

CRYSTALS {MA/SQCMI, 45873

CuYSTAL. RATE QOF TYPEZ FILM (MA/SQCMI, s UT421

SUPERSATURATION OF ICNSy 1.682 sTIME TC REACHIS) = 14464
IvITIAL DISSOLUTICN CURKENT (MA/SQCM) 41863
TLMES, CNSET OF SEC. CRYSTALS({SEC) 17,25 PPT. CONSTANT (S} 19.41
Ue HYDRATION RATE (MA/SQCHM) -60C
EF FECTIVE FILM CURRENT{MA/SQCM) «423
Av Es DISTANCE BETWEFN EXP. AND THEORY 8,175 {DEG)
EXPFRIMENT THEQRY

Te ME(S) TIMA/SQCM) VOLTS OEL PSi DEL PsI

C.02 =633 - 150 48.310 39,560 48,310 39,560

5.00 287 « 350 45,680 39,720 43.4C1L 406302
10.00 +602 - 300 43,600 40,5300 40.309 41,879
1502 2633 - 320 46,020 43.19C 37.980 45,131
200 <630 « 300 48,020 48,790 44,578 48,199
25,00 2533 - 300 44,080 55,530 37,739 53.376
3Ge0J 26370 « 300 29.160 60.36C 22. 738 57.280
35032 2633 =300 8,570 61160 40934 56,090
+ 0,00 +633 - 300 =11.150 57.930 ~%,342 53.914
+5.03 +532 200 -18.120 52,15C ~9.023 52.861
3060 =600 =300 -26.520 48.100 -13:.024 53,273
50,00 603 - 300 -1%.180 40,820 ~22,€638 51.609
©5.00 <623 . 300 ~-16.840 38,820 -25. 650 48,486
7G.00 -6 » 300 ~15,558 37.6%0 —26.194 45,049
15,00 «623 - 3C0 -13.66£9 36,450 ~24.787 41,943
130.00 60 - 300 -9,110 34,480 ~8.,871 35.466
140,00 <630 - 300 -6.160 32 .870 ~4, 673 38.521
150,02 =639 5200 —G.860 31.850
1790400 -632 =230 ~1C.360 32,890
24000 +6003 - 200 ~7.540 34,750
24000 607 -20C =337 26,060
24U.30 2630 =200 13.310 36,850
279,02 <6732 -20C 26,290 37.950
3t Q00 =635 =200 37.170 40400
35003 63 - 200 46,970 41,260
39C.33 0623 ~»10C 50,6293 40,960

0.0y
<614

THICKNESSES{A)
TYPEZ TYPELIF) TyPEliM) SECONDARY cov
-1 C.T -1 0.0 0. GO0
83.1 «0 =0 °0 =030
166.1 -0 -0 o0 ST00
2492 -0 -G P LOUC
249.2 42.7 —o0 2406 - 003
249.2 96,1 —aC 394.1 008
249.2 146.8 ~o0 ST3.0 -017
249.2 192.8 ~o0 769.9 031
249.2 231.7 -0 9T9.7 S USH
249.2 26007 ~.0 1199.2 075
249.2 276,8 —s0 1425.9 - 106
249.2 2769 -0  1839.2 2176
24902 2769 ~o0 19933 +207
249,2 276.9 -0 2121.3 235
24902 276.9 -0 2237.9 =261
249.2 276,.9 -0 2692.5 -378
249.2 276.9 ~oC 3089.6 - 498

96¢



AGIODL391.0MA/SACM 1o UGPNp100-2

CODESy 19203894%9598708 = LoBy 2000 LHobs lobs Lels 1.8y 300
REYNOLDS NUMBER = 1000.0

EFFECTIVE REFRACTIVE INDICES AND POROSITIES,

TYPE 2 FILM 2,170 -, 2808 I 0218

TYPE 1 FILYM 2,013 -2 22868 I « 280

TY®E 1 HYDRATE L1okB81 Lek800 I 930

SECONDARY CRYSTALS 1. 878 ~.1828 I <388

MUMBER JF SECONDARY SITES/SQCH «53E¢09 LIMITING COVERAGE

STD. DEVIATION IN TRUC (COMERENT? 5097 SLCC
CRYSTAL., RATE OF SEC. CRYSTALS (MA/SQCH) 4 «45088
CRYSTAL. RATE OF TYPEZ2 FILM (MA/SQCMI <06 055

SUSERSATURATION OF IONS, 1.74¢ .TIME TO REACH(S) 205317
INITIAL DISSOLUTION CURRENT (M&A/SQ5Y) 20822
TIMES, ONSET JF SEC. CRYSTALS(SEC) L17.37 PPT. CONSTANY (S) 21,30
DEMYDRATION RATE (HA/SQCM) -938
EFFECTIVE FILNM CURRENT (MA/SQCH) 798
A¥Z., DISTANCE BITWEEN EXP. AND THEIRY b.122 (LEG)
EXPERIMENT THEIRY
TIME (S} T (M8 7 SQCM)D VoLTS DZ. FSI CEL PSI
Bo 08 1,886 - 058 66.098 41,980 Blo 690 51,908
1, 00 1,000 2280 53,398 41,900 630425 $1.889
2000 1. 000 2230 620390 41740 61829 ble811
3. 00 1,008 . 300 60:508 41,480 650, 318 ¢1.761
4o B0 1,000 . 300 58,218 51,248 58,603 bi.720
5,30 1. 860 2308 55,210 40,928 56,707 v1.762
5, 00 1,000 - 360 53,220 450,660 Sk.681% 1,753
7. 08 1,080 - 308 51,030 50,400 54,229 b1.806
8,400 1,008 +300 50, 4k g 400288 53, 807 %1959
9. 08 10080 - 300 £9.638 53,260 53,308 52320
1802 1.B8E S 38 29,433 417260 5204385 520985
11. 88 i, 80¢€ » 308 +9. 830 0,370 510411 43,803
12008 1,000 =300 50,798 %0.890 50,172 54,220
13,08 10008 - 308 51768 4105618 51,037 Lo T43
1ho G0 16000 2308 53260 %2 .7%8 £2.943 bE.248
13,87 12638 - 3.0 55,378 b4o11R 55,661 b €307
15, 80 1,000 - 300 57?0 45,670 58743 82366
1700 10080 - 300 59,118 48,020 6L.4695 51787
18,00 1,008 - 360 52.868 51,858 ©3.20€ 560432
13,80 10008 +308 550280 54,000 660311 80031
20088 1,080 = 340 86,278 59,008 68< B3% 540640
21, 00 1,008 ° 3080 68,850 63,260 70,297 59,216
22,00 1,000 - 300 54,8568 $9.390 660800 74591
23, 8% 1008 Ncieh] 4Bo4bl 75.030 bl 580 73782
2%, 00 1,000 - 300 =8,758 T4 2660 -2.051 79,912
25000 1,800 2308 =373 74800 =19.578 72.008
~I -1 -z -1 -1

009
»818
THICKNESSES(A)

TYPE2 TYPEL(F)
=1 Go8

Ta¥ Py
17.3 o
28,5 o0
913 =0
55.6 -8
Ti-3 ° 8
89,4 al
108,56 o
138.1 o
153.9 o0
180.% 20
2080 FEY
2L 0 o
27605 o0
31569 ° 8
3597 -0
L3 BT 3
43509 179
%35.9 b7
43609 705
%$36.9 G99
436-9 118-6
43609 1%1.8
43609 1€1.3
4369 179.L

TYPILIH)

-I
Lyl
o0
G)ﬂ
=8
o0
=0
o
00
o
-8
8
of
QB
Ex
o0
0
<8
=00
=0
<o
=o @
=0
=8
=0l
)

SECONDARY

[ ]
X!

o0

&g
o0

8

20

o

mﬁ
=0

o

o8

-8

o0

o0

ol

X

of
951
182.7
2blo 7
329+%
%235
522.1
82403
¥29.2

cov

6. 008
- 000
o b
2000
800
» 000
« 008
<9UE
2000
o8 G0
<060
=000
o3l h
2080
<000
2008
- 000
o8T T
2001
2003
- 385
2012
=318
<827
<039
<B53

Lég



L AG30DI3:1.0MA/SQCM 1 BGPM, INC-2

C3I3ESsy 152:38:%959697s8 = 1o05 2.05 403 Loy 1ol Lels 3.0 3aly
RIVN3ILDS NUMBER = 10P0.0

EFFEZCTIVE REFRALTIVE INDICES AnD POROSITIES

TYPS 2 FILM 2. 174 L2800 1 » 210

TrPE 1 OFILM 2aldé -.2716 1 - 020

TYPE 1 HYDRATE 1.457 C.0000 I 854

SECLNDARY CRYSTALS 1.878 - 1820 1 » 250

NJMBER OF SECONDARY SITES/SQLM 2 53E+09] LIAITING COVERAGE 437

SAYSTAL. RATE OF SEC. CRYSTALS [MA/SQCYM, =28857

CRYSTALY RAVE OF TYPE2 FILY [MA/SQCMI, 06210

SJPERSATURATION OF IONS, 1.702 »TIME 70 REACH(S) 05317
IdITIAL DISSCLUTION CURRENT {MA/SQCM) 20622

TI4ES, ONSET OF SEL. CRYSTALS{SEC) 12.30 PPT. CONSTANT {$) 21.19
JEAYDRATION RATE [MA/SQCMI 100G

Ut

EFFECTIVE FILM CURRENTIMA/SQCHM) 82
A¥Z. JDISTANCE BETWEEN EXP. AND THEDQRY 5.859 (DEGJ
EXPER IMENT THECRY THICKNESSESTA])

TIMELS) I{MAZSQCM) VOLTS DEL PS1I DEL PSI TYPEZ TYPZL{F} TYPEL{H} SECONDARY coy
SR .70 -050 64,090 47,900 £4.090 410900 -1 2.0 -1 C.2 0,000
1.00 1. 000 2200 63.990 +1.90C 63.125 416853 8otk N «C £ < TOD
2,00 1.000 290 £2.3%0 4l T4l 61,864 41.812 19.5 o0 o ) -000
3,00 1.000 - 300 60,000 %1480 &0 438 41.7865 32.9 e - O -0 =000
Foll 1.mlr o 300 58,210 Gl.217 58.859 41.725 48e8 ol o0 -0 SC00
300 A =300 55,210 40.920 57.164 41731 67.3 el -0 -0 =000
.00 1. 00C - 300 53,223 40,660 55,383 41734 88,8 ol 1 - < CLY
Fotl To oo ° 30N 51L.030 40,400 53,564 41736 113.3 P o0 = =000
3.00 7,030 23030 50.440 40.280 51.T€8 41833 142.7 -0 =0 e 000

.20 1020 o 3CT 49,630 @he 260 5¢.088 42.133 176.3 L =0 - o 000
Li.00 1.000 - 3DC 49.430 40,260 480648 420745 2L2.6 22 -0 -0 =000
11.00 1.000 - 300 49.830 40,370 47600 43,854 2€1.7 -0 s - - GCT
12.7% 1700 - 20 50,790 476 89C 47229 442853 293.2 o2 =0 oG N
L3.00° I.0C0 330 53.740 431.620 50,469 46,632 290.0 37.2 - C »1 =000
14.C0 1.0C¢ =300 52.260 42750 52,601 48211 2977 59.6 ~o 1.1 2000
15.0% LoTD0 « 30C £5.370 S AN 56, 5CL S2.087 293.2 8Li.5 -0 To3 =000
£5.00 1 .200 =300 537470 45.€T0 39,165 22.324 290.0 103.3 ~s 0 26,3 -C00
L7070 L. 000 - 300 59,117 L 8oN2TH 61.583 540,931 2930 124.6 ~ol 6Z-1 000
L3.00 1.23¢C <200 £2.340 51.850 2.713 570924 290.0 145.5 -0 1i3.8 001
19.00 1. 000 .3C0 64,280 54,000 65,399 €1l.329 290570 I66.,7° ~o0 1777 =003
23.03 1,000 s 300 660270 59,000 &6. 265 65.42% 29%.0 185.8 ~sC 250 .4 =006
2. .00 L.000 330 66,8537 £3.260 £5.655 69,198 2900 20%4.9 -0 329.3 011
22,00 1. 0C0 o 30 640 BED © 9.3 90 37.561 73.623 290.7 226,32 -0 41208 -C17
23.03 1.20n0 - 30T 48. 440 75.020 38.585 77242 290.0 243.0 -.0 499,7 »025
24,00 l.000 . 3C0 ~8,750 T4.660 T.502 T T4 290.0 260.5 ~o0 589.2 - C3%
2537 T.700 » 300 ~17.54% T4.800 -17.855 T3.427 29362 275.% ~ol 68G.7 <046

-1 -1 -1 -1i -1

S

g6e



T AG300-160 LMA/SOCE, 6PKCH, AGLID-2
CODESs 10203R0%05060703 =  1o0s 200e .08 LoD L1oOo 100 300p 0o0o
HEYNGLDS WUMBER =  1603.0

