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Electrocatalysjs; and New Technology Subcommittee—Environmental Reactions of Ozone and Active Oxygen Compounds.

FUTURE MEETINGS

ST. LOUIS, MISSOURI—MAY 11, 12, 13, 14, 15, & 16, 1980
Headquarters at the Chase-Park Plaza

The detailed Call for Papers published in July-November 1979 issues of This Journal. Final program published in
March 1980 issue of This Journal.

Planned symposia for the St. Louis Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery/Energy Technology—Load Leveling and Regenerative Braking for Transportation; Corrosion—General Session;
Corrosion/Electrothermics and Metallurgy/Industrial Electrolytic/Physical Electrochemistry/Energy Technology—Indus-
trial Electrolytic Processes in Molten Salts; Corrosion/Physical Electrochemistry—Substrate Morphology Effects in
Electrode Processes; Dielectrics and Insulation—Electronic Devices for Chemical Analysis, General Session; Dielec-
trics and Insulation/Electronics—Conducting Polymers and Related Materials, Magnetic Bubble Materials and De-
vice Processing, Packaging of Electronic Devices, Plasma Etching and Deposition; Electronics—Diffusion Processes
in Semiconducting Materials, Processing of Solid-State Imaging Devices, Semiconductors and New Electronic Tech-
nologies General Session, Recent News Papers Session, Phosphor Depreciation, Phosphor Screening, Luminescence
General Session; Electronics/Electrothermics and Metallurgy—Ninth International Conference on Electron and lon
Beam Science and Technology; Electronics/Electrothermics and Metallurgy/Energy Technology—Current Voltage Char-
acteristics of Photovoltaic Devices, Electronic and Optical Properties of Polycrystalline or Impure Semiconductors,
Novel Silicon Growth Methods; Electrothermics and Metallurgy/Energy Technology—Thermal Energy Storage and Trans-
fer by Thermochemical Means; Energy Technology—General Session; Energy Technology/Organic and Biological Elec-
trochemistry—Photobiological Energy Conversion; Industrial Electrolytic—Electrochemical Engineering of Industrial
Electrolytic Processes, Electrochemical Methods of Waste Water Purification; Organic and Biological Electrochemis-
try—Electroorganic Synthesis (honoring Manuel M. Baizer), Electrochemical Mediation of Developmental Processes
and Regeneration in Biological Systems, Electron Transfer and Interfacial Behavior of Molecules of Biological Im-
portance, Electron Transfer in Inorganic and Organic Reactions; Physical Electrochemistry—General Session; and New
Technology Subcommittee—Near Zero Gravity Phenomena and Materials Processing in Space, Supercritical Fluids.

HOLLYWOOD, FLORIDA—OCTOBER 5, 6, 7, 8, 9, & 10, 1980
Headquarters at The Diplomat

The detailed Call for Papers published in December 1979-May 1980 issues of This Journal. Final program published in
August 1980 issue of This Journal.

Planned symposia for the Hollywood Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery—Characteristics of Fuel Cell and Battery Electrodes, Lithium Battery, Rechargeable Alkaline Zinc Electrodes,
Uninterruptible Power Supplies, General Session; Battery/Corrosion/Electrothermics and Metallurgy/Energy Technol-
ogy—Molten Carbonate Fuel Cell Technology; Battery/Corrosion/Energy Technology—Energy Storage for Solar Applica-
tions; Corrosion—Corrosion in Organic Solvents, International Symposium on Atmospheric Corrosion, General Session;
Corrosion/Dielectrics and Insulation/Electronics/Electrothermics and Metallurgy/Energy Technology—Materials and
New Processing Technologies for Photovoltaics; Corrosion/Electronics/Energy Technology/Physical Electrochemistry—
Materials Problems in Photoelectrochemical Devices; Dielectrics and Insulation—General Session; Dielectrics and In-
sulation/Electronics—Dielectric Isolation for VLS| and Other Devices, Fiber Optics: Materials and Devices, lonic and
Electronic Conduction in Glasses, Resist and Patterning Technology, Thin Films of Tunneling Dimensions; Dielec-
trics and Insulation/Electronics/Electrothermics and Metallurgy—Defects and Transport in Semiconductors and Di-
electrics; Electrodeposition—General Session; Electrodeposition/Physical Electrochemistry—Electrocrystallization; Elec-
tronics—Annealing of Semiconductors, Electron Microscopy of Semiconductors, Semiconductor Materials and Technol-
ogies for High Speed Logic, Semiconductors and New Electronic Technologies General Session, Recent News Papers
Session; Electronics/Electrothermics and Metallurgy—Process and Use Related Radiation Effects in Electronic De-
vices; Electronics/Energy Technology—Properties and Preparation of Amorphous Silicon for Electronic Devices; Elec-
trothermics and Metallurgy—Science and Technology of Halide Lamps and Lasers; Electrethermics and Metallurgy/
Energy Technology—Sulfur Removal from Fuels; Energy Technology—Fuels from Nonfossil Energy Storage Systems,
General Session; Energy Technology/Industrial Electrolytic/ Physical Electrochemistry—lon Exchange: Transport and In-
terfacial Properties; Industrial Electrolytic—Regeneration of Chemicals; Physical Electrochemistry—Third International
Symposium on Molten Salts; and New Technology Subcommittee—Electrochemical Aspects of Ocean Resource Develop-
ment.

MINNEAPOLIS, MINNESOTA—MAY 10, 11, 12, 13, 14, & 15, 1981
Headquarters at the Raddison Hotel

The detailed Call for Papers published in July-November 1980 issues of This Journal. Final program published in
March 1981 issue of This Journal.

Planned symposia for the Minneapolis Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery/Energy Technology—Electric Hybrid Systems for Vehicle Propulsion; Battery/Energy Technology/Industrial
Electrolytic—Porous Structure in Electrochemical Devices; Corrosion—General Session; Corrosion/Dielectrics and In-
sulation—Anodic Oxidation; Corrosion/Dielectrics and Insulation/Electrothermics and Metallurgy—Transport Under
Electrical and Thermal Gradients; Corrosion/Energy Technology—Corrosion and Solar Energy Systems, Materials Prob-
lems in OTEC Devices; Corrosion/Physical Electrochemistry—Nonaqueous Electrolytes; Dielectrics and Insulation—
Electrolytic Capacitor, General Session; Dielectrics and Insulation/Electrothermics and Metallurgy—Adhesion Aspects
of Dielectrics, Insulating, and Resist Materials; Electronics—Semiconductors and New Electronic Technologies General
Session, Recent News Papers Session, 1I-VI Luminescent Materials, Luminescence General Session; Electronics/Di-
electrics and Insulation—Fourth International Symposium on Silicon Materizls Science and Technology; Electronics/
Energy Technology—Chemical Modification of Grain Boundaries in Photcvoitaic. Devices, New Cnncepts in Photovol-
taic Devices; Electrothermics and Metallurgy—Thermochemistry of Intermetzllics, Vibrational Spectroscopy (Lasar
Raman IR); Electrothermics and Metallurgy/Energy Technologv—Thermionics and Thermoelectric Generation; Energy
Technology—Second Law Economics of New Energy Devices, Generai Sessicn; Industrial Eleciralytic—Chlorine, En-
ergy Conversion in the Electrochemical Industries; Organic and Biclogical Electroctieraistry—LClectrochemistry in the
Study of Novel Organic Compounds, Mechanisms and Mechanistic Techniques in Orgaric Electrode Reactions; Phys-
ical Electrochemistry—Solid Electrolyte Interface, General Session; Physical Electrochemistry/Energy Technology—
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ABSTRACT

It is suggested that in practical nonaqueous battery systems the alkali
-and alkaline earth metals are always covered by a surface layer which is in-
stantly formed by the reaction of the metal with the electrolyte. This
layer, which acts as an interphase between the metal and the solution, has
the properties of a solid electrolyte. The corrosion rate of the metal, the
mechanism of the deposition-dissolution process, the kinetic parameters, the
quality of the metal deposit, and the half-cell potential depend on the char-
acter of the solid electrolyte interphase (SEI).

The electrochemical behavior of the alkali metals in
nonaqueous systems was extensively studied in the
last 15 years, mainly in connection with high energy
battery systems. This work is summarized in Ref.
(1-4). The electrode kinetics of the alkali metals in
these systems were treated and analyzed following the
Butler-Volmer equation. 1t was generally assumed (1-
4) that the rate-determining step (rds) is the transfer
of electrons from the metal to the ions in the solution.
Some experimental results indicate that this assumption
is oversimplified and the real situation is much more
complex. For example, the anodic transfer coefficient
(aa) measured for the reaction

M+ 4+ e(m) > M° (M = Li, Na) [1]

was in many cases 0.45-0.13 (1-5). In one case, as,
(for reaction [1]) was found to be insensitive to the
concentration of Lit ions in the solution (7) while in
another case (6) it was extremely sensitive to the con-
centration of Nat in the solution. The most complex
behavior of these systems is demonstrated in Table I.
This table contains six similar nonaqueous systems.
However, when these systems are electrolyzed, the first
three yield aluminum as expected from thermodynamic
considerations, while the other three yield lithium or
magnesium in apparent contradiction to thermody-
namics. Each of the first three systems is used as a
bath for the electroplating of aluminum. The surfaces
of the electrodes immersed in these systems are in
direct contact with the solution either during electroly-
sis or under open-circuit conditions. The last three
systems are examples of nonaqueous battery (NAB)
systems. In these systems the electrodeposited metal
is the more reactive onre.

Recently, it was concluded by Dey (13), and Rauh
and Brummer (14) that in some NAB systems the lith-
ium metal is covered by a Lit conducting film. A more
detailed model for such a film has been described for

* Electrochemical Society Active Member.
Key words. battery, electrolyte, corrosion.
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the magnesium electrode in thionyl chloride solutions
(12).

In this paper it will be emphasized that the electrode
kinetics and the deposition-dissolution mechanism of
the alkali and alkaline earth metals in NAB systems
are entirely different from those characteristic of other
nonaqueous or aqueous electrochemical systems. A
model will be proposed aimed at explaining the com-
plex and unique behavior of NAB systems.

The SEI model.—TIt is suggested that in practical NAB
systems the alkali and alkaline earth metals are always
covered by a surface layer at least 15-25A thick (12).
This layer is formed instantly by the contact of the
metal with the solution. The thickness of this freshly
formed layer is determined by the electron tunneling
range. This layer consists of some insoluble products
of the reaction of the metal with the solution. It acts
as an interphase between the metal and the solution
and has the properties of solid electrolyte, through
which electrons are not allowed to pass. Therefore, it is
called “Solid Electrolyte Interphase (SEI).”

The existence of this electronic insulating layer on
the anodes in NAB systems is the principle difference
between NAB and aqueous-like systems such as, Ex-
amples 1-3 in Table I It should be emphasized that

Table 1. Electrolyis of nonaqueous systems

Electro-
deposited
No. Electrolyte Solvent metal Ref.
1 AlBrs + LiBr Toluene Al (8)
2 AlICls + LiCl +
LiAlH. Diethyl ether Al 9)
3 AICL + LiCl +
LiAlH« THF Al (10)
4  AICL + LiCl Thionyl chloride Li (11)
5 AICls + LiCl Propylene carbon-
ate Li 1)
6 FeCla + MgCla Thionyl chloride Mg (12)
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in NAB systems (according to this suggestion) there
is never a direct and free contact between the metal
and the solution. Thus, these batteries will be called
SEI batteries. The electrochemical behavior of SEI
electrodes will be governed by the properties of the
SEL The following properties of the SEI should be
considered: its mocphnology (compact or porous, size of
the crystals); its thickness (L); the type and the con-
centration of the lattice defects; the transference num-
bers of electrons (te), cationic defect (t+), anionic
defect (t-); the mobility of these defects. The poten-
tial difference A¢m/sol contains three components (12)

A¢pM/sol = Apm/SE + A¢SE + APSE/sol [2]

the total overpotential contains similar terms.

The simplest and most important case for NAB sys-
tems is a SEI electrode having t+ = 1 and t. = 0,
i.e., the SEI is a pure cationic conductor. In this case,
the electrode will be reversible for its own cations
and thus will obey the Nernst law. The dissolution-
deposition process for SEI electrode having Schottky
lattice defects is schematically described in Fig. 1. It
has three steps: (i) on cathodic polarization a metallic
cation sheds its solvent molecules, crosses the solution/
SE interface and enters inside a vacancy in the SEI;
(ii) it migrates through the bulk of the SEI by
Schottky vacancies mechanism; (iii) finally, it reaches
the metallic surface and accepts an electron from the
‘metal and becomes a member of the metallic lattice.
On anodic polarization the metallic cation moves in

Mg + o (M) 2 My

(Boyse)

MIGRATION IN SE (A¢SE)

LN
./

+ - % -+

- 2

NS

- + - + - + - +

Vae + MY o0l T Mge + nisollyy (89 /got!
+ - + -
-+ - +
+ -+ - m* (oo,
- L) - +
+ - 4+ -
SE HEY

Fig. 1. A schematic description of the deposition-dissolution proc-
58 (see text).
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the opposite direction. The dissolution-deposition proc-
ess in a real SEI electrode is more complicated as some
of the following phenomena can be involved: crystal-
lization; grain boundary effect; shorts through the SEI
during prolonged deposition; breakdown and repair of
the SEI during prolonged dissolution; adatoms
formation in the M/SE interface; and adsorbed ions in
the SE/solution interface. Some of these phenomena
will be discussed later.

It is possible to electrodeposit alkali or alkaline
earth metals (12) from NAB systems on an inert cath-
ode. However, in these cases the metal should start to
deposit only after the electrode surface is completely
covered by a passivating layer which acts as a SEI
through which the electrons cannot pass (12).

Kinetics of the SEI electrode.—As it was mentioned
the most important and simple case is t+ = 1 (t—, te
= 0). In this case, the rds may be any one of the
three steps described above. For highly conductive SEI
at small thickness the charge transfer reaction at one
of the SEI interfaces may be the rds. However, when
the SEI is thick enough the migration of ions through
it may be the rds. Moreover, it is known that the ionic
conductivity of pure solid crystals is very low at room
temperature (15), a fact which strengthens the last as-
sumption. In this case it is possible to use Eq. [3] de-
scribing the migration of ions in a solid crystal under
external field (16). It is assumed that L is larger than
the space charge lengths in the SEI, and there is no
change in the concentration or mobility of the mobile
lattice defects through the SEI

i = 4ZFan+y exp(— W/RT)sinh (aZFE/RT) [3]

a = half-jump distance, » = vibration frequency of
the ion in the crystal, n+ = concentration of the
lattice cationic defect, Z = the valance of the mobile
ion, W = a barrier energy for jumping, E = electric
field. The assumption that the migration of the cation
in the SEI is the rds means that the largest fraction of
the electrode overpotential (n) will develop on the SEI,

i.e.
n=EL [4]
On the substitution of Eq. [4] in Eq. [3], one gets
i = 4ZFan +y exp(— W/RT)sinh(aZFn/RTL) [5]

At m = 0, the forward and backward ionic current
through the SEI are equal and the ionic exchange cur-
rent density (i,’) can be defined

- -

iy =i=1i [6]
where iy’ is given by (7)
i = 2ZFayn 4+ exp(— W/RT) [
and Eq. [5] becomes
i = 2i,’ sinh (aZFn/RTL) [8]

For high field conditions (aZFn > RTL) a Tafel-
like equation is obtained

i =1, exp(aZFn/RTL) [9]
and the Tafel slope is
23 RTL
b=—— [10]
aZF

That means that one cannot expect to get a sole
Tafel slope when measuring the kinetics of the alkali
and the alkaline earth metals in NAB systems. The
minimum value of b can roughly be estimated using
Eq. [11]. For z = 1, a = 3A, L = 20A one gets b 400
mV

60L
~— 11
b(mV) — [11)
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However, Tafel slopes of several volts can be measured

for a thicker SEL1 electrode.

For low fieid conditions, Eq. [5] reduces to Ohm’s

law
4a2Z2F2,n . exp(— W/RT
_ Y4+ eXP ) .n 121
RT L
or
1 q
t=—— 3
'L [13]

vyhere p is the resistivity of the SEI The reaction re-
sistance of an electrode is defined as

Res (1. ) (141
L
thus
Rr =L [15]
The relation between i, and p is given by
., RT [16]
ty = ———
® = "20aZF
where
RT

p [17]

4a2Z2F2%yn + exp(— W/RT)

The reaction resistance of SEI electrode increases
linearly with the thickness of the SEI (Eq. [15]). Thus
no sole value of R can be measured in these NAB
systems.

Another interesting aspect is the way the concen-
tration of the cation in the solution affects the reaction
resistance. In the case of regular electrode kinetics re-
garding an electron transfer reaction the concentration
effect is given by (18)

io(CT) = const - Cpy+® [18a]
or
Ry = const * Cy+ @ [18b]
where o, is the anodic transfer coefficient and i, is the
exchange current density tor the electron charge trans-
ter (CT) reaction.

However, in the case of SEI electrodes two extreme
cases can be identitied: (i) L >>> space charge length
and the rds is migration through the SEL In this case
the concentration of the cation in the solution is not
expected to aftect Ry and the calculated apparent «a
should be close to zero; (1) L == space charge length.
In this case the concentration of the ions in the solu-
tion may afiect the concentration of the derects in the
SEI and thus may affect Ry, io, and p. It can be ex-
pected that the apparent transfer coefficient as defined
in Eq. [18b] will be decreased to zero as L increases.
The direction of this etiect depends on the type of the
lattice derects and on the pzc of the SEL

Literature examples.—The double-layer capacitance
in nonaqueous solutions has values of 10-30 wF cm~—2
(19). Any nonaqueous alkali or alkaline earth metal
system which shows electrode intertacial capacitance
smaller than 5 uF cm~—2 should be suspected for an
anode being coated by SEL Scarr (20) measured 2.4-5.2
«F cm~2 in the Li/PC + LiClO4 system. Values smaller
than 1 uF cm~—2 were measured for the Mg/SOCI,
Mg2+, and the Li/SOCly, Lit systems (21). The
anodic transfer coefficient (a,) for the lithium elec-
trode in nonaqueous solution was found to be smaller
than 0.5 which means that the Tafel slope (b) is larger
than 120 mV. The results are summarized in Table IL
Scarr (20) found a smaller «, value where the “double
layer” capacity was smaller: a, was 0.25 where Cq was
2.4 uF cm—2, o, was 0.5 where Cq; was 5 uF cm—2, This
can be explained by different thicknesses of the SEI
in these two experiments. If we assume that the di-
electric coefficient of the SEI is 10, then in the first
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Table II. The kinetic parameters for the Li electrode in
nonaqueous system

b®
aa® as® (mV) System Ref.
0.25 250 Li (Hg), DMSO,
LiCl (22)
0.2 PC, LIAICL (§)]
0.13 450 PC, LiAICL (5)
0.5 PC, LiClO« (20)
0.25 PC, LiClO« (20)
0.25 PC, LiAICL )
0.17-0.52¢» TC, LiAICL (23)

@ From Tafel equation.

@ From Equation [18al.

@& Formally calculated using b = 60/aa (mV).
@ Depending on the thickness of the SEL

experiment L was about 40A and in the second one
only 20A.

In other cases it was found that a linear relation
between the overpotential and the current density is
continuous beyond the expected value predicted by
the Volmer-Butler equation. The lithium electrode in
SOClIy shows ohmic behavior up to 600 mV (23). The
Li electrode in pc exhibits ohmic behavior up to 200
mV (7). The value of the Tafel slope (b) should be
at least five times larger than the highest overpotential
value on the linear plot. Thus the expected Tafel slopes
for these electrodes should be 3 and 1V (at least),
respectively.

Complications associated with SEI batteries (SEI
with t — > 0).—So far the simplest SEI anodes having
t+ = 1 were discussed. These anodes are mostly de-
sirable from a practical point of view. SEI anodes
having t+ < 1, t—- > 0 (te = 0) are undesirable for
battery applications and may exhibit a much more
complex behavior. The current through such SEI is
carried both by cationic and anionic defects. As a re-
sult, on anodic polarization (discharge of the battery),
anions will be injected from the solution into the SEI
and will finally reach the M/SE interface. In such
systems, especially where t— > t4, this process may
lead to the increase of the thickness of the SEI and to
increase in the polarization. In NAB having such SEI,
the anode will be severely polarized and even blocked
after a short period of discharge time.

Another disadvantage of such a system is the effect
of t— on the emf of the battery and on the anodic half-
cell potential. These electrodes are not expected to fol-
low a simple Nernst equation, but a more complicated
one (19)

RT
A¢mssol = t+ | E° — ——1In [M"*]501
nF

t-
+ —— (AG side reaction) [19]
mF

The over-all side reaction may be
nXso™~ + mM - (MmXn) se1 + nme [20]

where Xm~ is an anion in the solution which is capable
of migrating through the SEL

It seems that this case is relevant to many NAB sys-
tems which use calcium or magnesium as the anode
since in many magnesium or calcium compounds, the
value of t+ is smaller than 1 (15) (e.g, chlorides and
oxides). This may be the reason we have no calcium
or magnesium nonaqueous batteries.

It was found that calcium and magnesium SOCI;
cells have less capacity than the lithium one (24-26).
In addition, it was observed that the Ca anode in
the SOCI, cell became coated by a white precipitate
during discharge until it was completely blocked (25,
26).
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A similar situation may exist in the Mg-MnO, dry
cell (24). In this case the passivating layer on the
surface of the anode (MgO or Mg(OH):) may have
tmg+2 < 1. As a result the OCP of this cell is lower
than expected. A similar phenomenon was observed
during cycling of Li in LiBF4+-PC solutions (27). The
stripping overpotential rose with time and a buildup
of a passivating layer on the top of the lithium deposit
was observed by SEM. This type of behavior may be
attributed to SEI having t— > 0. An attempt to im-
prove the electrochemical performance of Mg electrode
in SOCI; solution by doping the SEI with higher
valance cations was made but with no success yet (24).

Shorts during deposition.—The plating current effi-
ciency of lithium in organic systems reaches 100%
(2, 14, 28, 27). However, the stripping efficiency is
much lower than 100% and declines with wet standing
and with the plating current density (27, 28). The
reason for this phenomenon seems to be the formation
of shorts through the SE[ during plating as a result of
local excessive heating and the high electric field on
the SEIL The increase of the plating rate should ag-
gravate the formation of shorts. The formation mecha-
nism of these shorts may be the dissolution and trap-
ping of metallic atoms in the cationic vacancies and
of electrons in the anionic vacancies. This type of phe-
nomenon occurs during the electrolysis of solid alkali
halides at elevated temperatures and it causes the in-
crease of the electronic conductivity of the solid (29).
A more detailed description of this problem can be
seen in Fig. 2. As a result of local heating, some part of
the SEI becomes an electronic conductor (Fig. 2a), and
therefore, lithium metal begins to deposit in the bulk
of the SEI (Fig. 2b). This process continues and a ball
of lithium totally covered by SEI is formed (Fig. 2c).As
the current diminishes, this short zone in the SEI dis-

Li SEI SOLUTION

Li*
e - /
@ \ Ligoy (a)

Li*

@ Ligo) (b)
@ Lify (c)

@ Li:ol (d)

Lit—

Fig. 2. The effect of a partial short on the deposition-dissolution
process (see text),
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appears and later, when the battery is discharged, this
insulated lithium ball will not be dissolved (Fig. 2d).
This results in a decrease in the discharge current
efficiency. In order to alleviate this problem the ionic
resistivity of the SEI should be decreased by doping.
This way both the electric field, which will be de-
veloped on the SEI, and the electrical heating of the
SEI will be reduced.

The growth rate of the SEI.—A slow corrosion rate,
and therefore, a long shelf life is expected for systems
in which, at least, one of the corrosion products is
very insoluble and immediately precipitates on the
anode surface to form a dense and hole-free SEI which
is a very good insulator for electrons. However, even in
this case, the thickness of the SEI will slowly increase
with time of storage. The rds for this process will al-
ways be the cathodic reaction, i.e., the reduction of
the solvent. The functional relation between the thick-
ness of the SEI and the storage time is determined by
the mechanism of the cathodic reaction. Two extreme
cases can be identified. (i) The anode surface and the
SEI are not completely homogeneous, i.e., the anode
contains anodic areas in which metallic ions are dis-
solved and cathodic areas in which the electrons are
migrating through the SEI and reducing the solvent.
This case may be relevant to practical systems having
impurities which are able to create cathodic zones.
(ii) In an ultrapure system, the anode and the SEI are
completely homogeneous and thus no well-defined
cathodic areas can exist. In this case, the rds will be
the diffusion of electrons through the SEI to the solu-
tion side.

For the first case, the growth rate of the SEI can be
formulated as follows

V (corrosion) = Veqeen — e —Ma — iR =0 [21]

Veqcen = OCP (i = 0), ne, ma = cathodic and anodic

qverpotential; R = resistance of the solution. In prac-

%ﬁal NAB systems both n, and iR can be neglected.
us

Mo = Veg,coll [22]

If we assume that (i) the corrosion current follows
Ohm’s law and (ii) the electronic resistivity of the SEI
[p(e)] is constant with time then we get

5 Vaq,col.l
Leorr = m [23]
It was assumed that all the corrosion products pre-
cipitate on the anode, to give a homogeneous film thus
E" = Kicorr [24]
dt

where K is a constant.
From Eq. [23] and [24] one gets

dL KVeq,cent

—_— 25
dt p(e)- L 2s]
After integration of Eq. [25]
2KV, %
L=<L°z+__°'i°“_.g) [26]
e(e)

where L, = L at t = 0. This is a parabolic law of
growth of the SEIL
The second mechanism involves the diffusion of elec-
trons through the SEI as the rds for the corrosion of
the anode. The corrosion current density will follow
Eq. [27]
FDC,

L

[27]

teorr =

where D is the diffusion coefficient of the electrons in
the SEI and C, is the concentration of the electrons in
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Ekzx;e]SEI near the M/SE interface. From Eq. [24] and

dL _ KFDC, 2
dt ~ L (28]

After integration a parabolic law of growth is ob-
tained
L = (Lo? 4+ 2KFDC,t) % [29]

Although the two corrosion mechanisms both lead to
parabolic law of growth they should be considered as
first approximation only. A practical system may be
more complicated due to the following: p(e) or D may
change with L; the SEI may contain cracks, holes, and
grain boundaries at which the greatest part of the elec-
tronic leakage current may take place. The SEI may
be nonhomogeneous and contain crystals of different
sizes (21). Therefore deviations from the parabolic law
of growth are expected.

The thickness of the SEI of Li in LiAlICl;-SOCI.
system was measured as a function of time at room
temperature. The value of « in Eq. [30] was calcu-
lated for several Li electrodes (21)

L = const - t [30]

Not all the Li electrodes exhibited the parabolic law
of growth as values between 0.2 and 0.5 were obtained.

