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a crack. It turned out that the model was not completely accurate because
initial reactions on a newly-generated surface of titanium such as at the crack
tip were not understood at that time. All electrochemical studies reported in
the literature were for aged surfaces of titanium which had an oxide skin. The
present work was donme to fulfill the requirement of the model for quantitative
data on new titanium surfaces and to develop a general understanding of the
kinetics of the repassivation process.

Several types of experiments and theoretical analyses were conducted. An exten-
sive series of experiments was carried out in which notched 0.040 cm diameter
titanium wires were fractured in HCl and H;SO, solutions to determine initial

anodic passivation ehavior. An anodic process caused passivation to begin at
a time of 10™* to 1073 sec from fracture. A salt-film model of initial passiva-
tion was modeled for titanium and the results showed that_such a salt film

would have to form and redissolve in 107> to 1073 sec. As this time period was
smaller than the resolution of the titanium experiments, the model was tested
for a slower system, iron in sulfuric acid. Agreement between the model and
the iron experiments was reasonably good. Electrical properties of the salt
film in a titanium pit in bromide solutions were studied. The film exhibited
high-field conduction with an exchange current demsity, i,, about 10° greater

than for titanium dioxide films. The apparent dielectric constant of the film
varied from about 150 near the pitting potential down to about 5 at a potential
of 8V, indicating a change in composition from predominantly oxide to pre-
dominantly salt. The MIK model is in process of revision to include titanium
~dissolution and formation of a salt film at the crack tip, based on the above
experiments. Passivation kinetics of new surfaces of aluminum and zirconium
were also determined.
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1. PRINCIPAL INVESTIGATOR: Dr. Theodore R. Beck

2. INSTITUTION: Electrochemical Technology Corp.
3935 Leary Way N.W.
Seattle, Washington 98107

B

3. TITLE: Reactions and Electrochemical Kinetics of Newly-Generated
Metal Surfaces '

4. PERIOD COVERED: July 1, 1975 through August 31, 1976
5. ABSTRACT:

Air Force flight vehicles must withstand increasingly complex environ-
mental and operational regimes. Fundamental knowledge of the mechanisms of
fatigue and fracture of flight structures is required. This research is
related to the understanding of crack propagation, stress corrosion and

corrosion fatigue in titanium and other metals.

An electrochemical mass transport kinetic (MTK) model was previously
formulated by the author to quantitatively describe the electrochemical
events in a crack. It turned out that the model was not completely accurate
because initial reactions on a newly-generated surface of titanium such as
at the crack tip were not understood at that time. All electrochemical
studies reported in the literature were for aged surfaces of titanium which
had an oxide skin. The present work was done to fulfill the requirement of
the model for quantitative data on new titanium surfaces and to develop a

general understanding of the kinetics of the repassivation process.

Several types of experiments and theoretical analyses were conducted.

An extensive series of experiments was carried out in which notched 0.040 cm
diameter titanium wires were fractured in HC1l and H.SO, solutions to deter-
mine initial anodic passivation behavior. An anodic process caused passiva-
tion to begin at a time of 10~% to 10~3 sec from fracture. A salt-film
model of initial passivation was modeled for titanium and the results

showed that such a salt film would have to form and redissolve in 10~° to

10-3 sec. As this time period was smaller than the resolution of the titanium

experiments, the model was tested for a slower system, iron in sulfuric acid.
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Agreement between the model and the iron experiments was reasonably good.
Electrical properties of the salt film in a titanium pit in bromide solu-
tions were studied. The film exhibited high-field conduction with an
exchange current density, io, about 109 greater than for titanium dioxide
films. The apparent dielectric constant of the film varied from about
150 near the pitting potential down to about 5 at a potential of 8V,
indicating a change in composition from predominantly oxide to predomi-
nantly salt. The MIK model is in process of revision to include titanium
dissolution and formation of a salt film at the crack tip, based on the
above experiments. Passivation kinetics of new surfaces of aluminum and

zirconium were also determined.
6. PROJECT SUMMARY:
Introduction

The plan and progress of the present research program is illustrated
with the flow diagram in Fig. 1. The present research is part of a continu-
ous effort on the part of the principal investigator, beginning in 1965, to
unravel the mysteries of stress corrosion cracking of titanium, Specifi-
cally, the objective has been to develop a better understanding of the
electrochemistry at the crack tip, where the decision is made at the atomic
and molecular level whether the environment will promote or inhibit crack

propagation.