EFFECTIVE REFRALTIVE IMCICES ANL PULRUSITIES,

TYPE 2 FELM 24478 =o2800 i _ 2210

TYPE L FILM  1oSTP =.2009 1 2247

TYPE | WYCRATE 10428  0.0000 § ~913

SECONDARY CRYSTALS 1,876 =.1820 1 2350

NUMSER_GF_SECCNUARY SITES/S@LM ¢ 368409 LIMITING_COVERAGE 2670_
CRYSTAL. RATE UF SEC. CPYSTALS (MAZSGLMI,  -32800

LRYSTAL, RATE OF Typr2 FILM (MA/SQCHMD, 205551

SUPERSATUNATIGN CF ICNSe 20310 oTIME TU REACH(S) .09817
INITIAL OISSCLUTICN CURKENT {MA/SQCH) ©2558 )
TEMES, GMNSET OF SSC. CRYSTALS(SEC) 9063 PPT, CONSTANT {S) 18.53
CEHVORATICN RAVE (MA/SwCM) 2988 R —e — —
EEFECTIVE FILM CURRENT(PA/SUCH) . 165 .
 AVE. UISTANCE BETWEEN EXP. AND THEORY 1,251 (DEGI
] ) o EXPERIMENT THEQRY THICKNESSESIAD
TIMELSS T(8A/5QCH)  YOLIS DEL PSI DEL Ps1 TYPE2 TYPELLF) TYPEL(H) SECONDARY €OV
- 0. 00 1.C00 ~-120 63.540 40,590 63,590 0. 590 0 «0 0.0 o8  0.000
5,00 1,000 .290 58,110 39,880 56,438 60,667 69.7 o0 N o8 «000
10. 00 1,000 2290 56,280 40,130 55,822 $1.392 80.0 13301 -0  124.8 001
1 50 00 1. 000 020U 60,030 43,620 60,093 66477 $0.0 263.9 <ol 2538 006
16000 1,000 0290 80,960 44,740 60,991 45,699 80,0 289.0 =0 30306 «006
17,09 12000 2290 61620 460560 61,650 47,155 | 80,0 313.T . _ ___ <eQ __35%.% 008
18.00 1.000 » 290 61670 480060 6le966 %8810 80,0 337.9 ~e0  408.2 081
19.00 1.000 =290 LC.970 52,550 61,293 50,693 8000 362.2 w0 66200 «01%
20,00 1.000 2290 59,240 549110 59,303 52,795 8000 387.0 =0  516.% 018
21.00 1. 000 0 298 56,010 560 740 560639 54,988 80,0 §10.3 =0  5T74.% ~022
22,060 1.G00 2290 53,230 580590 52,897 57,193 80,0 63502 =0 6270 «026
e 23000 1,000 2290 46T.64C 600280  4T.848 59279 80,0 __ 458,35 | =0 683.0_ _ 03%L__
24,00 1,400 <290 41,980 62,600 42,118 6l-133 80,0 5812 -0  T73%9.4 037
25,00 1.600 «290 27,260 630430 360646 62,837 80,0 5030 3 -0  796.0 - 083
26000 1,000 2290 31,100 64 5560 29,731 64,191 80,0 5240 7 “o0  853.0 ° 049
27,08 1,000 2290 22,030 6% 0 T4U 22232 69,021 80,0 545.4 =0 910.2 056
28,00 1o 000 0298 15.%30 b4 o 660 14,563 650234 80.0 96502 o0  B876 2063
e 29000 1,000 o290 7,090 63.660 _ T.466 __ 64.880 __ BO0.O__ ¢ 58%.2 _.=e0 _102%.3 L0V __
33,00 1,000 0290 2.L140 63,010 1.451 640140 80.0 502, 3 -0 1083.1 079
31.00 1.600 0290 -1 70 B2.070 ~3,361 63,236 80,0 519 % “e® 116lol -087
32.00 1,000 2290 ~Te%80 61,360

662



2C0100~152 2hE«3 AMPSz z21vKOrg

CODESy 19293804 o5955798

CO3ESy 941091893912, 13014 =
REYNOLDS WNUMBIR =
EFFECTIVE REFRACTIVE INDICES

TYPE 2 FILM
TYPE 1 FIte

TYPE 1 HYDRATE

SECONDARY CRYITALS

NUMBEF. 3F SECONDARY SITES/SQCH
CPYSYAL, FATE COF

CRYSTAL, R8YE JF TYPE2 FiLM
SURERSATURATION OF
INITIAL OISSCLUTION CURKENT

TIMES, 3NSET 2F S&C.

TIME TC KREAGH CCMPACY FIut 1

DEAYDRAYION

FINAL THICKNESS OF ROUGRNESS

WIDTH TO HEIGHT OF
INITIAL PATCH COVERAGE

FINAL PORDSITY OF

AVEs OISTANCE BETWEEN

TIME(S) pe

10.0
20800
3G.C
4060
oot
600
760l
8L.L
S8.0

THICKMESSES(A)

= 1e0s 2e089 wels Lols 2o0o o806 3:08s Dols
Oobis  Leldo | Tols waels 1elp Lelly 1oUs
0.8
NG PORO3ITIES,
2,130 0.300C 200
2e.121 0.8600 I GeQ0C
1ed6l Ge 3602 I 0332
26138 8.0600 I G800
21BEFEC LIMITING CCVERAGE <790
SECs CFYSTALS (MAFSQlMiy s 18202
(MASSQAOMD 5 211578
IONSy 2.308 STINME TJ REACH(S) 000821
(MA/SGECM) 0 GG0&
CRYSTALS{ZESY 1.8 PPT. CCASTANT (S) 200
TIME TU COMPLETE PATCR COVEXAGE 9Ced
7i.2
TIME TO DISSIPATE HYCORATE LAYER Ti.2. S
FATE (M&/GQCHD o3k
EFFECTIVE FILM CURRENT (MA/SQCH) 0268
CURRENT FRACTIOW FORMING RUJGHRESS 2001
ol
CRYSTALS, 0T 3E
I FIoM aJ11
EXP. AND THEJRY 30,273 {CEG)
EXPERIMENT | THEIRY
{MA/7 SQCMY yOLTS DEu RSI CEL >sI TYPEZ

0400 ~o 800G 30.30¢C 35.900 &34 25 38.68% bllet

200 ~ 0800 T3.08¢8 37406 91,058 360137 %81 €

oL -o508 8L.00E <0600 85,263 38,296 @8lew

ot G0 ~a&00 83,5608 ~3:700 854907 +ief 5= wilet

o &G0 - 803 98,600 w9e308 Sh o224y LBa.721 431.6

o =80 ~+800 118,400 #6500 110208 23.32: w01e6

260 ~s 803 123,20 33,800 12%.%83 [ Y12 «blew

o ~30 =800 153.208 59.600 18wo8C2 eZ.858 401.8

s w00 2870 1£3. 5068 ERERERI 1730313 €3.589 ©«0ls6

« %00 . 940 170.3070 63,4438

93. 3¢

TYPEL(FY)

S
540
118:8
1684
239.2
2406
29503
28%08
Fito €

W

=3

TYPEL(HI

-0
~o 0
-8
=od
-0l
-2l
=l
~ol
=00

SECONJIARY

LSl
23¢lel
256802
2726.9
28102
29034
29%Lo 0
294508
29230 3

00%



#LDLlY22¢ #LlE-3 AMPS#E #1MKOHe

COUESy L9293A5%455,657+8 = L1o0s 2009 %o0s 1.0y 1.0y 1.0y 3.0, 0.0,
COCES: 90lUslle3,s22s0351l% = 3.0s 120y 720y 400 Le3r LoQe 1o3s
REYNULOS NUMBER = G0

EFFELTIVE REFRACTIVE INUICES AND PORCSITIES,

TYPE 2 FILM 2o 130 C.0000 1 - 200

TYPE L FILM 2.141 $.0060 I <015

TYPE L HYDRATE Lod4l 0-0000 1 -828

SECONWARY CRYSTALS 20130 0. 0000 1 G. 000

MUMBER OF SECONDARY SITES/SQCHM +30E+03 LIMITING CIVERAGE =790

CRYSTAL. RATE JF S$EL. CRYSTALS (MA/SQCMI, «01425
CRYSTAL. RATE GF TYPE2 FILM (MAFSQCMI, 02000

SUPERSATURATION UF TONS, 2.300 ,TIME TD REACE(S) =00003

INITIAL OISSOLUTION CURRENT {MA/Z3QCM} - 0009

TIMES, GNSET OF SEC. CRYSTALSISEC) 1.9 PPT. CONSTANT (S} 1.6

TIME TO COMPLETE PATLH COVERAGE Fa1

TIME TG REALH COMPACT FILM 33.2 S

TIMZ 70 UISSIPATE HAYDRATE LAYER 38,2 S

LEAYORATICK RATE {(M4A/SQCM) =097

EFFECTIVE FILM CURRENTI{MA/SQLM) 634

CURRENT FRACTIUN FORMING ROUGHNESS <000

FINAL THIUKNESS UF RUUGHNESS 2.0

#l0TH TO HEIonT JF SEC. CRYSTALS, L0000

INITIAL PATLH LUOVERAGE <061

FINAL PURGSEITY OF TYPE I FILH <OLL

A¥t. DISTANCE DETWEEN EXP. AND THECORY +574% {DEG}

EXPERIMENT THEJRY THICKYz SSES{A)

TIMELS) L IMA/SGO MY YOLTS DEL PS1 QEL PSi TYPE2 TYPELLF)
Zsid L.0G0 -+800 102.%00 41.900 103,017 41583 45603 -0
4o d Ls GOU -~ 800 103,200 42.800 103.091 42.326 45600 Zolk
Y] [ vV -. 800 104.800 43. 160 iU%, U569 43,566 456, 2 7ol
SN ] 1000 =800 105,600 42.400 162,369 45,725 45005 1J.2
10,0 L.000 ~.300 i0€.000 47.100 105.98% 47.281 456432 1302
L2eu i.030 +500 104800 480200 145,058 &7, 703 4566 0 17,

1400 Lo 00U 1. 400 L103. €00 48,700

TYPELLH)

-0
-0
-2 Q
-0
oG
~s 0

SECONDARY

1194
1216
12628
117.7
116.8
1194

coy

<000
- 0030
~000C
-00
=000
000

ToE



#CT100~248¢ #6E~4& AMPS® *LMKOH

CODESs 1s203A0%s3 560708 = 1o0s 2009 4oBa LeOs 1e8o 1a0s 3.00 Uois
CODESy 90100810301 2013514 = QoOs 10s 7ol %ols 1e0s 1o0s 1.0s

REYNCLOS MUMBER = 0.0

EFFECTIVE REFRACT IVE INCICES AND POROSITIES.

TYPE 2 FILM 220 3C €.0000 I 2200

TYPFE 1 FILM 20421 3.0000 I 0,000

TYPE 1 HYORATE 1366 8.0000 1 2852
SECCNTARY CRYSTALS 2.130 €.0C00 I 0.000

AMUFBER OF SECONDARY SITES/SQCM <10E®09 L IMITING COVERAGE - 790
CRYSTAL., RATE OF SEC. CRYSTALS (MA/SQCMI. 212129 :
CRYSTAL. RATE QF TYPEZ FILM [MA/SQCM}, «3326¢€

SUPERSATURAT ION LF ICNS, 2.3080 TIME TO REACHIS) -000Q09

INITIAL DISSOLUTI ON CURRENT (FA/SQCM! 22005

TIMES, ONSET OF » EC. CRYSTVALSISEC!) 15.0 PPTY. CCNSTANT (S) 2.9

TI¥E TQ CCMPLETE PATCH (OVERAGE 504

TIME TO REACH COAPACT FILM I 60.3 S

TIRE TO DISSIPATE MYLRATE LAYER £0.3 &

CEMYCRATION RATE (MA/SCCH) 107

EFFECTIVE FILM CURRENTIMA/SGCHM) -184

CURRENT FRACTION FORMING ROUGHNESS 2001

FIMAL THICKMESS oF ROUGHNESS 402

WECTH TO HELGHT »F SEC. CRYSTALS, 1,000

INITIAL PATCH CQ¢ ERAGE <900

FIMAL PORQSLTY oF TVYPE I FILWM «ClL

AVE. DISTANCE Bel WEEN EXP. ANC THECRY 1269 {DEG)

EXPERIMENT THEQRY THICKNESSES{A}

TIMELS) IEMASSC¥) YOLYS DEL PSI DEL psi TYPEZ TYPELI{F) TYPEI(H) SECONDARY Coy
12.0 <50 0 -~ 820 167,000 45.C00 105.966 45.388 463 .8 G0 - -0 - 000
20.0 PY-PR] -o820 1C8.400C 48,600 109.250 47,795 463.8 15.9 ~a0 810.3 JC07
38.8 054 0 ~ o820 112,060 51.9€C0C 114.07¢ 50,521 463.8 400 ~ol 847.C 2ul7
4G a0 «640 -.820 123.100 55,760 122.592 54.424 463.8 63.2 ~s0 878.1 =008
5C.0 o5u 0 ~.820 137.500 58,600 137,423 59,954 463.8 85,1 ~.0 903.4 008

£C.CC «BUu - 800 144,700 59.1CC

c0&



#LDL0U-£52 22E-&% AMPSe @ iMLOde

CCUESs Lo2o3hrev808:To8 © Loy 2005 &oOs Le0v 120 Lo 300y @0
CO0ESe 9olDello3olasllsbd ® Cole Lele Tolo %ols LoQpy Le0o 1030

REYNULUS MuMgEr = B0

EFFECTIVE REFRACTIVE INDICES AND PCRISITIFS.