Summary

A model which is designed to explain the complex
and unique electrochemical behavior of alkali and
alkaline earth metals NAB systems was presented in
this paper. This model is supported by many experi-
mental results. It was indicated that the deposition-
dissolution mechanism of alkali and alkaline earth
metals in SEI-NAB systems is entirely different from
that in aqueous or aqueous-like systems. Therefore
the improvement or control of this process should be
done by different means. It is concluded that a proper
anodic SEI is the key for the operation of NAB. It
seems that the controlling of the properties of the
SEL i.e., reducing t— and t., increasing t* as close as
possible to unity, and reducing p (by doping the SEI),
will improve the performance of the SEI nonaqueous
batteries.

Manuscript submitted Dec. 27, 1978, revised manu-
script received April 9, 1979. This was Paper 4 pre-
sented at the Atlanta, Georgia, Meeting of the Society,
Oct. 9-14, 1977.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1980
JourNAL. All discussions for the June 1980 Discussion
Section should be submitted by Feb. 1, 1980.

Publication costs of this article were assisted by
Tel-Aviv University.
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Primary Li/SOCI. Cells

VIII. Effect of Type of Carbon on the Performance

A. N. Dey*
P. R. Mallory & Company, Incorporated, Laboratory for Physical Science, Burlington, Massachusetts 01803

ABSTRACT

Twelve different carbons having a large variation in physical properties
such as particle size, BET surface area, density, and electrical conductlvxty
were evaluated as cathodes for Li/SOCIl; hermetic D cells. The particle size,
BET surface area, and density did not affect the performance of the cells in
terms of delivered energy density except in extreme cases such as graphite, the
particle size of which is larger by three orders of magnitude. At least five
different types of carbon were found to be as good as Shawinigan Black at

high rates.

The performance limiting process of the Li/SOCI;
cells was found (1) to be the passivation of carbon
cathode by the precipitation of LiCl, the product of
SOCI; reduction on the porous carbon cathode accord-
ing to the reaction

SOCl; + 2Li+ + 2e - 2LiCl 4+ SO [1]

We examined (2) the cathode reaction profiles as well
as the cathode expansion characteristics in an effort to
optimize the cathode structures for maximum energy
density, using Shawinigan Black carbon. It was felt
that, in addition to the cathode structure, the type of
carbon may also play an important role in determining
the performance of the cathode. Only a few types of
carbon other than Shawinigan Black were reported
to be used (3-5) in Li/SOCI; cells so far. We selected
twelve different types of carbon having diverse prop-
erties in terms of particle size, density, and electrical
conductivity for evaluation as cathodes in the Li/SOCl,
system. We chose a high rate hermetic D cell as a
vehicle for this evaluation. The experimental details
and the results are reported here.

Experimental

Carbons.—Of the twelve types of carbon selected,
Neo Spectra AG, Raven-420, Raven 3500, Royal Spec-
tra, and Conductex 950 were from Cities Service Com-
pany, Columbia Division; Elftex-12, Mogul L, Regal
660-R, Vulcan XC-72R, Monarch 700, and Sterling R
were from Cabot Corporation; and Graphite KS10 was
from Lonza Corporation. The above carbons were used
as received without any pretreatment.

Specific resistivity of the carbons was measured by
pressing pellets at 13,300 psi and measuring the elec-
trical resistance of the pellets at 1 kHz using a General
Radio Impedance Bridge.

Cathode fabrication.—The various carbons were
mixed with colloidal Teflon binder in a 90:10 weight
ratio and the mixture was pasted on expanded nickel
current collector to make carbon cathodes. The finished
cathodes were found to be quite different from car-
bon to carbon. The thickness of the cathodes varied
from carbon to carbon. In cathodes with some types of
carbon, there were visible cracks along the ribs of the
expanded nickel current collector. The appearance ‘of
the cathodes made from the various types of carbon
are shown in Fig. 1. Only the gross physical character-
istics of the cathodes are visible from the photographs.
Cathodes were also characteried using SEM (scanning
electron microscope). The electrical resistance of the
cathode across its thickness was also measured using
two copper electrodes (0.71 cm2).

* Electrochemical Society Active Member.
Key words: inorganic, electrolyte, carbon, cathode.
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Cell fabrication and testing.—Hermetic D size (OD:
3.30 c¢cm, Ht: 6.05 cm cells were made using either
(51 ecm) or (38 cm) long (4.445 cm wide) cathodes
made from the various carbons depending upon the
thickness of the cathodes; 51 cm for thinner cathodes
and 38 cm for thicker cathodes, respectively. The length
and the width of the Li anode was the same as the
cathode; only the thickness of the Li was varied de-
pending upon the length; viz. 0.038 cm thick Li was
used with 51 cm long electrodes and 0.051 cm thick Li
was used for the 38 cm long cathodes.

The details of the cell construction and the electro-
lyte nreparation are available elsewhere (6). The cells
were filled with 1M LiAlCL4-SOCIl, electrolyte and
then sealed hermetically. The performance character-
istics of the cells were evaluated by discharging them
at constant currents ranging from 0.03 to 3.0A at 25°C.
The efficacy of the various carbons was determined
from the capacities and the energy densities delivered
by the cells.

Results and Discussion

Carbons.—The properties of the various carbons
used are listed in Table I. The Shawinigan Black is
made by the continuous thermal decomposition of
acetylene at 800°C. The other blacks are made by the
furnace process except for the Royal Spectra and Neo
Spectra AG which are made by the Channel process.
In the Channel process, the carbons are subjected to
thermal oxidation, thereby incorporating oxygen on
the carbon surface which in turn results in higher
volatile matter content and a low pH, most likely due

’M) . .

Fig. 1. Photograph of carbon cathode specimens made from the
various types of carbon.
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Table 1. Types of carbon and their properties
Par- BET .

Letter ticle surface Apparent Fixed Volatile Specific
Desig- size area density carbon matter resistance

Carbon type Supplier nation (mgy) (m?/g) (1b/£t3) pH (%) (%) (2-cm)
Shawinigan Black (Shawinigan) 43 60 1.2 —_ 99.5 — 0.022, 0.026
Neo Spectra AG (Columbian) G 13 900 8 3 86.0 14.0 0.276, 0.383
Elftex-12 (Cabot) H 37 45 11 85 99.0 10 0.030, 0.033
Mogul-L (Cabot) J 24 138 15 34 95.0 5.0 0.075, 0.074
Raven-420 (Columbian K 28 70 17 9 99.6 0.4 0.044, 0.037
Raven-3500 (Columbian) L 16 319 17 3 96.2 3.8 0.025, 0.111
Regal 660-R (Cabot) M 24 112 15 75 99.0 1.0 0.101, 0.042

Royal Spectra (Columbian) N 10 1125 6 4 83.5 16.5 1.10, 1.15
Conductex-950 (Columbian) o 21 245 10 6.5 99.2 0.8 0.044, 0.051
Vulcan XC-72R (Cabot) P 30 254 6 7 98.0 2.0 0.021, 0.035
Monarch-700 (Cabot) R 18 200 9 8 99.0 1.0 0.167, 0.054
Sterling R (Cabot) S 7% 25 16 8.5 99.0 1.0 0.035, 0.034
Graphite KS10 (Lonza) T 104 ~20 140 7.6 99.9 0.1 ~0.002

to the formation of carboxylic acid groups on the car-
bon surface.

The particle size of the various carbons varied from
10 mu for Royal Spectra to 75 mu for Sterling R.
Graphite KS10 has the largest particle size of 10
microns. Correspondingly, the surface areas of the vari-
ous carbons varied from 25 m2?/g for Sterling R to
1125 m?/g for Royal Spectra. Shawinigan Black has
the lowest apparent density of 1.2 1b/ft3 (0.0192
g/cm?). Among the other carbon types, the lowest
apparent density was 6 1b/ft3 (0.0961 g/cm?) for Royal
Spectra and Vulcan XC-72R. The highest apparent
density was 17 1b/ft3 (0.272 g/cm3) for Raven 3500
and 420 (excluding graphite, the density of which is
140 1b/ft3 2.24 g/cm3).

The electrical resistivity of the various carbons was
measured by pressing the carbons in pellets at a pres-
sure of 13,300 psi. The values shown in Table I were
obtained while the pellets were under pressure. On
releasing the pressure, the resistivity values increased
significantly. It appears that the carbons with the
highest surface areas viz. Royal Spectra and Neo
Spectra AG have the highest electrical resistivities.
Next to graphite, Shawinigan Black and Vulcan XC-
72R have the lowest resistivity. The resistivities of Elf-
tex-12, Sterling R. Conductex 950, and Raven 420 are
slightly higher. The resistivities of Mogul-L and Raven
3500 were almost twice as much as the above carbons.

The measured electrical resistance of the cathodes
made from the above carbons, across its thickness,
also followed approximately the same pattern.

Cathodes.—The cathodes were characterized by scan-
ning electron microscopy at 1000 and 10,000 magnifi-
cations. The photographs revealed the microstructure
of the cathodes. The photographs of the cathodes made
from the various types of carbon at 1000 magnification
are shown in Fig. 2 and 3. The photographs were taken
at or near a surface microcrack on the cathode. The
filaments crossing over the cracks are Teflon filaments
from the Teflon binder. They demonstrate the efficacy
of Teflon in binding the carbon particles in a filamen=
tary web. This allows the carbon cathode to expand
(2) on discharge without loosing its mechanical in-
tegrity. The filamentary nature of the binder also
prevents mechanical blockage of the active sites on
the carbon particle where the discharge of SOCI; occurs
according to the reaction [1].

Note that the photograph of the Shawinigan Black
cathode, shown in Fig. 4, was at 2000 magnification in-
stead of 1000. The carbon particles of the Shawinigan
Black cathode appear to be somewhat less conglomer-
ated than the other types of carbon. This is reflected
in the exceptionally low bulk density of the Shawini-
gan Black compared to the other carbons.

The microstructures of the cathode surface were fur-
ther clarified at a magnification of 10,000 x. The photo-
graphs are shown in Fig. 5 and 6. Again, the spacings

between the carbon particles appear to be much greater
in cathodes made from Shawinigan Black than in the
cathodes made from the other carbons. This is con-
sistent with their bulk densities.

Cell performance.—The details of the relevant cell
construction parameters and the test results of the D

GRAPVUTE K 10
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ok K ConpueTsx
Fig. 2. SEM photographs of cathode specimens made from Mogul
L, Raven 3500, Neo Spectra, Elfex 12, Raven 420, and Royal Spectra;

original magnification 1000 X .

ELrLExX

K

Fig. 3. SEM photograph of cathode specimens made from Vulcan
XC72R, Monarch 700, Sterling R, Graphite KS10, Regal 660R, and
Conductex 950; original magnification 1000 .



2054

SHAWINIGRN

Fig. 4. SEM photograph of cathode specimens made from Shaw-
inigan Black carbon; original magnification, 2000 X and 10,000 X .

Fig. 5. SEM photograph of cathode specimens made from Mogul
L, Raven 3500, Neo Spectra, Elfex 12, Raven 420, and Royal Spectra;
original magnification 10,000 X .

CONDUETEX

) y
Ksio 1K Regae (é0R

Fig. 6. SEM photograph of cathode specimens made from Vulcan
XC72R, Monarch 700, Sterling R, Graphite KS10, Regal 660R, and
Conductex 950; original magnification 10,000 X .

cells with the carbons described above are summarized
in Table II. The typical discharge curves of Li/SOCIl,
D cells made with the Sterling R carbon are shown
in Fig. 7. Since we have chosen a practical hermetically
sealed D cell structure instead of experimental bottle
or bag type of cell (with excess electrolyte, etc.) for
the evaluation of the various types of carbons, it is
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Fig. 7. Typical discharge curves of Li/SOCIly hermetic D cells with
Sterling R carbon cathode.

possible to analyze the data with reference to actual,
practical cell performance rather than in terms of
criteria that cannot be translated to actual cell per-
formance. The energy densities of all the cells made
with various types of carbons and tested at various
currents are plotted as a function of current and shown
in Fig. 8. The data points are shown in letters G to T
representing various types of carbons. The two solid
lines represent the data points of D cells with Shawini-
gan Black; the line with shaded circles belongs to the
cells with 38 cm long electrodes and the line with un-
shaded circles belongs to the cells with 51 cm elec-
trodes. It is clear that almost all types of carbon with
the exception of Mogul L (J), Raven 3500 (L), and
Graphite KS10 (T) are as good as the Shawinigan
Black carbon insofar as the performance of the
Li/SOCI, cells is concerned. The five types of carbon
which were found to be the most promising, particu-
larly for high rate cells are Elftex-12 (H), Regal 660 R
(M), Vulcan XC-72R (P), Monarch 700 (R), and
Sterling R (S). In addition Conductex 950 (O) also
perforined very well.

The properties of Mogul L (J) were quite interesting
in that the cells using it had a higher intrinsic energy
density than did the other cells except Shawinigan
Black although the rate capability was significantly
poorer, most likely due to its low electrical conductiv-
ity. Graphite KS10 (T), on the other hand, has an ex-
cellent electrical conductivity, but a poor performance,
due to its larger particle size and crystallinity. The
poor performance of Royal Spectra and Raven 3500
may be due to their poor electrical conductivity and
poor electrode integrity.

One may arrive at an altogether different conclu-
sion if one compares the performance of the cells made
with various types of carbon, based on normalizing the

©  SHAWINIGAN 20" M- REGAL 660R,20"
® SHAWINIGAN 13" N- ROYAL SPECTRA, 20"
G- NEOSPECTRA AG ,20" 0 - CONDUCTEX 950 ,20"
H- ELFTEX-12 , 20" P - VULCAN XC-T72R,20"
J- MOGUL-L, i5" R - MONARCH 700, 20"
K- RAVEN-420,15" §- STERLING R , 15"
L - RAVEN-3500, 15" T - GRAPHITE KS10,15"
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Fig. 8. Energy density of hermetic Li/SOCly D cells made from
various types of carbon at various currents at room temperature.
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Table 1. Performance characteristics of Li/SOCI hermetic D cells with various carbons at 25°C

Elec- Energy

trode Elec- Discharge Capacity Total density

length Carbon trolyte Li wt Cell wt current to 20V energy (W-hr/
Cell No. (in.) wt (g) wt (g) (8) (8) (A) (A-hr) (W-hr) in?)

Neo Spectra AG; thickness: 0.020 in., resistance: 1.15Q

G-1 20 5.0 43.7 4.52 95 0.3 12.8 435 138
G-2 20 6.5 45.8 451 98 0.1 11.9 41.7 13.2
G-3 20 5.9 46.4 4.47 98 1.0 8.0 26.0 8.3
G4 20 5.3 46.0 4.53 96 3.0 4.1 10.3 33
Elftex-12; thickness: 0.026 in., resistance: 0.71Q
H-2 20 11.6 41.3 4.49 100 0.03 12.8 45.4 144
H-1 20 11.8 425 4.51 101 0.1 9.9 34.8 11.1
H-3 20 12.4 42.1 4.51 100 0.3 14.8 51.8 16.4
H-6 20 9.8 43.5 4.55 101 1.0 10.0 33.0 10.5
H4 20 9.9 4.1 4.50 101 3.0 7.5 21.8 6.9
Mogul-L; thickness: 0.037 in., resistance: 1.30Q
J-6 15 11.9 41.0 4.66 99 0.03 16.2 57.2 18.1
J-5 15 11.9 41.3 4.65 100 0.3 10.5 35.7 113
J2 15 11.4 40.5 4.64 99 1.0 4.0 12.8 41
Raven-420; thickness: 0.038 in., resistance: 0.58Q
K-6 15 12.5 40.8 4.63 100 0.03 1.1 39.4 12.5
K-3 15 13.6 419 4.60 102 0.1 13.2 46.2 14.7
K-1 15 13.1 41.8 4.63 101 0.3 144 489 15.5
K-5 15 12.8 42.9 4.61 102 1.0 9.3 28.8 9.2
K4 15 12.5 42.6 4.62 101 3.0 4.5 13.1 4.1
K-2 15 13.0 40.9 4.69 99 0.01 13.1 46.5 14.8
Raven-3500; thickness: 0.029 in., resistance: 1.0Q
L2 15 7.8 44.6 4.70 97 0.1 12.5 43.8 139
L-3 15 79 432 4.69 96 0.3 3.5 11.7 3.7
L4 15 79 43.1 4.70 96 1.0 —_ Would not run
L1 15 7.5 43.2 4.70 95 3.0 — Would not run
L6 15 79 45.1 4.70 98 0.03 12.3 43.1 7
Regal-660R; thickness: 0.024 in,
M-5 20 10.8 43.1 4.52 101 0.1 13.5 47.3 15.0
M-1 20 10.5 44.0 4.55 101 0.03 13.0 46.1 14.6
M4 20 11.0 42.5 4.50 101 0.3 124 43.0 13.7
M-2 20 10.3 432 4.50 101 1.0 13.5 459 14.6
M3 20 10.4 42.1 4.52 99 3.0 7.5 21.0 6.7
Royal Spectra
N-1 20 44 4.4 4.54 95 0.1 10.6 371 11.8
Conductex-950; thickness: 0.029 in., resistance: 0.70Q
0-1 20 7.6 43.4 4.54 98 1.0 10.8 34.6 11.0
0-2 20 7.6 46.1 453 99 0.3 13.2 44.9 14.2
0-3 20 7.6 46.2 4.50 100 3.0 7.5 21.0 6.7
04 20 8.1 46.2 4.52 100 0.1 12.7 45.1 14.3
0-6 20 7.6 45.9 4.52 100 05 13.0 429 13.6
Vulcan XC-72R; thickness: 0.028 in., resistance: 0.37Q
P2 20 7.0 46.4 4.54 100 0.03 11.6 412 13.1
P-1 20 6.9 46.2 4.50 100 0.1 14.4 50.8 16.1
P-3 20 7.1 45.6 4.57 100 0.3 13.7 47.3 15.0
PS5 20 7.2 45.6 4.53 98 1.0 14.0 46.2 14.7
P4 20 7.1 449 4.52 99 3.0 9.0 26.6 8.4
Monarch-700; thickness: 0.029 in., resistance: 0.82Q
R-5 20 10.6 4.1 4.51 102 0.1 13.5 47.5 15.1
R-1 20 10.1 44.3 451 100 0.3 12.8 4.4 14.1
R-6 20 10.4 45.1 4.54 102 1.0 14.0 47.6 15.1
R-2 20 10.5 44.1 4.55 102 3.0 6.8 19.7 6.3
R-3 20 10.2 44.0 4.53 101 0.03 13.8 49.0 15.5
$terling R; thickness: 0.036 in., resistance: 0.81Q
S-1 15 11.5 42.5 4.64 100 0.1 13.3 46.8 149
S3 15 11.3 42.6 4.66 100 0.3 14.1 48.6 15.4
S2 15 11.9 41.8 4.65 100 1.0 11.8 38.9 12.4
S5 15 11.6 42.5 4.60 101 0.03 14.6 51.8 16.4
54 15 11.5 42.8 60 101 3.0 9.0 24.3 7.7
Graphite KS10
T-3 15 16.6 42.1 4.68 105 0.1 9.0 314 10.0
T-6 15 16.5 41.1 4.72 104 0.3 6.4 22.2 7.0
T-5 15 16.4 3.9 4.65 103 1.0 4.5 14.9 4.7
T-1 15 16.6 41.8 4.67 105 3.0 2.3 6.7 2.1
T3 15 16. 4.71 103 0.03 12.8 45.4 144
Shawinigan
B-32 15 5.7 44.0 5.86 98 0.03 176 6L 19.0
B-33 15 5.7 43.7 5.86 0.1 15.2 52.4 16.5
B-30 15 5.3 45.2 5.86 99 0.3 13.3 45.9 144
B-19 15 — — — — 0.5 10.6 33.4 10.5
B-29 15 6.2 44.0 5.75 98 3.0 7.5 19.5 6.1
Shawinigan; thickness: 0.018 in., resistance: 0.30Q
103 20 —_ —_ — —_ 0.25 12.7 42.5 134
108 20 —_— —_ —_ 0.75 132 40.9 129
95 20 — —_ —_ 1.0 12.0 36.0 113
100 20 —_ -_— —_ —_— 3.0 10.0 28.0 .8
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data with respect to the carbon weight and the elec-
trode areas. For example, if we plot the cell capacity/wt
of carbon in the cathode (instead of energy density)
vs. current density (current/electrode area) for the
various types of carbon, we obtain a plot shown in
Fig. 9. The various letters represent the various data
points belonging to the various types of carbon. The
solid lines represent the data points belonging to
Shawinigan Black for cells with both the 38 and 51
cm electrodes. Based on this type of analysis, the obvi-
ous conclusion is that almost all types of carbon are
inferior to Shawinigan Black since all data points
fall below Shawinigan Black. The reason for this is
that Shawinigan Black has the lowest bulk density of
all the carbons, thus having the highest capacity/
carbon wt value. We have shown already that this has
little bearing on the volumetric energy density of an
actual cell. The increase in the carbon weight (with
the denser carbons) results in only 1% or less increase
in the cell weight. Thus, the dense carbons do not sig-
nificantly affect the gravimetric energy densities either,

It should be pointed out that the method of prepa-
ration of the cathode using Shawinigan Black has
been thoroughly optimized whereas no such exhaustive
optimization has been carried out for the other types
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-ELFTEX-12, 20"
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Fig. 9. N lized plots of capacity per unit weight of carbon as
a function of current density for the various type of carbon.
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of carbon. It is reasonable to speculate that some-
what better performance may be obtained with the
other carbons after suitable optimization of the method
of preparation since the physical properties of the
carbon mix were found to be quite different from
carbon to carbon.

Conclusions

1. Of the twelve types of carbon (including graph-
ite) tested, all except three types had almost as good
a performance as the Shawinigan Black carbon in
most cells manufactured today. It should be noted that
the process for making the carbon-Teflon cathode mix
has been developed for Shawinigan Black over a long
time. This is not the case with the other carbons.

2. The most outstanding carbon types were Shawini-
gan Black, Elftex-12, Regal 660R, Vulcan XC-72R,
Monarch 700, Sterling R, and Conductex 950.

3. Mogul L carbon has a low electrical conductivity
and a poor rate capability but its intrinsic energy den-
sity was found to be as good as that of Shawinigan
Black and significantly higher than that of all the other
carbons. This type of carbon might be particularly
suitable for low rate high energy density cells.

4. The particle size, BET surface area, and the bulk
density of the various carbons do not appear to affect
the performance of the cathodes except in the case
of graphite.
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A Finite Difference Numerical Analysis of
Galvanic Corrosion for Semi-Infinite
Linear Coplanar Electrodes
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ABSTRACT

A finite difference numerical analysis technique has been used to evaluate
the distribution of the electrode potential within the electrolyte above a gal-
vanic corrosion couple with linear, semi-infinite, coplanar electrodes. Corro-
sion reactions are assumed to be under activation control with logarithmic
polarization behavior. The analysis accommodates any combination of elec-
trochem_lc_al polarization parameters, corrosion current densities, solution
conductivity, electrode dimensions, and depth of corrosion solution as variable
parameters. Further, the analysis has been adapted to include the influence
of an externally impressed polarization. The accuracy of the analysis pro-
cedure has been established by comparison with experimental results obtained
from a model zinc-copper galvanic corrosion couple. The effects of various
parameters on the electrode potential distribution at the surface of the corro-
sion couple have been examined and their significance discussed.

The distribution of electrode potential across the
surface of heterogeneous.corroding electrodes is of
fundamental importance in describing the localization
and kinetics of nonuniform corrosion phenomena. In
general, corrosion of service components can occur
under various operating conditions ranging from very
shallow condensed layers to bulk volume solutions.
Previous papers (1, 2) have evaluated analytically the
distributions of electrode potential across coplanar
corrosion couples in which the electrode reactions are
subject to activation control. In order to achieve an
analytical solution, ion current flows within the so-
lution were restricted to the plane of the electrode
surface. Although valid for shallow corrosion solutions
with moderate conductivity, such a restriction is' not
adequate for the more general case of corrosion under
bulk solutions where current flows normal to the cor-
roding electrode surface become significant.

A number of other analyses have been developed
which either are based on linear polarization kinetics
(3-9) with or without the additional requirement of
similar polarization parameters for the anodic and
cathodic electrode reactions, or assume general Tafel
kinetics (10) with equal anodic and cathodic po-
larization parameters. As discussed previously (1, 2),
the assumption of linear polarization Kkinetics is not
valid for many corrosion reactions where the
electrode reactions are subject to activation con-
trol resulting in logarithmic polarization behavior
which is rarely similar for both the anodic and cath-
odic reactions. At present there is no analytical pro-
cedure available which can generally accommodate
different logarithmic polarizations such that it becomes
necessary to adopt a numerical technique. There are
two basic techniques available for such analysis. The
earlier and perhaps simpler of these is based on the
finite difference technique of solution by successive
iteration or relaxation (11). This technique has been
shown theoretically to be suitable for the evaluation
of the electrode potential in two-dimensional electro-
chemical cells (12). More recently, the finite element
technique has been developed (13) and shown to be
particularly efficient when applied to electrochemical
processes which result in significant changes in the
electrode geometry (14). The relative simplicity of

Key words: corrosion, copper, numerical analysis, cathodic pro-
tection, potentiostatic control, zinc.

the finite difference technique, however, recommends
its application to general corrosion phenomena where
such shape changes are not of prime significance and
are small in relation to the over-all corrosion cell di-
mensions.

This paper describes the application of a numerical
finite difference method to the evaluation of electrode
potential distribution within the electrolyte above a
coplanar, linear, semi-infinite corrosion couple in
which the electrode reactions are subject to activation
control with different polarization parameters. This
corrosion couple geometry was chosen to simulate the
phenomenon of intergranular corrosion which results
from either second-phase precipitation or selective
solute segregation to the grain boundaries brought
about by strengthening heat-treatments, fabrication,
or component service. Here, the grain boundary region
may be either anodic or cathodic to the matrix and the
distribution of the electrode reactions is of importance
in creating surface defects which may develop into
incubation sites for surface-initiated failure processes
such as fatigue and stress corrosion cracking.

The present analysis considers not only the free cor-
rosion condition but includes a facility for simulating
the effects of an externally applied superimposed po-
larization. Results obtained from the free corrosion
numerical analysis are compared with experimental
results obtained from a model copper-zinc galvanic
corrosion couple. The influence of the various experi-
mental parameters, in particular the solution depth and
applied polarization, on the distribution of electrode
potential are discussed.

Analysis of the Electrode Potential Distribution

The present analysis is based on a model galvanic
corrosion couple consisting of two semi-infinite, co-
planar, strip elements shown schematically in Fig. 1.
The electrode surface lies in the XY plane and is infinite
in the + Y directions. The couple consists of a cathodic
element A of width a in the — X direction and anode B
of width b in the 4+ X direction covered by an elec-
trolyte of depth w in the 4 Z direction. The electrolyte
is bounded by perfect insulators at z = w and xz =
— a and + b. The symmetry of the electrode configura-
tion constrains all current flow to the XZ plane such
that the analysis is reduced to a two-dimensional prob-
lem.
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electrolyte

N

YN B
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Fig. 1. Schematic diagram showing the arrangement of electrodes
in the corrosion couple. Element A is the cathode and element B is
the anode.