Initial work, conducted at the Boeing Scientific Research Laboratories,
determined the effect of electrochemical and other environmental conditions
on crack growth rate (References 1, 2, and 3). Early it became evident
that one would have to understand events at the crack tip, but no probes are
small enough to measure potentiais and concentrations at the atomic scale
of a propagation crack. An alternate was to mathematically model the events
in a crack and check calculated against experimental results. The principal
investigator collaborated with Professor E. A. Grens and formulated a mass
transport-kinetic (MIK) model for the electrochemistry in a titanium crack
(Reference 4).

The model considered the two electrochemical reactions known to occur

at that time on newly-generated surfaces of titanium:
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A=

Ti + 2H,0 + Ti0; + 4HY + 4e (1)
and
H' + e + H (into metal or bubbles) (2)

These reactions were coupled by mass balance to the ionic transport equa-
tions for H+, Na* and C1~ ions in the solution in the crack. Although the
model was in agreement with some of the stress corrosion data, it was defi-
cient in some respects; in particular, it did not account for the large
potential drop known to exist in the crack. Mbdeiing results suggested that
dissolution of titanium also occurred on the newly-generated metal surface
at the crack tip.

Scraping and rapid-fracture experiments with titanium (References 5, 6)
verified that dissolution did occur initially by the reaction:

T4 + T13% + 3e 3)
This work was done in part under AFOSR funding.

At the same time, research on pitting was conducted (Refereunces 7, 8)
because there are many apparent analogies between the electrochemistry of
stress corrosion cracking and pitting. Moreover, the pitting phenomenon is
simpler and easier to study in that metal stress is not a factor and it is
less sensitive to metallurgical effects. This work (Reference 8) was done
in part under AFOSR funding. An iwportant finding was that a salt film,
which plays a very important role in pitting behavior, exists at the base
of a pit.

At this point the Boeing Scientific Research Laboratories were phased
out and the principal investigator transferred activities to Flow Research,
Inc. During the period at Flow Research, the main effort was on reactions
and kinetics of newly-formed surfaces of titanium, determination of mass
transport conditions related to formation of salt films, and determination

of the electrical properties of the salt film on the pitting titanium surface.

The initial work at Flow Research was published in Reference 9. Fig. 2
shows the rapid passivation of titanium reported. The region of -0.8 slope
between 10~! and 102 sec is caused by high-field growth of oxide by
reaction 1. The important question unanswered was what was happening at

times less than 10~! sec; this is the period important to the tip of a stress
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corrosion crack. Ellipsometry work at the Bureau of Standards (Reference 10)
indicated that the first monolayer of oxide on titanium was not complete
until about GXIQ'2 sec from cessation of abrasion of a titanium surface.

This result suggested that growth of some other resistance had to cause the
steep negative slope in Fig. 2 at less than 10~2 sec. It was then postulated
that precipitation of a salt film by saturating the solution next to the
electrode with Ti3* ions by reaction 3 might cause the initial steep decay

of current. W. J. Miller (Reference 11) in the 1920's and 1930's, in work
now largely neglected, reported on formation of salt films on iron, nickel

and other metals.

High Current Density Experiments with Titanium

Experiments were devised to obtain a smaller resistance between the
newly—genérated metal surface and the tip of the Luggin capillary; this
resistance limited the initial current density in Fig. 2. The effect of
this resistance was to mask important kinetic information at times of less
than 1072 sec. The initial measured anodic current was, of course, the dif-
ference between currents for reactions 1 + 3 and reaction 2. A smaller
wire electrode, illustrated in Fig. 3, was used to obtain smaller resistance
and higher initial current density. The ohmic-limited current density can

be approximated by hemispherical conduction to the new surface

kAE
b, *)

in which k 1is electrolyte conductivity, AE is the ohmic drop in the electro-
lyte., and r is the radius of the disk of new metal surface. It can be seen
that, in principle, as high a current density as desired can be achieved,
but there are practical limitations in obtaining small radii.