TYPE 2 FlLd4 XS ¥ 1] 00000 1 - 2G0

TvPE L ¥ LLm 4old3 Do QUED Q000

TYPE 4 WYDRATE Lo 377 0060 1 2831

SECLNDARY CRYSTALS 2,130 00000 I £.060

AUMSER OF SECONDAKY SITES/SQUY «ZiECLY LIPIT IAG COVERAGE 2 T85

CRYSTALe RATE LF 3EC. LRYSTALS (MALSQCHls +DBO&4LE
CRYSTAL. RATE GF TYPEZ FILE (#A/5QC¥}, - 31L00

SUPERSATURAT IUN WF ILNSe 20300 »TIME TC REACHIS) <30083
INETIAL OISSCLITION CURREMT (HAFSQCM) = G004&
TEMESy ONSET wh $80L. CRYSTALSISEC) 200 PFYo COMRIVANT (353 Lot
Tide T (OMPLETE PATOH CUYERAGE GLle®
TIME TU REACH CO®PACT FILKM § $%«5 §
TIME TO JISHIPATE WVYDRATE LAVER 59.8 3
CEHYORAT LON RATE (Ma/sSQCmi =0 L0
EFFECTEIVE FLLA CURRENTIMASSGLME 2i7% ~
CURRENT FRACTION FCRMING ROUGHNESS - 201
FINAL TeilCKMESS OF RCUGHRESS Fal
widTr TC HELOGHT OF SEC. CRYSTELS. Lo 000
INETEAL PATOM CUVERAGE 281
Fikhl POROSIYY OF TYPE § FiLE o @18
2¥Eo DISTANGE SETWEEN EXNPo. AND THEQRY 813 (QB&Y
THEORY c EStald
TIMELS) FiMA/ Sl ad YOLT S DEL psi TypE2 TYPELIFY TYPELLx} SECOHDARY Lo
L@@ - 2490 = 80% B& %0 39400 55,387 39,4638 3L8ev -8 =l 348. &
269 0 duQ =805 $%.200 4{:2C0 €40 896 60329 3ided dol =G 386.9
B AvERY] o LU = BUE €1.200 55,235 %0396 3iBsu bok <ol 422.8
4o o 280 = BG5 42.400 56,788 4 o106 218e2 ot ol 455,60
Sde0 02 £0G “oBOS 449, 1CC $8.926 43,525 3i8.9 7.7 =B 584 .%
60od <208 =~ TG 48,200 99926 45:226 3iBow P B o G S04
700 o 2134} =330 L0800 48,800 L60. 678 47,483 3i8.2 13,7 =0 532.1 <0460
16 - 404 = L0O 0L =000 47,800 1609202 4B.356 318..4 1205 o 543,77 o362
~i b =1 - =1

£0g



#C0100-26% #1E-4 AMPS® 2IMKOH.#

CODESs 192¢3A0495 960728 = Lloly

CODESy 9910s11+3012,12024% =
REYNLCLOS NUMBER = 2

EFFECTIVE REFRALY IVE I
TYPE Z FILM
TYPE 1 FILM
TYPE i1 HYLDRATE

SECONTARY CRYS5TALS

MIMBER OF SZLLNDARY SITES/SQCH

CRYSTAL .
CRYSTAL.

SUPERSATURAT ION uF ICANS,

TIFE TO REACH CUMPACT FILM I
TI¥E TC DISSIPAI:

CEFYDRATION RATE
EFFECTIVE FILM CURRENT IMA/SQCHM)

FINAL THICKNESS UF ROUGHNESS

INITIAL PATCH CJy ERAGE
FINAL PORCSITY JF TYPE I FILY

TIMELS)

2 o3
4Ce3
6L o U
8¢ o0
1803
120 6.0
1o ol
16C.0
18l a0
20N ok
22860
24C 00
26C.0
280.0
3¢La35
32Ce2
3400
360 o
38L.0
L IE ]
428 ol
440,00
4 8Lo L
52¢ e L
56C.CC
ETC gL
€4L.0C
8L 2T
72C a0
T6{.LlC
8L

2oy &a0v 1e0s loOe Lao0s2 300 D0.0»
Gy 1e0e 7002 4.0y 10y 120y 1.0
NDICES AND PCROSITIES,
22430 L0000 1 -200
20421 Codd0l o 23
1345 3.0€03 I <TO1
20130 Ya00Cl I 2.00C
s LOE#1Y LIMITING COVERAGE = 79C
RATE OF SEC. CRYSTALS (MA/SQCMY, 200273
RATE OF TYPE2 FILM (MA/SQCM), PP Il Aviy
20,300 sTIME TO REACHIS) 00332
INITIAL DISSOLUTAUN CURRENT (MA/SGCH) -3C02
TIMESy ONSET QF »EC. CRYSTALS(SEC) 6.0 PPY. CONSTANT (S) 2.0
120.2
HYLRATE LAYER 1812 §
(MA7SGCMY =76
<09%
CURRENT FRACTION FORMING ROUGHMNESS =230
18.8
®IDTH TO HELGHT UF SEC. CRYSTALS, 729
2368
W51
AVE. TISTANCE Boi WEEN EXP. AND THECRY 18.490 {DEGH
EXPERIMENT THEORY THICKNESSES{A)
T{MAS/S2CHY ¥GOLTS DEL PSI DEL PSI TYPE2 TYPELIF)
shol -.830 1L1.20C Lo 20U 101.132 38.476 219.3 ge9
PYRVEe -.832 152.20¢C 41,500 100:650 38.96% 325.6 Q.0
PEe Ry ~o83¢ 15€.808 430500 1026797 39,136 45963 [
shaks =833 111,200 46. 4l 100.131 41.111 409.3 28a2
2040 -s838 117.60C 4%.800 106.823 42.293 409.3 57.6
slul -283C 121.30¢ 53,600 115.244 45,753 4393 838
olads -+ 830 127.900 57.500 127.283 47,541 409.3 96.4
2140 -.830 13¢.800 51.800 138,289 50,653 489, 3 1538.1
YWY --833 14%.20% 65,501 147.755 55014 4593 11765
aluQ ~-.83C 167.100 68,500 167.680 57,862 409.3 137.3
«140 ~-.830 191.100 67,90 200414 55,678 40963 i72.8
24wl - 2830 2178013 640 LUY Z224.581 51.868 4293 208.4
220 C ~ 2830 242500 55.9C0 238,607 480343 4393 24%a2
oiuw @ ~ 2830 258, TOU LYl 246,333 45,5586 45963 279.9
ola 2 -s83L 262,300 3 8o 5 249.064 43,345 4.9.3 315.6
oty ~ o830 251.7C0 33,630 247,873 410479 4093 351.3
crsl = o83y 238,300 EP SV 243,337 39,795 4, 9.3 387.1
ok - =830 221606 2%.5ui 235,735 38,219 439.3 422 .9
[ VR -.833 217.900 30200 225.227 36,763 40%9.3 45847
bl ~a832 20.9.30u 3¢90 212,045 35,534 4493 494 .5
wlot ~ 837 2 5.00u 32100 186700 34,73 43932 53004
o ldu ~+830 2C3.000C 33.800
o kud -5 &34 183,040 37.7C4
slus ~.830 18%.1¢C¢C 41 2450
o 1y -a£3J 188.5G0 45,800
s huae -. 830 186,90 4G o 8w
slus -.£3¢0 163.702 53,400
ido —2 830 2U L LU & .20
olus -e £33 25 6.1u8 7401
o lua -.830 218,100 57100
oy - 83C 227.104 55,7670
oivs ~.83u 23&.3030 S4.100

B4lolf

TYPEL{H)

-a
~-s0
-0
=0
~o0
-G
-0

]

-0

SECONDARY

«0

-0

-G
595.8
£20.5
62%.5
62655
615.6
&ECL.3
5997
618.9
638.1
6573
6766
£95.9
7153
1347
754.1
773, ¢
793.2
81lz.7

cay

=0G0
000
NV
-C19
023
221
2521
020
019
-019
oy 20
«022
=023
L2
026
027
2%
-030
. G32
o33
-G0G35

3



2CDICG~262 2LE-4& AMPSy 2IHKOH.@

CODESs 1029380%02 060708 = Lol 269 %els 1efy 1oDs  1eDe 305 0.0
COCESy 95100158930 12:13,34 = Colls Leolie Tolp 40y 000 1e8e 1:0s

REYNCLES MUMBER = 0.8

EFFECTIVE REFRALT IVE INDICES AND PORGSITIES.

TYPE 2 FILY 206 3C SeGufe I <200

TYFE 1 FILM 2.4 21 C.0000 I =11 2C

TYPE 1 HYORATE 1345 RS LISV « 16E&

SECONCARY CRYSTausS 2,133 C.0000 I $-0G0

hUBBER CF SECONDARY SITES/SQCH - LOESLD LIMITING COVERAGE - 780

CRYSTAL. RATE OF SEC. CRYSTALS (MA/SQCHMD, L0242
CRYSTAL. RATE OF TYPEZ FILM (MA/FSQCH:, - 10000

SUPERSATURAT ION wF ILNS. 2.3C0 TIME TO REACHIS) -00332
INITIAL DISSOLUTACON CURRENT (MA/SQCH) 02
TIMES, GNSET OF sEC. CRYSVALS(SEC) 6l.T PPT. CONSTANT (S} 2.0
TI®E 7O REACH CusPACY FILM I 13%.6 §
TI®E TC DISSIPAIc HYLCRATE LAYER 186.4 S
CEFYCRATION RATE (MASSCCM) 08¢
EFFECTIVE FILM CJRRENTIMA/SQCH)} <098
CURRERT FRACYION FCREING ROUGHNESS =200
FINAL THILKMNESS 4F ROUGHNESS ig.2
wIbTH TO REIGHT uF SEC. CRYSTALS, <568
INITIAL PATCH GOV ERAGE =300
FINAL POROSITY 2¢ TYPE I FILwk <011
A¥E. CISTANCE Bl WEEN EXP. AMC THEORY 11.957 (DEG}
EXPERIMENT THEDRY THICKNESSES{AY
TIKELS) I(MA/Sa CH YoLTS DEL Psl DEL PSI TYPEZ TYPELIF)
263 ok - 830 L. 200 40200 108.€34% 29.584 95.2 0.0
e Y VRY] ~2830 10 3. 206G 41500 1050411 40.27% 22607 Q0
6C.0 2140 - =830 106800 @ 43.500 104,407 40,618 3304 0.0
8l.3 oball - =830 1il.2%0 4 &0 400 100 .862 41310 335.4 2.1
10Ce0 odu ~ 830 1L17.6GG 4%.830 106.828 420156 3304 109.3
12C.0 oalu O -0 830 121306 53,600 119,425 420824 3304 177.8
14l .3 olil - o830 127900 57. 538 133,690 45.192 330.4% 212:.4
160 i - o830 136.800 61,800 140.947 48.185 330.4 221.1
180.0 old ~ 2830 1490 2U0 65,500 140,097 51.964 33{ .4 2178
25 euw slsi - o83¢ 167.1¢¢ 680500 162,572 53,750 330.4% 243.1
2283 PR ~.830 1913100 67.900 197,458 52.573 330.4 283,71
240 o3 AN ~ =830 21T 850 ¢ 640100 223.874 49,863 33L.4 32405
26u o0 ok 4tk - o835 240U o 50 55,900 240207 47.296 33004 365.2
28L.0 «iwl ~.830 258. 70C 46700 248,722 45.3L0 3304 406,90
30L e FY Ry -0 83L 2636300 38.52C 251.54% 430713 334 44609
32¢ 5 obwis o830 25L.700 33.600 250.019 42 o4 S% 330e% 487.7
346,90 oiw Q -+830 239300 31.000 24%.856 %1346 I30¢ .4 528.6
3602 ciu — o830 227.6T0 . 250 5650 2360 4%2 43278 33C.4% 569: 4
38C.0 oLy 0 =830 217.900 30200 225:047 39,337 33004 6103
4G sy Py VRS --83%2 20%.300 34,900 211.G51 38.520 330 .4 651.2
423 o olsis - 830 205000 32,100 195,138 380 §42 330.4% 69242
44000 PR VN —s 830 206-000 33.800
48C.uG o idd -+830 163,000 3T UG
52C Ut o lua -0 837 18%.106 41 400
56C.CC o lduy ~e830 188.5CC 45,800
63C.00 o lds -0 830 18390 49 .80
84€ 0T slua -.830 183.73¢C 53 400
£8C.CC0 o Lud - 830 2CC.100 56.200
T2C.00 - olds - 830 208100 57 400
F6L.0C clud -~ 830 218.10¢ 57,100
80L.C1 s Llus -o 830 227.100 55, 7¢0

848 ol ohia ~s 833 236,310 54 .10

TYPEL LM}

~o
~al
~sQ
-l
=20
—ol
=0
-20
-a
~o0
~o0
-0
~el
~oll
-l
~o0
=l
=0l
=<0
~o
-0

SECONDARY

o0

-0

o0
6999
T20.1
TL7.C
69963
6745
6672
6517
&70.6
689.5
T08.5
7275
T46.5
765.5
T84.6
8037
822.8
84200
861l.1

<oy

Reisa]
2000
000
=016
-017
~QL7
A
«GL5
2014
«01l4
=015
PEeEe)
-0L6
o DLT
~U18
<019
020
2021
«022
o223
2024

Gog



€U 100-30 1E-3 AMPS 6MKOH

THICKNESSES (&)