The various current vs. electrode potential relation-
ships for the anodic and cathodic reactions are assumed
to be subject to activation control with logarithmic
(Tafel) polarization behavior. Polarization character-
istics of the anodic and the cathodic reactions for each
element of the corrosion couple are shown schemati-
cally in Fig. 2. Thus the net cathodic current density per
unit length of corrosion couple, ic(x), on element A at
an electrode potential Ey is

icx) = toca) {€Xp ((Ea — Ex)/Ba)
— exp((Ea— Ex)/—aa)} [1]

where Ej4 is the free corrosion potential of element A,
ioca) is the free corrosion current density, and «s and
Ba are the Tafel parameters for the anodic and cath-
odic reactions, respectively. Similarly for element B,
the net anodic current density per unit length of cor-
rosion couple, ia¢x), on element B at an electrode po-
tential E; is

tacx) = ios) {€XP((Ep — Ex)/—ap)
—exp((Ep — Ex)/B8)} [2]

where Ep is the free corrosion potential of element
B, ioB) is the free corrosion current density, and ap
and gp are the anodic and the cathodic Tafel param-
eters. Thus, anodic current flows within the electrolyte
from the element B to element A following an electric
potential gradient equal and opposite to the electrode
potential gradient (dEx/dx). The electrode potential
distribution across the corrosion couple surface at

Electrode potential ; V

o) o(s)
log, (currentdensity) ; Am?
Fig. 2. Schematic polarization curves for the two elements of the

corrosion couple shown in Fig. 1. « and 8 are the Tafel parameters
for the respective anodic and cathodic reactions.
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Fig. 3. Schematic diagram showing the electrode potential dis-
tribution in solution across the surface of the galvanic corrosion
couple shown in Fig. 1.

z = 0 is illustrated schematically in Fig. 3. At distances
x < 0, anodic current is complemented and effectively
reduced' by an excess cathodic current generated on
element A.

Since there is no accumulation or loss of ions in the
bulk of the electrolyte the distribution of electrode
potential within the electrolyte must satisfy Laplace’s
equation

V2E =0 [3]

subject to the following boundary conditions:
For z = 0 the normal derivative of electrode poten-
tial E is given by

dE |
— =iw/C for —a<x<0
dz
[4]
dE X
—— =1ax)/C for 0<x<b
dz

where C is the conductivity of the corrosion electrolyte.
Since there is no current flow normal to the in-
sulating boundaries

dE
— =0 at x=—caand +b [5]
dx
dE
—=0 at z=w [6]
dz

Equation [3] has been solved by the finite difference
method of successive over-relaxation (15) using an
iterative numerical procedure on an IBM 370 computer
(11, 12, 16). This required a notional rectangular Car-
tesian grid to be established over the region defined
by the electrolyte. The potential values at the nodal
points, defined by the intersection of the grid lines,
were then determined by iterative solution of the sys-
tem of finite difference equations associated with the
numerical solution of Laplace’s equation. The present
computer program (16) allows the experimental pa-
rameters a, b, W, ioca), ios), Ea, EB, aa, @B, Ba, BB, and
C to be specified by the user.

The program provides a graphical plot of equipo-
tential lines across the XZ plane and the corresponding
electrode potential vs. x values across selected grid
lines parallel to the electrode surface including z = 0.
Typical results for a hypothetical symmetrical corro-
sion couple with the given electrochemical parameters
are shown in Fig. 4. Figure 4(a) shows the equipotential
distribution in the XZ plane with the dimensional scales
expanded for clarity of presentation. Figures 4(b) and
(c) show the electrode potential vs. x plots for z = 0
(the electrode surface) and w (the solution surface),
respectively. The symmetry of the solutions obtained
for a range of similar parameters provides confidence
in the application of the technique and confirms that
the specified error of calculation was sufficiently small
to give accurate results.
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In practice there are many corrosion situations of
technological interest in which the galvanic corrosion
couple is subject to an external applied polarization,
either galvanic or potentiostatic, where the mixed elec-
trode potential of the corrosion couple is displaced from
its equilibrium value. Common examples include
cathodic protection and potentiostatic or galvanostatic
polarization measurements, Under these circumstances
the electrode potential distribution over the corrosion
couple will be changed in a nonuniform, complex man-
ner. This change will influence the distribution and in-
tensity of the corrosion reactions on the electrode sur-
faces. Such applied polarization effects may be ex-
amined using the above analysis simply by modifying
the boundary condition, Eq. [6]. For typical inert
counterelectrodes, e.g., platinum, with very low polari-
zation parameters and for values of w which are com-
parable or large with respect to the electrode dimen-
sions, we can reasonably approximate the electrode
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w= 001
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Fig. 4. Computer analysis results showing: (a, upper left) equipo-
tential distribution, (b, upper right) electrode potential in solution
vs. x at z = 0, and (c, lower left) electrode potential vs. x at z
w = 0.01m for an electrode couple with o = ag = Ba = BB
005V, C = 10 O~ Im™ L, ioa)y = ioB)y = 1 Am~2,a = b
w = 0.0lm, and E» = —Ep = 0.5V.

[Tl

potential along the boundary 2z = w to be a constant
E;. This value E3 is a user definable variable in the
present computer program. This boundary plane simu-
lates the position of the counterelectrode which passes
that external current required to produce the polariza-
tion. The net external current flow may be deduced
from an integration of the resulting electrode poten-
tial vs. x plot for z = 0 and the current density Eq. [1]
and [2].

An example of this analysis with a value of E3 =
4,5V, is shown in Fig. 5 for the same variables as il-
lustrated in Fig. 4. Figure 5(a) shows the equipoten-
tial distribution in the XZ plane, again with the Z axis
expanded for clarity, and Fig. 5(b) shows the elec-
trode potential across the surface of the galvanic couple,
i, z = 0 when polarized and under free corrosion
conditions. Clearly, the over-all distribution of elec-
trode potential within the solution is significantly modi-
fied by the applied polarization. The distribution at the-
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Fig. 5. Comp lysis results sh
with an applied anodic polarizati
corrosion and applied anodic polarization.

surface is shifted in the direction of the applied polari-
zation but its general form is preserved with the cath-
odic element remaining cathodic to the anodic element,
however, in this case, the gradient dE/dx is increased
in the region of the couple interface x = 0, when com-
pared with the free corrosion condition, Fig. 5(b).

Experimental Test of the Numerical Solution
The analysis described above has been applied to
a copper-zinc galvanic couple corroding in a 0.01M
hydrochloric acid solution. The experimental cell,
shown schematically in Fig. 6, comprises an open Per-
spex vessel placed across the copper-zinc couple and

Electrometer

Microelectrode

Fig. 6. Schematic diagram showing the experimental arrangement
for measurement of electrode potential distribution above the
copper-zinc corrosion couple.
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g: (a, left) the equipotential distribution above the galvanic corrosion couple described in Fig. 4
= +4.5V, and (b, right) electrode potential in solution vs. x at z = 0 for both open-circuit free

filled with solution to depths of 2 and 20 mm. The dis-
tribution of electrode potential across the couple was
measured using a reference microelectrode (Ag/AgCl)
(1, 2, 17) with probe diameter ~ 0.1 mm, accurately
positioned using a micromanipulator. Distributions
were measured at solution depths corresponding to
z = 1 mm and w. The electrode potential of the refer-
ence microelectrode was measured to be + 100 = 2 mV
with reference to a saturated calomel electrode. All
measured potential values are reported with reference
to the saturated calomel electrode scale.

The polarization parameters for zinc and copper in
0.01M hydrochloric acid have been measured (1) and
these are listed in Table I together with the solution
conductivity C. These values were used in the numeri-
cal analysis to calculate the equipotential distribution
above the experimental corrosion couple and the re-
sults obtained for the two solution depths are shown
in Fig. 7. Figure 8 shows the experimental results ob-
tained for the electrode potential vs. x at z = 1 mm
and w for both solution depths superimposed on the
analysis results.

Both the calculated and measured equipotential dis-
tributions are different for the two solution depths. The
equipotential distribution above the 2 mm depth [Fig.
7(a)] is almost independent of z, i.e., the current flow

Table I. Experimental values for the parameters used in the
calculation of electrode potential distribution above the
copper-zinc corrosion couple in 0.01M hydrochloric acid*

Zn Cu
Anodic Tafel parameter, a (V) 0.025 0.001
Cathodic Tafel parameter, ﬂ V) 0.05 0.05
Corrosion current, i, (Am 1.00 1.00
Free corrosion potential E (V SCE) —0.985 ~0.845

0.42 Q-1 m-1; cathode width a =

* Solution conductivity, C
0. 02m. solution. depth, w = 0. 002 and

0.0075m; anode width, b =
0.02m.
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Fig. 7. Calculated equipotential distribution above the experimental copper-zinc corrosion couple for solution depths: (a, left) w = 0.002m

and (b, right) w = 0.02m.
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Fig. 8. Calculated curves and experimental points showing the electrode potential vs. x at: (g, left) z = 1 mm and (b, right) z = w for w

= 2 and 20 mm.

in solution is primarily in the + X direction, whereas
the distribution above the 20 mm depth example [Fig.
7(b)] is highly dependent on z. The very good agree-
ment observed between the measured and the cal-
culated electrode potential vs. x plots in Fig. 8 support
the accuracy and validity of this numerical analysis
procedure.
Discussion

The experimental results show the present finite dif-
ference method of numerical analysis to be capable of
evaluating the distribution of electrode potential above
a coplanar galvanic corrosion couple in which the eléc-
trode reactions are subject to activation control. Ap-
plication of such an analysis requires an experimental
determination of the various electrochemical param-
eters describing the electrode reactions of each com-
ponent of the couple, the value of any applied polariza-
tion, as well as the physical dimensions of the corro-
sion cell.

The distribution of electrode potential for z > 0
within the corrosion cell is important only insofar as it
is this which can be measured directly with an ex-
ternal reference electrode via a Luggin probe. This
volume distribution is a result of the electrode poten-
tial variation across the surface of the galvanic corro-
sion couple at z = 0. It is this latter distribution which
describes the kinetics and localization of the corrosion
reactions. Clearly, both the volume and associated sur-
face distributions of electrode potential are dependent
on all of the above electrochemical parameters and
physical dimensions (Fig. 4-8).

The distribution of electrode potential across a gal-
vanic corrosion couple describes the localization of the
corrosion reaction; consequently, any consideration of
corrosion behavior requires a knowledge of this dis-
tribution. The present analysis procedure allows this
to be calculated using experimentally determined
polarization behavior from any combination of elec-
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trodes on which the reaction kinetics are subject to
activation control. The infinite number of permutations
of electrode polarization parameters, corrosion cur-
rents, conductivity, and electrode dimensions which
can occur makes quantitative discussion of the separate
influence of each variable on the resulting electrode
potential distribution difficult. However, the qualitative
effect of changes in each of these variables may be
predicted intuitively and are not discussed further in
this paper.

The influence of changes in solution depth, w, how-
ever, is not so readily envisaged. Clearly, for very small
solution depths the earlier approximation to unidirec-
tional current flow in the X direction remains valid
and potential distributions may be obtained analyti-
cally (1, 2). However, for larger solution depths a
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Fig. 9. Computer analysis results for the corrosion couple de-
scribed in Fig. 4 showing the equipotential distribution for: (o,
upper left) w = 0.001m, (b, upper right) w = 0.1m, and (c, lower
left) the electrode potential in solution vs. x at z = 0.

numerical method of analysis is required. Figure 9
shows calculated results obtained using the symmetri-
cal model case shown in Fig. 4 for different values of
w = 1 and 100 mm. Figures 9(a) and (b) show the
equipotential distribution within the solution with the
Z axes adjusted for clarity of presentation [c.f. Fig.
4(a) with w = 10 mm]. Figure 9(¢) shows the cal-
culated electrode potential vs. x at z = 0 for both
values of w. Clearly, the case for w = 1 mm [Fig.
9(a)] may be approximated to a unidirectional current
flow. i.e., all equipotentials are nearly normal to the
electrode surface. Figure 9(b), w = 100 mm, however,
shows the case where w is large and the equipotentials
at z - w are parallel to the electrode surface and the
potential at z = w is almost constant. The main point
of interest in these results, however, is the observation
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that the absolute values and shape of the electrode po-
tential vs. x distributions at z = 0 are significantly
different for the two values of w [Fig. 9(c)]. This re-
sults in a different distribution of anodic dissolution
over the anodic element B. Such an effect is of par-
ticular interest when considering the relative corro-
sion behavior of galvanic couples under thin film and
bulk solution environments. This may be of significance
when attempting to reproduce service corrosion con-
ditions in simulated laboratory tests. Previous analy-
ses (1, 2) found the parameter (i,/wC)% to be of
fundamental significance in scaling distances over
which potential changes were significant. Here, this
parameter has values of 10 and 1 V¥%m~1! for w = 1
and 100 mm, respectively. Clearly, as the magnitude of
this parameter increases the earlier approximation of
unidirectional current flow becomes more accurate.

Similarly, changes in the electrode potential distri-
bution above a corrosion couple resulting from an
externally applied polarization are not readily pre-
dicted. Such polarization is effected by superimposing
an additional external current flow normal to the
surface of the corrosion couple. Changes in the
local current density at the electrode surface must be
reflected in a shift in the electrode potential, Eq. [1]
and [2]. The additional current is supplied by some
external source and is introduced via an additional,
usually inert, counterelectrode located remote from,
but usually parallel to, the surface of the corrosion
couple. In the present analysis this position is defined
as the plane z = w and the electrode is polarized to
a constant potential E3. When E; is fixed positive to
the normal free corrosion potential a net anodic cur-
rent is drawn from the corrosion couple which shifts
the electrode potential everywhere in the anodic direc-
tion. Similarly a negative value for Ej3 shifts the po-
tential distribution in the cathodic direction. Thus, as
shown in Fig. 5(b), the relative distribution of corro-
sion reactions is influenced by an externally applied
polarization. Such changes may be of fundamental
importance when considering electrochemically ac-
celerated test methods for assessing the localization of
corrosion in service components, e.g., crevice and pit-
ting corrosion.

The present results clearly show that the localized
corrosion behavior of a galvanic corrosion couple is
dependent not only on the various electrochemical
parameters, but also on the corrosion cell geometry
and the magnitude of an externally applied polariza-
tion. The dependence cannot be described analytically
but may be evaluated using the numerical finite dif-
ference procedure described above. The results to
date indicate the need for caution in correlating local-
ized corrosion behavior under different environmental
conditions.

Conclusions

1. The electrode potential distribution above a semi-
infinite, linear, coplanar, galvanic corrosion couple in
which the electrode reaction kinetics are subject to
activation control may be evaluated numerically using
finite difference methods.

2. The absolute values and distribution of electrode
potential and associated corrosion behavior are de-
pendent not only on the electrochemical parameters
but also on the corrosion cell dimensions.
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3. Externally applied polarization of a galvanic cor-
rosion couple preserves the over-all form of the elec-
trode potential distribution at the couple surface but
changes its precise shape and the relative absolute po-
tential values.
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LIST OF SYMBOLS

an Tafel parameter describing the anodic dissolu-
tion behavior of element n (V)

Bn Tafel parameter describing the cathodic re-
duction behavior of element n (V)

C specific conductance of the solution (Q~!m~—1)

En the bulk corrosion potential of element n (V)

E, the electrode potential at position x (V)

E; the imposed electrode potential at the boundary
zZ=w )

iony the free corrosion current density on element
n (Am—2

iacxy the net anodic current density generated on
the anode at potential Ey (Am~—2)

iexy  the net cathodic current density generated on
the cathode at potential Ey (Am~—2)

w depth of solution above the corrosion couple
surface (m)
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Anodic Dissolution and Passivation of

Titanium in Acidic Media
111. Chloride Solutions

Eugene J. Kelly*
Oak Ridge National Laboratory, Chemistry Division, Oak Ridge, Tennessee 37830

ABSTRACT

The electrochemical behavior of titanium in deoxygenated acidic chloride
solutions, with and without additions of Ti(III) and Ti(IV) ions, has been
determined and compared with that observed in acidic sulfate media. A mono-
layer mechanism has been developed for the active-state dissolution and
passivation of titanium in acidic media. According to this mechanism, the
metal is oxidized in a sequence of one-electron charge-transfer reactions
which results in the formation of adsorbed reaction intermediates correspond-
ing to each of the relevant valence states of titanium (+1, +2, 43, 44) and
which leads to Ti(III) ions in solution in the active and active-passive transi-
tion regions. The mechanism is in quantitative agreement with the experi-
mental results for both chloride and sulfate media. In acidic chloride solutions,
as well as in acidic sulfate solutions, the rates of oxidation at a passive
titanium surface of Ti({II) ions in solution to Ti(IV) and of reduction at an
active-state surface of Ti(IV) ions in solution to Ti(l1Il) are directly propor-
tional to the concentrations of Ti(III) and Ti(IV), respectively. The reduction
of Ti(IV) at an active surface is responsible for the fact that, at a critical
concentration of Ti(IV), an active-state surface passivates. In localized corro-
sion systems, active and passive surfaces are in simultaneous contact with the
electrolyte within the occluded cell, and the aforementioned oxidation and
reduction reactions serve to couple the active-state and passive-state electro-
chemical systems. Such electrolyte-coupled active-passive systems are capable
of generating the critical concentration of Ti(IV) required to passivate the
active-state surface, a fact which explains random spontaneous cessation of
localized corrosion (self-healing). The critical concentration of Ti(IV) is
much greater in chloride solutions than in sulfate media and takes much
longer to attain. Consequently, the halide ion functions as a promoter of

localized corrosion.

The results of a study of the electrochemical be-
havior of titanium in deoxygenated acidic chloride so-
lutions, with and without additions of Ti(IlI) and
Ti(IV) ions, are presented in this report. The work
complements an earlier investigation of the mecha-
nistics of active-state dissolution and passivation of
titanium in acidic sulfate media (1). In addition, the
comparative study of the effects of Ti(IIl) and Ti(IV)
jons on the dissolution of titanium in acidic sulfate (2)
and acidic chloride solutions provides a new rationale
for the “random” spontaneous cessation of localized
corrosion and for the role of chloride ion as a pro-
moter of localized attack.

Although there have been numerous investigations
of the electrochemical behavior of titanium in acidic
media, mechanistic studies of the active-state dissolu-
tion and passivation (active-passive transition) proc-
esses have been extremely limited in number, i.e.,
few investigators have attempted to describe the elec-
trochemical polarization data in a quantitative fashion
and to relate the mathematical description of the po-
larization data to a specific reaction scheme (1, 3, 4).

According to a monolayer mechanism developed for
the titanium/acidic sulfate system (1), the metal is
oxidized in a sequence of one-electron charge-transfer
reactions which results in the formation of adsorbed
reaction intermediates corresponding to each of the
relevant valence states of titanium (41, +2, +3, +4)
and which leads to Ti(III) ions in solution in the ac-
tive and active-passive transition regions. The surface
intermediates are analogous to the adsorbed (FeOH)
and (NiOH) intermediates in the mechanism of active-
state dissolution of iron (5) and nickel (6). A phase
oxide, as opposed to monolayer species, is considered
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to exist only in the passive state and, consequently,
plays no role in the active-state dissolution and passi-
vation processes. The monolayer model will be shown
to apply to acidic chloride media as well as to acidic
sulfate solutions and, therefore, it is examined in de-
tail in the Discussion section of this paper. Here, it is
sufficient to state that the equation which was derived
on the basis of the monolayer model accurately de-
scribes the effects of both potential and pH on the
steady-state current density in both the active and
active-passive transition potential regions. It is par-
ticularly significant that the model accounts for the
experimentally determined diagnostic relationships
represented by Eq. [1]-[3]

alog im,a/dpH = —2/3 [1]
dInima/dEmg = F/2RT [2]
dEn,¢/dpH = — (4/3) (2.303RT/F) [3]

where img and Epqg represent the maximum anodic
current density arising from the metal dissolution re-
action and the corresponding potential, respectively,
i.e., the observed values, in and E, (as shown, for
example, in Fig. 2), corrected for the hydrogen evolu-
tion reaction (HER). Others have reported that log
im and Ep are linear functions of pH, for acidic sul-
fate solutions, but no interpretations accompanied
these reports (7, 8).

Several investigators, although relying on rather
limited data, have subscribed to a monolayer concept.
Caprani et al. (4) measured the apparent valence state
of the dissolution product as a function of potential in
the active, transition, and passive potential regions.
On the basis of a schematic monolayer model, they de-
rived an equation for the anodic current density/poten-
tial relationship which, although omitting pH as a
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variable, was in accord with their data and closely
resembled that given earlier by the author (1). Brynza
et al. (9) employed an impedance technique to study
the passivation of titanium in 5N H2SO4 and concluded
that their results (capacitance and resistance as func-
tions of potential and frequency) were consistent with
a monolayer adsorption mechanism, but were not com-
patible with the hypothesis that a phase oxide was
present in the active and active-passive transition po-
tential regions. Similar capacitance data have been re-
ported by others and also interpreted as a faradaic
adsorption pseudocapacitance (1, 7). Armstrong et al.
(10, 11), in rejecting the phase-oxide model (see be-
low) and adopting a monolayer viewpoint, relied
Primarily on open-circuit potential/time curves ob-
served during the spontaneous activation of passive
titanium in sulfuric acid solutions.

Thomas and Nobe (3, 12) studied the electrochemi-
cal behavior of titanium in acidic sulfate solutions and
developed a mechanism for the active-state dissolution
process based on the assumption that an oxide layer is
present on titanium not only in the passive state but
also in the active state. This assumption was justified
on the grounds that “the thermodynamic data on these
oxides (TiO3 and TiO;) indicate their possible pres-
ence even on active titanium.” However, the fact that
thermodynamic data do not preclude the existence of
a particular oxide cannot be interpreted as evidence
for its presence. The question of whether or not a
phase oxide exists on titanium in the active and/or
active-passive transition region will be considered be-
low. In any event, the authors derived an equation
which was comparable to their experimental rate ex-
pression, Eq. [4]

ia = k[H*]9-5 exp (0.43FE/RT) [4]

where i, represents the current density correspond-
ing to the active-state dissolution process and
the other symbols have their conventional significance.
There are difficulties with this equation. First, it not
only fails to account for the diagnostic relationships
given by Eq. [1]-[3], it indicates, contrary to fact,
that there is no potential for which the anodic current
density is a maximum, i.e., it does not account for iy
at E, (see Fig. 2). Obviously, neither the equation
nor the mechanism on which it is based address the
question of the passivation mechanism, i.e., the active-
passive transition potential region. Second, contrary to
the indications of Eq. [4], neither (9 log i./d pH) g nor
(d log ia/0E)pu are constants. The fact that (9 log ia/
0E)pu is not constant corresponds to the well-estab-
lished fact that titanium does not exhibit Tafel behavior
in the active state (1, 4, 8, 11). All of the aforemen-
tioned limitations and errors can be traced to the
authors’ statement that Eq. [4] is only meant to apply
in the “vicinity of the active corrosion potential.”” The
anodic polarization measurements used in arriving at
Eq. [4] were restricted to the linear polarization region
(within 15 mV of the open-circuit potential) and, con-
sequently, anodic Tafel behavior was not actually ob-
served, but merely assumed. With the assumption
that the anodic dissolution process exhibits Tafel be-
havior, the magnitude of the anodic Tafel slope was
calculated using the measured values of the slope of
the linear (small) polarization curve, the cathodic
(HER) Tafel slope, and the corrosion current deter-
mined by extrapolation of the cathodic Tafel line to
the corrosion potential. Even if it were known that
the anodic process followed Tafel kinetics, this method
for determining the magnitude of the diagnostically
important anodic Tafel slope is inappropriate for
mechanistic studies because small errors in the cath-
odic polarization data can lead to a large error in the
calculated anodic slope. A more fundamental flaw
exists in the fact that the small (linear) polarization
method cannot distinguish between a linearized Tafel
equation and any other current density/potential re-
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lationship which can be linearized over the very nar-
row potential regions to which the method is applied.
It is shown in the present paper that, as applied to
titanium in the active state, the method merely evalu-
ates the slope of the tangent to the partial anodic po-
larization curve (log iq vs. E), a curve which does not
exhibit Tafel behavior. One final difficulty with the
mechanism proposed by Thomas and Nobe is that, in
the presence of added Ti(1I1) ions, i, is considered to
be proportional to the square root of the concentra-
tion or Ti(uII). More recently (2), it has been proven
that i, is not a function of the concentration of Ti(III)
(see Results and Discussion section).

The phase-oxide concept, according to which a phase
oxide (as opposed to adsorbed monolayer species)
exists on titanium in the active and/or active-passive
transition potential regions, is frequently encountered
in the literature on titanium. Some investigators have
attempted to explain the most salient features of the
electrochemical polarization curves on the basis of
thermodynamic considerations, for example, by at-
tempting (unsuccessfully) to identify E, with a ther-
modynamic equilibrium potential corresponding to the
formation of an oxide (13, 14). Others have invoked
the concept in order to explain various singular ob-
servations, for example, the observation (15) that the
initial anodic current density at a freshly fractured
surtace is much greater than the steady-state current
density in the active-state potential region (obviously,
there is no a priori reason to suppose that a monolayer
concept could not account for this fact as readily as
a phase-oxide concept). Studies of the type just cited
are never mechanistic in the sense defined in the sec-
ond paragraph of this paper, and are mentioned only
because they illustrate the pervasive nature of the
phase-oxide school of thought.

Although electron diffraction (16-18), electrochemi-
cal polarization (19-23), ellipsometric (24), reflecto-
metric (24, 25), and photopotential (25, 26) measure-
ments have provided useful information concerning
the physical and electrochemical properties of oxide
films formed on titanium in the passive state, they have
not provided reliable evidence for the existence of
oxide films (as opposed to adsorbed monolayer species)
in either the active or active-passive transition poten-
tial regions. With decreasing potential within the pas-
sive potential region, the oxide film thickness de-
creases, and film thicknesses down to approximately
15-20A have been demonstrated at potentials clearly
in the passive potential region. At still lower poten-
tials, the theoretical limitations inherent in the el-
lipsometric (27), reflectometric (28), and photopoten-
tial techniques, i.e.,, the inability to unambiguously
distinguish between a limitingly thin phase-oxide and
adsorbed monolayer species, casts doubt on conclusions
concerning the potential at which a phase oxide first
forms. As an illustration of the interpretational diffi-
culties which arise, consider the photopotential tech-
nique employed by Oshe et al. (26) in a study of
titanium in sulfuric acid solutions. In the derivation
of the photovoltage equation (29), one presupposes
the existence of an oxide phase, and assumes that the
transport of charge carriers (electrons or holes) with-
in the oxide phase is properly described by classical
concepts, i.e., by a diffusion flux represented by Fick’s
law and by a migration flux equal to the product of
the charge carrier concentration and field-dependent
drift velocity. It is unlikely that this description of
charge transport is applicable to very thin oxide films
where, for example, chatge transport by electron tun-
neling has been demonstrated (24), and it obviously
does not encompass the transition from the ultimately
thin but finite phase-oxide to the monolayer species.