Initial current densities of over 100 A/cm? were obtained by fracturing
notched titanium wires in the new apparatus. Example current - time curves
are compared to the Fig. 2 data in Fig. 4. An important observation was
that the current decayed sooner for the higher initial anodic current
density. This indicated that the current decay was caused by an anodic
process (reaction 1 or 3). Preliminary data were presented at the NACE
Corrosion Research Conference in 1974 (Reference 12). It was postulated at
the time that formation of a TiClj; salt film caused the initial passiva-

tion.
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9.

Moc2l of Tranmsient Salt Film

Now the problem was to determine if a salt film was indeed a feasible explana-
tion of the initial passivation. The time scale of <10~3 gec, the small
amount of dissolution occurring, ani the geometry of the system ruled out
direct optical observations. Again, the mass-transport modeling approach

was used. The principal investigator collaborated with Professor R. C. Alkire,
Department of Chemical Engineering, University of Illinois, in developing a
mathematical model. The programming and calculations were carried out by
Professor Alkire and a student at Illinois. Preliminary results were pre- -
sented at the Fall 1975 Electrochemical Society Meeting (Reference 13). The
significant finding from these calculations was that if a salt film formed

it would have a transient life between 10~> and 103 sec. No feasible

method was devised to check the model calculations with titanium experiments,

so other metals having slower rates of passivation were sought.

Passivation and Depassivation of Iron

Iron in sulfuric acid was a suitable system to test the salt film model.
High-purity, zone-refined iron* in the form of a rod was cast into epoxy
resin to form a shielded electrode (Reference 11) or artificial pit. It
was placed in sulfuric acid solutions in the anode-facing-up position and
the potential was stepped from an active value near the mixed potential to
a value in the passive region. Ferrous sulfate salt films were seen to
form and disappear as they were succeeded by oxide after the potential
step. Professor Alkire modified the mass transport model for iron parameters
and found a reasonable agreement between calculated and measured times of
appearance and disappearance of the salt film., The new results were pre-
sented at the Fall 1976 Electrochemical Society Meeting (Reference 14). It
is planned to submit the manuscript to the Journal of the Electrochemical

Society in December 1976. The modeling and the experimental results for
iron demonstrated the feasibility of the transient salt film passivation

process, but it remains to be proved for titanium.

Formation of a transient FeSO, film during passivation of iron in sul-
furic acid has had only fleeting mention in the literature since the work
of Miller (Reference 11). It was decided to explore this penomenon in detail

*Courtesy of the Iron and Steel Institute
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using a storage oscilloscope to freeze transient data. Previously, the prin-
cipal investigator had reported on the importance of formation of salt films
(References 15, 16) on metals but iron in sulfuric acid offered the
intriguing, seqhential, salt-film, oxide-film steps. It is tentatively
planned to present this work at the Fourth International Symposium on
Passivity in October 1977, but the salient points will be described here.

When the potential of a shielded iron electrode is increased linearly
in sulfuric acid solution the current also increases linearly, as shown in
Fig. 5. The current is limited by solution ohmic resistance. At a certain
point on the curve the current suddenly drops to a low value coincident with
visual appearance of a salt film that spreads over the su:face. The higher
the potential sweep speed, the higher the point at which the current drops.
If the potential is stepped up from the mixed potential, the initial peak
current falls on the dashed extension of the linear curve in Fig. 5.

The current decay after a potential step is illustrated in Fig. 6. The
pattern of current decay is different below and above the Flade potential.
Curve a), below the Flade potential, does not decay to as low a current
density as curbe b), above the Flade potential. The salt film persists for
curve a) whereas it disappears at the point indicated on curve b). The
minimum in curve a) corresponds to a visible change in morphology of the
salt film. Flushing out the cavity with an eyedropper any place on curve a)
reactivates the surface and gives a repeat current profile. Flushing out
the pit on curve b) after the salt layer disappears does not reactivate

the surface.