CODESy 15203A7495:6:7+8 = Llede 0.0¢ 0.05 LoDy 1.0y LaOy 3.55 0.0y
CODESs 95105119351 2,130104 = 009 Lol 7.0p 2.0y La0y Q.05 1.0,
REYNOLDS NUMBER = 0:0
EFFECTIVE REFRACTIVE INDICES AND PCROSITIES,
TYPE £ FILM 20130 0.0000 I 120
TYPE 1 FILM « 007 C.0000 1§ J.C00
TYPE L HYDRATE La44? 0G.0000 I <874
SECONDARY CRYSTALS L.892 02,0000 1 - 300
ROUGHNESS a4y ~—3.9570 I 2001
MUMBER OF SECONOARY SITES/SJQCHM - 19E+08 LIMITING COVERAGE =750
CRYSTAL. RATE OF SEC. CRYSTALS (MA/SQCM) [
CRYSTAL. RATEZ OF TYPEZ FILM (MA/SQLMI),y - 140
SUPERSATURATIUN GF IONS, 3.82 ,TIME TO REACH(SY 00
INITIAL OISSCLUTION CURRENT (MA/SQCHM) 0016
TIMES, ONSET OF SEL. CRYSTALS(SECL) 1.5 PPT. CONSTANT (S) 2.0
TIME TO COMPLETE PATCH C(OVERAGE 138.0
TIME TO KFALH COMPACT FHILM I 663 S
TIME TJ OVISSIPATE HYDRATE LAYER 66,3 S
TPACK = 66,3 TDISS = 138.0
CERYDRATION RATE (MA/SUCHM) 297
EFFECTIVE FILM CURRENTIMA/SQCME 1531
CURRENT FRACTION FURMING RCUGHNESS «0L6
FINAL THICKNESS OF RCUGHNESS 26,8
WIoTr TO AELGHT OF SEZL. CRYSTALS, 400
INITIAL PATOH COVYERAGE 504
FINAL POROSITY OF TYPE I FILM « 467
¥OLE FRACTION METAL IN PATCHES 0.000
FASSIVATION TidE 3000.00
AVE. DISTANCE BETwEEN ZXP. ANLC THECRY 3.351 (DECG)
EXPER IMENT THEQORY
TIME(S) I(MA/SUCM) VOLTS DEL PSI DEL PSI TYpe2
10,0 L. 000 ~e920 SL.£00 38.8C0 92,832 430427 15,2
2002 1,002 -=920 $8.600 42.2CO 98.323 46,058 41i5e2
3040 1,000 ~-.920 113,200 48, 6CC 112.224 49.012 415.2
4040 1,000 =94 133.700 24,203 131.595 5le446 “lfe2
2069 1,000 ~-920 154,500 23.7C0 1560167 52+160 41Z.2
&0.0 LeUdy ~2920 168,000 47,100
733 Le U0 -.920 174.400 27.230
0.3 1.300 -+320 112.300 2&.(CO
Gded 1,900 ~e920 145,100 17.¢00
103.0 1. 000 ~s 923 £13.900 1£.CN2
Ll0.0 L.000 ~oR20 9C.800 &30 200
1dde 0 Lo00Q ~e920 100.100 27. 400
130.0 12303 -2 320 1€7.100 34,(CC0O
140.0 Lo OU0 ~e920 114,000 4€, 700
123.0 1.009 ~e 820 123,000 436200
160,02 LeoJDO ~.920 126,330 Z4,1C0
170.0 1a3U0 -+920 138,430 £0.€00
180,29 1300 ~. 920 182,700 £2. ECO
194u.v L.0u0 =929 171.830 £1,700
230.9 L.302 ~e G249 LE2.000 29.4C0
210.0 L.302 —.920 162,500 £7.2CC
24369 LoUdd ~e$23 134,300 L. ECC
230.0 1.020 «6CC 184,600 €. 5CC

243069 1.000 2600 L84.600 56,100

TYPZLLF)

o)
5304
L3ls5
20&e 0
28667

TYPEI(H)

~e
-.0
=50
-~ 0
-0

SECONDARY

3401 .4
508804
606986
58013
753935.%

Coyv

« 004
=008
«QLli
014
017

908



Ce 127-30 1E-2 W¥pPS &¥KOH

COCESo Re2o3A04s%5060743 = 1o o 2oce o o lo o Yo o Bo’e 3050 o o
CCPES. "9@3’)@4‘v3v£¢v$’v“9 B 3o e Yolde Lle® 2oy dedo Lol0 1o%s
KEYRLLTS NUMRER =
EFFECTIVE MFFRACTIYE ENDKFES AND PORUSITIIS,
IYPE <« FILM 3,193 -338% [ o181
ACR=STCICHICMETRY N o173 -0298 1§
TYFE 3 FILM 2,648 -.2815 I 2573
TYPE 1 mYCRATE 1535 Y0033 1 2829
SECCNDARY CRYSTALS 1.828 e U 4 «38"
ROLGHAFSS 1981 ~1.%%% 1 o62%
AUPRER CF STCLNCARY SITFS/SGCY s 24EOB LIMITING COVFRAGE 2792
CRYSTAL, RATE OUF SEC. CKRYSTALS (MA/SQCMY, o ®23
CRYSTAL., RATE OF Tyepre FILM (4MA/78«l4b, e 147
SUPERSATURATICN CF §CNS, 2,82 oVI%F TO REACM@SW of 7
INETIAL DISSULUTICN CURRENT (MA/SQCM) s
TIMESe CNSET OF S8Co CnYSTALSESFC) 1.5 PPT. CONSTANT €S} 2.0
TI#E FOR INITIAL NCAN~-STGICHICHTITRY 6&o3
TIFE TO CCHPLETE PATUR CUVERAGS 138.°
TPACK = €603 TULISS = 158,32
CEFrYCRATION RATE (MAFSCCH) o874
EFFECTIVE FILY CURRFENT (MA/SQLHMY 2:359
PCRCSITY UF ROUGKH LAYER 824
CURREDT FRACTICN FCRMING KOUGHNESS 232
FIMAL TRICKNESS OF RUUGHNESS 76403
®WIOTH TG MEIGHT OF SLC. CRYSTALS, ok22
INITIAL COUVEPASE OF PATCHES 281
PLLE FRACTIUN PFTAL IN PATICHES 2591
PASSIVATION TIME 27
AYE. CISTANCE BEVTEEEN EKPo AND THEDRY 6.%:1  {NEGH
FXPEKIRENT THEGRY THICKNESSESIAY
TIMELSY §(4a/5CQCHY YCLTS OEL PSI DEL fst TyeE2 TYPELIFD
6L .0 1222 -0923 168,00C &©7,300 169,518 56,32 413643 230,98
7 . Lo -0%2 174%c% - 272 176,367 37.55%6 4137 £64.8
8.032 Ter 33 —a2 172.30% 26257 177.196 29,578 %13.0 700.0
9L 0 1. 70) -e92) 14%,1 % 17.6 155,763 19,487 413,70 936.%
e is" =92 183.9 Vel 1°9.2%7 21,114 413" 1173.9
11767 Lo R 9783 29,230 92,103 28,332 413.0 1412.6
120,90 1o -292 o1 27:6" 98,7 65 34,37 4137 165202
130, bo. 7 ~ 52 1 701, 24, 1 4.24%6 36,685 4130 1892.7
14e.9) 1,223 - 923 llhe@?} 46,703
15‘» le -292 123, 48027 "
16 o 1o . ~e 927 126039 5403 33
170 J 1.2¢9 =920 138,400 66390
18 5. 1o ~e92 . 182,777 62,6
19 o o2 ~s92 3 P71 .53 61 T2
23C .0 1oJddu ~e923 182,000 5% 430
21 & 1.7 -.52 185,5"" 7.2
22..0 PP V] —-oBz ™ 1840930 55,8312
23060 1,309 PY-IGY 184,630 56037
240 .0 1. ™ ob 18608 56,2

TYPEL (D
ol
=of}
=of
=T
-0
-0 0
“of)
=20

SECONDARY

3928.7
4949.9
5666,3
6236.5
67181
TE3%.1
751%.9
7857.6

Log



CD 100=-32 E-3 AMPS &M

COBESs 192:3A0%49556,798 = LoDy 2.3¢ 0uds 1o0s 1e0s 3209 3.5s 0Gs

CODESsy 9el0sllo3ol2,13,14 = 0,05 1.0y 1300, 200y 1a0s» D0.05 1.0,

REYNULDS NUMOZR = 0.0

EFFECTIVE KEFRACTIVE INDICES AND PCRUSITIES,

TYPE 2 FILM 2,472 -.0102 1 159

ACGN=STOICHIOMETRY N 2.172 ~o010 1

TYPE 1 Fity L.835 - 0084 [ 2 4ET

TYPE L HYDRATE 1489 J.0000 I «861

SECONDARY CRYSTALS 2.130 0.0000 § 3,000

ROUGHNESS L4856 =—1o.u897 | s72Z2

NuMozR OrF SZCONUARY SITES/3QCH 0 245408 LIMITING COVERAGE 790

CRYSTAL. RATE OF SEL. CRYSTALS (MA/SQCM), s 282

CRYSTAL. RATE UF TYwE2 FILM {(MA/SQCMI, » 140

SUPERSATURATION CF IINS, 3.82 oTIME TD RZACHI{ S} =20

INITIAL OEPSSOLUTION CURRENT {MA/SQCMI s0CL4

TIMES, UNSET OF SéC. CRYSTALSISEC) 1.5 F€T1. COASTANT (3} 2.0

TIME FOR INITIAL NUN-STCICHIOMZTRY 82.8C

TIME TO COMPLETE PATCH COVERAGE 67.0

TPALK = G2.8 TDISS = 670

CEHYORATION RATE (MA/SQC™} 600

EFFECTIVE FILM CURRENT{MA/SQCM) 2-391

FORCSITY CF rUUoh LAYER 725

CURRENT FRACTION FCRMING RGUGHNESS 1.660

FINAL THICKNESS OF RUUGHNESS S21.8

WIOTH T2 HELGAT UF StC. CRYSTALS, + 453

INITIAL COVERAGE OF PATCHES » 05

MOLE FRALTICON METAL IN PATLRES . 050

PASSIVATILN TIME 3000.00

AvZ. DISTANCE BETWIEN EXP. AND THEORY 5669 (DECG)

SXPERIMENT THIORY TRICKNESSESLA)

TIMEL(S) I{MA/SuCMi ¥OLTS OEL PSI DEL PSi TYPEZ TYPullF)
3. 50U ~.530 99.000 42.8C0 103.€44% S.351 3%1l.4% 52.2
13,0 «600 -.900 117.400 © 48,600 120,835 49,220 3%l.4 1%304
15.0 s &30 -.900 145,600 | 53.7(C i41.904 55,571 3914 25%0 &
2GeU <EU0 ~+ 920 177400 5C.2C0 179-019 57.071 3¢1le4 370,39
2560 Py-1en] ~-5900 195.300 3. 7CC 208,492 +5.77F 391.4 4775
30.0 600 ~.800 203.800 25.2C0 20€.351 31.094 3514 58405
35.3 - &00 -2 900 192,800 14,00 187,227 19,202 391let% 5%ie7
40,0 2600 -.900 153,300 g.4C0 148,470 L3.7C5 3%1.4 793.1
4500 e BUY ~.900 106,200 11.%C0 112,740 14.531 3Gle4 5065
5040 « 530 -~ 300 91+ 8C0 16,600 960354 18,008 3914 L)i%a2
£ed 2600 ~2900 35.300 21.6C0 $2.033 20.7€8 391.4 1i22.4J
600 s 00U ~e 900 $8.300 28,600 $4s 587 22,936 3G1le4 122963
65,0 600 -.800 102.000 27.6CC 102,256 24,238 391l.4 133fa5
T3s0 -£00 =620 135.400 30,400

TYPzL{H}

~o 0
PRel
~s0
~a 0
-0
~sd
=0
-0
=0
-0
~0
o0
~s0

SECONUARY.

14929
2341.2
2816 .4
3169, 7
3458.1
37050
3%22. 8
4118.8
42577
4462.8
LELE
4£760.7
4£896.€&

Cov

2031
003
2004
2035
«0J8é
=007
2038
.03%
=039
,0L0
SOLL
=011
8012

g0E



€O 100-33 6E=% AMPS EMIIH

CODESe Aodosho®eB060T7e8 2 Lods 2o0e Dols 100s Lo@e 1e@e 30%s 0a0s
COOk>e BolOuvlloIoadelldold = Qols s00e Tolo 32olo 1oUs Dolp Lol
EEYRULUS NUMBER = Qa0

EFFECTIVE nEFRACTIVE INMDICES AND PCRCSITIES,

TYPE 2 FILA LoddV 80,0000 - 150

Type L FILM 2s05% CoQUUY 1 0434

TYPE I MYLKATE 1391 0. 6200 1 2528

SECCNUARY (CRYSTALS 1.852 00000 I 0 IEC

ROUGHNESS Lo&35 =3.8822 1 a 04

PUMBER JF SELUNUARY SEITES/SQCH 225008 LEMEITING LOVERAGE =790
CRYSTake RATE UF 3EC. CRYSTALS (MASSCCAL, 0 03%

(RYSTAL. RATE OF TYPE2 FILM (MA/SuCM] e 0340

SUPERSATURATIGN OF fLhS, 3.82 oTIME TO KEALM{E} 00
IMEITIAL JISSULUTION CURRENT (BA/SGLM) «CCie

TIMESs GUNSET UF SEC. (RVSTALSISECS Lo5 PPTo CUNSTANT (S) 260
TIME TC CCHPLETE PATCH COVERAGE 2644

TIME TU RLACH COMPACT FILM 1 53.4 §

TIME TU DISSIPATC HYLRATE LAYER E3.% §

IPALCK = S3.4 TDISS = 5401

CEHYURATION RATE [MasSQCME Y374

EFFELTIvE Flom CURRENTIMA/SGLH) - B05

PURCSITY OF souUbM LAYER 320
CIRRENT FRACTION FORMING ROUGHNESS - 001

FiseAl THICKNESS UF ROUGHNESS 8
al0Ter T fElenl LF $E2C. CRYSTALS, =400
INITIat PATCH LUYERAGE 768

FINAL PORLSITY QF TYPE I FILM 100
PLLE FRACTIUN METAL IN PATCHES Q.000
PASSIVATION TIKWE 3000.00

d¥k. DISTANCE bETWEEN ExXP. AND THECRY do102 (BEE)
EXPER IMENT THECRY THICKRNESSES(A)
TIME(SD T{HMA/SQCH ] YOLT S DEL Psi DEL (27 TypE2 TYPELIF)
10.0 <2yl =930 87,700 41.8C0 86721 44.T1E 45%.6 0
FL P 600 -0 930 $9. 800 4€07C0C $9.279 4$7.%968 459,06 6609
308 +600 =930 118,400 23,000 118,653 5le%4l 459 & L27-6
4J:0 €00 =930 144.000 56,400 144,316 564,023 459.€ 183.7
0.0 B 1Y ~230 i76.200 23,500 170533 52,056 &5G.6 23302
-V PR s 00J ~s 330 185,690 45,000
70 =600 ~e 930 183,700 2%.200
BJ.0 Ry ~o 93 185.700 26 2400
900 -0 ~o %30 1$2.300 19.$00
i0w.0 600 ~.930 178,330 15. 100
4i0.0 2600 =930 149,000 12.€00
12309 600 =550 118,900 14, 4C0
L30.0 0 bUQ -2930 99,000 18,200
1486 2600 =630 $L.900 23,100
1500 <600 ~.9230 §3.300 28,200
L60s 4 a2l U =.930 ST7.T30 320500
1702 2600 -2 930 ECC. 100 270 100
18U 2 6UU ~:930 1C3.600 42, €00
2ul. 0 £00 =2%30 118,600 83,100
2200 <500 ~0 930 136.800 €Go €CC
24069 <EGS =930 lel.000 €1.C00
26864 «wQ0 =0 930 179,600 5. 200
28u.Q PY-IV ~o 930 167.500 F.1C0
328.0 0 &0 -s 330 1$3.000 ° 400
36000 2&U0 =930 19,300 2. €LC