Experimental

The three-compartment cell assembly (test, refer-
ence, and counterelectrode compartments) was made
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of Pyrex glass and Teflon and was so designed that
solutions could be added to or removed from the cell
without exposure to the atmosphere. All compartments
were jacketed and maintained at a constant tempera-
ture (=+0.02°C) which, except where noted, was 30°C.
A stream of hydrogen was passed through all com-
partments at all times. The hydrogen source was a
Matheson generator which produces ultrapure gas
via diffusion of electrolytically generated hydrogen
through a palladium membrane. Additional stirring
in the test compartment was achieved with a Teflon-
coated magnetic stirrer.

The titanium electrodes employed in this study were
made from zone-refined, polycrystalline titanium (Ma-
terials Research Corporation). The cylindrical elec-
trodes (diameter = 0.635 cm) were mounted on
Teflon electrode holders which exposed either one
planar surface or the cylindrical surface or both. All
solutions were prepared from reagent grade chemicals
and triply distilled water. Acidic chloride solutions
having the desired pH were made by mixing 1M HCl
and 1M NaCl solutions. Stock solutions of 0.1M
Ti(III) in 1N HCI were prepared by dissolving 0.9593g
of zone-refined titanium in 21.31 ml of 12.2N HCI at
65°-70°C. The resultant solution was cooled to room
temperature and diluted to 200 ml with water. The
entire preparation was conducted under a helium atmo-
sphere, using helium-saturated liquids. Stock solutions
of 0.1M Ti(IV) in 1M HCI were prepared by adding
hydrogen peroxide (30% solution) to stock Ti(III)
solution until the purple color of the latter just dis-
appeared. The next drop of HyO; produced an orange
color which was eliminated by addition of some Ti (III)
solution. The final solution contained a negligible ex-
cess of Ti(III).

The electrochemical measurements were made with
a PAR potentiostat (Model 173), a PAR program-
mable waveform generator (Model 175), an Aardvark
potential scanner (Model SCAN-4), an Orion pH
meter (Model 801-A), and a Hewlett-Packard/Moseley
recorder (Model 7100B, Model 17501A plug-ins).

All electrode potentials (E) were measured against
a saturated calomel reference electrode and, unless
stated otherwise, all E values are given with reference
to SCE.

The potential-step method was used to determine
all of the polarization curves with the exception of
those shown in Fig. 3 (curves I-IV) and Fig. 9. The
term ‘“‘steady state” is used in the operational sense to
mean that there was no discernible change with time
in the value of the current density at a given poten-
tial and that the indicated value was not dependent
on whether the previous potential was more positive
or more negative.

In this paper, by convention, net and partial anodic
(oxidation) current densities are positive, while net
and partial cathodic (reduction) current densities are
negative.

Results and Discussion

A typical activation curve observed on immersing
a titanium electrode into 1N HCI is shown in Fig. 1.
Due to the presence of an air-formed oxide film on
the metal following pretreatment (polishing with 300
nm «-Al;O3 and rinsing with distilled water), the po-
tential initially lies in the passive potential region. The
slow decrease in the open-circuit potential in the re-
gion above —300 mV ws. SCE is attributed to slow
dissolution of the oxide film, a process which, under
steady-state conditions, is completed at approximately
—300 mV vs. SCE with the transition from the limiting
thin phase-oxide to adsorbed monolayer species. Below
—300 mV, adjustment in the coverages of the adsorbed
reaction intermediates is accompanied by the sub-
sequent rapid decrease in potential. Ultimately, a
stable active-state corrosion potential of —665 mV wvs.
SCE is attained. Since the surface state during activa-
tion is not in a steady-state condition, the transition
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at —300 mV is not abrupt. However, when the activa-
tion curve shown in Fig. 1 is correlated with the steady-
state polarization curve shown in Fig. 2, the singular
significance of the potential value of —300 mV is ap-
parent. Similar activation curves have been reported
by other investigators. Brauer and Nann (14) ex-
amined activation curves obtained in 6N HySO4 and
noted that for a variety of pretreatment processes the
rapid decrease in potential always occurred at ap-
proximately —280 mV vs. SCE. Thomas and Nobe (7)
observed a sudden decrease in potential at —300 mV
vs. SCE for 1N H2SO4 (also observed by the present
author). The presence of only one arrest in the activa-
tion curves observed for preanodized titanium in 10M
H,SO,; was interpreted by Armstrong et al. (10) to
mean that only one phase oxide forms during anodic
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polarization into the passive potential region, that it
is removed during activation, and that only monolayer
species exist on the surface after activation.

The steady-state anodic polarization curve for tita-
nium in 1.0M HCI is shown in Fig. 2 (curve C). As the
potential of the metal is made increasingly positive
(noble) relativé to the corrosion potential, the anodic
current density rises to a maximum (iy) at the criti-
cal potential (Em = —530 mV vs. SCE) and then de-
creases as the metal is transformed from the active to
the passive state. For comparison purposes, the steady-
state anodic polarization curve observed in 1N H;SO,
is also shown in Fig. 2 (curve B). In acidic chloride
and acidic sulfate solutions, the steady-state anodic
polarization curves are completely unaffected by stir-
ring. Moreover, it has been reported previously (for
acidic sulfate media) that potentiostatic current/time
transients spanning the time range from a few micro-
seconds to steady state are totally unaffected by stir-
ring (1).

The monotonic decrease in the anodic current density
with increasing potential in the potential region posi-
tive (noble) to E,, is interrupted at approximately
—300 mV vs. SCE, i.e., for any potential positive to
—300 mV vs. SCE the steady-state current density ex-
ceeds that which would be expected from extrapola-
tion of the polarization curve observed between Ep
and —300 mV vs. SCE. This is the only discontinuity
in the steady-state polarization curve in the potential
region positive to E,, and represents the potential at
which the transformation from an adsorbed mono-
layer system to a phase oxide occurs. Consequently,
throughout this paper the term “active state” refers to
the potential region negative to Ey, the term “passive
state” refers to the potential region positive to the
discontinuity potential (approximately —300 mV yps.
SCE for 1M HCI or 1N H3SO04), and the active-passive
transition potential region lies between the two de-
fined states.

Effect of potential scan rate—Anodic polarization
curves for titanium in 1M HCl were measured with
scan rates ranging from 0.01 to 10 mV/sec and are
shown, together with the steady-state polarization
curve, in Fig. 3. In each case, the potential scan origi-
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nated from the steady state at —650 mV vs. SCE.
Stirring had no effect on the curves, i.e.,, the chloride
system like the sulfate system is entirely under activa-
tion control. The very large effect of scan rate on the
polarization curves, an effect which may be attributed
to the low rates of the interfacial reactions which de-
termine the potential dependent steady-state coverages
of the adsorbed reaction intermediates, argues against
the application of the potentiodynamic technique to
mechanistic studies of titanium dissolution. For ex-
ample, with increasing scan rate, the maximum anodic
current density (in) increases and the corresponding
potential (En) becomes increasingly positive. More-
over, the disparity between the potentiodynamic and
steady-state curves, at constant scan rate, is dependent
on such variables as the pH and temperature. One con-
sequence is that the value of i, and E, as diagnostically
significant parameters is lost when the potentiodynamic
method is used. The limited value of the potentiody-
namic technique is all the more obvious when one con-
siders that, with all other factors constant, the disparity
between the potentiodynamic -and steady-state polari-
zation curves depends on the surface state at the start
of the scan. Cyclic scanning, for example, always re-
sults in hysteresis loops the shapes of which depend on
the initial surface conditions as reflected by the initial
current density at the originating potential. Phase
oxides, formed by scanning into the passive potential
region, exhibit a transitory existence in the active
and/or active-passive potential regions and can lead to
erroneous mechanistic conclusions when the latter are
based on potentiodynamic polarization curves (14) or
on correlations thereof with optical data (25). The
common practice (8, 30, 31) of waiting a fixed but in-
adequate time interval at each potential when using
the potential-step method also results in a disparity be-
tween the observed and steady-state polarization
curves, together with the attendant interpretational
ambiguities, and is best avoided.

Effect of temperature.—The effect of temperature on
the steady-state polarization data in 1N HCI is shown
in Fig. 4. As the temperature increases, E;, (measured
against a SCE at the same temperature as the test
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solution) remains constant (—530 mV vs. SCE), while
im increases. The data show that log im is a linear
function of (1/T). The slope, d log im/d(1/T), leads
to a calculated apparent activation energy of 57.3 kJ/
mole (13.7 kcal/mole). Similar results have been re-
ported earlier for 1N H3SO4, for which it was found
that E,, was independent of temperature and d log
im/d(1/T) was constant (1). The apparent activation
energy reported for IN H.SOs was 59.9 kJ/mole
(14.3 kcal/mole). In a qualitative sense, it has been
known for many years that E,, is independent of tem-
perature and i increases with increasing temperature
(32, 33). Typical of the apparent activation energies
that have been reported for i, are 14.6 kcal/mole in
6N HSO4 (14), 20 kcal/mole in 20% HCl (34), and
11 kcal/mole in (0.1M HCIl 4 0.9M NaCl) (31).

Coulometric weight-loss data.—Potentiostatic coulo-
metric weight-loss experiments were performed at Ep
(—530 mV vs. SCE) and Ey;, + 90 mV (—440 mV wvs.
SCE) with 1IN HCI at 30°C. The apparent valence (z)
was calculated according to the equation, z = AQ/wF,
where A and F represent the atomic weight of titanium
and the Faraday constant, respectively, and w repre-
sents the weight loss occurring during the passage of
Q coulombs of charge. The following results were ob-
tained: z = 2.94 (Q = 18.88C, w = 3.192 mg), E = Ep,
P = 221%; z = 294 (@ = 36.47C, w = 6.164 mg),
E = Ep, P = 215%; and z = 297 (Q = 32.73C, w =
548 mg), E = En 4+ 90 mV, P = 1.18%. Here, P
represents the current corresponding to the hydrogen
evolution reaction, expressed as a percentage of the
observed current, if z = 3.00. For comparison, the re-
sults obtained (1) in 1N H2SO4 were as follows:

2 =297(Q = 191.22C, w = 31.99 mg),
E=Enp T="175°C P=111%;
2= 2.97(Q = 229.48C, w = 38.37 mg),

E=En T="75°C, P=1.06%;
z=3.00(Q = 84.23C, w = 13.96 mg),

E=En T=60°C, P=0.17%;
and
2z =3.00(Q = 24.04C, w = 3.98 mg),

E=Ep+ 160mV, T = 60°C, P = 0.06%.

These results clearly demonstrate the faradaic oxida-
tion of the metal to Ti(IL[), not only in the active state,
but also in the active-passive transition region. This is
true for both acidic chloride and acidic sulfate solu-
tions. Additional proof of the quantitative faradaic
oxidation of titanium to form Ti(III) ions in solution
has been presented earlier (2) for active-state disso-
lution in acidic sulfate solutions.

Effect of pH.—Steady-state anodic polarization
curves for titanium in the active and active-passive
transition regions have been determined for chloride
solutions ([Cl~] = 1M) having pH values ranging
from —0.078 to 2.00, and are shown in Fig. 5. The metal
spontaneously activates in these solutions and exhibits
an active-state corrosion potential (volts vs. SCE)
given approximately by the expression, Ecorr ~ —0.667
— 0.023 pH. The maximum pH for which there exists
a stable active state was estimated to be 2.3, and a
stable active state was not attainable at pH = 2.5.

The curves shown in Fig. 5 demonstrate that as the
pH decreases, im increases and E, becomes increasingly
positive (noble). These qualitative observations have
been reported by many investigators for both chloride
and sulfate solutions (31, 33-35). However, attempts
to establish quantitative relationships among im, Em,
and pH have been very limited in number, and not
successful. This situation can be attributed to the fail-
ure to obtain steady-state data, and/or to the failure
to correct the anodic polarization curves for the effect
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of the HER. For sulfuric acid solutions (1-10N) at 22°C,
Peters and Myers (8) reported that (d log im/dpH) =
—0.77, and (dEy/dpH) = —50 to —60 mV/pH. Thomas
and Nobe (7) reported that for acidic sulfate solutions
(pH = 0.25-2.0) at 24°C, (d log im/dpH) = —0.84
and (dEyn/dpH) = —60 mV/pH. In neither case were
the data corrected for the HER. When corrected for
the HER, the atorementioned values of (d log im/dpH)
and (dEn/dpH) approach those given by Eq. [1] and
Eq. [3], respectively. In chloride solutions ([Cl~] =
1M) ranging from pH = —0.08 to pH = 1.58, the data
observed at 98°C by Griess (31), uncorrected for the
HER, gives (dEp/dpH) = —78.6 mV/pH at 30°C com-
pared to the value of —80 mV/pH given by Eq. [3].
This agreement with Eq. [3] results from the fact that
the correction for the HER becomes less important as
the temperature increases. This is apparent from the
fact that En is independent of temperature while Ecorr
becomes increasingly negative as the temperature in-
creases (for example, dEcorr/dT ~ —1.1 mV/degree in
1N HCI).

In Fig. 6, the correction of iy, and E,, for the effect
of the HER is shown for pH = 1.00. The cathodic Tafel
line corresponding to the HER has a slope of —120
mV/decade, i.e., (9 log|iu|/6E) = —F/2 (2.303RT),
and gives the corrosion current density (icorr) at the
corrosion potential (Ecor). The partial anodic polari-
zation curve (iq) corresponding to just the oxidation
of the metal to form Ti(lII) ions in solution is ob-
tained by adding |in| to the observed anodic polariza-
tion curve (i,). The corrected value of the current
density maximum (im,q) is greater than i, and the
corrected corresponding potential (Em,q) is more nega-
tive than Ep,. As shown by the coulometric weight-loss
data (see above), the correction of i, and E,, for the
HER is negligible in 1N HCI and 1N HySO; but be-
comes increasingly important as the pH increases.
Moreover, at any specified pH, the correction is greater
in chloride than in sulfate media. The latter fact is
reflected in the greater difference between E, and
E orr Observed in sulfate solutions for any pH value.

The polarization curves shown in Fig. 6 clearly
demonstrate that neither i, nor ig obey the Tafel equa-
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tion, i.e., (3 log ia/9E)pn is not constant, an important
mechanistic fact cited in the beginning of this paper.

In Fig. 7, log im,q is plotted against pH and against
Em,a. The results show that log im,q is a linear function
of pH, and also & linear function of Engq, i.e.

d log im,q/dpH = —2/3 [5]
dInimg/dEyq = F/2RT [6]
where it should be noted that Eq. [5] and [6] are
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exactly the same as those found for acidic sulfate so-
lutions, Eq. [1] and [2].

The effect of pH on Ey, and on En 4 is shown in Fig.
8. The results show that E, 4, unlike E, is a linear
function of pH, i.e.

dEm,o/dpH = — (4/3) (2.303RT/F n

Again, the results for acidic chloride solutions are
exactly the same as for acidic sulfate solutions, i.e.,
Eq. [7] is identical to Eq. [3]. Equation [7] also follows
from the relationship

(dEm,e/dpH) = (d 10g im,a/dpH)/ (d 10g im,a/dEm,q) [8]

when the results shown by Eq. [5] and [6] are in-
serted into Eq. [8].

The existence of such simple functional relation-
ships as those represented by Eq. [5]-[7], together
with their mechanistically significant constants (i.e.,
—2/3 and simple multiples of RT/F), must be ac-
counted for by any mechanism proposed for the dis-
solution of titanium.

Linear polarization.—In Fig. 9, the net active-state
current density (i) is plotted against n, where n repre-
sents (E — Ecorr). The results are shown for pH = 1.00
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and were obtained by continuous scanning (scan rate =
134 X 10-3 mV/sec) from an initial steady state at
Ecorr. Despite the extremely low scan rate, some hys-
teresis is evident. The slopes of the “linear” polariza-
tion curves, (di,/dn)"_m, for the scans in the negative

and positive directions are 5.90 X 10—8 and 6.00 X
10-8A mV—! cm—2, respectively.
The net current density is given by Eq. [9]

ta =g+ i [91

where ig and iy represent the current densities cor-
responding to the metal dissolution and hydrogen
evolution reactions, respectively. In accordance with
the results shown in Fig. 6, Eq. [9] becomes

ia = id — icorr €XP (—fcn) [10]

where 8. = F/2RT, and where no a priori assumption
has been made concerning the nature of the functional
relationship between i3 and 7. Then, for the linear
polarization case, Eq. [10] gives the result

(dia/dn) 50 — (dig/dn) 550 + Beicorr [11]

According to Eq. [11], the linear relationship between
iy and n observed in Fig. 9 merely requires that the
functional relationship between iy and n, whatever its
actual form, may be linearized for small values of v,
ie., (did/d"l)n_)o =~ constant. In particular, it does not

require iq to be an exponential function of =, i.e., to
exhibit Tafel behavior, a fact cited earlier in the paper
Equation [11] may be rewritten in the form

(d Inig/dn) o (1icors) (dia/dm) | — Bc [12]
where use has been made of the fact that, at n = 0,
id = icorr. Equation [12] shows that it is merely the
slope of the tangent to the log igq vs. E curve at Ecorr
that is calculable from known values of icorr, Bc, and
(di,,/d.n)" o Conversely, if the values of (d In ig/dn)q=0,

-

icorr, and B. taken from Fig. 6 are inserted into Eq.
[12], the calculated value of (di,/dn)n_.0 is 5.716 X

10-8A mV -1 cm™2, i.e., virtually the same as that ob-
served in Fig. 9. If iy obeyed the Tafel equation, iq =
icorr €XP Bam, then, with d In ig/dn = Ba, Eq. [12]
would reduce to the usual linear polarization equation

Ba = (1/icorr) (dia/dn) sl Be [13]

and the slope, (d In ig/dn) 10’ calculated from known
values of B, icorr, and (di“/d")n—,o’ would be mecha-

nistically significant. However, as is evident in Fig. 6,
d In i4/dn is not constant, i.e., ig does not obey the Tafel
equation, and, consequently, contrary to what has been
assumed (3), the calculated (using Eq. [12]) value of
(d 1n ig/dn) i does not represent a mechanistically

significant Tafel constant (see the beginning of this
paper).

Effects of Ti(III) and Ti(IV) ions.—For acidic sul-
fate solutions, it has been shown (2) that Ti(III) ions
in solution are oxidized at a passive titanium surface
to form Ti(IV) ions in solution and that the oxidation
reaction is first order with respect to the concentration
of Ti(III) ions. The current density (i3) correspond-
ing to the oxidation of Ti(III) ions simply adds to the
current density (ip*) corresponding to the dissolution
of the substrate metal in the absence of Ti(III), i.e.

ip = ip* + kaCs [14]

where i, is the observed anodic current density in the
passive potential region, C3; is the concentration of
Ti(III) ions, and k3 is the rate constant for the oxi-
dation of Ti(III) ions, i.e., k3 = (i3/C3). The differ-
ence between curves A and B in Fig. 2 illustrates the
effect of Ti(III). It should be noted that i,* at con-
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stant potential, is not affected by the presence of either
Ti(III) or Ti(IV) ions. The effects of potential and
pH on ks have been discussed earlier (2). In the present
study, it has been found that Eq. [14] also applies to
acidic chloride solutions. In Fig. 10, i, is plotted against
C; for a titanium electrode maintained at E = 0 mV
vs. SCE in 1N HCI. Again, i, is a linear function of Cs,
and from the slope, (dip/3dCs) E=o, the calculated value
of (k3)g=ois 1.13 X 10—4A cm—2 liter mole—!, The value
of (k3)e=o observed in 1N HySO4 was 1.12 x1073A
cm~2 liter mole—! (2), i.e.,, approximately ten times
greater than the value observed in 1IN HCIL It should
be noted that the oxidation of Ti(III) is activation
controlled, i.e., i, is not affected by stirring.

In acidic sulfate solutions, Ti(IV) ions in solution
are reduced at an active-state titanium electrode to
form Ti(IiI) ions in solution, and the reduction reac-
tion is first order with respect to the concentration of
Ti(IV), i.e.

ig = —k4Cy [15]

where i4 represents the current density associated with
the reduction reaction, C4 is the concentration of
Ti(IV) ions in solution, and k4 is the rate constant for
the reduction reaction. The current density, is, simply
adds to the current densities corresponding to the dis-
solution of the metal to form Ti(III) ions in solution
and to the hydrogen evolution reaction, iq and iy, re-
spectively, to yield the observed current density (ia)

ta = (i + tn) — k4Cs [16]

Since, at constant potential, neither ig nor iy are af-
fected by the presence of Ti(IlI) or Ti(IV) ions in
solution, one may rewrite Eq. [16] in the form

ia = ia' == k4C4 [17]

where i;* represents the value of i, observed in the
absence of Ti(IV), i.e., (ia + iu). Equation [17] ap-
plies to acidic chloride solutions as well as to acidic
sulfate media (2). The polarization curves shown in
Fig. 11 show the decrease in i, which accompanies the
addition of Ti(IV) ions to 1N HCIl. According to Eq.
[17], the polarization curves shown in Fig. 11 may be
used to evaluate k4 at any specified potential by sim-
ply subtracting i, from i,* and dividing the result by
Cy, ie, (k))p = (H* — 15)/Cs Alternately, (k4)r
may be determined by adding Ti(IV) ions to the solu-
tion while maintaining a constant electrode potential.
The results of such an experiment conducted in 1N HC1
at E = —530 mV vs. SCE are shown in Fig. 12, where
—i4 (i.e., ia* — i,) is plotted against C4. The results
demonstrated the validity of Eq. [17], and from the
slope, [d(—i4)/0C4], yield a value of 1.80 X 10—4A

T T T

k3 = (8ip/3C3)e

=113 X 1074 amp cm~2 liter mole~! ﬂ

o 3 6 9 12 15 18 21 24 27 30
C3 (millimoles//liter)

Fig. 10. Determination of the rate constant (k) for oxidation of
Ti(ll) to Ti(IV) at a passive titanium electrode in IN HCI; £ =
0 mV vs. SCE.
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Fig. 12. Determination of the rate constant (ks) for reduction of
Ti(lV) to Ti(lll) at an active titanium electrode in IN HCl; E =
Em = —530 mV vs. SCE.

cm~—2 liter mole~! for (k4)g=-s53 in 1IN HCL The
value of (kg)g=-530 observed (2) in 1IN HySO4 was
6.31 x 1073A cm~—2 liter mole~!, approximately 35
times greater than in 1N HCL It should be noted that
the reduction of Ti(IV) is activation controlled, i.e., is
is not affected by stirring.

Spontaneous cessation of localized corrosion and the
role of chloride ion as a promoter of localized corro-
sion.—As shown in the preceding section, the partial
anodic polarization curve (log iq vs. E) is not affected
by the presence of Ti(IV) ions in solution and, conse-
quently, the intersection of the partial cathodic po-
larization curve (log|iy — ks4C4| vs. E) with the par-
tial anodic polarization curve is displaced to more
positive (noble) open-circuit potentials and corre-
spondingly greater corrosion current densities as Cy
increases, i.e., as |ig — k4Cy4| increases. However, when
|ig — k4Cs4| just exceeds im,a, i.e., when C4 exceeds a
critical value (C4*) given approximately by the ex-

pression
Cs* ~ (im) cs=0/ (k&) E=Em [18]

then the partial cathodic polarization curve can no
longer intersect the partial anodic polarization curve
in the active-state potential region and, consequently,
the active-state surface passivates. A detailed analysis
of this phenomenon is given in Ref. (2).

In localized corrosion systems, both active and
passive surfaces are in contact with the electrolyte
within the occluded cell (36). Consider the case of
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crevice corrosion of titanium in neutral or weakly
acidic sulfate or chloride solutions. Acidification within
the crevice, a consequence of hydrolysis of titanium
dissolution products (Ti+¢ + 2H,0 = [Ti(OH),]+2
+ 2H+ and Tit3 4+ H,O = (TiOH) +2 4 Ht) coupled
with mass transport limitations, can result in very low
(<1) pH values in the innermost region of the crev-
ice (31). The innermost surface of the crevice exists in
the active state (low potential and low pH), whereas,
nearer the entrance to the crevice, the titanium sur-
face exists in the passive state (37-39).

In the course of their egress from the innermost re-
gion of the crevice, Ti(III) ions formed by active-state
dissolution encounter conditions (i.e., a passive sur-
face) under which they are known to be oxidized (ig)
to Ti(IV) ions in solution. The resultant Ti(IV) ions
are transported back to the innermost region of the
crevice where they encounter conditions (i.e., an ac-
tive surface) under which they are known to be re-
duced (is) to Ti(III) ions in solution. The reduction of
Ti(IV) has been shown to result in an ennobling of
the active-state corrosion potential and a corresponding
increase in the open-circuit (corrosion) dissolution
rate of the active-state surface. Thus, Ti(IV) ions
would adversely affect the rate of crevice corrosion,
but only as long as C4 remained below the critical
concentration (Cs*) required to passivate the active
surface. The attainment of C4*, given by Eq. [18], is
accompanied by the spontaneous cessation of localized
corrosion. This phenomenon of spontaneous cessation
of localized corrosion has long been recognized (36,
40), but not previously explained.

If one substitutes the values of iy and (k4)g=gm
observed for 1N HC], i.e., 1.55 X 10—5A cm—2 and 1.80
X 10—4A cm—2 liter mole—1, respectively, into Eq. [18],
one obtains a value of 86 mmoles for the critical con-
centration of Ti(IV) required to passivate an active-
state surface in 1N HCI, i.e., for (Cs4*)in mc. On the
other hand, the values of im and (k¢)g=g, observed
in 1N H,SO4 5.30 X 10~5A cm~2 and 6.31 X 10—3A
cm~—2 liter mole—1, respectively, give a value of only
8.4 mmoles for (C4*)1n Haso4 i.€., it requires 10.3 times
as large a concentration of Ti(IV) to passivate the
active-state surface in the chloride solution as in the
sulfate solution.