The time at which the current starts to decay in Fig. 6 is plotted
versus initial current density in Fig. 7. The points fall on approximately
a -1/2 power line according to Sand's equation, at applied potentials both
below and above the Flade potential. The initial reaction is therefore
dissolution and salt precipitation in both cases. Oxide passivation does
nof occur until after the salt film is laid down and decreases the dis-
solution rate. This is exactly the mechanism proposed for new surfaces of
titanium (Reference 17) but which has eluded verification because of the
rapidity with which it must occur on titanium.

Kinetics of reactivation of the oxide-passivated surface of iron was

also investigated. Just below the Flade potential the current density jumped

%
{
1
¢
3
g
!
3

e o

e Tl e i i




R R R R R R RO O R R R R R R IR ORI, =T rrme— e e e
U SR G —— S— — et - - e e ————— —
. .

Volts (SCE)

Fig. 5 Polarization curve for iroﬂ.

1.4
1.2}
1.0
8
6
0.4}




AN % G s T N s o et O

-12-

> up to the ohmic limit given in Fig. 5 and subsequently decayed according to
curve a) in Fig. 6. The depassivation occurred in a few milliseconds and
appeared to be kinetically similar to the inverse process of nucleation and
growth of oxide patches (Reference 18).

Salt Film Properties in Titanium Pit

Evidence accumulated that a TiCl; film may play aﬁ important role at
the tip of a stress corrosion crack. Such a film could continuously form
in a saturated TiClj solution at a crack tip and redissolve downstream on
the crack walls where the solution is less concentrated. Formation and dis- -
solution of a salt film in the fast-fracture kinetics experiments was too

rapid to measure the properties, so other experiments were sought.

Pitting of titanium occurs at a quasi-steady state, and electrical
transient techniques could be used to probe the properties of the salt film
in the pit. It was already known from previous work that the current
density in an artificial pit was limited by mass transport but that most
of the potential drop occurs across a barrier salt film at the metal sur-
face (Reference 8). By using step potentials and currents and AC signals
the properties of the barrier film were probed. Titanium forms 4-valent
species when it pits.

Superposition of a sine or triangular wave potential on the steady
state value gave a Lissajous figure for current, with frequency-dependent
shape, as shown in Figure 8. At low frequency, <0.1 Hz, the current was
constant and equal to the mass-transport limited value. The amount of cur-
rent to change the barrier film thickness was negligible compared to the
steady state current in this case. At high frequency, -1 kHz, a slanting
line, characteristic of a resistive film, was obtained. In this case the
cycle is completed before the barrier film appreciably changes in thickness.

At intermediate frequencies a loop formed due to change in barrier film

thickness and resistance in the cycle.

At high frequencies and wide potential spans the current-potential

FIPROTIE SN e

line became curved like an exponential function. The salt film appeared to

conduct by the high-field mechanism. In addition there was a series ohmic

resistance in the solution in the pit. The current for this set of series

resistances is therefore
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in which

= exchange current density for the film, A/cm?
high-field constant, cm/V
applied potential, V

L

° W
| B |

equilibrium potential for film reaction, V
2

-
o
L}

Ro = ohmic resistance of solution, ohm cm
film thickness, cm

(o]
n

At an applied potential, ¢;, the pitting reaction proceeds at a mass-
transport limited current density, i|, and a film thickness, t; . If the
potential is stepped to ¢, the current density immediately changes according
to equation (1) for initial thickness, t; . The current density then
decays back to the initial mass-transport limited value, i, as the thick-

ness changes to t; . From the peak current demnsities, the parameters i,,
t,/8, and R, can be determined as a function of i and ¢; .

A typical plot of initial peak current density as a function of ¢, is
given in Fig. 9. The magnitude of the exchange current density from these
experiments was about 107" A/cm , a factor of about 10° greater than for
titanium dioxide. This large difference in exchange current density accounts
for an active pitting surface to exist side by-side with a passive oxide
surface. The value of t;/B was found to be linear with potential,

t)/8 = 0.13 (¢ - ¢°) . (6)

It was not possible to evaluate B from these experiments but B was presumed
to have a constant value close to that of TiO . Therefore, equation (6)
indicates that the salt film thickness increases linearly with applied
voltage, as do oxide films.