40uo s®WJ ~e$30 168,700 8,000

TYPELIHD

=00
=00
=0
=s 0
~o0

SECOMDARY

1419: 8
210%.5
24T2.%
2716 5
2880.1

coy

001
<802
=0d2
=003
-033

60¢€



L0 490-33 bi=% APPS 6 MROH

CCUES) Loko3Rr%e5060T98 = LoQo 2609 0o0e 1e0s 1s0p 2000 3550 0000

COVESy 9pl0slaodelddeldoléd = 0o0s LoOp 1000y 200y 1000 _0oQs 1o0s e
GEYRULDS MUMBER = Cs0

EFFECTIVE REFRALTIVE INDICES ANU PLROSITIES,

TYPEL 2 FILM 20137 =o0016 I <150
NCN=STOICHIGRETRY N 2,137 =.0C2 1
TYPE L FIM  1.848 =.00i0 I +385
TYPE L AVDRATE  1.439  0,0080 I 0929 o i
SECLMDARY LRYSTALS  1.8%6 -.0011 { 238
RUUGHNESS  Lo%T6 =1.405T § Fry s
BUABER GF SECONDARY SITES/SQCH ©GBESQS LINITING COVERAGE 2790
CRYSTAL. KATE CF SEC. CRYSTALS (MA/SGCADs 028
CRYSTAL. KATE OF TYPEZ FILM (MAZSaCPbs = o140
SUPEKS ATURATION GF ICNSs 3082 oTIME TO REACHISH .00 . i .
INITIAL 2ISSULUTION CURRENT (MA/SGCHY -0011
TI4E50 uNSET UF SEC. CRYSTALSISEC) 1o5 PPT. CCHSTANT (S) 2.0
TIME FuLR InITIAL NCh-STCICHICMETRY 82.3¢C
TIME Tw COMPLETE PATCH COVERAGE 67.0
TPhek = 82.8 TDISS = 67,0
CEMYORATION KATE §MA/SQCMI 2386
EFFECTIVE FILM CURRENT(HA/SQCM) <422
FORLSITY OF ROUGH LAYER 2645
CURRENT FRALTICA FORMING RUUGHNESS ©33%
FINAL TriiCKNESS UF ROUGHNESS 4166
®IDTH 1O HEISHT UF SEC. CRYSTALS, <500
INITIAL COVERAGE JF PATCHES o C& ~
PULE FRCTIGN METAL IN PATCMES 2008
PASSIYATION TI#E 300000
A¥E. DISTARCE oETEEN EXP, AND THEGRY 3,73¢ (DEG)
EXPER IMENT THEQRY THICKNESSES§a)d
TIME{S)  1(MA/5JCMI  VOLTS DEL Psi DEL PSI TYPEZ  TYPELLF)
4000 2602 -.930 124, 000 26,400  139.818 39,675 44104 13509
50,0 0600 - 930 17€.200 £3,5C0  177.419 53,471 46104 27¢.1
Edoid o200 s 930 185,600  4Z.C0C  187.482 ©5.656 &4104 %090 o
7000 «£00 -2 930 193. 700 3,300 1520220 40,046 44104 5670¢
B, PV - 930 155,700 @ 26.4C0  195.5336 340207 451e& £85.u
90.0 0 600 -9 40 152,300 15.9€0 1930098  £7.072 44106 b2bod
L0U.0 <600 -.930 176,300 | 1%.1CC  1BU.474% 19.429 46106 GEhod
ilded coud -0930 145,00 12.6C0  145.765 140520 441eb 109908
32040 <600 -o930 115,900 14, 4C0
1300 2608 “0930 £9,00u 18.3C0
heded 2600 ~§30 $1.900 £3.1C0
15304 0500 -2930 92,300 i8026C
16Uay obuy -5 530 $3.700 32,800
17000 2600 ~o 930 1€6.100 37, %CC
18U.D ceud =930 105,00 |« 42.€00
200.0 0630 -2932 118,600 £3,100
280 PN -2930 130,800 €G. 6CO
26000 ot ul -2930 1610600 €1.C03
26000 s£0 -0 %30 1750600 2,200
28002 PN -0930 1670500 5,100
32000 000D ~533 153,600 2433
300,90 et Uy -e930 1924300 Zo €GO
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3069.0
3513.2
386648
4165.3
$%2603
46597
4871 .8
57669
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=013
«C17
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CEAL_ 16,0 IMASSREH 2242 RELYL 2L

COLES s Lo203804050€07,8 =
COCESe 9oliollodelZol2sle =

REYACLDS AUMBER = ;
EFFECTIVE REFRACTIVE INDILES BND PCRCSITIES,

TYPE 2 FILR
TYFE 1 FILP
TYFE 1 WYCRATE

2,130
2.13¢

SECCADARY CRYSTALS

FILGHAESS

CRYSTAL.

1,919

lo406

26131
~L.7L26 1
MUPBER CF SECTNCARY SETES/SGCY
RATE OF SEC.o

Li48.3

T e™ 9
Coul03 I

Do'r (2

Xuﬁv_ €adoe

v il

CRYSTALS (MA/SQCM),

Q:0s 1olo 100 Llods 3055 0Qo0s
o0l To. o %o’y sse Te 9 2o o
e il
«SE7
294%
1 . Lttt
570
«11E4+"9 LIMITING COVERAGE YA
on il
002

CRYSTAL , RATE OF TYPEZ FILM (MA/SCCHI,

SUFERSATURATICA CF ICNS,  3.82 oTIME TC REACHIS) 00t
INITIAL DISSOLUTICK CURRENT (MA/SCCM) 7156
TIFPES. GASET OF SECo (RYSTALS(SECH 205 PPT, CCASTANT (S}
TE®E TG CCMPLETE PATLH CCVERAGE 8856
TIPE TC RELCH CCPPACT FLM I 6.9 &
TIPE TO DISSIPATE FYCRATE LAYER 8.9 S
TPACK = 63,5 TYL1SS = 55y
CERYCRATION RATE {PA/SCCH) ©348 )
EFFECTIVE FIL® CURRENT(MA/SQLM) S (-]
FCRCSITY OF ROUGR LAYER o577}
CURRERT FRACTICN FORY IAG ROUGHRESS +385
FIAAL THICKKESS GF RUUGHAESS 224 o6
WICTH TG MEIGHT CF SEC. CRYSTALS, 1000
INITIAL PATCH COVERAGE 2378
FINAL PORCSETY OF TYPE T FILPK o L3E
PCLE FRACTICN METAL In PATCMES 3.06C
PASSIVATICN TIME 13960,090
AVE., [ISTANCE BETwEEN EXF. ARD THECRY 717 {(DEG)
EXPEREMENT THEC
TIPECSY fimassecml YOLTS DEL PSI DEL
5.8 1.000 - o870 £5.17C 3E0430 £9,460
j DA 1eT0" -oB7 6%.33%¢ 37037 69.42%
15.¢ 173 ~.877 TG.63) 38,239 89.£23
2C.0 1000 BN 700 740 35,439 700130
2867 1000 -287" T1.22° 41003 7181
3¢ .9 1000 879 72.08C 42.93¢ 72.774
e, 1.000 ~oBT. 72,93 45, 3
& ot 10%5 087 73.12. 47,527
45,6 1.00C -, 870 T2.40% £2.000
5. ou | Pl ~o87, 720840 R, 68"
55,1 ST - BT 81,857 €4,527
E7oC 1.C00 - 870 58,73C €5.380

RY

pSt

267

THICKNESSES(A)

TYPE2 TYPELEF)
27-232 3870 -0
37,687 387. 15.2
38.34% 387.7 3%.9
39,2¢7 387.9 $7:6
40578 387, 68,7
%2177 387.7 83,7

TYPELIHY
~af

5
=0
-s7
o
-
N

-o0

SECCNCARY

166,2
249601
291.%
322.%9
33%8.8
351.7

oy

o7
ol 1
27C1
PRV |

R

0l

2ee



CO4UCLE21 s 0MA/SCECMoLL40 RESQUOL

CCDESs 102+32A0495¢€9708 = 1aCo Oelle CoCo 1e0s Lo0s 1:0p 350 D000

COUES, 9+10011e30129130l4 = UoUs 109 Taloe 4e0¢ 1o0s 0600 2,09

REYNDOLOS NULMBER = 114C.0

EFFECTIVE REFRACTIVE INCICES AND PORUSITIES,

T¥Pe 2 FiLM 2.130.  DeLuul I CoUQGC

TYPE 1 FILM 2.132¢C CalL0C I +0CC

TYPr 1 HYURATE 1.387 C.0000 I 893

SECONDARY CRYSTALS 20130 CeUlO00 I 0,w00

RCUGHNESS 1.932 ~1.5%%8 I «55¢

NUMBER OF SECCALARY SITES/SGCM «11E%0¢ LIMITING COVERAGE 0 796

CRYSTAL. RATE UF SEC. CRYSTALS (MA/SGCMI, -« 0UY

CRYSTAL., RATE OF TYPL2 FILM (MA/SCCHM), 2002

SUPCRSATURATION QOF ICNS, 382 oTIME TC REACKH(S) <GO

INITIAL DISSOLUTICN CURRENT {MA/SQCM) «Clfe

TiMESy CNSET OF SECe CRYSTALSESEC) 205 PPTo LONSTANT (S} 2.0

TIME TC COMPLETE PATCH CUVERAGE 55.0C

Tise TC REALr COMPALT FILM I S.C &

TIME TC OISSIPATE HYDRATE LAYER 9.0 S

TPACK = 9.0 TuUlISS = 55.0

DEAYDRATICN RATE (MASSUCM) 324

EFFECTIVE FILM CURRENTIMA/SWCNM) «L21

PUROSITY UF ROWGH LAYER 2556

CURRENT FRACTILN FORMING ROUGENMNESS 1.0€CC

FINAL THICKNESS OF ROUGHAZSS 367.1

WILTH TO FEIGRT OF SEC. CRYSTALS. i.CCC

INITIAL PATCH CCVERAGE 1aL00

FINAL PURISITY OF TYPE I FILM 2L

MCLZ FRACTICN METAL IN PATCFES 0.00C

PASSIVATION TIME LLC0.G0

AVE. ULSTANCE BETWEEN E£XP. AMD THEORY 5,596 {DEG)

EXPERIMENT THEURY THICKNESSES{A)

TIMc{S} I(MA/SQTMS YOLT S QEL Pt OEL PSI TYPEZ TYPELL(F)
35.0 1.0CC ~e 870 72.%30 45,030 72038 43.991 387.0 «0
4360 1.000 —o 87 F3.12C 47.520 71.8C0 4500643 387.0 3704
45a.0 l.CLC =e5TU 12.400 52000 73.121 470805 387.0 5.2
S5Uei loulu = £7L 12840 58.68u 766563 50.80% 387.0 113.3
5560 1,000 ~.870 3L.8Zu £4.520 83,287 55.213 387.0 151.8
buou 1,000 ~eafi G8.730 65,360 10U.944 60.992 387.0 18%.8

-1 -1 ~1 -1 -1

TYPEL{H)

-0
-0
~o0
-<0
~o0
~o0

SECONDARY

93.9
118-3
135.4
1459.0
160.5
17666

Coy

060
«00C
peier)
-0CC
»000
-000
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INTC-23 Ezeio QY Je 54 LOM

CCLESy 10202R0%00 060798 = 2.0¢ wo”s "ods loflo Lolo lRolle 0s0s Deldo
CUCESs 90100 44020 Xmuusilo = Qods Wols Iodo %o0s By 0ode 0uly
REYARDLDS AUIBER =

EFFECTIVE ReoFRALu IYE KNDKC“I‘» AND PCRCSEITIES,

TYFE 2 FILH 200 88 -eJ1l3 1 87

TYFE 1 FILA oo T2 -1l 1 o k7

TYFE o HMvLRalE Le377 Jo 3023 8 =901

SECCNLARY La¥slansS. 2023 . =-ollu& I . . 280 . R -
AUFBER GF SclLMJaRY SITES/SQCH <5 EeD? LIMITING COVERAGE - 790