The fact that (C4*)inuci is ten times larger than
(C4*) 1N Hoso4 Suggests that spontaneous cessation of
localized corrosion would be much less likely to occur
in the chloride solution, i.e., the halide ion in effect
acts as a promoter of localized corrosion. However, it
is necessary to consider the relative times required
for an electrolyte-coupled active-passive system to
generate C4* in the chloride and sulfate solutions. In-
sight into this problem may be gained by considering a
system consisting of an active-state surface (potentio-
statically maintained at En,) and a passive-state sur-
face (potentiostatically maintained at, for example,
0 mV vs. SCE) in contact with v (liters) of stirred
electrolyte initially (¢t = 0) free of Ti(III) and Ti(IV)
ions. For such an electrolyte-coupled active-passive
system, the increase in Cy with time is given by Eq.
[19]

Cy = —al[l — exp (—Kt/Fv)] 4+ Apkspt  [19]

where, in order to simplify writing, «, 8, and K rep-
resent the following

e = (1/K) [(ApksAaia/3K) — (Aaksdpip*/4K)] [20]

B = (1/KFv) [ (Aaia/3) + (Apip*/4)] [21]

K = (Apks + Aaks) [22]

and A, and A, are the areas of the active and passive
surfaces, respectively (2). The required values of kg,
ks, and iy have been given elsewhere in this paper,
for both 1N HCIl and 1N HySO4, and the values of ip*
may be taken from Fig. 2. Using these values, it can
be shown that the term, —a[l — exp (—Kt/Fv)], is
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negligible compared to C4*, regardless of the values of
A, and A;. Consequently, for the purpose of estimat-
ing the time (t*) required to attain C4*, Eq. [19] re-
duces to the form

Cy* =~ Apkspt* [23]

which, on inserting the value of C4* given by Eq. [18],
gives t*
t* ~ im/Apksksp [24]

In order to simplify writing, symbols with a bar over
them refer to 1N HCI and symbols without a bar refer
to IN HySOs4 According tg Eq. [24], the ratio,
(¢*) 15 mel/ (t*) 15 Hos04y i€, (£*/t*), exhibits a lower
limit of 9.91, i.e., (ks/k3), corresponding to A, >> Ap,
and increases as (Ap/A.) increases. F‘E example,
(t*/t*) _increases to 138, ie, to (ks/ks) (ks/k)
[(k3 + k4)/ (ks + k4)], when Ap = 1_4,,. Finally,_(t“/t")
reaches an upper limit of 108, i.e., (im/im) (ka/k4) (i*/
-i-p“), for A, >> Aa. In localized corrosion (crevice
corrosion or SCC), the case of interest is (4, = A,)
and, consequently, not only is the concentration of
Ti(IV) required for spontaneous cessation of localized
corrosion ten times greater in 1N HCl than in 1IN
H3SO0;, but, in addition, the time required to generate
C4* is one or two orders of magnitude (more likely
the latter since, generally, A, >> A,) greater in the
chloride media. The result is that the halide ion func-
tions as a promoter of localized corrosion. It might be
noted that, with A, = A,, the concentration of Ti(III)
which exists when Cy = C4* is approximately equal
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Ti(H0)o=Ti(OH-)4 4+ H+ [26]
Ti(OH-)g= (TiOH)4 + e~ 27
(TiOH)4 = (TiOH),* + e~ [281
(TiOH) o+ > (TiOH) +2 4 e- [29]
(TiOH) 4+ = (TiOH)4*2 4 e~ [30]
H+ 4 (TiOH)4*2 - Ti+8 4+ H,0 [31]

H20 + (TiOH)o*2 = [Ti(OH)3la*2 + H+ + e— [32]
Hy0 + (TiOH),*2- [Ti(OH)2]*+2 + Ht+ 4 e~ [33]
[Ti(OH)2]lq*2—> [Ti(OH)z] *2 [34]

Among the requirements satisfied by the proposed
mechanism are the following: the oxidation of the
metal (as in the cases of the active iron, nickel, and
cobalt electrodes) must occur in a sequence of single-
electron transfer reactions (42); corresponding to each
of the four valence states of titanium encountered in
the oxidation of the metal to the Ti(IV) state, there
exists a surface intermediate (indicated by subscript
“a” in Eq. [25]-[34]); only one proton or water mole-
cule is involved in any single reaction (43); and
neither Ti(l) nor Ti(II) exist except as surface inter-
mediates. In addition, it is recognized that in the pH
region of interest, Ti(III) ions in solution exist as
Tiaq*? and its first hydrolysis product, (TiOH) +2,
whereas, Ti(IV) ions in solution exist only as
[Ti(OH).] +2 (43).

For the reaction system represented by Eq. [25]-[34],
the steady-state current density is given by Eq. [35]

3 (k2o + ks1acu+)N) + 4N (kss + kaaM)

[35]

ig/F

“TL(I/PQR) + (1/P@) + (1/P) + 1 + N + MN] +[(k—z5 + Kaos — k—seacu+)R)/PQRkss]

to (Aa/Ap) (ka/k3)Cs*, ie, to 474 X 1072 (Aa/Ap)
and 1.37 X 10—! (Aa/Ap) mole/liter in 1IN H>SO4 and
1N HC], respectively, values too small to introduce any
complications into the preceding analysis. According to
Schmets et al. (41), the standard potential of the
Ti(III) /Ti(IV) couple is approximately 0.10V vs. SHE.
Consequently, if the open-circuit potential of the once
active surface, on passivation at C4*, were determined
primarily by the Ti(III)/Ti(IV) couple, then, with
(C3*/Cs*) ~ (Aa/Ap) (ka/ks), the potential would lie
in the passive potential region (> — 0.30V vs. SCE).
This has been confirmed for sulfate solutions (2).

The electrolyte-coupled active-passive system just
described contains all of the chemical and electro-
chemical elements present in localized corrosion and,
consequently, serves to demonstrate in a quantitative
fashion the critical roles played by Ti(III), Ti(IV), and
Cl- ions in determining the cessation or propagation of
localized corrosion. In a true localized corrosion system,
the time required to generate C4* increases as a con-
sequence of mass transport limitations. However, if
one assumes that the ratio of the diffusion coefficients
of Ti(III) in chloride and sulfate media is approxi-
mately the same as that for the Ti(IV) ion, then there
is obviously nothing in the mass transport process that
could completely ameliorate against the above-de-
scribed electrochemical kinetic factors responsible for
the role of halide ions as promoters of localized cor-
rosion.

Active-state dissolution and passivation mechanism.
—The highly restrictive set of diagnostic relationships
observed in both acidic sulfate and acidic chloride so-
lutions, i.e.

d log im,a/dpH = —2/3 [5]
d1nima/CEma = F/2RT (6]
dEm,a/dpH = — (4/3) (2.303RT/F 71

may be derived on the basis of the following mecha-
nism
Ti + HO=Ti(Hz0)q [25]

where, in order to simplify writing, the following defi-
nitions apply

M = (04/63) = Ko/ (k—30acu+) + kas) [36]
N = (03/62) = Kao/ (k—30 + ksracu+)
+ sz — Te—saacu+)M + Kaz)  [37]
P = (62/61) = K/ (K—25 + Ko + Kso — k—3oN) [38]
Q = (81/6con—)) = kar/ (k-7 + Kog — k—2sP)  [39]

R = (6com—)/6120) = Koo/ (k—26acu+) + Ko7 — k-21Q)
[40]

In the preceding equations, ¢; represents the fraction of
the available sites occupied by the jth species, with
i = 1, 2, 3, and 4 indicating the valence state of tita-
nium in the surface species. In addition, a bar over a
rate constant indicates a potential dependent rate
constant, ie., k= = k+ exp (*=FE/2RT). The rate
constants, k=, are assumed to be independent of ¢
values, i.e., Langmuir kinetics are assumed to prevail.

For the system of reactions indicated by Eq. [25]-
[34], the general current density expression is given
by Eq. [41]

io/F = (karbcon—) — K—2161) + (Kagfy — k—2862) + ...
[41]

where, for each of the electron-transfer reactions, a
corresponding term appears on the right side of Eq.
[41], as illustrated by (ker6con—) — k-—2761) for the
reaction shown by Eq. [27]. Similarly, expressions are
written for (dfmyo/dt), (décom—)/dt), and (dey/
dt)j=1,23.4 For the steady-state case, all (d6/dt) ex-
pressions equate to zero, and the resulting set of equa-
tions may be solved 6uy0, 8con—) and g; in terms of the
rate constants (alone or, where indicated by the spe-
cific reaction, multiplied by au+)).-Insertion of the
steady-state 6 values into Eq. [41] followed by re-
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arrangement of terms, yield Eq. [35]. The systematic
reduction of Eq. [35] to correspond to the results con-
tained in Eq. [5]-[7] requires very few assumptions.
Let 67 represent the sum of all ¢ terms, i.e., 67 = 0190
+ bcou-) + 65 (j = 1, 2, 3, 4). The first assumption is
expressed by the condition

ks (61/6120) >> (K-25 + k2s — k—geacu+)R) [42]

This condition simply means that 6 = 1, i.e., there is
no significant “bare metal.” Imposition of this condi-
tion immediately reduces Eq. [35] to Eq. [43]

. 3 (ka0 + Ks1acu+)N) + 4N (Kgg + kae)
i/F =

~ [(1/PQR)+(1/PQ)+ (1/P)+ 1 + N + MN)
[43]

In Eq. [43], the term, 4N (k33 + kssM), is related to
the formation of Ti(IV) ions in solution and, on the
basis of the coulometric weight-loss data in the vicin-
ity of Em, has been shown to be negligible compared
to the term, 3(ksg + ksiau+)N), which is related to
the formation of Ti(III) ions in solution. Consequently,
Eq. [43] reduces to the form

ia/F = 3(kas + ks1acu+)N) /[ (1/PQR)
+(1/PQ)+(1/P)4+ 1+ N + MN] [44]

The second assumption is that (1 + N 4+ MN) >>
[(1/PQR) + (1/PQ) + (1/P)], which is equivalent to
(62 + 63 + 64) >> (g0 + 6con—)> + 61). This is less
an assumption than a necessity, i.e., if one examines
all of the possible potential and pH dependencies of all
of the terms in Eq. [44] (see Eq. [36]-[40]), it becomes
evident that it is not possible to satisfy Eq. [5]-[7]
unless this assumption is made. The assumption re-
duces Eq. [44] to the expression

ia/F = 3 (R + kgrau+)N)/(1 + N + MN) [45]

According to Eq. [36], there are two limiting values
of M. According to Eq. [37], the two limiting values
of M lead to five distinct limiting values of N. If these
limiting values of M and N are inserted into Eq. [45],
a total of eight distinct cases for the steady-state cur-
rent density are generated, one of which is given by
Eq. [46]

(K29 + kso) exp (FE/2RT)

ia/3F =
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as a consequence of the increase in 6, at the expense
of 6a.

In addition to satisfying the diagnostic relations,
Eq. [5]-[7], it should be noted that as E becomes in-
creasingly positive in the active-passive transition re-
gion, Eq. [46] reduces to the limiting case

ia/3F > (kaik —32/kaokaz) (kgs + kso)acu+)2 exp(FE/RT)
[49]

i.e., the polarization curve should approach a limiting
Tafel line having a slope, (JE/9 log ia) pn, equal to
(—2.303RT/F), i.e., —60 mV/decade, and a second-
order dependency on acy+), i.e., (§ log ia/opH)g = —2.
The limiting Tafel slopes observed for curves A, B, and
C of kig. 5 are —83, —176, and —61 mV/decade, respec-
tively. From curves A and B, one obtains (g log ia/
OPH)Eg= —400 = —1.89, and from curves B and C
(extrapolated limiting Tafel line), one obtains (g log
ig/0pH)E= —400 = —2.0. The small derivations from
ideal values can be attributed to neglect of the term,
4N (k33 + ksaM), in Eq. [43] and subsequent equations.

Of the eight distinct steady-state current density
cases generated by substitution of the limiting values
of M and N into Eq. [45], only that given by Eq. [46]
satisfies the experimentally determined criteria repre-
sented by Eq. [5]-[7]. Suppose, however, that in writ-
ing the reaction scheme shown by Eq. [25]-[34], the
natures of the adsorbed surface species and the solu-
tion species were left unspecified, i.e., if the surface
species were simply represented by Ti(I)s Ti(II)g,
Ti(ItI)g, and Ti(IV), and the solution species by
Ti(lll)s and Ti(IV)s Then, proceeding as before, one
would again obtain Eq. [35]-[45], unchanged except
for omission of a(u+). Again, insertion of the limiting
values of M and N into Eq. [45] generates eight limit-
ing cases for the steady-state current density. Three
of the eight cases can be eliminated because they fail
the test, (92 log ia/9E2) pu,g=Em = (—), i.e., they fail
to exhibit a maximum in the polarization curve, For
the remaining cases, one sets (3 log i4/0E)pu,e=Em
equal to zero, solves for Ep g4, inserts Ep, 4 into the cur-
rent density equation and, thereby, obtains img4. Then,
En,a and im,q must satisfy Eq. [7] and Eq. [5], respec-
tively. Only two cases survive these tests, case I and
case IL If 7, represents the rate of the nth reaction,

[46]

[1 + (kso/ka1)am+)~! exp (FE/2RT) 4 (kaoksz/kaik—s2)au+)~2exp (3FE/2RT)]

Application of the condition, (9 log ia/9E),u = 0 at
E = En,q, to Eq. [46] gives the result

Em,a = (2/3) (2.303RT/F) log (kaik—32/2k30k32)

) —(4/3) (2.303RT/F)pH  [47]
1.e.
dEm¢/dpH = — (4/3) (2.303RT/F)

which is identical to Eq. [7]. Substitution of Ep,g from
Eq. [47] into Eq. [46] gives Eq. [48]

im,d = (kaik—3az/2kaoksz) 1/3 (kg + K3o) (2/3) acu+)2/3
[48]

provided (3/2) >> (kaik—32/2ksoksea n+)>1/3 (kso/ks1),
i.e.,, provided the second term in the denominator of
Eq. [46] is negligible at Ey, 4 compared to the first and
tglird terms. From Eq. [48], one obtains the expres-
sion
d log im,a/dpH = —2/3

which is identical to Eq. [6]. The denominator of Eq.
[46] is equal to [(62 + 63 + 64)/62] and therefore, the
condition leading to Eq. [48] may be expressed in the
form, [(62 + 03 + 04)/02]1 = [(62 + 64)/62] = 3/2.
However, since (62 + 64) = 6r = 1, it follows
that at En g, 62 = 2/3 and 64 = 1/3. As E becomes in-
creasingly positive relative to Ep,q4, passivation occurs

then case I requires the following: 729 % f(pH), 730 5%
f(pH), 131 = ka1@mu+), 732 7% f(pH), and r—33 = k33
au+). These requirements are precisely those satis-
fied by the reaction scheme given by Eq. [25]-[34].
Other reaction schemes which satisfy these require-
ments can be written, but only by invoking species not
known to exist, or unlikely to exist at low pH. For
example, if one substitutes (TiO)q, (TiOOH),, (TiO2),4,
TiO+, and TiO+*++ for the corresponding surface and
solution species in Eq. [25]-[34], all requirements can
be met (1), but such a sequence of basic species is
less likely to exist in acidic media, if at all. For case
II, the requirements are the following: 729 % f(pH),
T30 #* f(PH), 7-30 = k—s@mu+) T2 % f(pH), and
T34 = Kkaa@G(u+). Again, no reasonable reaction scheme,
i.e., one involving only known species, can be devised
to satisfy these requirements. In summary, the mecha-
nism of active-state dissolution and passivation of
titanium is rather uniquely represented by the reaction
scheme given by Eq. [25]-[34].

Electron diffraction studies have shown that dark
gray to black hydride layers can be formed on titanium
by corrosion in concentrated H»SO4 or HCl, or by
strong cathodic polarization in more dilute acids. For
example, TiH has been observed after cathodic polari-
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zation for 100 hr in 6N H2SO4 (25°C) at —0.8V vs. SCE,
and TiHgg after 100 hr in 1N HySO4 (24°C) at a cath-
odic current density of 20 mA/cm?2 (44). Similarly, TiH
has been observed after corrosion for 20 hr at 18°C in
15 weight percent HCl (45), and TiH; after corrosion
for 20 hr at 15°C in 12N HCl (45), or after 16 hr in
concentrated HCI at 20°C (44). Formation of hydride
is dependent on pH, electrode potential, temperature,
etc.,, and, for the systems described in the present
study, would not be expected to occur except under
strong cathodic polarization (46). Indeed, the only ob-
servation that could be considered to reflect the pres-
ence of hydride occurred under strong cathodic po-
larization, where it was found that the current density
at constant potential increased with time to wvalues
much greater than expected on the basis of extrapo-
lation of the cathodic Tafel line established at higher
potentials. Thomas and Nobe observed this same phe-
nomenon in 4N HCI at potentials below approximately
—875 mV vs. SCE (47), and in acidic sulfate solutions
at potentials more negative than approximately —1.0V
vs. SCE (12), and noted the possibility of hydride
formation as the cause. At one time, hydride was
assigned a dominant role in the behavior of titanium
in acidic media and, in fact, was assumed to be re-
sponsible for the passivity of the metal (45). This
viewpoint was based on qualitative interpretations of
corrosion tests and electrochemical polarization data in
aerated solutions, interpretations which can no longer
be considered valid when viewed in the light of present
knowledge concerning the conditions under which
oxide passivity or active-state dissolution occur, the
effects of O,, Ti(IIl), Ti(IV), pH, etc., and the inter-
pretational ambiguities which are from nonsteady-
state data. In addition to the present studies, the work
of Mansfeld (48,49) clearly refutes the concept of
“hydride passivity.” His studies showed that passiva-
tion of titanium failed to occur in anhydrous methanol
containing HC1 or HySO4, but occurred in the usual
manner when traces of water were added. However, as
indicated by the cathodic polarization curves, condi-
tions for hydride formation were equally favorable
with or without the added water.

Summary

The electrochemical behavior of titanium in deoxy-
genated acidic chloride solutions has been determined
and compared with the results obtained earlier in
acidic sulfate media.

A monolayer mechanism for the active-state dis-
solution and passivation of titanium in acidic media has
been developed and shown to be in quantitative agree-
ment with the experimental results.

A comparative study of the effects of Ti(III) and
Ti(IV) ions on the electrochemical behavior of tita-
nium in acidic chloride and acidic sulfate solutions
has provided explanations for (i) the random sponta-
neous cessation of localized corrosion, and (ii) the role
of halide ions as promoters of localized corrosion.
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Pitting Resistance of Cold-Worked Commercial
Austenitic Stainless Steels in Solution
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Centro di Studio del CNR sui Processi Elettrodici, 20133 Milano, Italy

ABSTRACT

This paper describes the results of an electrochemical investigation con-
cerning the pitting resistance of cold-worked AISI 304 L and 316 L stainless
steels in deaerated 3.5 weight percent (w/0) NaCl solutions of different pH’s
(pH = 2, 7, and 9). An anisotropic behavior of specimen surfaces with differ-
ent orientations to the direction of deformation is shown and discussed in
relation to characteristic structural aspects.

A systematic study of the influence of cold plastic
deformation on the corrosion behavior of commercial
austenitic stainless steels in different aggressive media
has been carried out in our laboratory from 1970 on-
ward (1-9), and is now coming to an end.

In this paper, a general view is given of the results
concerning the pitting resistance of AISI Types 304 L
and 316 L stainless steels cold-worked under various
conditions, immersed in deaerated 3.5 w/o NaCl solu-
tions of different pH’s (pH = 2, 7, and 9).

Literature data on pitting corrosion of cold-worked
stainless steels are scant and inconsistent (10-16). In
particular, the critical pitting potential has been ob-
served either to remain unaffected by cold work, or to
shift to more negative values. This inconsistency should
not arouse surprise: as a matter of fact, commercial
steels are generally considered, and especially after
cold plastic deformation their microstructure is neither
simple, nor well controlled by the different authors
(also in relation to the different working conditions).

1Present address: LTM-CNR, Cinisello Balsamo, Milano, Italy.

2 Present address: CISE, Segrate, Milano, Italy.

Key words: corrosion, pitting, austenitic stainless steels, cold
plastic deformation.

Experimental and Materials (Microstructure Analysis)

Materials were first annealed at 1050°C for 1 hr and
water quenched (solution heat-treatment), then sub-
mitted to cold plastic deformation by either tension,
drawing, or rolling, at room temperature (25°C) or
at liquid nitrogen temperature (—196°C). Chemical
compositions and some structure characteristics of the
stainless steels under study (after the solution heat-
treatment) are given in Table I. The microstructure
analysis of the deformed materials was carried out by
means of magnetic measurements, x-ray diffraction,
and transmission electron microscopy.

Magnetic measurements (17) enable us to determine
(following the scheme of Table II) the weight per-
centage of ferromagnetic o’-martensite in the deformed
steels [the weight percentage of d-ferrite in the non-
deformed state being negligible (see Table III)].

Transmission electron microscopy shows the pres-
ence of the following: (i) dislocations, with a tendency
to their arrangement in a cell structure; (ii) deforma-
tion bands, which can be resolved either as deforma-
tion twins or as e-martensite, and (iii) platelets of
o'-martensite (approximately one micron in length and

Table I. Chemical compositions and some structure characteristics of the commercial austenitic
stainless steels under study (after the solution heat-treatment)

ASTM Subse-
Composition (w/0) grain- quent
size Maso® Mse cold-
Steel type c Si Mn P S Cr Ni Mo Cu N number? (°C) (°C) working
AISI 304 L 0.025 0.45 139 0.023 0.021 18.60 8.75 0.50 0.24 0.036 6-6.5 +22 <-196 Tension
0.032 0.54 1.64 0.009 0.009 18.60 8.70 0.48 0.20 0.038 7-7.5 +16 <—196 Drawing
020 0.41 140 0.032 0.013 18.10 10.30 0.32 0.24 0.039 45 +18 <-—-196 Rolling
AISI 316 L 0.022 0.43 1.51 0.033 0.023 16.80 10.65 2.90 0.07 0033 5-5.5 —-14 <-196 Tension
.023 0.40 145 0.034 0.021 16.60 10.90 3.00 0.08 0.037 5.5-6 —17 <-—196 Drawing
0.026 0.41 1.24 0.008 0.011 16.10 10.90 2.20 0.07 0.034 3.5-4.5 +9 <-196 Rolling
* Determined according to ASTM Designation E 112, .
b Temperature at which 50% of martensite is formed in tension after a true strain of 0.30 [calculated according to Ref. (17) and

(18)1.
¢ Martensite starting temperature.
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Table I1. Scheme showing how the w/o of ferromagnetic phase
(M%) in the deformed austenitic stainless steels under study is
determined (17)

on = specific saturation magnetization (emu/g) measured at a
given magnetic field strength H (as a rule in our measure-
ments, H = 20,000 oe)

gs = specific saturation magnetization (emu/g) corrected for the
austenite Ix;aramagnetic contribution as follows: os = ou —
2.5 x 10

4
[[100 x o0 = M) X o ] (M)
t

os* constant calculated for each steel composition as follows
(from Angel):
as® = 160.4 + Z1 Aci® X Acy

160.4 = specific saturation magnetization (emu/g) of a totally-
martensitic reference heat whose chemical composition (w/0)
is as follows (from Angel): C = 0.09; Si = 0.42; Mn = 0.42;
Cr = 18.20; Ni = 8.6; Mo = 0.29; N = 0.053

Aci° = coefficients calculated from Angel’s data. His values for
each element are as follows: C = 8.34; Si = 3.38; Mn =
=029; Cr = 2.77; Ni = —0.076; Mo = 0.33; N = 36

Aci = difference between the weight percentages of the element
“4” in a given steel and in the reference steel.

N.B.: The values of the different magnetic quantities are given
in cgs units to allow an easy comparison with data of Ref. (17).
Relation between SI units and cgs units is as follows:

Conversion
fact%r fsolr
cgs to
Quantity cgs unit Si unit guruts
Magnetic field Oersted Ampere turns X 103/4r
(oe) per meter
A/m)
Magnetic moment emu Weber meter X 4 - 10-10
Wb m)
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a few tenths of a micron in width) at the intersec-
tions of the deformation bands; in all three cases the
amounts increase with increasing degree of deforma-
tion. Dislocations or deformation bands prevail when
the steels under study are deformed at room tempera-
ture, while deformation bands with platelets of o’-mar-
tensite prevail in the case of cold-working at liquid
nitrogen temperature (Fig. 1a). In this latter case, the
deformation structure at the higher degrees of de-
formation consists almost solely of small equiaxed
grains of o’-martensite (Fig. 1b).

The results of the microstructural investigations are
summarized in Table III. The phenomenological aspects
previously described in the literature (17-23) are
confirmed.

Specimens for the electrochemical experiments were
cut so as to obtain different orientations of the surface
exposed to the aggressive medium, with respect to the
direction of deformation. Longitudinal (L) and trans-
versal (T) surfaces in the cases of tension and draw-
ing, and longitudinal (L), long-transversal (Tp), and
short-transversal (Ts) surfaces in the case of rolling
were considered.

A detailed description of the procedure for speci-
men surface preparation of the polarization cell and
electrode assembly is given elsewhere (4-7). The test-
ing solution temperature was maintained at 40°C, in
order to compare the results with those obtained in a
physiological saline solution in previous research work.
Nitrogen was continuously bubbled to remove the air.
Saturated calomel reference electrodes (SCE) were
used.

The currently popular electrochemical techniques,
i.e., the cyclic polarization (or electrochemical hystere-

Table 1. Results of the microstructural investigations

Magnetic
measure- Transmission electron microscopy
Deformation ments
Vickers Dislo-
Tem- hard- Ferro- cations
per- De- ness X-ray diffraction magnetic density Defor-
ature gree* num- phase (x10°¢ mation a'-mar- Aus-
Steel type Type (°C) (%) berb Phases® (w/0) cm/cm?) bandse tensitec tenitee
AISI 304 L 25 0 147 — 0.3 1.3 — — =100%
10 202 v + a'(v.l) 0.7 15 L n.o. =100%
15 228 y + a'(L) 15 >20 m.gq. L Lp.
30 313 v + a'(m. 10.6 >20 m. m.q. p.
—196 9 326 v + a'(mdg.) + e(vl) 37.5 —_ m. m, m.
=l 13 415 v + o'(m. e(v.l.) 66.5 — 1p. p. L
2 19 459 v+ a'(p.) +e(v.l) 73.0 —_ v.L Lp. n.o.
AISI316L E 25 0 135 - 0.04 1.2 - —_ 100%
& 10 198 L% 0.04 0 n.o. n.o. 100%
15 220 v 0.04 >20 L n.o. Lp.
30 288 v 0.25 >20 m.q. n.o. Lp.
~196 9 274 v+ a'(mq.) + e(v.l) 18.0 - m. m.q. P.
13 355 v + a'(m.) + e(v.l) 41.0 —_— p. m. m.q.
19 425 Y+ a'(m.) + e(v.l) 60.0 —_ vl p. L
AISI304L 25 0 143 — 0.30 0.90 —_ —_ =100%
10 200 v+ a'(vl. 0.40 30 1 n.o. =100%
30 292 ¥ + a'(m.q.) 9.2 —_ m, mgq. Lp.
50 366 v+ a'(m. 35.7 —_— p. m, p.
o) —196 10 298 v + a'(m.) + e(v.l) 316 —_ m. m. P.
g 30 406 Y + &' (p. 782 —_ v.l. P. L
] 50 494 v+ a'(l. 88.8 — v.l Lp. n.o.
AISI3I6L s 25 0 136 - 0.04 1.0 - —_ 100%
a 10 192 L% 0.04 20 L n.o. 100%
30 272 % 0.20 —_ v.l. Lp.
50 331 1% 1.7 —_ .P. 0 5 Lp.
—196 10 246 v + a’'(L 3.2 - m, L Lp.
30 400 Y + a’(m.q.) + e(v.l) 54.8 —_ v.l P. m.q.
50 413 ¥ + a'(p. 75.6 -_— vl Lp. L
AISI304 L 25 0 135 -_— 0.05 1.0 — — 100%
10 203 v+ a'(vl. 0.14 17 m.q. n.o. Lp.
30 272 ¥ + a'(v.l 0.60 >20 p. n.o. Lp.
50 307 v + a'(l) 2.35 >20 p. n.o. Lp.
—196 10 272 v + a’'(m.q.) + e(v.l.) 26.2 —_ m. m.q. P.
‘g 30 417 v + a'(p. e(v.l.) 63.0 —_ p. m. mgq.
= 50 466 v + a’(Lp.) + e(v.l) 86.5 —_ v.l. Lp. n.o.
AISI3I6L 3 25 0 142 it 0.06 1.6 - - 100%
3 10 200 L2 0.06 >20 m.q. n.o 100%
30 280 v 0.13 - P. n Lp.
50 327 ¥ 0.70 —_— p. Lp.
—196 10 260 v + a'(ma.) 26.6 —_— m. m.q. p.
30 421 ¥ + a’(p.) + e(v.l.) 57.3 —_ P. m. m.q.
50 476 v + o' (Lp 62.6 _— v.l Lp. L

2 Quantified as reduction in the cross-sectional area.

b Values measured on transversal sections (in the case of rolling long-transversal sections) with respect to the deformation direction.
¢ v.l. = very little (<1%); 1. = little (1-10%); m.q. = medium quantity (10-40%); m. = much (40-60%); pP. = prevailing (60-80%); Lp. =

largely prevailing (>80%); n.o. = not observed.
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Fig. 1. Deformation structure of AISI Type 304 L stainless steel
rolled at liquid nitrogen temperature: (a) deformation degree,
10%; (b) deformation degree, 50%.

sis) technique (16,24-29) and the scratch method
under potentiostatic conditions (30) were applied for
investigating the pitting resistance of the stainless
steels under study.