A major effort was expended on trying to determine the actual salt film
thickness as a function of potential by integration of current density pulse
at a step potential. It turned out, however, that a very complex sequence
of events occurs which has not been completely unraveled yet. The idea was

that the integral
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AQ = j (- 1))dr (6A)
(]

would be the charge required to change the f£ilm thickness from t. to t,.

1
The incremental charge is related to the incremental thickness by
(ty - ty)zFp

M

aQ = €)

in which p is the film density and M is its molecular weight. Unfortunately
there is evidence that 1L may not be constant during the transient, and the

salt film may change in composition, thus changing M.

Another set of experiments that yielded important information about the
salt film properties was potential decay on open circuit. As shown in
Reference 8, the potential decays linearly with log time. This may be
explained by discharge of the capacitance across the salt film through the
high-field resistance of the salt film. This model leads to

d¢ -
G ) ®)

from which it was determined that t;/B = 0.11 (¢; - ¢o) . This is close to
the relationship found for the step-potential experiments, indicating that
model is substantially correct. By employing the equation for capacitance
of a parallel-plate capacitor it can be shown that

1718

K= 9)
(0.0885 x 10~12)

in which

k = dielectric constant
1, = initial current density, A/cm?
T] = extrapolated intercept time at which potential starts to
decay, sec (see Fig. 9, Reference 8)
Assuming B is constant at 6 x 1076 cm/V for Ti0, (Reference 19) gives values
of dielectric constant shown in Fig. 10.

At low applied potentials near the pitting potential +0.9 V(SCE), the
calculated dielectric constant from equation (9) approaches the values for
Ti0, . At potentials between 6 and 8 V(SCE) the dielectric constant
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asymptotically approaches the estimeted value for TiBry . No value of k for
TiBr, was found in the literature but a range is indicated for similar salts.
These data suggest that the salt film is an oxyhalide which changes composi-
tion with thickness. This interpretation is in agreement with visual observa-
tions of the pit. Above 6V there is a transparent orange film on the metal
surface the color of TiBr, . Below 6V the film becomes cloudy and white,
becoming increasingly white as 2V is approached. White is the color of

Ti0, .

Assuming that the dielectric constant from equation (9) is an additive
function of the mole fraction of TiBry, and TiO, gives

K. - K
= (10)

in which

xg = mole fraction salt (TiBry,)
K, = dielectric constant of Ti0; ~150
kg = dielectric constant of TiBr, ~5

It can be seen from Fig. 10 that xg varies from zero to one as the potential
is changed from 2 to 8V.

A possible explanation of the change in composition of the film is that
water diffuses into the films and reacts at the metal-film interface to form
an oxybromide. The thinner the film, the greater the oxide fraction. The

flux of water would be

(o]
20,05
t

i, = (11)
in which D, is the diffusivity of water in the film and Cg is the concentra-
tion of water on the solution side of the film. It is assumed that the water
reacts completely at the metal-salt interface. The fraction of oxide is

then

1, 2z

(12)

The thickness, t, increases with potential by

t = 0.13(4 - 6,)8 (6)
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so that the fraction oxide increases as the potential is decreased.

Equations (6) and (12) may be combined to give

: zFD,_ CO
L WO i

1L 0.13(¢ - ¢°)81L

It may be assumed that the pitting potential occurs at a particular ratio
of i,/1; at which the surface is essentially oxide covered. Assuming that

value of i,/i| = 1 gives =
zFchg
= + —
%" % 0.1384; : i

The value of ¢p is about 1.5 volts positive to ¢,, z = 4,

€% = 55 x 1073 mole/em3, B = 6 x 1076 cm/V, and the pitting current density
is of order 10! A/cm?, giving D, =5 x 10"12 cm?/sec. This is the right
order of magnitude for diffusivity of water in salts. We thus have a new

mass—-transport model for the pitting potential.

Passivation of Aluminum and Zirconium

One of the objectives of this program was to determine the passivation
behavior for new surfaces of a number of metals and relate to known physical
properties. Two other metals that have similar behavior to titanium are
aluminum and zirconium. It was hoped to study tantalum but specimens of it
were too ductile to get a clean fracture as obtained for titanium and zirconium.