CRYSTAL. RATE uF SEC. CxY3TALS (MA/SQCHMY, 8,9309%1
CRYSTAL, RACE Jf TYPE2 FILM (HA/SGCHMDy 40142635

SUPERSATURAL fui oF ICNSe 3.335 ,TIME TO REACKIS) 50020
INITIAL DIS»ULUE . ON CURKENT {(MA/SQCH) -1
TIPESs CASEL oF L EC. CRYSTALSISEC) 1.5 PPT. CONSTANT (510 209 . - . .
TIPE T REALM (owPalT FILY { 288,3 5
TIME 15 OIsalPas. MYTRATE LAYER 288.3 S
TPACK = 288, TDISS = 177
CEFYCRATICN «A4Te (®A/SECMY  13.200
EFFECTIVE FaLd oo RRENT(HASSQCH) - ol &"
PLROSITY QF Rulss LAYER | 2393 . . . . L
CURRENT FRALTIUs FCRMING ROUGHNESS <8l&
FIhat THICKeESS »F ROUGHNESS 18651
BICTH TO HEs bt oF SEC. CRYSTALS, 1,000
Fihal PLRUNLTY ¢ TYPE [ FILHM 2182
PLLE FRACTIuN Mo AL IN PATCHES SR ~
PASSIVATION Tims . . . 4,20
BYEo CISTANGE Bro WEEN EXP. AND THEQRY 1,038 (DEG)
EXPERIMENT THEGRY THICKNESSESTAD
TIME(S) A/ > LMY YOLTS DEL P51 DEL Psi TYPE2 TYPEL(F) TYPERL(H) SECONDARY coy
vel L136da?3 ~Le23. L¢2,800 34,002 102.307 24,222 o0 °d Q.0 oC G.000
o5 FRPE YN =1elT s $6o T8 3Z.807 97,873 32960 -8 Bot 85,5 of -000
Lo Jozs R TY AN ESal. 33,507 G735 33.683 1.7 YY) 6220 =0 =000
1.5 dozs ~le20) 8%, 00d 32920 87,288 33,401 2.5 Ned 11787 ot «B00
2o ! foda . ~1.2%° i 02000 33,27 G olll 33, 741 2085 22-5 1173.% 121801 «B01
2e5 So20 4 ~1.271 S2.8. 33.% ., $2.716 33,949 2.5 42,8 11742 1221.7 001
S0 0 Peds s . 10203 G406 OT 33:693 4,615 34.1 3% 205 58.0 1174.€¢ 1225.3 =001
3s5 5030 =le2 Gho3 T 329 $2.878 34.12% 205 671 1176.6 122%.7 -0B01
4o s Loty -1e2.. G2al 2402 $2.577 34,.28 205 672 1178.7 122%9.9 001
403 ey J =16 200 SileQud 34.40¢C 91,695 33.902 2.5 6702 1180.7 1229.° =COL
o - T -0l Slel - FE P 91.633 33,888 2.5 672 1182.8 1226.7 <L031
Ivel ats i ~1.2u3l Sle2L7 24,524 91.167 33,823 2.5 675 1203.8 1229.C 001
15.3 ohatd ~lo2us $20203 34,500 90,765 33. 777 205 67,7 1228.6 1229, <ORL
2.0 cwd . ~1e2 $l.2.° EETL G 3%4 23,747 2.2 68." 1248.2 122%.% =001
3500 en 190 ~1.23% Sie 122 24043)
b o ea b ~le2.. Slof"r ELPE
5. . au 2 ~1a.2" Sie? ELTL 20
12C.0 ow & 102U 88,500 EL I
1%5.. ot 2 ~lel. dbo 22,8
271.3C ew 2’ EART- 2 BT.60l 32,733
2%ca ce 4 ~le2ud 78037 217
2. e 2. ~1.2 160 2 .7

62e



INTO~25 c=—louy 0.5M KQOH

CODESy 1925385495506 798 = 2039 0e3y 005 Lo0y £20y Lo0p» 3.5:; J.0y

CCOESe 9910541 e3002913914 = Jo0r Usus 1320y 1aly 020, 0.0y 0.0,
REYNLLDS NUMBzR = G.0

EFFELTIVE WREFRALTIVE INDICES AND PORGSITIES.

IYPE 2 Flir Lozt ¥ ~o U00& I -C80

NON-STUICHIOMETRY N 20268 ~2030 I

TYPE 4 FlILM 2.054 ~,0003 I . 187

TYPE 1 HYDRATE 1.395 0.0900 1 +863

SECONOARY LRYSTALS 2.193 - 0003 I «£8C

MUMBER UF SECONUARY SITES/SWCM 2S0E+AT LIMITING (OVERAGE 2790

CRYSTAL. RATZ UF SZCe CRYSTALS (M4A/35QCHI, «00100
CRYSTAL. RATZ UF TYPEZ2 FILM {4A/83IM}s  4.,1G6000

SUPERSATJRATLUN OF IONS,; 30300 »TIME 70O RELCR(S) 250000

INITIAL DISSOLUTIUN CURRENT {(MA/53CM) -1

TIMES, JNSET OF SEC. CRYSTALS{SEC) 1+5 PPT. CUNSTANT (S} 2:9

TIME FUR INITIAL NOCN-STOICHIODJMZTRY 12,39

TIME TG COMPLEYE PATCHR LLCVERAGE 432.6

TeACK = i2.9 TDISS = 432.6

CERYORATION RATE (MA/SQCH) 13,000

EFFECTIVE £l CURRENT{MA/SGUCM) ~.129

PCROSITY CF ROUGH LAYER « 490

CJRRENT FRALTIUN FORMING ROUGHNESS «£92

FINAL TrICKNESS OF ROUGHNESS 4034

wIDTH TO REIGHT UOF SEC. CRYSTALS, 1. 000

INITIAL COVERAGE OF PATCHES - 99

MOLE FRACTIOm METAL IN PATCHES 2026

PASSIVATICN TIME 1000.00

AVE. UISTANCE gETwEEN EXP. ANUD THECRY 1.754 {DEC)

IXPERIMENT THEORY THICKN:S3ESA)
TIME(S) IT{MA/ SO VOLTS CEL PSi OEL PSi TYPEZ TYPEL(F} TYPEL(H) SIZCONDARY Loy
530.0 e 2D ~1.200 50.700 34,400 $3, 309 36,3043 Lof 139.4 -.0 117.8 =030
10U 0 0220 ~1.230 88,000 34,4600 86.7¢3 35,051 1o/ 10S. 4 ~e 0 117.8 =000
150.0 o220 ~1,200 844,000 33.8¢CC 82.306 340428 Laf L1354 ~.0 1i7.8 =000
200.0 YA ~4.200 Co000 22,7C0 79.777 33.271L Lo d 1u%.4 o0 117.8 =030
250.0 PPy ~-1.200 78.300 31.700 78.1%2 322332 lod L3S % ~o0 117.8 - 000
300.9 8220 —~1.200 7£. Q00 3C.7CC 77,295 31.349 l.¢ 1d3.% ~o0 117.8 2030
-1 -1 -1 -4 -1

9zt
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#INTO=25% #E=~1.2V% #0.,5 M KOhz

CODESy 15253A0%15:69798 = 2.05 2005 4205 Lo0s 1o0y 100s 3055, 0600
CODESy 99109110¢3:42+13914 = 0o0s 0s0s 10:Cy 4.00 1le0y 0.0, 0.0
REVYNOLDS NUMBER = 0.0 :

EFFECTIVE REFRACTIVE INDICES AND PCROSITVIES,

IYPE 2 FILM 20098 -2 0606 1 »L80C

NON~STOGICHIOHETRY N 2,098 ~o0é1 I

I¥YPE 1 FILM 2,091 - 0600 I €10

IYPE L HYDRATE 1343 0.0003 { 2990

SECONDARY CRYSTALS L5618 ~2 0225 1 2 £29°

RUMBER OF SECONDARY SITES/SQCM «56E 09 LIMITING COVERAGE 720

CRYSTAL. RATE OF ScC. CRYSTALS (MA/SGCM), -02510
CRYSTAL. RATE OF TYPE2 FILM {(MA/SQLMI, - 02400

SUPERSATURATION OF ICAS, 2.330 ,TIME TO REACK(S) 50000

INITIAL oISSOLUTION CURRENT {MA/SQCM) -1

TIMESy CONSEY 0F SE£C. CRYSTALS(SEC) 1.5 2PT. CONSTANT (3) Lo 0

TIME FOR INATIAL NCN-STOICHICMETRY 497.58

TIME 7O COMPLETE PATCH COVERAGE 500.0

TPALK = 498.0 TOISS = 500.0

CEHYORATION RATE (NA/SQCM) L.596

EFFECTIVE FILM CURRENT {MA/SQCMI 867

POROSITY OF ROUGH LAYER =057

CURRENT FRACTION FCRMING ROUGHNESS . h22

FINAL THICKNESS OF ROUGHNESS 336.7

wIDTH TO HELGHT OF SEC. CRYSTALS, 1.000

INITIAL COVERAGE OF PATCHES 255

MOLE FRACTIUN METAL IN FATCHES <087

FASSIVATION TIME 3000.0¢C

AVE. DISTANCE BETWEEN EXP. AND THECRY 5.874 (DEG)

EXPERIMENT THEGRY THICK4:SSES(A)

TIME(S) L{MAS 5QCM) YOLTS DEL PSI DEL PSI TYPEZ TYPZLLF)
350.0 1100 ~1.200 206,200 23,300 217.709 26595 L31.0 1951.5
353.0 1,400 ~1.200 206.600 30.5C0 214,047 240274 138.5 1989.9
360-0 1. 100 ~1.200 2CE.400 127200 208991 22.286 131.0 2328.8
3635.0 1100 ~1.,200 203,300 24,5CC 202, 300 20,184 13i.2 206804
370.0 Lo 102 ~1.200 202.100 121500 153.683 18.261 134.0 2107.8
375.0 1o 100 ~1.20C 161.300 1%.0C0 182,898 1649 1343 24%8.0
380.0 Lo100 ~1.,200 173.300 17,200 169,964 15,515 1312 2188.7
385.0 1.100 ~ 1200 157.300 5.600 LE5.467 15313 1%1e 222909
390.0 1.LG0 ~4.200 140700 12,3¢€CC 140.600 15,222 i3i.3 22¥1.5
395.0 L4100 =L o200 1244400 116600 126 663 16.087 13l.0 25136
%000 1,100 ~1.20C 1CS. €00 17.CC0O 1140453 17450 L3ies 235602
405.0 1.100 ~1.,200 $€.800 16.000 104,136 19.i464 13d.. 2599, 2
410.0 i-.1060 ~1.200 92.200 21.000C $5.514% 20,3951 13l.5 24%2-8
415,0 Lo4100 ~1.200 88. 100 22, CCC 880287 22.881 13i.5 2%86.9
420.0 L1009 ~1.200 84,000 125,800 E20179 24,733 13ke» 25314
4250 L. 100 ~1.200 7$.£00 2€,0CC 76,970 260501 131ea 2376.5
430.0 l.100 4,200 T5.000 2€.800C 72.499 28,158 131.. 25221
%35, 0 1100 =1-200 Ti.0300 27-.40C 68.651 29295 13hes 2668.3
440.0 Lol0 -~ 1200 65,600 28.CCC 865,343 31eitld 131.5 2715.0
445.0 ledUU ~1.200 53,700 280160 €2,321 329 1% 13ie0 2762.2
4500 1.100 ~1.200 54.6C0 27.90C 60146 33,617 13kas 2809.9
455.90 1,100 ~1.200 48.900 27,500
4600 Lelud ~Lo200 41.100 26.7C0
465.0 1.100 ~1.4CC 33.100 Z€.1C0
4T0.0 1.1u00 ~1.200 26,500 24, €00
475.0 1. 400 ~1.20¢C 17.600 22,800
4800 Lelu® =1.,200 €.800 20,000

48500 1,100 ~1.200 ~4.300 14,500

TYPEL(H)

=0
-.0
~e0
=0
-e 0
~o0
~o
~o0
=~ a0
~a0
~o0
-0
-2 0
-~
~=0
~a0
~e 0
-0
-0
-
~eQ

SECONDARY

2606.6
2619.0
263103
26435
2655. 6
2667.5
26794
26%1.1
2702 .8
2714 %
2725. 8
2737.2
2748.%
2759 .6
2770.7
27817
27926
2803.4
2814.2
2824.8
2835.4

=382
386
389
393
-397
«400
% 0%
%07
2411
o4l
<418
o421
%25
o4 d8
%32
<435
+% 39
«G42
P2 3
0449
2452

3
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ehTieel F L) PSS oMo o2 5MINT

CCCESs 10203R0%05060708 = Loy 26 5 "o 9 lo o lo™o DRoip 3u8s o 9
COLESy %ol wleBolZulBoov = °. 9 °o ¢ e v %o 9 Jede Lode Voo
REYNCLES ALMBER =

EFFECTIVE RE?R&CYKVE XNDKCES AND PUROSITIES,

TYPE 2 FILw 2 oty i 3¢

TYPE o FIL# 1.582 co 0 1 ~9026

TYPE } mYCRATE -1 -1 1 +35.