As is well known, cyclic anodic polarization (or elec-
trochemical hysteresis) curves enable us to deter-
mine: (i) a critical pitting potential (E.), at which
pitting is initiated in the forward scan portion; and
(ii) a protection potential against pitting (Eprot), more
active than E., at which the growing pits are repassi-
vated in the reverse scan portion. Pitting attack will
initiate and propagate if the potential rises above E.,
while new pits will not initiate and existing pits will
not propagate if the potential remains below Eprot.
Inside the hysteresis loop the pitting attack will not
initiate, but will propagate if initiated at other po-
tentials. E. and Ep.,: values were taken from the
curves of potential vs. logarithm of current density,
as shown for example in Fig. 2.3

The pitting susceptibility of the stainless steels under
study was also tested by means of the scratch method
according to the following procedure.* The electrode
was anodically polarized at a potential value about
200 mV below the critical pitting potential determined
by the electrochemical hysteresis technique. Then the
specimen surface was scratched with a sapphire point,
and the current-time curve was recorded for a few

”;/Thi sweep was always reversed at a current density of 100
cm?,

+ Before testing by this method, specimens were prepassivated
in a 30 w/o HNOs solution at 55°C for 30 min (4-6).
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Fig. 2. Cyclic p dynamic anodic p curves (sweep
rate 20 mV/min, sweep reversal current density 100 uA/cm2) for
AISI Type 304 L stainless steel in deaerated 3.5 w/o NaCl solution
at 40°C, indicating the effect of the degree of deformation (0%
and 50%) and of the pH (pH = 2 and 7). Deformation by rolling
at liquid nitrogen temperature, long-transversal surfaces exposed.
Potential values referred to a saturated calomel electrode (SCE).
The upper curves show how E. and Eyrot values are determined.
Cathodic branches of the polarization curves are also reported.

minutes until the scratch repassivated. This procedure
was repeated with the electrode potential adjusted in
10 mV steps to more and more noble values, until a
critical value E, was reached at which the scratch
failed to repassivate—a failure that was indicated by a
gradual rise in current with time.

After the electrochemical tests, the specimens were
removed from the assembly and examined under a
metallographic microscope.

Results®

Both the cyclic polarization and the scratch methods
show a decrease in critical pitting potential with in-
crease in the degree of deformation (Fig. 3 and 4).
Moreover, an anisotropic behavior of specimen surfaces
with different orientations to the direction of deforma-
tion should be emphasized. In fact, for every given
value of the degree of deformation, E. decreases when
passing from the longitudinal to the transversal sur-
faces. This anisotropic behavior may be shown also by
steels not deformed by cold-work.

The values of E. obtained by the scratch method
are always less noble (with a maximum difference of
about 100 mV) and more reproducible than the corre-

S The results shown here refer only to cold-rolling; first, be-
cause this is the most widely used operation in the case of aus-
tenitic stainless steels, and second, because, for the sake of com-
parison, tests are in progress on cold-rolled, austenitic stainless
steels high purity, laboratory produced. Anyway, the results
shown for the case of cold-rolling are quite similar to the ones
obtained on materials cold-worked by tension or drawing.
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Fig. 3. Critical pitting potential (E., determined by the cyclic polarization method, sweep rate 20 mV/min) vs. degree of deformation for
AISI Type 304 L and 316 L stainless steels deformed by rolling at both room and liquid nitrogen temperatures, and exposed to deaerated
3.5 w/o NaCl solution pH = 7, at 40°C, with different orientations of the specimen surface to the direction of deformation (L = longi-
tudinal, T, = long-transversal, and Ts = short-transversal surfaces). Potential values referred to a saturated calomel electrode (SCE).
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Fig. 4. Critical pitting potential (E., determined by the scratch method under potentiostatic conditions) vs. degree of deformation
for AISI Types 304 L and 316 L stainless steels deformed by rolling at both room and liquid nitrogen temperatures, and exposed to de-
aerated 3.5 w/o NaCl solution pH = 7, at 40°C, with different orientations of the specimen surface to the direction of deformation (L =
longitudinal, T, = long-transversal, and Ts = short-transversal surfaces). Potential values referred to a saturated calomel electrode

(SCE).
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sponding values obtained by the cyclic polarization
method.

Repassivation of pits in electrochemical hysteresis
experiments occurs at potentials E,.¢ which are gen-
erally some hundred millivolts less than E. (no matter
how the E; was obtained) (Fig. 5 and 6). In any case,
the protection potential also decreases with increase in
the degree of deformation.

On increasing the degree of deformation, especially
for the acid pH's and the transversal surfaces, the
passivity region and the hysteresis loop in the cyclic
polarization curves tend to contract (Fig. 2).

As a whole, the results obtained in 3.5 w/o NaCl
solution confirm those obtained in a physiological saline
solution in previous research work (4-7).

Microscopic observation shows that the pit shape
and general distribution over the specimen surface are
unrelated to structural effects of cold plastic deforma-
tion such as dislocations, deformation bands, marten-
site transformation. Moreover, the pit location appears
to be unrelated to structural features such as grain
boundaries. The results of morphology studies recently
described in the literature (15) are thus confirmed.

Discussion

In our opinion, an explanation of the detrimental
effect of cold-work on the pitting resistance of the
commercial stainless steels under study, and especially
of the anisotropic pitting corrosion behavior of the
specimen surfaces with different orientations to the
direction of deformation, cannot neglect other struc-
tural aspects not included among those of the previ-
ously given microstructure analysis (i.e., dislocations,
deformation bands, and martensite transformation).
Thus, the role played by the nonmetallic inclusions
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through their shape and space distribution should be
considered.

It is widely acknowledged that in the case of stain-
less steels, sulfide inclusions and complex sulfide-oxide
or sulfide-silicate inclusions are the most active sites
for pit nucleation. Selective dissolution of sulfide in-
clusions, whether isolated, or surrounding oxide or
silicate particles, results in microcavities from which
the pit propagation can occur (pitting being thus un-
derstood as one kind of crevice corrosion) (14,31-42).

During plastic deformation, fractures in the inclu-
sions and/or cracks at the inclusion-matrix boundary
can occur, mostly due to differences in deformability,
with microcavities formation (43, 44).

Moreover, in the deformed state of the steel, the
inclusions (which in the as-cast state are spherical and
randomly distributed) deform to give triaxial ellip-
soids with the major axis on the longitudinal sections
(in relation to the direction of deformation) and with
the minor axis on the transversal ones (45).

As a result, the transversal sections of the deformed
steels show a greater density of inclusions and a geo-
metric shape of the inclusions more favorable to pit-
ting nucleation and propagation than the longitudinal
sections (40). Thus, the anisotropic pitting corrosion
behavior of deformed steels could remain reasonably
explained.

Also, the anisotropic behavior shown by materials
not deformed by cold-work could be explained
through the influence of factory thermomechanical
treatments such as hot-rolling, an influence that is not
completely cancelled by the solution heat-treatment.

The presence of «'-martensite (even if it becomes
far more prevalent, as shown in Table III for the
cold-working at liquid nitrogen temperature) generally

3.5%NaCl; 40°C; N2
Rolling at 25°C

AISI 304 L

500 + =
L surface Tv surface Ts surface
400 | e 4
Ec,pH=9
300 L pH=2 Ec * pH=7 E il |

Potential (mV vs SCE)

-400 | pH=2 Eprot 4 Eprot,pH=9 Eprot,pH=9 =
-500 1 1 1 1 1 1 il | 1
o 10 30 50 0o 10 30 50 0o 10 30 50

Deformation degree (%)

Fig. 5. Critical pitting potential and protection potential against pitting (E. and Eprot, respectively, both obtained by the cyclic polar-

ization method, sweep rate 20 mV/min, sweep reversal current density 100 uA/cm2) vs. degree of deformation for different orientations of
the specimen surface ro the direction of deformation (L = longitudinal, Ty, = long-transversal, and Ts = short-transversal surfaces), in
the case of AISI Type 304 L stainless steel deformed by rolling ot room temperature, and exposed to deaerated 3.5 w/o NaCl solutions
of different pH's (pH = 2, 7, and 9), at 40°C. Potential values referred to a saturated calomel electrode (SCE).
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AISI 316 L
3.5% NaCl; 40° C ; N2
Rolling at 25°C

500 L surface
To surface
400 pH=2 Ec pH=2 Ec

Ts surface

pH=2 Ec

100 | W |

(mV vs SCE)

pH=7 Eprot

Potential
1
g
T

-300 <4

Eprot,pH=9
—-400 -+ e Eprot

-500 1 1 1 { | | | 1 1
o 10 30 50 0o 10 30 50 O 10 30 50

Deformation degree (%)

Fig. 6. Critical pitting potential and protection potential against pitting (Ec and Ejrot, respectively, both obtained by the cyclic polar-
ization method, sweep rate 20 mV/min, sweep reversal current density 100 nA/cm2) vs. degree of deformation for different orientations of the
specimen surface to the direction of deformation (L = longitudinal, Ty, = long-transversal, and Ts — short transversal surfaces), in the
case of AISI Type 316 L stainless steel deformed by rolling at room temperature, and exposed to deaerated 3.5 w/o NaCl solutions of dif-
ferent pH's (pH =2, 7, and 9), at 40°C. Potential values referred to a saturated calomel electrode (SCE). In the pH 9 solution, no pitting
corrosion has been observed on the undeformed material.
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Distribution of Potential Around a Scratch in a

Central Electricity Research Laboratories, Materials Division, Leatherhead, Surrey, England

Passive Film

P. H. Melville

ABSTRACT

A Fourier analysis technique has been used to solve the problem of the
potential distribution around a long narrow scratch in a passive film on an
electrode surface. Analytic solutions have been obtained for situations where
linear polarization kinetics may be assumed for the unscratched region, and
where the current density is constant over the scratch and very much greater
than the current density over unscratched regions. If the half-width ! of the
scratch is very much smaller than the Wagner polarization parameter for the
unscratched region L., a simple expression is obtained for the potential dis-
tribution close to the scratch. There is a small additional increase in electrode
potential at the scratch, but the main increase in potential is over a distance
characterized by L. and not by the size of the scratch. The potential within
the electrolyte and along the electrode depends mainly on the logarithm of
distance from the center of the crack. There is an angular dependence of the

potential only for distances S 21 from the center of the scratch.

~

The distribution of potential around coplanar cells
consisting of parallel strips of cathode-anode-cathode
has been solved by Waber and his associates (1-6) for
linear polarization kinetics for a number of different
situations. The solutions are obtained in the form of
Fourier series for finite systems or as Fourier integrals
for infinite ones. More recently a similar method of
solution has been extended by Nanis and Kesselman
(7), Gal-Or-et al. (8), and McCafferty (9) for a cir-
cular cathode with a concentric central anode. Other
problems of practical interest which may be approxi-
mated by this kind of model are the distribution of po-
tential around a scratch in a passive film and the dis-
tribution of potential around a pit, when the electrode
is submerged in a bulk electrolyte. In these systems
the anode is very small compared with the cathode,
which may be treated as infinite. One dimensional
solutions [e.g., Ref. (10)] cannot be used for these
systems since they are valid only when the depth of
the electrolyte on the surface of the electrode is very
much smaller than the width of the anode. As shown
below for the case of a scratch analytic solutions may
be obtained for the potential distribution, and since for
most practical situations the width of the scratch is

very much smaller than any of the other dimensions
of the system, the solutions reduce to a comparatively
simple form (Eq. [42]). The potential around a pit
will be considered elsewhere.

It is assumed that quasi steady-state conditions pre-
vail and that there are no appreciable concentration
gradients in the electrolyte, so that the problem re-
duces to the solution of the Laplace equation. These
conditions may not be satisfied, if the scratch is repassi-
vated very rapidly. The solutions are also restricted
to those conditions where the potential is never very
far from the free corrosion potential for the un-
scratched electrode, so that linear polarization may be
assumed. The model may also be applied to other
situations with similar geometry, e.g., the distribution
of potential around the mouth of a stress corrosion
crack.

Mathematical Model

The problem considered is shown in Fig. 1. An in-
finite plate in the x-y plane at z = 0 has a narrow
scratch of infinite length and width 21 covering the re-
gion —1 < x < +1. This is submerged in an infinite
electrolyte. The electrostatic potential P(x,z) in the
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Fig. 1. Schematic representation of a scratch of width 2/ on an
infinite plate.

electrolyte is given by the Laplace equation. The
boundary conditions require that P is zero or con-
stant at 2z = oo and that the solution is symmetric
about x = 0. This requirement is satisfied by solutions
of the form [cos yxe—*%], so that the general solution
for an infinite system is a Fourier integral of the form

P=A,+ J; A(y) cosyxe—vzdy [1]

where the constant A, and the function A (y) have to
be determined.

If ¢ is the conductivity of the electrolyte, the current
density j* flowing across the surface of the electrode
is given by

it = —e—

0z

The electrode potential E(x), measuring the drop in
potential across the electrode surface is related to the
electrostatic potential by

E(x) =V — P(x,0) [3]

where V is some constant. E and j* are related by the
electrochemical reactions at the electrode and may be
described by some function j*(E), where different
functions for j* (E) apply for the scratch (anode) and
the rest of the electrode (cathode). If the changes in
potential are small, so that linear kinetics may be
assumed, as in Ref. (1-8), this becomes

[2]

z=0

o
j*(E) = — (E —
i*(E) = i (E — E,) [41

where E, is the free corrosion potential and where L,
is Wagner’s polarization parameter (11) and has the di-
mensions of length. L, and E, have the values L, and
E, over the scratch (anode), and L. and E. over the
rest of the electrode (cathode). From Eq. [2]-[4] the
reactions at the electrode require that atz = 0

%:-=L—lc- [P+ (Ec — V)11 — ¢(x/V)]
+Lia[P+ (Es — V)] ¢ (x/1) z=10 [5]
where ¢ (/1) is the step function
#(x/l) =0, @/ < -1, +1< (/D)
=1 =l<(@/)<+1 [61

Fourier analysis may be achieved most readily by sub-
stituting for the Fourier transform of ¢ (x/1)

g o g <
¢(x/z)=;£ Loy k4]

v

avoiding the need for integration. Considerable simpli-
fication may be achieved, if it may be assumed that
the current density across the scratch is constant and
very large, i.e., over the region of the scratch
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T
1 = 2

where I is the total current flowing through a unit
length of the scratch. Equation [5] then becomes

B lrr@-vn-Lleem
e = —_——(x
% Ly T e PTIA

In this approximation there is a small additional cur-
rent density

je* = —; [P+ (Ec — V)1p(z/V) [10]

>LL[P+ (Be—W)] (8]

z=0 [9]

flowing through the scratch that has been neglected in
Eq. [9] since this is small compared with I/2l. Waber
and Rosenbluth (2) have considered a situation with
similar geometry, i.e., an anode of finite width at the
center of an infinite cathode. In their analysis the
Wagner polarization parameter has the same value for
both the anode and the cathode, and the current den-
sity flowing from the anode has to be calculated. In
the present analysis the polarization parameter and
the free corrosion potential for the anode are not spe-
cified, but the current density flowing from the anode
is fixed. However, despite the very different assump-
tions the equations describing the two situations are
similar, since substitution for L, = L. = L into Eq.
[5] to give the situation considered by Waber and
Rosenbluth gives

dP

1 1
=[P+ (Ec— V)] — — (Ec — Eoyp(z/1
= L[ + (Ec — V)] L(E ye(x/l)

z=0 [11]
which is identical to Eq. [9] except for a factor (1/L)

(E. — E,) instead of I/2le. Substitution for the Fourier
integrals for P and ¢ into Eq. [9] gives

L 1
fo —vA () COSvIdv=— [4 + (B, — V)]

C
« sinyl cos v d;

+__f A(v)COvady—— J‘ S_v_v_v
o v

[12]
from which
Ao=— (E;=V) [13]
I1 in»l
U P e [141

o al vy + 1/Lc]

The electrostatic potential is then given by substituting
for A, and A (v) in Eq. [1].

Distribution of Potential Along the Electrode
It is useful to define a reduced potential

p(z,2) = % [P — (Ec— V)] (15

Along the electrode surface this is given from Eq. [1],
[13], and [14] as

1 (=~ sinylcosyx
,0) = — g 16
ol f rytd T

This may be rearranged to give

Le 2 (= sinylcosvx

0) = —— —_d

p(x,0) 2w Yo = v
__L_c_l_ @ siny(l 4 x) —siny(l — x) d 017

I 2x Yo v+ 1/L¢

where the first term may be recognized as the step
function ¢ of Eq. [6] and [7], and the second term
may be integrated using
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f‘ sint
° t+w

dt = f(w) = Ci(w) sinw

[Sl(w) - ? ]cosw [18]

where Ci(w) and Si(w) are the cosine and sine in-
tegral functions. On substitution for ¢ = =/l and A =
/L. this then gives

1 1
p(§0) = — { 1——fIA1+ |ED]
2\ n

1 1 1
~2ina -] } i<1=o { — 10l + 1))

1
— = = 1] } 1<l 1191

for the potential along the surface of the electrode in
terms of the reduced potential p (see Eq. [15]) and the
reduced dimensions ¢ and A. Equation [19] is essen-
tially the solution obtained by Waber and Rosenbluth
(2). In the case of a scratch further simplification may
be made. If the scratch is narrow, and the half-width
1 is much less than the Wagner polarization parameter
L for the unscratched electrode, so that A << 1, and
the region of interest is restricted that close to the
scratch, i.e.,, * << L, an expansion of f(w) for small
w may be used. The sine and cosine integral functions
have expansions

w? wSs 27
Si(w) = w— - ... 120
dat wvr TR svr Tk vr TR o
w2 wi wse
Ci(w) = 1 = -
W) = v+ Inw =t s T
[21]

where y = 0.5772. .. is Euler’s constant.
Expansion of Si(w), Ci(w), sin w and cos w and
substitution into Eq. [18] then gives

n
f(w) =—2—w(1—7—lnw) + Ow? [22]
On substitution into Eq. [19] this then gives

1
P(£0) = Do - [+ ¢ In 1+ &)

+ A=t In|l— g1 [23]
where

1
Po=P(0,0)=;[(1—7)—1!17~] [24]

is the potential (in reduced units) at the center of the
scratch.

The potential is shown as a function of position for
different values of A in the linear plot of Fig. 2 and
with the logarithm of distance from the center of the
scratch in Fig. 3. The full lines are results obtained by
using the approximate form of Eq. [23] and the
dashed lines are for the exact solution given by Eq.
[19], where this differs from the approximate solu-
tion. The simple form of Eq. [23] gives a very close
approximation for A 5 0.1 and for ¢ f 0.1/, i.e., up
to the value of ¢, where Eq. [23] would predict nega-
tive values for p. These curves show that there is a
small additional increase in the potential at the scratch,
but for small A the distance over which there is in-
crease in the potential is characterized by the polariza+
tion parameter L. and not by the size of the scratch.

Variation of Potential in the Electrolyte
In their model Waber and Rosenbluth (2) considered
only the potential along the electrode surface. How-
ever the potential at any point in the electrolyte may
be evaluated from Eq. [1], [13], and [14]. The reduced
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POTENTIAL, p(£,0) = FP(x,0) - (Ec-v))
~

0
DISTANCE FROM CENTER OF SCRATCH, £ = x/%

Fig. 2. Variation of potential along electrode with distance from
center of scratch for different values of . = I/L.. Full lines are
approximate solution (Eq. [23]). Dashed lines are full solution
(Eq. [19]) where this differs from the approximate solution.

5

(P (x,0) - (E.V)]

o
1

POTENTIAL, p(£,0) =

%
1071 100 101 102 107 104 10° 108 107
DISTANCE FROM CENTER OF SCRATCH, £ = x/%

Fig. 3. Variation of potential along electrode with distance from
center of scratch for different values of 1 = I/L.. Full lines are
approximate solution (Eq. [23]). Dashed lines are full solution
(Eq. [19]) where this differs from the approximate solution.

potential at a point (x,2) is given by
1 sin yl cos yxe—vz
p(z2) = [25]
U3 v(v + 1/ L)
which like Eq. [16] may be rearranged to give

1 ch [sin »(l 4+ x) +smy(l—x)]e'”'d
v

p(x,2) =
v
a i& © [sinp(l 4+ ) + sinp(l — x)]e—»* dv [26]
2n 1 v+ 1/L¢
The first term is readily integrated using
© sin yXe-vz X
—_ dy=tan"1— [27]
° - 2

and the second term may be integrated by writing
© sin pXe—vz ‘w0 ] [ e—v(z—iX) _ g—v(z+iX)

| PP &2
° y+4+ 1/L ° 2i v+ 1/L¢

[28]

and using

© e—at
f dt = h(ab) = eE;(abd) [29]
o b4t

where E; (w) is the exponential integral function.
On substitution for ¢ = x/l, ¢ = 2/1, and A =
this then gives

/L
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11 1+£)
) = ——— tan~! | ——
P(&}) o l{ an ( ,
1 . 1 .
——hDG—iQ+ )] +—hRG+i(1+8))]
2i 2i

1— 1
- (_‘) R — i1 — £))]
¢ 2i

1
+Eh[7~({+i(1—E))l} [30]

E; (w) may be expanded in the form

Ei(w) = —vy—Inw4w
w? w3 wi
- - e [31
2><2!+3><3! 4><4!+ i

so that for small w
h(w) = —(y+Inw) +w(l —y —Inw) 4+ Ow? [32]
Thus for A small and (x? + 22) << L,

1
P(&8) = Do — = { (148 In[(Q 482 + 2112

1
+tant (—-J;—‘) + A= n[(1l—p2+ LI

4 ptan™1 (#) } [33]

where p, = p(0,0) is the electrode potential at the
center of the scratch given by Eq. [24]. Equation [33]
reduces to Eq. [23] for { = 0. The reduced potential p
is shown in kig. 4 in the form (p — po) as a function
of distance p from the center of the scratch, where

1
p= (@4 M= — (@ 4 D)1 (34]
for different angles

z
6 = tan—! % =tan-1— [35]
x

where 6§ = 0 is in the plane of the electrode (see Fig. 1).
Only very close to the scratch is there any angular de-
pendence of p for the same distance p from the center
of the scratch. For ¢ >> 1 and ¢ >> 1 Eq. [33] and
[23] give simply

1
p(p) =Po—;[1+lnp] [36]

L]

POTENTIAL, (p-Ro) = 3 (P-Po)

s150 " " —
° 1 2 3 4 s 6 7 8
Y2y

DISTANCE FROM CENTER OF SCRATCH, p = (x%+z%)

Fig. 4. Variation of potential in the electrolyte as a function of
distance from center of the scratch for different values of the
angle 6 (Eq. [33] and [37]). Dashed line indicates logarithmic
approximation (Eq. [36] and [39]).
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As shown by the dashed line of Fig. 4, this is a good
approximation to the potential distribution for p > 2.

Discussion
As shown in the previous sections, provided that the
scratch is narrow (I << L), a good approximation for
the potential around the scratch is given by

P(xz2) =P L.
T T e
l 2.4 22 Y172 1
{ 1 4+ z/1)In [S_"Z_“_] + z_tan—l( .ﬁ)
12 l z
(= x)2 + 22 /2
+(1—z/l)m[%—]

+ —:tan-l (l:z—x ) } [37]

where the reduced potential and the reduced coordi-
nates of Eq. [33] have been replaced by their true
values, and where

11
Po=—(E.—-V) +—— [lnﬁ+ 0.423 ] (381
noo l
is the potential at the center of the scratch. For larger
distances from the center of the scratch, for r = (22 +
22)1/2 z 2l Eq. [37] reduces to

P(r) =p.,—-1-[ 1+1n1-] (301
n l

These equations are valid for r << L, or while the
equations predict P > (V — E.). For larger values of
r the full forms of Eq. [19] and [30] should be used.
The electrode potential (see Eq. [3]) is given by

E(x) =V — P(z,0) [40]

These equations predict E(x) = E. away from the
scratch, as expected, with a minimum value for E (x)
at the center of the scratch given from Eq. [38] as

11 L

E,=E(0) =V—P.,=Ec———[ 1n—°+o.423]
oo 1

[41]

The assumption of linear polarization kinetics is justi-
fied provided that the scratch is narrow and the cur-
rent flowing from it is small, so that the potential is
everywhere close to the free corrosion potential
E. for the unscratched electrode. Since for narrow
scratches, | << L., the polarization parameter appears
only as In L., accurate determination of the polariza-
tion curves is unnecessary, and the results are rela-
tively insensitive to the assumption of linear kinetics.
As shown in Fig. 2, there is little change in potential
over the width of the scratch, provided ! << L., and
thus the assumption of a uniform current density j,*
for the scratch is a reasonable approximation. A small
contribution to the current from the scratch was neg-
lected in the derivation of Eq. [9]. Substitution for the
potential at the center of the scratch from Eq. [38]
into Eq. [10] and substitution for j,* from Eq. [8]
gives the value of this extra current density at the
center of the scratch as

. 2 1 L.
Je® (0) — ——ja* [In— + 0.423 ] [42]
n L¢ l

However, provided | << L., the error made in neglect-
ing this contribution is small.

Conclusions
1. A Fourier analysis technique has been used to
solve the problem of the potential distribution around
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a long narrow scratch in a passive film on an electrode
surface.