" Pure aluminum was also too ductile, but matcerial produced from sintered

aluminum powder (SAP) was sufficiently brittle to give a clean fracture.

Current-time data for aluminum, titanium and zirconium are given in
Fig. 11. Titanium and zirconium were nearly identical in behavior; aluminum

was more active.

The growth of an oxide film by high-field conduction can be described
by

d
o= AU - 1) (15)
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in which I = 1/1,. Equation (18) has a solution shown in Fig. 12, computed
from tabled Exponential Integral E, (Reference 20).

The nondimensional solution in Fig. 12 can be put into dimensional form
for various metals if the properties of their oxides are known, My, 2z, pg,
i, and B. Values of the parameters for aluminum, titanium and zirconium are

E

-22- ;

in which é
M :

- 16 i

o (16) |

and g
;

1= 15exp [B—?'] .an }

{

If it is assumed that the corrosion current density can be neglected (i.e., §
1>>1.) equations (15) and (17) reduce to : ;
Al dI i

dT = ___:) dt = - (18) ?

\ BAY ‘12(1n 1)2 - {

f

|

‘;

given in Table 1. Values of i, and B were from Johansen et al. (Reference 19),
and M, and p, are handbook values. Values of A¢ were based on an applied
potential of zero volts (SCE) and equilibrium oxide potentials (Reference 21)
for titanium and zirconium at pH zero and aluminum at pH 7. The dashed lines
for the model equation are seen to agree quite well with the experimental

data for all three metals in the region of the -0.8 slope in Fig. 11,

The departure of the experimental data from the model equation at the
long-time end of the curves is due to approach to the steady-state corrosion
current density, i,. The deviation of the experimental data at the short-
time end may be due to several causes. The data for aluminum and titanium
can each be fit to the model for another decade smaller in time if it is
assumed that high-field conduction starts at a time of 3 x 10~2 sec from

fracture rather than at fracture. That i1s not an unreasonable assumption
because it takes time to form the first monolayer or more of oxide before
the high-field condition is applicable. A part of the initial current is
also for dissolution of the active new surface. The initial external current

density is limited by ohmic drop between the new metal surface and the |
Luggin capillary. The actual initial anodic current density is, of course,
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Fig. 11 Anodic current density transients for newly-generated surfaces of aluminum,
titanium, and zirconium compared to theory (Al in N NaySO4, Ti and Zr in 3N HCl).
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Fig. 12 Plot of dimensionless current and time parameters
for formation of anodic oxide film by
high-field mechanism.
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larger than the measured value because hydrogen ion reduction also occurs

at a high rate.

Aluminum Titanium Zirconium
Al,03 T10, Zr07
z 6 4 4
M,, gm/mole 101.94 79.9 123.22
Po» gm/cmd 3.9 4.26 5.6
A x 105, cmd/cC 4.51 4.86 5.7
15, A/cm? 2 x 1076 2 x 10713 2.9 x 10711
B x10%, cm/V 2.9 6 4.6
A, V 2.14 1.2 1.7
(%—ﬁ% , sec 6.9 x 104 7.4 x 1011 4.6 x 10°

Table 1. Parameter values for metal oxides

Electrochemical Mass-Transport-Kinetic Model for Stress Corrosion Cracking
of Titanium

The principal investigator is collaborating with Professor E. A. Grens
to refine the previously published model (Reference 4). The main changes are
inclusion of corrosion of titanium to form Ti3* ions, transport of Ti3t,
allowance for formation of a TiClj salt film at the crack tip and a finite
radius tip region. Ideas and data developed in the kinetics work with
titanium, pitting of titanium and modeling of salt film formation and dis-
solution are incorporated. Inclusion of these changes has complicated the
model and required considerable debugging. Coordination has been by telephone
and two trips to Berkeley. This work will be completed after the end of the
contract but AFOSR support will be acknowledged.

Review of Methods to Produce New Metal Surfaces

By invitation, a review paper was prepared on methods of producing new metal
surfaces and studying their electrochemistry. The paper was presented at
the 1976 NACE Meeting in Houston (Reference 22) and will appear in a

symposium volume
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