SECCHCARY CRYSTALS l.82. po il § 2273 R
RLCLGHNESS 2.284 =-1.75€¢3 1 817

MUPBER GF SFCCNCARY SETES/S2CH oh B 7 LIRITING COVERAGE 279

CAYSIAL. RATE OF SEC. CLRYSTALS (MA/SQCMI, 9000007
LRYSTAL, RATE OF TYPE2 FILM (MA/SGLMY, 277 (" .
SUFERSATURATIUN CF ICHS, 2o.T o TIME TC REACHIS) 279
INBTIAL DISSOLUTICN CURRENT (PA/SCLM) &31.2607

TIMESe UNSET OF $€C. CRYSTALSUSEC! 35.3 PPT. CONSTANY (5D 12762
TPACK = 273,55 TCISS = 29 o

CEFPYCRATION RATE [MA/SCCMD Lelul

EFFECTIVE FILY CURRENT{MA/SQCH) Lol

PORUSITY UF ROUGH LAYER o617

CURKERT FRACTICN FLRMING ROUGHMNESS 014

FiRaL THICKNESS OF RCUGHMNESS 34520

wIOTr TUO HEIGHT GF SEC. CRYSTALS, 2157

BCLE FRACTICR 4ETAL IN PATCRES vodWy

PASSTVAY ICN TIME [ PR

ADSGRP. BY LARGHMUIR, MAX. CUVERAGE =398
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TIME(S) 1{MA/ SulM) YOLTS SEL PSI OEL PSI TYpPE2 TYPELLF) TYPEL{H) SECONDARY oy
30,0 230,000 ~1.210 97,910 240 1 €0 STa521 22.587 0.0 ol -0 11018.9 2043
35.9 200.000 ~1.200 97,110 282640 S8.909 33.£57 0.0 5207 “o0 16842.1 -096
45ed 20J.C09 =-1.230 Sae 370 28,580 266327 34733 0.0 i76a2 -0 21282.5 2159
50.0 200, 06C0 —l.190 90,160 37.7(0 88,680 38,159 0.0 Z5kai =00 22470.5 «178
55,0 2336 GOV ~1-1%0 B4 o420 G460 84,621 43,011 0.C 35¢.5 -0 23246.6 +190

-1 -1 -1 -1 -1
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ENEDV2 Lo 3BINA S SCH o R000 AB,POLY-2 LRYSTAL

COUESy Lo@03R0b 950807 o8  LoQp DVols Voo LoCs Lelo LoOo 36%9 0Caly
COUESy VoluUolle3042010300% 2 JaQo D05 I8 200y 0olp Qols D.0¢
REYRLLUS AUMBER = 300.0

EFFECTIVE REFrACTIVE [hDICES AND POROSITIES

TYPL 2 FIL® 24309 CaC02C L J.CCO

TYPE ¢ FILM 20008 00000 0.000

TYPE L AYDRATE 1:3%9¢ 00333 I 2960

SECLNLARY CRYSTALS 2,000 0.,0000 § Co GOC

FOLLHNESS 12370 =1.7408 1 0457

AUMBER OF SECONUDARY SITES/SQCH 0 b IESDT LIPITING COYERAGE 2 T90
CRYSTAL. RATE GF 3BCo CRVYSTALS (MASSQCHI. 0 €10

CRYSTAL. RATE QF TYPL2 FILM (MA/SGLMI, «010

SUPERSATURAT ION G# TCLNS, 316 oTIME VO REACKI SO 6o33

INITIAL DISSOLUTION CURRENT (MR/SGLM) B822.9932
TIMESs ONMSET O3F SEC. CRYSTALS(SEC) 2T7.0 PETo CCASTANT (S5 240

IPACK = 202 TDISS = k2.0
CEMYDRATION RATE (NA/SQCM) 120.300
EFFECTIVE FILM CURRENT (MAFSQCH)D 0000
FORGSETY OF wQUGH LAYER oL&T

CURRENT FRACTION FORMING ROUGHNESS o 034
FINAL THICKNESS OF ROUGHNESS 965

niBTH TJ WEIGHT OF SEC. CRYSTALS. 1.000
PCLE FRACTION METAL IN PATCRES 0000
FASSLYATION TIME LOCQ-00

2D506P. BY LANGHUIR, MAX. (CYERAGE 0048

BETA = 3,251 KCALS/MGLE
B¥Eo DISTANCE oLTWEEN EXPo AND THEORY <979 (CEG)
EXPERIMENT THEORY THICHMESSESIAL

TEMELSS iR/ SUL B YOLTS DEL PS5 DEL (23] TypPE2 TYPELLFY

God 490,000 =1e370 53,269 340120 23,240 340120 =0 Qo8

3 200,000 =L1o180 93,699 33.77%0 57690 33.59% o0 0od

Lo 3 400, G20 =1e120 58,570 33,240 29,595 330331 o0 029

203 400, 000 <bo120 51400 33, 1¢0 £L1.879 33,094 <@ 003

303 %30 000 =1o110 63,240 33,313 63.59% 32.92% 0 Qo3

bod %00.000 =10 100 65,060 33.1¢0 €4,997 32-.80L =0 Bed

5o 403, 0U0 =1.090 67,270 336400 6¢ 0307 32.£88 0 Q-0

$o3 ©00,030 =1.050 68,270 33,170 67249 322611 I 023
Ted 230000 2.620 57130 40, ¢80
8.3 430,000 2.81C 40100 $2.%12
9.3 400.000 2,380 23,910 &2, €60
10,3 400000 22330 8780 €3, 170
1le3 400.000 20330 =60 470 3. 200
2.3 & 30000 <2060 =~12,860 €3,¢70
13.4 400.002 =0 $50 =~11.880 63,270
16,3 400,000 <1370 43,260 €5, 870
18,3 40U, 000 ~1o370 £5,4%0 38.%90

22.3 ©00,000 =10 370 58,520 28,022

TYPELEHI> SECONDARY

0e 0
0.0
0.0
Go 0
B O
0.0
(294
0.0

oy

0000
0-000
0.000
0000
0000
0.000
0.000
Q000

Eqe



IN2LORL o & YMAFSQCY. 9.+ RELPOLY=-2 CRYSTAL

CODESo Ro20340%05000798 = Llodo 20Jd9 UVote boWoe JTose lowo 30%0 oo
CODESs 9080o116301203301% = Jole DPobe Telo 30 1000 D00y 2odo
REYNOLDS AUMBER w B.ue -

EFFECTIVE REFRACTIVE INNICES AND POROSIVIES,

TYPE 2 FILM 2,300 3,0333 1 QalGu

TYFE 1 FiLH 1,753 coa i i 2358

TYPE T HYDRATE 10658 dediosu 1 o745

SECCHTARY CRVSTALS 20d9d G."t. 1 o .

ROLGHNESS 1o%l ~2.9939 I - 268

NUPBER OF SECTNDARY S1TSS/SQCH o LQE®DB | LIMITING COVERAGE o TG

CRYSTAL, RATE OF SEC. CRYSTALS (MA/SQCMI, 152,333

CRYSTAL, RATE OF TYPE2 FILM (MA/SQCMD, 20037

SUPERSATURATION OF IUNS, 68 oTIME YO REACHIS) 229
INETIAL DISSOLUTION CUKRENT (MA/SQCM) 65,2237

TIMES s ONSEY OF $EL. CRYSTALSISEC) &e5 PPT. CONSTANT {3} 263

TINE TO CUMPLETE PATLK COVERAGE 268
TIPE TO REACH (CPPALCT FILY I 8.7 §
TIME YO DISSIPATE WYLRAVE LAVER BT §
TPALK = Bo7 TDISS = 2608

CEWYDRATIGN RATE (MASSQLHD 38I.4(.
EFFECTIVE FIL 4 CURRENT(94/5QCH} 226,663

FOROSITY CF ROUGH LAYER 2268
CURREMT FRACTICN FCRMING ROUGHNESS P
FInAL THICKNESS OF RGUGHNESS 1274,7
BIDTH TO HEIGHT GF $EL. CRYSTALS, L0350
INITIAL PATCH COVERAGE 0637
FIMAL PCROSITY QF TYPE [ FILA oL&3
KULE FRACTION HETAL IN PATCHES O e Gl
PASSIVATION T IME | RN
AVE, CISTANCE BEVWEEN E<P. AND THEDRY 2., 14 (DEGY >
EXPERIMENT THEORY THICKNESSESLA)
TIME(SD IimassSQCmy vyoLTS DEL PSI DEL [ 434 TYPE2 TYPELIFD) TVYPELIH]) SECONDARY
7.3 $03. 300 2.623 57-130 5008 55,332 4.0378 a bo “o. %1584
2,3 LIPS 2081 4 .03 $2.51 41-916 51.25% B 2488.3 “ou H3IUE.2Z
Se3 53900, 2.389 23,917 62:66.
1¢e3 bduedl D 2-33 8o 76 63,17
1le3 LI 2,33 =6.47 63.3
LZe3 Sliuetdy “e360 -12.860 63,470
133 & ous =095 ~11l.88. €357
14,3 &Co.0CC =363 iy @3 o260 64,67,
18.3 4$33:033 ~1:370 550 %% 38,99
22+3 & el -1.37 55.52 380 2

coy

0L &7
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IN27 TE2:458MA/SQCHM 4560 RELLI0S CRYSTAL

COCESe Lo20380%oB¢6:7e8 = 1o o o 0 o9 loo lo s Lo o 3o5e o v
CODESe Soi 9llo301201360 % = e Jeie lese heto Jewe Tess  Jo.v
REYNLLDS KUMBER = £3£2.3

EFFECTIVE REFRACTIVE [NOICES AnD PORCSITIES,

TYPE & FILP 2e757 seddi 1 Seld.

TYPE 1 FELY 2.0ul 30222 ¢ 20300

IvEE 1 RYLRATE Le3% PR 1 099"

SECCNDARY CRYSTALS 205233 selbey Tedd

KCLGHAFSS 20358 =2.41%7 1 2 18%

AYEBER OF SECONCARY SITES/SJLM ol Ee 7 LIMITING COVERAGE 2 1%
CRYSTAL., RATE OF SEC. CRYSTALS (RASSQCHMI, o™ 1

LRYSTAL, RATE QOF TYPEZ FILM (MASSQCMI, of L

SLFERSATURATION CF ICAS, 3,45 ¢ TIME TO REALCHIS? 5.81

INITIAL DISSOLUTION CURRENT (#4/5QCM) 951.1120
TIPES, ONSET OF SEC, CRYSTALSISECH 27" PPTo CONSTANT (S} 2o

TPECK = 2.2 TDISS = 1o
CErvyDRATICN RATE (MA/SQCME 137.400
EFFECTIVE FILM CURRENT (4A/75QCM) o
PLRCSITY OF ROUGH LAYER 2181

CURRENT FRACTION FCRYING ROUGHNESS °3359
FIpAL THICKNESS CF ROUGHRESS 1317 .8

BICTH TC MELIGHMT CF $3C. CRYSTALS, 1620
PCLE FRACTICN ®METAL Ik PATOMES £.002
PASSIVATICN TIME AR

ADSORP . BY LARGHUIR, PAX. COVERAGE <058

oETa = 3,116 KCALS/MOLE
AVE, CESTANCE BEVHMEEA EXP. AN THEGRY 1.622 (DEG)
EXPERIMENT THEORY THICKNESSESTAD ~
TIMELS) flMassQemy VOLTS DEL PST DEL PSI Typg2 TYPEL{F) TYPEL(H)} SECONDARY oy
o7 458671 “lels” 7375 26039 74,999 25,354 ° ® ® ® °
1.7 4580 77 ~1o 8. 82,8637 2445 80.369 25,327 o D Te? o T3
207 %58, 300 ~1e263 840,929 25:360 83,599 240913 o 2.0 Do B ®
3.7 458,707 =lo 84,62 24,56 86, 63 24,857 o ® N ° o
bo” %58, ~ 96 BS.857 24037 86.746 240846 o Cal 4o 7 Tod:
bs7 458,530 2. 850 73.970 32,080
o 458.° . 2.T6 55045 45,26
&7 458.007 20%7. AT TIU 58.450
7.7 @38, CUC ~e Q33 34,420 59,543
8.7 458, 7 -1.37 43.21° 85,82
57 ©58,C37 ~io3Ty 54 .99 46039
o7 6$58,33¢ ~1:372 54,97 4l. ¥
11.7 4380”7 ~1.37 56.. 3 29.91
12.7 458,300 ~3.37) 53,535 38,817
1Ze §58.7 . ~1:3% 53,28 3% %
14,7 498" ~1.37 53.38 38,11
22.7 438,007 =1:370 53.370 38,310

Gne



IN2CI220%58MA S SuCHMo256D REL1IDI CRYSTAL

COOESe L020389%03069708 3 1oQv 200s 0208 Lol 10 100 3050 0.0,
CIueSe 2000 ll030820103588 = 009 D09 7oy 309 Lol Qo0 2.0
REYNLLDS NUMBER = 4560.0

GFFECTEVE REFRACTIVE INDICES AND POROSETIES

Tyet & FILM 29300 Ca007%¢ 1 Y. 007

TYPE & FILM LoB8cl 00000 1 243

TYPE 1 HYORATE Lo%63 Q0002 § Ras]

SCLLNUARY CRYSTALS 10997 Jo 3000 [ - 0CE

FLULHNESS Lo3l8 =2,3763 1§ & 49
hJMS IR IF SECINDARY SITES/Swim PRERE L]
CRYSTAL. WATE OF $EC. CRYSTALS (MasSQl4), 1€%, 301

CRYSTAL, AT OF TYPYZ FILM (PA/SGCH), 20.C00
SJIPLASATURAT iO8 oF [FCNS, o7l oTIME TO WRIACHL S 2 T4
LefTiAe 0LSO0LUTION CURRENT (Ma/5.{M) LLh7.7222

LIFITING CIVERAGE 2790

TIME Sy, JNSLY UF 3&C. CRYSTALS(SEC! Yol FFYo CLASTANT (35D 200
TI4L TU CUmPLETE PATCK COVERAGE 2L.5
T14: TO MEACH (UAPACT FILM § 9:5 §
TIng TU JISSIPATE HYUKATE LAVER 9% & S
IPALK = 2.3 Tuiss = 2805
CorVYuRATIGN KATF §HMA/SQCM) ©35,1C3

EFPECT Ivd FILM LJIRRENTIMAZSQCYD 243,716
FORUSET v OF Rudwe LAYER ol ;
LCJIHRENT FRALT {UN FOR4IAL RULGHANFSS ° 04f
FINAL THICANESS It RCULGHNESS €722
GIUTH TJ HIlonT JUF ShC. CRYSTALS, 1939
INITIAL PATur LOVEIRAGE 055

FINAL PURNLSLITY LF Typr [ FILA

PULE FraCT]
Fassival fLw

Uk MITal
Tive

o U

IN PATCHIS [erabsiv
1000.09

£YFo GISTANLL odTxlIN CAP. ANC TuSCRY Lo085 ({CEGH
IXPER IMENT TrIORY TrICRNESSES (AL
TI4EE 50 TiMAsSeL»} YOLYS CEL PSE DEL PSt TYPE2 TYPELLF)
%o 323,030 2.830 T3.937) 32.08C Tl.a4l 30790 0.0 do 3
L7 450000 2,750 52043} bZ.2%7 55.4586 +5.1%¢ C.0 212308
Sol “20.000 204U 37. 730 3. ¢45¢C
o7 453000 ~5930 3% o2 O £5. 549
ool KL PR ~1e 373 “Bo41 0 530229
70l EPT-TRNN] =10370 220950 460 (20
tde 7 Zdowdv ~Lo370 3e 903 41,500
17 23a0dd0 ~1e 370 £4607¢0 29: 817
L7 “2%,0wY ~le3™J 23239 28,810
1307 L34 PV E) —-1.37% £3.239 35,430
1407 «“S6oC0 ) ~Le372 3,360 28, 120
£doT =23 QUG ~los7J £3.370 IB.IL10