2. Analytic solutions have been obtained for situa-
tions were linear polarization kinetics may be assumed
for the unscratched region and where the current den-
sity is constant over the scratch and very much greater
than the current density over unscratched regions.

3. These solutions are expressed as sine, cosine, and
exponential integral functions, but if the half-width 1
of the scratch is very much smaller than the Wagner
polarization parameter for the unscratched region L.,
as will generally be the case, a simple expression (Eq.
[37]) is obtained for the potential distribution close to
the scratch.

4, Under the conditions | << L. the potential de-
pends only on In L., so that accurate determination of
the polarization curve is unnecessary. The conditions
imposed by 2 (above) are also satisfied for ! << Le.

5. There are two characteristic lengths, I and L., and
provided | << L, there is a small additional increase
in electrode potential at the scratch, but the main in-
crease in potential is over a distance characterized L.
and not by the size of the scratch.

6. The potential within the solution and along the
electrode depends on the logarithm of distance from
the center of the crack. There is an angular depend-
ence of the potential only for distances < 2l from the

center of the scratch.
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Surface-Stress Phenomena at the Start
of Epitaxial Electrodeposition of Nickel

H. Feigenbaum™*:! and R. Weil*
Department of Materials and Metallurgical Engineering,
Stevens Institute of Technology, Hoboken, New Jersey 07030

ABSTRACT

In studies to determine the internal stresses during epitaxial nickel elec-
trocrystallization, bending of thin copper substrates was observed to occur
upon application of the deposition potential but before any deposit had formed.
This phenomenon was attributed to the changes in the surface tension upon
application of the deposition potential. The sign of the internal stress in the
discrete crystallites, which constitute the initial electrocrystallization, could
only be determined in the absence of the otherwise overshadowing stress con-
tribution due to the lattice mismatch between substrate and deposit. Deposition
was interrupted, so that upon resumption of deposition now on a nickel sub-
strate the mismatch-stress contribution was absent. Then it was found when a
new layer of crystallites formed, that they were under a compressive stress.
Such new crystallite layers formed when the nickel surface became passi-
vated during a prolonged interruption or a polarity reversal. Sulfur from
saccharin addition to the electrolyte prevented the passivation.

The relationships between structure, electrode po-
tential, and internal stress in epitaxial nickel deposits
up to thicknesses of 100 nm were reported in a pre-
vious paper (1). It was found that the initial stress
was dominated by an extrinsic, tensile component due
to the stretching of the nickel crystal lattice to fit that
of the copper substrate. Then, as this extrinsic stress
was relieved by the formation of interfacial disloca-
tions, there developed an intrinsic tensile component
due to the coalescence of the three-dimensional epi-
taxial crystallites (TEC), which were found (2, 3) to
constitute the initial structure. However, two phe-
nomena associated with the beginning of deposition
were observed which have not yet been published.2

* Electrochemical Society Active Member.

1 Present address: Engelhard Industries, Edison, New Jersey.

Key words: electrodeposition, epitaxy, electrolyte.

2The paper by Feigenbaum and Weil (1) is an abridged version
of an interim report d to the A i Electropl s’
Society. The data reported here were included in the interim re-
port, but left out of the published paper, which dealt primarily
with the subjects most relevant to practical plating.

One of these phenomena is that the substrate, which
was insulated so that only one side was plated, tried
to bend upon the application of the deposition poten-
tial before any deposit had formed. The second phe-
nomenon concerned the state of stress of the TEC be-
fore they coalesced. As the extrinsic stress over-
shadowed other contributions during the initial electro-
crystallization of nickel on copper substrates, homo-
epitaxial deposition was necessary to determine the
intrinsic stresses in the TEC. To eliminate the extrinsic
contribution, deposition was interrupted so that upon
resumption, there was now a nickel substrate. This
communication deals, therefore, with substrate bend-
ing prior to deposition and the detailed investigation
of the intrinsic stresses in TEC using plating-interrup-
tion techniques.

Experimental Procedure
The stresses were determined from the attempted
bending of the substrate in the form of narrow strip
plated on one side, the other one being insulated. An
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electrobalance, similar to one used previously for the
same purpose by Klockholm (4), applied a force to one
end of the substrate strip to prevent the bending. The
force was applied by means of a glass rod which hooked
through a small hole at the end of the substrate as
schematically shown in Fig. 1. The other end of the
glass rod was attached to the electrobalance. The force
exerted by the electrobalance was calibrated immedi-
ately prior to each experiment by hanging known
weights on the substrate strip.

The plating cell is also schematically shown in Fig.
1. It consisted of a small glass dish to which a nickel
clamp was rigidly attached. The substrate strip (A, Fig.
1) was held in the nickel clamp between two glass
slides (D, Fig. 1) which provided electrical insulation,
A 99.99% nickel counterelectrode (B, Fig. 1) lay on
the bottom. The substrate side to be plated faced
downward. When a compressive stress developed in
the deposit, the substrate tended to bend upward. In
order that contact with the glass rod would not be lost
when the substrate tried to deflect upward, an initial
force was applied to the substrate by the electrobal-
ance. The plating vessel was attached to the platform
which in turn was rigidly connected to the electrobal-
ance. The whole assembly was shock mounted.

The substrates were 55 mm long, 5.5 mm wide, and
75 pm thick cube-textured, copper strips. The insula-
tion for the side not to be plated was a photoresist
layer. Other preplating treatments have been previ-
ously (1) described. The plating solution contained
112 g/liter NiSOs X 6H20 and 30 g/liter H3BO;3 and
was prepared with water distilled so as to minimize in-
organic and organic impurities (3). Further purifica-
tion of the plating solution was the same as in previ-
ous experiments (3). The pH was 3.0 = 0.1, the tem-
perature 20°C, and the current density 2.5 mA/cma2.
To some plating solutions either 10—3 moles/liter sac-
charin or 6 X 10—¢ moles/liter phenosafranine were
added. A fresh solution was used for each experiment.

The potential of the cathode vs. SCE was monitored
during each plating experiment. To increase the sen-
sitivity, only the range from —800 to —1000 mV was
recorded. The Luggin capillary (C in Fig. 1) was lo-
cated in the nickel holder 5 mm below the substrate
surface. The plating was interrupted for either 12 or
120 sec. In some experiments, the connections to the
current source were reversed for approximately half
the interruption time. Thus the nickel-plated strip be-
came the anode in the cell. The magnitude of the cur-
rent was not changed during this polarity reversal.
After plating, the substrates were dissolved (3) and
the deposits examined by transmission electron micro-
scopy.
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Pig. 1. Schematic drawing of plating cell, showing substrate (A),
counterelectrode (B), Luggin capillary (C), glass insulators (D),
electrical contacts (E and F), and glass rod attachment to electro-
balance (G).
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The instantaneous stress, S; was calculated from
the restoring force, F, exerted by the electrobalance
using the equation (1)

4L [ 1 ] dF
Sj = —— —ts
3WT 1—»p Jddt

where L, W, T, and » are the length, width, thickness,
and Poisson’s ratio of the substrate and t is the deposit
thickness. The thickness of the deposit was calculated
on the basis of 100% efficiency, uniform-layer forma-
tion, and bulk density.

Results and Discussion

Substrate bending before deposition.—The initial
portion of the curve of the electrobalance restoring
force vs. deposition time is shown in Fig. 2. When the
current was turned on, the electrobalance exerted a
force of about 0.2 mg marked 0A in Fig. 2. There was
also a peak in the magnitude of the electrode potential
shown in Fig. 3 and marked P; it occurred after 1 sec
of plating. It was previously (3) found by transmission
electron microscopy and verified in this study that
the first TEC are observed after the development of

A

(mg)

FORCE

RESTORING

>
>

0 1 2 3 4 5
DEPOSITION TIME

(SEC.)

Fig. 2. Restoring force by electrobalance vs. deposition time.
Curve 1 obtained in nickel-plating solution, curve 2 obtained in
solutions in which sodium ions were substituted for nickel.
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Fig. 3. Electrode potentials before and after 120 sec deposition
interruption in additive-free and saccharin-containing electrolytes.

this electrode-potential peak. Hence the potential at
P may represent the nucleation potential. Thus the
initial electrobalance force segment 0A, which was
applied prior to the potential peak, was not due to TEC
formation. The sharp rise in the electrobalance force
in Curve 1 of Fig. 2 which starts after about 1.5 sec is
due to the stress, primarily the extrinsic contribution,
in the nickel deposit. The initial attempted bending of
the substrate, which was counteracted by the force
segment 0A was not caused by bouyancy due to gas
bubbles, which would have caused a deflection opposite
to the observed one. Experiments in which the sub-
strate was charged with hydrogen showed that this
phenomenon did not cause the attempted bending
either. &

The cause of the attempted bending of the substrate
was probably the change in surface tension due to
the application of the deposition potential (5). This
phenomenon is thus related to the electrocapillary
effect on either side of the potential of zero charge.
Fredlein, Damjanovic, and Bockris (6) observed a
similar phenomenon when potentials were imposed on
gold and platinum electrodes and provided a formula
for calculating the change in the surface energy. Using
this formula, a force of 0.2 mg under the conditions of
this study is equivalent to a surface-tension change of
240 dynes/cm. It appeared relevant to check further
whether the application of the deposition potential
rather than metal plating caused the initial substrate
bending. Approximately the same potential which was
imposed initially for nickel deposition, i.e., about —900
mV with respect to SCE, was applied to a copper sub-
strate in an eletrolyte which contained the same nor-
mality of Na:SO4 as NiSO4 in the plating solution.
Thus no metal deposition could occur. The resulting
graph of electrobalance force vs. time is Curve 2 in
Fig. 2. There is very little difference in the magnitude
of the restoring force 0B and the segment 0A, which
resulted in the nickel-plating solution. This result
shows that the initial restoring force is not due to a
stress in the deposit. As the instantaneous stresses in
this study were calculated from the slope of the elec-
trobalance force vs. thickness, the initial segment did
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not affect the subsequent results. There may have been
small changes in the restoring force due to the changes
of the potential with thickness and the gradual change
from a copper to a nickel substrate. However, any such
effects were smaller than the experimental uncertainty.

Deposition interruptions and polarity reversal.—Two
graphs or instantaneous stress vs. thickness of epi-
taxial nickel deposits on copper substrates are
shown in Fig. 4. The portions of the graphs prior to
the interruptions were discussed in the earlier paper
(1). It was found that there was a sharp rise in stress
to the maximum plateau marked Pl in Fig. 4. The
stress plateau corresponds to the steep slope in Curve
1 or Fig. 2. The plateau was caused primarily by the
extrinsic contribution due to the mismatch between
the crystal lattices of the deposit and substrate. The
experimental stress values at the maximum plateau
ranged from 1800 to 2200 MPa. This range of values
was due primarily to the uncertainties in the deposit
thickness at the very early stage. The extrinsic stress
at a thickness of 5 nm which is on the plateau was cal-
culated to be 1400 MPa by a formula due to van der
Merwe (7). The difference between the extrinsic and
experimental stress values was attributed (1) to an
intrinsic, tensile contribution due to the coalescence of
crystallites. The reason for postulating this cause of
the intrinsic stresses was that it was in the range of
values found (8) to be due to crystallite coalescence
in homoepitaxial vapor deposits of nickel, in which
there was, of course, no extrinsic contribution.

The sharp decrease in the stress after the maximum
is due to the formation of misfit dislocations which
results in a relaxation of the extrinsic contribution.
The extrinsic stress then decreases inversely propor-
tionally to the thickness. So when the stress tends to
level off, the intrinsic contribution due to crystallite
coalescence, which decreases only slightly with thick-
ness, predominates.

The stress maxima were related to the deposition
potential. In deposits from the additive-free solution,
a hump, marked H in Fig. 3 occurs at the same thick-
ness as the stress maxima. In nickel deposits produced
in the electrolyte containing saccharin, which had the
same initial portion of the stress ws. thickness as is
shown in Fig. 4, the stress maximum corresponded to
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Fig. 4. Instantaneous stress in deposits from additive-free elec-
trolytes. (a) Deposition interrupted for 120 sec at 15 nm thickness.
(b) Deposition interrupted for 120 sec at 50 nm thickness.
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the maximum in the magnitude of the potential marked
M in Fig. 3.

When plating was interrupted, the nickel deposit
was already continuous and covered the copper sub-
strate. In the experiment represented by Curve a of
Fig. 4, plating was interrupted at an average deposit
thickness of 15 nm. The last stage of crystallite coales-
cence is shown in Fig. 5 specifically in the area marked
B. It occurred at an average thickness slightly less than
15 nm. The region marked B is an epitaxial nickel
deposit which had formed on an annealing twin in the
substrate and had a {110} plane parallel to the surface
as determined by selected-area electron diffraction. On
both sides of Region B, which are marked A, a {100}
plane was parallel to the surface. In Region A with
the exception of a few rectangular pores, the deposit is
a complete layer. The TEC were always nucleated and
their coalescence was completed first on {100} sub-
strate grains. Thus, the favored plane for epitaxial
growth is the same as the one which preferentially
develops in nonepitaxial nickel deposits from sulfate
electrolytes or Watt’s solutions and is perpendicular to
the fiber axis. At a thickness of 15 nm, a complete
deposit layer covered the whole substrate. Thus when
plating was resumed after the interruption, the sub-
strate was nickel. This condition was necessary for
this study as already pointed out.

As soon as the deposition was interrupted, the elec-
trobalance force vs. time graph became horizontal. So
the instantaneous stress, which is proportional to the
slope, was zero. After a 120 sec interruption, when
plating resumed in the additive-free or phenosafranine-
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containing electrolytes, the electrobalance force de-
creased from the horizontal value as can be seen at
B in Fig. 6a. Figure 6a is the actual record of the elec-
trobalance force ws. time which was proportional to
deposit thickness. Because of the negative slope from
B to C in Fkig. 6a, the stress was compressive as shown
in kig. 4. At C in Fig. 6a the stress became tensile. The
behavior of the electrobalance shown in Fig. 6a differs
from that in Fig. 2. In Fig. 2, the slope remained posi-
tive so that the stress was tensile because of the mis-
match in the lattice dimensions of the substrate and
deposit which overshadowed all other contributing
factors as already discussed. At the time correspond-
ing to Point B in Fig. 6a, i.e., when plating resumed
arter a 120 sec interruption, the electrode potential also
peaked as shown in Fig. 3.

After an interruption of only 12 sec, the stress did
not become compressive and there was only a small
peak of about —10 mV in the magnitude of the elec-
trode potential compared to —40 mV above the steady-
state value of Fig. 3. When the polarity was reversed
during a 12 sec pause, a compressive stress and a
—40 mV potential peak developed again when plating
resumed.

In the electrolyte containing saccharin, no compres-
sive stresses developed after an interruption of plating.
Regardless of whether the polarity was reversed and
even after interruptions as long as 10 min, the stress
was tensile when deposition resumed. Also as seen in
Fig. 3, the potential returned without a peak to the
value it had berore the pause. It is noteworthy that the
shapes of the instantaneous-stress vs. thickness graphs
for deposits plated in the presence of saccharin were
the same before an interruption as those shown in
Fig. 4 (1). The magnitudes of the maxima were also
the same, but then the stress values became lower
than those in deposits from the additive-free electro-
lyte and continued to decrease with increasing thick-
ness. However, the stresses did not become compressive
until a thickness of 800 nm was reached (1).

The initial force exerted by the electrobalance prior
to the beginning of deposition, such as shown in Fig. 2,
was sometimes observed after an interruption. When
the stress did not become compressive upon the re-
sumption of deposition, the initial electrobalance force
was smaller than the 0.2 mg shown in Fig. 2. Thus, the
effect is smaller on a nickel surface than on a copper
one. The magnitude of the initial electrobalance force
decreased with the electrode potential which was ap-
plied when plating resumed. The electrode potential
and, therefore, the initial electrobalance force thus
decreased with increasing thickness at which the in-
terruption occurred.

When a compressive stress developed after a plating
resumption, there was no observed initial electrobal-
ance force. In Fig. 6a, there is no force increase before
the decrease due to the compressive stress. The force
was apparently absent in spite of the larger magnitude
of the potential which was applied when plating re-
sumed. The potential was greater when a compressive
stress developed because of the larger peak seen in
Fig. 3. It is thus indicated that the state of the surface
upon which a compressively stressed deposit developed
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Fig. 6. Restoring force by electrobalance vs. deposition time after

Fig. 5. Transmission electron micrograph showing incomplete
crystallite coalescence in {110}-oriented deposit in area B and
completed coalescence in {100}-oriented deposit in area A.

(a) 120 sec interruption of deposition in additive-free electrolyte,
(b) 120 sec interruption of deposition during which polarity was
reversed for 60 sec in phenosafranine-containing electrolyte.
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after the interruption had a different potential of zero
charge from that on which the stress remained tensile.
When the polarity was reversed for about half of the
120 sec interruption in the electrolyte containing
phenosafranine, a greater force of about 0.4 mg was
applied by the electrobalance before the compressive
stress developed as seen in Fig. 6b. As the potential
peaked exactly at the point marked B in Fig. 6b where
the electrobalance force reversed itself, nickel deposi-
tion resumed after the electrobalance force was ap-
plied. This experiment was not performed in an addi-
tive-free solution. There are strong indications of a
difference in the states of the surfaces when a com-
pressive stress developed after a prolonged polarity
reversal as compared to a short one.

The transmission electron-microscopic examinations
of the samples which experienced plating interruptions
showed that they were still epitaxial. There was one
exception, namely the one represented by Fig. 6b. In
all other samples, deposits which formed on one sub-
strate grain were single crystals as determined by
selected-area electron diffraction. However, the dis-
location density was two to three times greater in sam-
ples which developed a compressive stress after a
plating interruption. In all the deposits from the sac-
charin electrolyte which never developed a compres-
sive stress after a plating pause, the dislocation den-
sity was the same. The electron diffraction patterns
of the deposits which experienced a polarity reversal
of about 60 sec and are represented by Fig. 6b showed
some rings meaning that they were no longer com-
pletely epitaxial. The structure is shown in Fig. 7. The
small crystallites, some indicated by arrows, were
found by dark-field electron microscopy to be non-
epitaxial. There are also a number of twins visible in
Fig. 7. Such profuse twinning is characteristic of de-
posits from phenosafranine-containing electrolytes.

During a 120 sec interruption or a polarity reversal
which preceded the development of a compressive
stress, the nickel surface undoubtedly became oxidized.
When plating resumed new layers of crystallites were
nucleated as indicated by the large potential peak. As
was already mentioned, the potential peak was found
(3) to be associated with TEC nucleation. The ob-
served higher dislocation densities are also indicative
of formation of new TEC and their coalescence (3).
During a 12 sec interruption without polarity reversal,
the oxidation was less severe. Thus, as indicated by
the much smaller potential peak, it was not necessary
to start a whole new layer of TEC. In the presence of
sulfur from the saccharin which is known to prevent
passivation of nickel anodes, it was also not necessary
to start a new TEC layer as shown by the absence of
the potential peak.

The new TEC were probably in compression. There
is evidence that homoepitaxially vapor-deposited nickel
(8) and silver (9) crystallites while still discrete be-
fore coalescence are in compression. Compressive
stresses have also been observed initially when cop-
per (10) and cobalt (11) were electrodeposited on
platinum. These electrodeposits were probably non-
epitaxial so_that the extrinsic component was missing.
Wilcock et al. (9) found that the lattice parameter of
small, discrete crystallites was smaller than that of
bulk due to surface-tension effects. As the crystallite
size increased and the interatomic spacing tried to
approach the bulk value, the substrate opposed it and
thereby imposed the compressive stress. The compres-
sive instantaneous stresses which developed after cer-
tain plating interruptions can therefore be attributed
to the presence of a layer of not yet coalesced TEC
which formed because of the oxide film on the nickel-
deposit substrate. When there was no oxide or it was
so thin as to be epitaxial so that most of the existing
crystallites could continue to grow and coalesce, the
resulting tensile stress probably offset the compressive
one in the newly formed ones. Thus no compressive
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Fig. 7. Transmission electron micrograph showing nonepitaxial
crystallites, some marked by arrows, which developed following a
60 sec polarity reversal during 120 sec deposition interruption.

stress was observed after a 12 sec interruption or in
the saccharin-containing electrolyte.

It is not known whether the oxide which probably
caused TEC nucleation after a plating pause was re-
duced first. As all electron-diffraction patterns showed
the presence of NiO on the surfaces of the samples, it
could not be determined whether there was an oxide
layer within the specimens. During the prolonged
anodization where the polarity was reversed for half
of the 120 sec plating pause, a different oxide (12)
was probably produced as was also indicated by the
effect of the potential on the surface tension shown
in Fig. 6b. This oxide, probably NiOOH, either pre-
vented epitaxial growth or was partially reduced to
Ni(OH), before deposition was resumed (12). The
relatively long delay before the potential peak and the
development of the compressive stress shown in Fig.
6b could have been due to the partial oxide reduction
and resulted in the nonepitaxial crystallites seen in
Fig. 1.

As seen in Curve a of Fig. 4, the stress eventually
returned to approximately the same value it had be-
fore the interruption. However, at the deposit thick-
nesses involved, the stress is higher than it would have
been if there had not been an interruption. During
continuous plating, the stress decreased with increas-
ing deposit thickness because of the increase in the
size of the coalescing crystallites (1). At thicknesses
where the deposit is continuous, the extrinsic contri-
bution becomes very small. The intrinsic stress was
attributed (1) to a continued requirement for coales-
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cence of existing crystallites at their pyramidal or
dome-shaped tops. After a new layer of TEC was
formed, the intrinsic stress is larger because the size
of the coalescing units is smaller. Therefore the stress
is greater than it would have been if there had been
no pause and the size of the coalescing unit had not
been reduced. When the pause occurred at a larger
thickness as in Curve b of Fig. 4, the effect was more
pronounced as the crystallites were larger before the
interruption. Therefore the stress rose to a higher
value than that which was prevalent before the pause.
When the stress did not become compressive after a
pause there was still a small time interval after plat-
ing resumed before the stress returned to the original
value. The development- of some new crystallites,
which were in compression, was probably responsible
for this effect.

It is interesting to speculate whether the lower
stress of pulse-plated deposits is due to the formation
of new crystallites which are in compression. Because
of the much higher pulse frequency used commercially,
it is unlikely that there is sufficient time for substrate
oxidation during plating interruptions as was the case
in this study. However, because of the larger current
densities employed in pulse plating, the overpotentials
are much higher than in this study. Thus the nuclea-
tion of a new layer of three-dimensional crystallites
at the start of each pulse is probable. Such crystallites,
which would probably not be epitaxial, are likely to
be under compressive stress (10, 11). Upon coales-
cence, the instantaneous stress would become tensile.
Such a cyclical stress pattern from compressive to
tensile which corresponded to variations in the over-
potential was observed by Schneider and Weil (13).
The average stress, which is the integral of the instan-
taneous stress over the thickness would thus be re-
duced by pulse plating as has been frequently ob-
served.

Conclusions

An initial deflection of the substrate which occurred
prior to electrocrystallization was attributed to the
change in surface tension when the deposition poten-
tial was applied.

Discrete TEC were in a state of compressive stress,
which changed to tensile when they coalesced. How-
ever, when nickel was epitaxially deposited on cop-
per, the compressive stress was overshadowed by the
higher tensile misfit stress. When new TEC formed
on nickel substrates, which had become slightly oxi-
dized during a 120 sec interruption of deposition, or
the application of an anodic pulse, the compressive
stress was manifested.

No compressive stress was observed after an inter-
ruption of deposition when very few or no new TEC
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formed as was the case in the presence of the passiva-
tion-inhibiting additive, saccharin, or when the pause
was too short for sufficient oxidation of the nickel
surfaces.

Atter the prolonged application of an anodic current
during an interruption of deposition, when the sample
was again made cathodic, some oxide reduction took
place prior to the nucleation of new crystallites, some
of which were no longer epitaxial.
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The Redox Properties of Bleomycin and Tallysomycin

and a Series of Their Metalloderivatives

James C. Dabrowiak and Frank S. Santillo
Department of Chemistry, Syracuse University, Syracuse, New York 13210

ABSTRACT

D-c polarographic and cyclic voltammetric studies on bleomycin A; (BLM-
Aj), tallysomycin A (TLM-A), a series of their metalloderivatives, and four
of their components have been conducted. The antibiotics exhibit two re-
duction processes. The first, at —1.22V, has been assigned to the two electron
reduction of the 4-amino pyrimidine moiety of the drugs. A second multielec-
tron reduction process appears to be associated with the bithiazole portion of
the antibiotics. The first polarographic wave, due to the pyrimidine moiety,
is sensitive to metal binding phenomena. The binding of Fe(1I), Co(II, III),
Ni(II), and Zn(II) to the antibiotics, causes this wave to disappear from the
polarogram of the metalloderivatives. Thus, for these metal ions the pyrimidine
moieties of the drugs appear to be metal ligating sites. The involvement of
this group in metal ligation in the case of Fe(III) is highly dependent on the
mode of preparation of the complex, and Fe(III) complexes containing both
bound and unbound pyrimidine residues are possible. The impact of the elec-
trochemical results on the proposed mechanism of action of the pharmaceuti-

cals is also discussed.

Bleomycin-A; (BLM), 1 and tallysomycin-A (TLM),
2 are fungus-produced glycopeptides which exhibit

antitumor properties (1, 2). Of the two antibiotics,
bleomycin is an important anticancer drug, and it is
clinically employed in the treatment of squamous cell
carcinomas, lymphomas, and testicular carcinomas (3).

The mechanism of action of neither drug is com-
pletely understood. However, recent evidence suggests
that both antibiotics operate by a metal mediated
redox mechanism involving iron ions (2, 4-7). It has
been proposed that BLM exists in the cancer cell as

Key words: polarography, cyclic voltammetry, antibiotic, bleo-
mycin, tallysomycin, Py metal

its Fe(II) complex, Fe(II)BLM, which is in turn
bound to DNA, the drug receptor site. The Fe (II) -BLM
complex is air sensitive and it can be readily air oxi-
dized to Fe(III)BLM with the production of a radi-
cal (Eq. [1]) (8,9)

O
Fe(II) BLM - Fe(III) BLM + radical [1]

Apparently it is the radical which leads to DNA dam-
age and ultimately to the death of the cancer cell. In
view of the structural similarity of BLM and TLM,
both antibiotics probably operate by the same biologi-
cal mechanism.

In an effort to more clearly define the role of the
metal ion in the mechanism of action of both antibiotics,
we initiated a study of the physical and chemical
properties of a group of metallobleomycins and metal-
lotallysomycins (10-12). An important aspect of the
study is the delineation of the redox characteristics of
the drugs and their metalloderivatives. This paper
treats the electrochemical properties of bleomycin Ag,
1, tallysomycin-A, 2, and a series of their metal com-
plexes. In order to understand the electrochemical be-
havior of the antibiotics it was also necessary to ex-
amine the redox characteristics of four model com-
pounds. They were: peptide M of TLM, 3 (13), the
amino acid bithiazole 4, the 4-amino pyrimidine 5, and
the hydroxy-imidazole, 6.

Experimental

The drugs BLMA,-HCl and TLM-A-5HC1-9H20 and
peptide M of tallysomycin, 3, were furnished by Bristol
Laboratories, The amino acid bithiazole, 4, the 4-amino
pyrimidine, 5, and the hydroxy-imidazole 6, were kindly
provided by S. Hecht, Department of Chemistry, Massa-
chusetts Institute of Technology, Cambridge, Massa~-
chusetts 02139. U.V.-visible absorption and ESR mea-
surements were done in the previously described
manner (10). All polarographic studies were done in
a standard H cell (at 25°C) using a microcomputer-
controlled electrochemical station (14). The polaro-
graphic solutions (10—3M) were deaerated with a
stream of water-saturated nitrogen gas 20 min prior
to each run and were blanketed with nitrogen during
the run. To scan the entire potential window, two
types of working electrodes were used. A dropping
mercury electrode (DME) covered the potential range
from —1.8 to +0.15V, while a carbon paste electrode
(CPNjl) covered potentials from —0.6 to +1.5V. The
CPNjl was fabricated using the design described by
Adams (15). Cyclic voltammetric studies were accom-
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plished using a Metrohm micrometer type hanging
mercury drop electrode (HMDE). The reference elec-
trode was a Ag/AgCl saturated NaCl system, and the
counterelectrode was a Pt wire. Determinations 'were
done in pH 8 phosphate buffer (0.05M) that was
0.15M in NaCl and in doubly distilled deionized water
that was 0.15M in NaCl. Unless otherwise noted, the
pH of the unbuffered solutions was adjusted by addi-
tion of 0.1N NaOH or 0.1N HCl. The pH of the air-
sensitive complexes, Fe(II), Co(II), Cu(I), was ad-
justed under nitrogen in an inert atmosphere box.

December 1979

The polarographic behavior of bleomycin as a func-
tion of pH was studied in doubly distilled deionized
water. The observed Ey/; values in volts as a func-
tion of pH were: Ey; (pH); —0.81, (2.3); —0.90,
—1.15, (3.4); —0.96, ~ —1.2 (4.2); —1.26 (5.3); —1.24
(7.5); —1.28 (9.2); —1.32 (11.0).

Using a mercury pool, controlled potential elec-
trolysis (CPE) of the antibiotics, of any of their metal-
loderivatives, or of the bithiazole, 4, was unsuccessful.
The observed current decay as a function of time
proved to ‘be nonexponential and to terminate at a
nonzero value of current. Calculation of the number of
electrons transferred from the decay curve yielded a
multielectron process. CPE of the 4-amino pyrimidine,
5, at —1.60V was successful and yielded a polaro-
graphic n value of 2.2. The d-c polarogram of 5 be-
fore reduction, showed a single reduction process at
—1.36V. The polarogram of 5 after CPE showed the
loss of the reduction wave at —1.36V. A check of the
absorption properties of the solution containing the
4-amino pyrimidine before and after electrolysis re-
vealed that of the two ultraviolet absorptions of § at
230 and 275 nm, only the lowest energy absorption band
remained after reduction. The diffusion current as-
sociated with the Cu (II) - Cu(I) reduction of Cu(II)-
BLM and Cu(II)TLM was found to be one-half the
value observed for the pyrimidine-centered reduction
of BLM and TLM.

The metal complexes were made by adding the ap-
propriate amount of M(II) (ClO4); where M is Fe,
Co, Ni, Cu, or Zn to a 10—3M solution of the drug in
either a pH, 8.0 phosphate buffer or in water followed
by the adjustment of the pH to 8.0. No difference in
the electrochemical behavior between the two methods
of complex preparation could be detected.

Two procedures were used for preparing the Fe (III)
antibiotic complexes. In one, the solution containing
the Fe(II)-drug complex was exposed to oxygen to
yield the Fe(III)-drug complex. The second approach
involved preparing the Fe (III)-drug compound by di-
rectly combining Fe(III) (Cl104)s and the antibiotic.
Buffered (phosphate) and unbuffered pH, 8.0 solutions
were used for both preparations. Cu(I)Cl was used
to prepare the Cu(I)-drug compounds in buffered and
in unbuffered media.

Results and Discussion

The polarographic assignments.—The filtered d-c
polarograms of BLM, 1, TLM, 2, peptide M, 3, the
amino acid bithiazole, 4, and the 4-amino pyrimidine,
5, are shown in Fig. 1. The two drugs exhibit identical
redox behavior and yield two reduction waves: a two
electron wave at —1.22V and a multielectron wave
(~16 electrons) at —1.48V. Cyclic voltammetric studies
(CV) showed that both waves are electrochemically
irreversible and that the irreversibility was independ-
ent of the CV scan rate (up to 3.2V sec—1). In addi-
tion, the current associated with the multielectron
wave (—1.48V) was found to vary with the length of
time that the mercury drop was in contact with the
polarographic solution. Neither BLM nor TLM ex-
hibited an oxidation wave using a CPNjl electrode.

The polarographic assignments of the two reduction
waves of BLM and TLM was accomplished using the
model compounds 3-6. One of the model compounds,
peptide M, exhibited a single irreversible reduction
process at —1.22V (Fig. 1b). CV studies showed the
absence of a reverse peak for this wave. The Ej/;
value and the irreversible characteristics of the wave
were identical to the first reduction process of BLM
and TLM (Fig. la). Thus, the moiety in BLM
and TLM responsible for the reduction must also be
present in peptide M. A check of the literature revealed
that the reduction must be occurring at either the
pyrimidine or the imidazole residue of the two drugs
and peptide M (16). Since model compound 6, the
hydroxy-imidazole, did not exhibit reduction behavior
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Fig. 1. The filtered d-c polarog of (a) bleomycin Ag, 1, and

tallysomycin-A, 2; (b) peptide M of tallysomycin; (c) the amino
acid bithiazole, 4; and (d) the 4-amino pyrimidine, 5. v = 1 mV/
sec, pH, 8 phosphate buffer.

in the polarographic window of observation, but the
4-amino pyrimidine, 5, did (Fig. 1d), the first reduc-
tion wave of BLM and TLM was assigned to the 4-
amino pyrimidine moiety of the two antibiotics. Al-
though CPE experiments with the drugs were not
successful, electrolysis of 5 at —1.60V showed the
reduction to be a two electron process. At pH 8, 5
exhibited a reduction wave with the E;/; value of
—1.36V under the same experimental conditions that
the antibiotics exhibited a single reduction wave at
—1.22V. As was earlier shown by Elving et al. (16-18),
pyrimidines exhibit reduction behavior which is
strongly dependent on pH. In acidic solution (pH ~3)
pyrimidines generally yield two reduction waves which
merge to form a single wave at high pH (pH ~9).
The pH dependency of the first reduction waves of
BLM and TLM is shown in Fig. 2. In acidic solution
the drugs exhibit two reduction waves [Fig. 2
(waves I and II, which merge at pH ~5.5 to form a
single wave, wave III)]. By analogy with pyrimidines,
wave I is associated with the formation of the proto-
nated one electron reduction product of the 4-amino
pyrimidine moiety of 1 and 2 (Eq. [2]). Wave II, which
exhibits less pH dependence than does wave I, corre-
sponds to the production of the protonated one electron
reduction

pyrimidine + H+ 4 e~ - pyrimidine H* [2]1

wave I
pyrimidine H* + H;0 4 e~ - pyrimidine H; + OH~
wave II
[3]
pyrimidine + 2H;0 4 2e— - pyrimidine Hp + 2 OH—
wave III
[4]

product of the previously formed species (Eq. [3]).
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Fig. 2. A plot of E1/2 as a function of pH for the pyrimidine re-
duction of bleomycin Az and tallysomycin-A.

Above pH 5.5 a concerted two electron reduction oc-
curs to give directly the dihydropyrimidine (Eq. [4]).

Both BLM and TLM exhibit a second, multielectron,
reduction wave at —1.48V (Fig. la). Since this wave
is observed for the amino acid bithiazole, 4, at —1.46V
(Fig. 1c) and it is absent in the polarogram of pep-
tide M, 3, and the 4-amino pyrimidine, 5, the wave must
be associated with the bithiazole moiety of the anti-
biotics. The wave yielded an unusually high diffusion
current for the drug concentrations employed (10—-3M).
Furthermore, there appeared to be no linear relation-
ship between concentration and the diffusion current.
Multiple scan CV on a single drop shows that the cur-
rent of the cathodic reaction ultimately decreased to
zero (Fig. 3). If the HMDE is left in solution momen-
tarily without an applied potential, and then scanned
with CV, the current is found to be negligible. All of
these features suggest that not only does the wave
exhibit catalytic activity (17, 19) but that it reflects
some sort of adsorption phenomenon between the drug
(perhaps due to the sulfur atoms of the bithiazole)
and the mercury working electrode. No further experi-
ments were done to establish the mechanism of the
catalytic activity.

The metal complexes—Complexation of Fe(II),
Co(II, IIT), Ni(Il), and Zn(II) caused the pyrimidine
wave to disappear from the polarogram of the anti-
biotic in both buffered and unbuffered media. In view
of the fact that Ni(II) and Zn(II) are known to bind
to the pyrimidine moiety of both drugs (8, 10-12, 20)
the similar polarographic behavior of all of the metal-
loderivatives infers that Co(II, III) and Fe(II) also
utilize the pyrimidine moiety as a binding site. The
electrochemical studies show that complexation to the
heterocycle causes its reduction potential to be dramati-
cally altered and to shift out of the window used for
the polarographic studies (+1.5 to —1.8V). The fact
that all of the complexes studied exhibited an unaf-
fected bithiazole reduction wave at —1.46V is indica-

(a)

——(c)

~l730 -1.40 (Volts) - 150

Fig. 3. Cyclic g as a f of the number of
scans of the second reduction wave of BLM and TLM: (a) one scan,
(b) five scans, (c) 100 scans, on a single drop. » = 3.2 V/sec.
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tive that the nitrogen-sulfur heterocycle is not in-
volved in metal binding.

The polarograms of the Cu(II) drug complexes (Fig.
4a) indicate that the pyrimidine wave is unaffected
by complexation. Thus, the electrochemical data infer
that the pyrimidine moiety is unbound in the Cu(II)
complexes. However, this conclusion is at variance
with the earlier established binding site of Cu(II) on
BLM and TLM (10-12). The apparent contradication is
resolved by considering the reduction wave at —0.53V
(at —0.43V in unbuffered media) to be due to the metal
centered reduction, Cu(II) -» Cu(I), of the copper (II)
complexes. Thus, at potentials more negative than
~ —0.6V the polarographic experiment is actually ex-
amining the Cu(I) antibiotic complexes. The unaf-
fected pyrimidine wave implies that the Cu(I) drug
complexes, and not the divalent compounds, contain
an unbound moiety. Confirmation of this conclusion
was obtained by studying the electrochemistry of the
Cu(I) derivatives (Fig. 4b). As expected the polaro-
grams of these complexes possess an unaffected py-
rimidine wave indicating that Cu(I) does not bind to
the 4-amino pyrimidine moiety of the antibiotic. The
results were the same in buffered and unbuffered
media. Although more detailed studies are necessary,
Cu(I) does in fact appear to be bound to the anti-
biotic. While the dissolved CuCl is relatively passive
to oxygen, the Cu(I)-drug complexes are very air sen-
sitive, and they readily oxidize in the atmosphere to
the Cu(II) derivatives. The polarographic, u.v. visible
absorption, and ESR properties of the oxidation pro-
duced Cu(1I)-drug complexes were identical to those
of the compounds synthesized from the antibiotics
and Cu(II) (ClO4);. Efforts to observe Cu(I) bound
to the pyrimidine moiety by studying the Cu (II)-Cu (1)
couple of the Cu(II)-drug complex with CV failed.
Electrochemical irreversibility was observed for the
most rapid scan rates employed (3.2V sec—1), indicat-
ing that the Cu(I)-pyrimidine bond-breaking step is
more rapid than the time frame of the electrochemical
measurement.

The polarographic behavior of the Fe (III)-drug com-
plexes is dependent on the mode of preparation of the
compound. If the trivalent complex is prepared by air
oxidation of the Fe(II)-drug compounds with mo-
lecular oxygen, the pyrimidine moiety of the antibiotics
remains bound to Fe(III) since polarographic analysis
of the complexes shows the absence of a pyrimidine
wave. The results obtained in buffered and unbuffered
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solutions were the same. If the Fe-(III)-drug com-
plexes are synthesized by combining equal molar
amounts of Fe(III) (ClO4)3 and the antibiotics in a
phosphate buffer, the pyrimidine remains unbound.
Carrying out the same synthesis in the absence of
buffer ion results in an Fe (III) -drug complex contain-
ing a bound pyrimidine group.

The electrochemical results and their implication on
the mechanism of action of the antibiotics.—At least
two important points which bear on the proposed
mechanism of action of the pharmaceuticals can be de-
rived from the electrochemical studies. The first con-
cerns the mechanism by which the air-sensitive drug
complexes, Cu(I), Co(II), and the biologically im-
portant Fe(II) compounds are oxidized by molecular
oxygen. The observation that none of these complexes
exhibit a metal-centered oxidation process in the
accessible potential range implies that the oxidation
by molecular oxygen must be an inner sphere process
(21), i.e.,, there is direct contact between the O
molecule and the antibiotic bound metal ion. The limit-
ing voltage in the polarographic experiment, 41.5V,
from a thermodynamic standpoint is a considerably
stronger “oxidant” than is molecular oxygen (22).
However, in no case was a metal-centered oxidation
wave observed. This observation strongly implies that
the species present at the electrode surface in the
‘“electrochemical” experiment and the one ultimately
oxidized by molecular oxygen in the ‘“chemical”
oxidation are different. The most logical explanation
for this observation is that the chemical oxidation pro-
ceeds via an unstable dioxygen-drug complex. The
electrochemical experiment is not examining that com-
plex but is, in fact, examining a metal complex which
does not contain bound dioxygen. Evidence that this
type of inner sphere mechanism must be operating in
the metallobleomycins has recently been given (23).
In every case these complexes are relatively resistant
to oxidation at the electrode surface (as is evidenced
by the lack of an oxidation wave). All of the dioxygen
complexes, on the other hand, are unstable and rapidly
convert to metallobleomycins having the next higher
oxidation state of the metal ion, and a radical. The
radical which is produced by the redox process either
remains bound to the now oxidized metal ion as it
does in Co(III)-BLM-O.~ (23), or it may be rapidly
ejected as is the case for the iron and copper bleo-
mycin systems. Although the DNA degrading ability
of the Cu(I) complexes of BLM and TLM in the pres-
ence of oxygen has been unexplored, these complexes
like the Fe(II) derivatives appear to be radical pro-
ducers and as such should be capable of degrading
DNA.

A second point evident from the electrochemical
studies is that buffer ions can play an important role
in the coordinating ability of at least one metal ligat-
ing site, the 4-amino pyrimidine moiety of TLM and
BLM. While this group remains bound to divalent
iron, components present in a phosphate buffer pre-
vent it from binding to trivalent iron. In view of the
fact that many experiments with the metallo-anti-
biotics have been carried out in buffered media and
that buffer ions can significantly affect the metal bind-
ing site, closer attention should be paid to the effects
that extraneous ions can have on the redox character-
istics of the iron-drug complexes.
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Kinetic Stability of Nitrate lon in Molten
Nitrate by Raman Spectroscopic Studies
of "O-Enriched KNO,

M. H. Brooker*
Chemistry Department, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada A1B 3X7

ABSTRACT

Raman spectra of nonrandom mixtures of 180-enriched potassium nitrate
with normal 160-nitrate reveal that 180, 160 interchange does not take place in
the melt until the decomposition of nitrate occurs. The kinetic stability of
nitrate ion with respect to oxygen exchange processes is thus established for
low temperature melts. At higher temperatures sodium from the glass was de-
tected in the potassium nitrate. Possible oxygen exchange with the glass has
been inferred from the decrease in total 180 content.

The nature of the active species in molten nitrates
has long been the subject of considerable controversy.
Kerridge (1) has recently summarized the state of
affairs and has pointed out the importance of small
amounts of nitrite impurity and differences in thermal
history to the results of chemical processes observed
in molten nitrates. The importance of chemical reac-
tions with the siliceous container can also explain some
of the many discrepancies between results of different
workers. Since the kinetic stability of the nitrate ion
is an important parameter in establishing the reversi-
bility of proposed chemical reactions it seemed desir-
able to attempt to measure the kinetic stability of the
nitrate ion in nitrate melts. Previous studies have
shown that Raman spectroscopy can provide useful
information on 180 exchange reactions with nitrate ion
(2,3).

Experimental

A nonrandom 180-enriched sample of KNO; was
prepared by dissolving 50 mg of n-KNO3 and 35 mg of
52% 180-enriched KNO; (Isomet) in about 1 ml of neu-
tral distilled water and slowly evaporating the solution
to dryness. In neutral solution 180 from NO3~ does not

¢ Electrochemical Society Activla Member.

Key words: oxyg nitrate ition nitrite.

exchange with water which means that the 180 con-
taining nitrate groups will be dispersed homogenequsly
but the 180 atoms will remain with their original nitro-
gen and hence will not be randomly distributed.
Samples of about 15 mg were placed in the 1 mm ID
region of soft-glass Pascal dropping pipettes (Kimble)
and dried under vacuum for about 2 hr at 150°C and
then sealed off under vacuum.! One sample of .the
original mixture was left unmelted for comparison
while the other samples were melted in a tube oven for
about 15 min just above melting point. Although the
solid mixture was white, the melts were at first Father
gray, however, a small amount of gas trapped in @he
solid and released on melting (or a decomposition

1 Soft-glass pipettes were used for convenience of sample manip-
ulation,gr pp., e low temperature (~500°C) would
normally make them less than ideal. The major goal of the work
was to determine the lifetime of NOs- with respect to oxygen ex-
change and the exchange with glass was not anticipated. A ref-
eree has suggested that oxygen diffusion would be negligible in
glass since that is the case for fused silica at 470°C [E. L. Wil-
liams, J. Am. Ceram. Soc., 48, 190 (1965); G. H. Frishat, “Ionic
Diffusion in Oxide Glasses,” Diffusion and Defect Monograph
Series, p. 28, Trans. Tech, Publications, Bay Village, Ohio (1975)1.
This conclusion may not be valid since fused silica has a very high
softening temperature and presumably a much higher activation
energy for oxide diffusion than soft glass. A more detailed study

)
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product) caused the melt section to rise up the tube
leaving the gray ring on the tube below. The lower
part of the tube was removed and the tubes were re-
sealed under vacuum. Raman spectra taken at this
point revealed no difference from the unmelted sample
so it appeared that decomposition of nitrate was not a
problem. The samples were then remelted at different
temperatures for appropriate times. Temperatures
were measured with a Chromel-Alumel thermocouple
placed near the samples and could be in error by as
much as 10°C. The Raman spectra were obtained for
the room temperature solids on a PHO spectrometer
after sample excitation with the 488.0 nm line of a co-
herent Radiation Model 52 argon-krypton mixed gas
laser. A narrow-band pass interference filter was used
to remove unwanted laser lines. Peak intensities were
measured from peak heights since the half-widths of
all the peaks were equal within the experimental error.
Slit widths of 1.0 cm—! and laser power of about 200
mW at the sample gave spectra with suitable signal to
noise to measure the intensities with an estimated
error of 5%.

Occasionally the room temperature solids were ob-
tained all or partly in the metastable KNOjg(III)
phase which gave peak positions about 3 cm~! higher
than the KNO;3(II) room temperature phase. When
this occurred it was necessary to wait until the solid
naturally transformed to KNO3(II) or to heat the
sample to 120°C and cool slowly (4).

Results and Discussion

Raman spectra for the unmelted reference sample
and the melted samples are shown in Fig. 1, while
Raman intensities for each peak expressed as per-
centage of the total area are presented in Table I.
Previously (2, 3) it has been shown that the peaks at
1050, 1030, 1010, and 990 cm—! can be assigned to the
symmetric stretching modes of the N1603—, N160,180—,
N160180,~, N1803~ ions in KNO; and that the relative
intensities of these peaks can be used quantitatively to
measure the fraction of each ion present in the sample.
The peak at 1070 cm—1! has been assigned to a NaNOg
impurity. The N160,180~ peak for NaNO; may con-
tribute slightly to the 1050 cm—! KN!603 peak but this
has been neglected in the calculations. Assignment of
the 1070 cm—? peak to the NaNO; species was based on
the following facts: (i) the peak position matches that
of NaNO; (5), (ii) sample (d) was dissolved in water
and the peak at 1070 cm—! was not observed, only the
peaks at 1050, 1030, 1010, and 990 cm 1, which is consist-
ent with both NaNO3 (aq) and KNO;3 (aq) having iden-
tical dilute solution peak positions (6), (iii) the solution
used in (i) was evaporated to dryness and the Raman
spectrum of the solid again showed the 1070 cm—! peak.
Raman spectra obtained in this laboratory for mixed
NaNO;, KNO; solids obtained from solutions of the
mixed salts give peaks at 1070 and 1050 cm™—1, (iv)
sodium ion from the glass seemed to be the only logical
impurity. It should be pointed out that a weak 1070
cm~! peak was also seen in the pure 51.5% 180 KNOj
thus its presence is not due to exchange in the prepara-
tion process. The increase in the intensity of the peak
in sample (d) indicates considerable cation exchange
between the melt and the glass at the higher tempera-
ture.

Over-all 180-enrichments of the samples calculated
from peak intensities are given in Table I and averaged
21.5% excluding sample (d) which showed exchange
with the glass. This value compares well with the
21.4% 180-enrichment expected from the mass mea-
surements of the two forms of KNO;. Intensity calcula-
tions for the 51.5% 180-enriched sample employed in
this work showed that the 180 was distributed ran-
domly over all the nitrate ions, e.g., an intensity ratio
of about 1:3:3:1 was observed. Comparison of rows
(a), (e), and (f) of Table I shows that the 180 from
the enriched KNOj did not exchange with the 160 from
the natural KNO;s during the preparation. Even more
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Fig. 1. Raman spectra of the symmetric stretching region of a
mixture of natural-KNOs -+ 51.5% 180-enriched KNO3s. From
left to right the peaks are due to NaN1803, KN160;, KN160,180,

KN16018Q,, KN1803. (a) Never melted, (b) melted 8 hr at 360°C,
(c) melted 2 hr at 410°C, (d) melted 2 hr at 470°C.
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Table I. Raman intensities exp dasp of the total intensity in the
ic stretching region of isotopic nitrate ions
NaN¢0s KN!¢03 KN1¢05180 KN0180, KN1803 Calculated 50
Sample 1070 em-! 1050 cm-1 1030 cm- 1010 cm-1 990 em-t enrichments (%)
(a) Never melted 12 615 16.0 15.6 5.76 215
(b) Melted 8 hr at 360°C 1.2 62.9 15.8 15.2 5.76 212
(c) Melted 2 hr at 410°C 24 57.7 20.0 14.8 5.0 21.6
(d) Melted 2 hr at 470°C 10.1 47.7 30.2 10.2 175 18.6
average! 21.5
(e) Calculated® for no %0 exchange 12 58.7 16.2 16.9 5.98 (21.4)
(f) Calculated? for total exchange 1.2 47.1 39.7 10.9 0.99 (21.5)
(g) Calculated* for total exchange 10.1 43.8 37.0 8.4 0.64 (18.6)

1 Sample (d) was omitted due to obvious 30 exchange with silicate,

3 Calculated for no exchange based on nonrandom 51.5% NOs- in natural NOs- for comparison to (a) and (b).

3 Calculated for total exchange based on random distribution of a 21.5% over-all enrichment for comparison to (a) and (b).
4 Calculated for total exchange based on random distribution of 18.6% over-all enrichment for comparison to (d).

important, comparison of rows (a), (b), (e), and (f)
shows that the nitrate melt at 360°C did not show any
measurable 180 exchange over an 8 hr period. The
kinetic stability of NOs~ in nitrate melts is thus estab-
lished below the decomposition temperature. Decompo-
sition temperatures for NO;~ are not well established
since some small decomposition can occur at rather
low temperatures. For KNOg melt the onset of appre-
ciable decomposition occurs at about 400°C (1, 6). At
this temperature 180 exchange among the NO3~ groups
does occur (Fig. 1(c), Table I) but cation exchange
with the glass does not seem too severe. At 470°C
decomposition is more appreciable as indicated by the
exchange of 180 among the NO3~. The increase in the
intensity of the peak at 1070 cm~1 indicates that cation
exchange with the glass was quite considerable
(~10%). Although the 80 exchange was obviously
considerable in sample d (Fig. 1) comparison of rows
(d) and (g) indicate that complete exchange had not
been obtained. The over-all decrease in 180 enrichment
from 21.5 to 18.6% (sample d) suggests that 160 from
an external source has exchanged with the nitrate oxy-
gens at 470°C. The decrease is too large and in the
wrong direction to be a kinetic isotope effect and since
the tubes were vacuum sealed, atmospheric oxygen
should not be present. It is also difficult to envisage an
oxygen containing impurity of such magnitude. Oxy-
gen exchange from the soft-glass container appears to
be the most likely source of 160 (1). At 470°C the glass
tube was on the verge of softening at which point the
chemical exchange at the glass surface would be ex-
pected to be enhanced. Kerridge (1) has commented
on the fact that results of electrochemical studies in
molten nitrates appear to depend on container mate-
rial. Attempts to sedrch for 180 in the glass tubes was
precluded by the broad weak character of the Raman
spectrum of glass.

The above exchange results clearly indicate that
NO;~ is kinetically stable below the decomposition
temperature for a long period of time. This greatly
weakens self-dissolution mechanism of NO3—

NO3~ = NOg* + 02~ (1]

as proposed by Duke et al. (7) since not only must the
equilibrium concentration of NO,* be small but its rate
of formation must be extremely slow. The correspon-
dence between the 180-exchange rate and the decom-
position temperature suggests that the active species in
nitrate melts is more likely to come from decomposi-
tion products as proposed by Zambonin et al. (8, 9) and
Kerridge (1). Decomposition of the form

~ 4 027 = NO;~ + 02— [11]
2NO;~ + 032~ = 2NOg~ + 20~ [111]

as suggested by Zambonin and Jordan (8) could occur
with 02~ coming from the glass (1). Nitrite can also

arise by direct thermal decomposition of nitrate
NO3~ == NO2~ + 1/20 [IV]

Kerridge has noted that although the forward reaction
of [IV] may be very fast, the reverse reaction appears
to be very slow which is consistent with the rather slow
180 exchange rates even above the decomposition tem-
perature (sample c¢). By the exchange rate criterion
the reverse reactions of [II] and [III] must also be
slow at least for situations where the oxide apparently
comes from silicate species. A search for peaks due
to other species proved unsuccessful. Although un-
doubtably some nitrite must have been present, a
careful search of the 800 cm—! region did not reveal the
expected peaks. Since it is felt that a 5% NO;~ pres-
ence would be easily detectable it might be concluded
that even for sample (d) relatively little KNOj
actually decomposed during the exchange pro