TYPEL{ND) SECONDARY

=0 3884o1
=0l $326.4

[=eh

023
2066

gnE



CNEIY 2% BT Lal 5 a0y LIVO0 B9 100D

CCDESe "LocodAehofol oTe8 = Leolds Jedr Wels Lsle 1o0s LoBs 3050 QeUs
CIVESe Fellolicdeddoelidole = Tolde DoVs  Jalo 4200 0aBp elo Qa0
REYASLUS NUddnh = LIQLIL0
TEFILTIYE ASRRALTIVE IiedICTS Aal PURCSITISS,
Tyel & Flud Loy 00053 e LN
TypE L FlLm £otddid CadlOU 1 Do GLO
TYyez & ovLRaT. Ladsg T 3373 % PN
SEaliunARY CRYDT LS 20107 B6300u 1 Co00C
FuuGruit 33 fel%l «=Laf%27 1 0,020
AuyMdSh CF SruultuadyY SITTS/SLCn 2 13-+QT LEMITING LOVERALE 2720
ChESTaALe mATEZ ofF 5ELo GLRYSTALS (4455uC4e LR
LRYSTale KAT. i TYPLZ2 FILM (MA/SRCMI, s TL0
SIPLEIATINAT Sl WF ECRS, Lol sTE40 Y0 <EbCni ) 0 3E
IRITlAe QLSSGuuTi0n CunaEnT (Mar/selMl 287.27C1
TIMESe JNSET WF Stie L8 YSTALSESLCY 270 ¥ETo CURSTANT (S$) €00
TPALK = bo Twlss = 12a0
CENYIRATiUe RATE [ AL/SQCME 141,800
EFFECTIVE FILs LUMITNTIMA/SalH} 6 U
pluTh To Mileml OF SEC. CRYSTALS, Foudtd
POLE FRACTICw iiTAL In PATCHES 16300
FASSIVATILN Tiwg 1002.30
BISCRPe BY LAwuwMUlRy MEXKo CCVERAGLE 0.000
dETA = Zo900  KLALSFAACLT
Bvie wISTANLE UETIUN ZXAP. AN THECRY 127 {DECH
TRERIMTNTY Trig JRY THICKNESSES LAY
TIME(S? T0947 54042 YOLTS DZL Pl OEL psi TYPE2 TYPEL(F) TUPEL{NW) SECONDARY
Je 272,003 “ o370 45070 o 3CC &3.970 353200 o0 G0 0.0 <@
ol +Te o I ~1.dB0 bEob33 2%:.44¢0 4%,373 356367 20 Qe O Dol 1Y
Lol 4T20 LG wloSenl 4%.7% 7 38,219 43 ,74&3 34,982 o0 Gl “s 0 20
dod 47200 1 =LeUED 49,954 33.(2¢
Jod 4T otidy ot d £90950 38,120
‘ol 472032 =led€d 45,967 180122
Y 472 .u0U ~leUtd 490G 0 3%, 820
Lol 4T20udy =foéJ 49:9%0Q 25,129
7ol 4TeeC 30 =102 49,710 3%, €5C
1Je 8 T2 oAUV =Llodid 48,4580 35,700
L300 4T IV =1e &3 L7200 26,380
JRAPY S @Teo0Ud ~L.080 45,030 38,210
1§.1 wleodCd “lod¢ D 42,150 %1400
2és b 9727733 =31a0€7 400 %70 44,6840
PSS EXFED IR ~lo053 $9.8%0 47510
£80 1 478,003 -1 2&D 3Belen 31859
3301 aT2.030 “~1,0€73 18,85y £€,740
3% 1 4TLoUd “lodtd Lio710 €7.580

&ny
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IN2U w36 o 4TR2MAISSUNM o140, RELUL T

CICESs 1o203A64e5069703 = Loty =269 2.0 lo.s Lo v 8o o BB .o o
CANESe Soluwolle?0a2,1301& 2 Jols Jalds Bads Belde ields Uoede 2000
REYNCLOS NUMBER = Lll.de.z

EFFECTIVE REFRACTIvE INDICES AND PLRGSITIES,

TYPE « FIL¥ 2.0, 0 son 2 1 RN

TYPE L FlILm 1.£3% Cedbud | 6202

IYPE 1 HYLRATE 136" IR N | 9%

SELCNDARY CRYSTALS L0885 JedQls 1 2179

BCLGHP £SS la27) =%00%2) I o 1

hurBLH LFf SECCACARY SITES/SOLM «S55E¢ & LIMITING COVERAGE 79

CAvSTAL, RATE OF SEC. CRYSTALS (MA/SQLMI, ilo.127
LRYSTAL, RATE OF Typc2 FiLM (4A75QCH), 49, %1.

SLPERSATURATICN LF ICAS, 1022 oTIME TC REACHIS) 5o4%
INITIAL DISSOLUTICK CULRRENT {MASSGLM) 4b9.2€45
JIWES s CNSET OF SEC, (RYSTALS(SEC) Tar PPYo CONSTANT (S} 2.0
Ti®: TC COPPLETE PATCK C[CYVERAGE 1204
TIPFE TO REACH (CHPPACT FiL4 28,2 S
1PECK = 28,2 1285 = 12.%
TSEYDRATION RATE (™“a/75CLn) IlLE
EFFECTIVE FELM CUKKINT{MA/SCC 4] To321
RICTH TL PEIGHT CF SeCo LRYSTA S te
INITEIAL PATCH CCVERAGE tol
FihaL FCRLEITY 3F Tvpe 1 FILY 2598
FLLE FRACTION “ETAL IA PATCHES .
PASSIVATICHK TI™E Vilse )
AYEs LISTANCE PETWEEN EXP,. AND THEURY 2o Sk2 (DEGY
EXPERIMENT THEORY THICKNESSFSIAD
TIME(S) T{MA/SCCr) YeLYS CFL PSI DEL PSSl TYpPE2 TYPEL(F) TYPEL{M) SELONDARY oy
i) %720 77 ~do. O 4B E87 32T 49,780 37, 8¢6 so l P N -3 3402.8 001
el 4T20.00 ~los6} §7.22¢ 3£.35y 486975 38,953 B 1.2 ~oi 3961,2 P
Itel £72, ~la .6 £..2 3g.21 42,778 36,824 o 2.7 ~o7  4511.% o 1
ST 472, . ° =losts! 42055, 4L 0%y
iiea %12. 7.0 ~lelbu & ob70 bbo 94\
2200 4720 7 ~%o & Zh.86 4758
Irel §%2..0° - 280141 £1.89
361 4F2,00% ~le £ 13, k& EEo T
A 452 bl TR sso?i €7.58

ghe



PRI e o T2MATSIC 10 L0000 REH 1387

CPDESe 0203804056008 = Lo 5 =26 ¢ oo Lo'o Lo v Yo v 303e Jodo
CUCESs 9ellellalelleliolé s olc Jode Sele 3l lods ©ols Jode
DEYRLLOS AUMBER = 1. fo

EFFECTIVY #EFRACTIVE INOICES ANU PCRCSITIES,

TYes ¢z FlL4 2 2in wo tiY ie 7

IYPE 3 FILE 2a Co vty f e ¢

fyPs L NYLDRATE 1o%93 wo s G2 1 2990

STCLNDARY CRYSTALS 1e%.1 Lel. L d YEN

FLLGRAZSS L1272 =029). I neldll

WEPBT e LF SEFLUNDARPY SITESSSGLW o 2. B¢ 8 LIMITING COVERAGE o 7%

LavsTat. KATE 3F SEC. CRYSTALS (MA/SSGQCHMI, 3,736

CRYSTAL. PATE JF TYede FILY (FA/SLCHE, 1ed9D

SUFL RESATURAT LY UF TLide oB " oTIME TO REALHIS! 295

AreITEAL DESSOLLTILA CURREYT {(RAJSGCMD 3,T7.9295

TI¥ESe UNSET GUF $%0, LxYSTALSISECH 2low PPT, CUMSTANT (S} 207

TIPE TL CUORPLFT: PATCH LUYEACE G o

Tive IC REACH (Cw2all FIL4 | 26.6 §

1280K = 266 TI183 = @ o

FERYCPATION RATF (w5004 22.R1Z2

LEFICTIVE FILY CuURESATIMAZSCH) Te333

WELTE T REIGHMT IZF 3{C. CRYSTALS, ol &

INITI&L 2ATCH COVFRAaL: <TE

FinaL PURLSITY LF TYPE [ ©fLw «. 1

EBULE FRATICA MITAL A PATCw S Ye. u

PSS LVAT IO TE4F aheledd

A¥Es TRALTANLE BEUWEDL ZXPo AND THECRY 3,119 {DEG}

ERPERIMENT THECRY . THICKNFSSESTA)D

TIFE(SD 1{MassSsCey YILES JEL PSl DEL PSSl TYPE2 TYPELIF) TYPELIM] SECONDARY
2iel 478s. o ° “lewH? §2:&T77 eboQb & o23% 460574 ‘o ok =of [1534,4
e Se 472, “he'w 35, 8% 4£7e%L: 42501 4%.678 Lo 268.2 =0 §18985,8
ided 4726 27 =hen 3o 380 lby 51089 Yy, 73 &Bo210 Jou 54245 =03 21731.%
3ioi 4720 -le & 130 80 Ebo Th
3te) 472a .. -%e du AP N €T.580
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IN2. 735030l MALRNCH It K, 100

CITESe " 0203R0405s808s8 = T, o @ o s Yo v lo.e leo » 365, o 9

TS Se Go¥ el hozet20ilel & B loug Yol 9 Jos %els Jese Lole Jo'e

PEYACLIS ALYMBER = $.52,.3

FREELTIVE REFRACTIVE TAJILES AND PURLSITIES,

ivPL 2 FLE 2ol PRI Lot

Tyt o FiLW 25 P 1 e !

TYFE . WYDRAVE ke3> 0. 1 295"

SECLILLARY CRYSTALS Eolll So ML Lol

FOLBHAESS 1o3=e ~.8%62 1§ «5%8

ROFETE UF SECONCARY >ITES/SLLP cLiEe T LIMITING COVERAGE AN

CFYSTAL . KATE CF SFC. CRYSTALS (MA/ZSOQLWY, o+ G LT

LPYSTAL, HATE OF TY222 FILM {4A750CH), oy b

SUPERSATURATION CF [uhS, 1.6, s TIME TU REALHIS ) b0l

P10 [aL DISSOLUTICN CURRENT (MA/SQLY) 8925808

TI®ES, CNSETY UF SEC. CRYSTALSESECDY 7. PPT. LONSTANT (8D 27

T0/CK = 22,8 TUI8s = 2.0

LEPYERATIEN RATE (PAFSCCYWY 15 o7

EFFECTIVE FILY CUPRF.T(4A/5QCHM) Lol

FLRUSITY {.F ROUGH LAYER 2598

CLREEMT FRACTICON FCRMING RLUGKHNESS PR §

FIAAL THICKKRESS F ROLUCHARESS 45,2

RICTE TN $RIGRT GF SECe CnYSTALS, lo v .

PULE FRACTILN MFTAL IN PATCHFS s

PASSIYATICN Timr 178730

ANSCE Fo BY LANGMLIK., MAX, (OVERAGE s 2%

GETA = 30742 HKCALS/MCLE

AVE, TISTANCE AETWESNY EXP, ARND THELKY l.054 (ODEGH

EXPERIMFNT TrEORY THICKNESSESIAY
TIME(SY E{9A7 SQCw) YELTS DEL PSI DEL PSE TypeE2 TYPEL{FY TV?‘EHM% SECONDARY coy
° - Se v, =4036 55,72 34,982 58,72 3%.98. ol Jed €0 oL 0000
03 SC3a 300 ~led2d 57594 36,279 59,194 36,578 oD Do Rel ot [iPeie

le3 5§ %, ® -l 8: 6292 33,37 £, 566 36,22 s e Tael o T oRATY
Zo% S5¥ 7 - ~L..83 63,8, 53,727 £3,229 33,822 ol Va? Do «0 8.008
£o3 503027 e84 [CEPY. T 1N 32,92 63,839 32,844 o Vol 0" B [t slan!
1.3 5 ‘e -3 "8’ £3.5% 24,7V
53 AP I -1-733 59,752 27,210
1ie2 SC5eTC1C LS TRE-3 5802b. 4lou
37e2 L -7 8" 4878 4%, 1%
f4%e3 $L3.000 “3.337 18,2467 £7.672
1%63 5" Yo -1o" 8. 26517 [P TN

0SE



DtV W Do WY W] FAWW S DT DV W

=8 200 9
COOESs LlodoBho%eB06s798 = Jode 2eUe Gols kols LeBo Lolo 3e8p Dol
CGUESe 95l0c8lvdodeol3ol® 5 Jode Qoo Vole 2000 Loy Golp 200«
RIVROLIS MuMols =  90CC.0

EFFECT IV REFRALTIVE INDICES AND PURGSITIES,

IvPE 2 FiLd EXSI IR CoCQQu 1 Q.300

TYPE 1 FILM Lo 83 Co00RC 1 249

TYPE L #YUwATE Lo4GE Jo0322 I 533

SECLADARY (RY3Tals L.832 J3G20 1 o297

ECUGHNESS La277  =loBTé4& 1 2517

PuddEh OF SECoNUAkY SITES/SGLH 0222008 LIMITING COVERAGE T80
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