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ABSTRACT

A model is developed for the initiation of crevice corrosion of Grade-12
titanium in high temperature brine. It is based on experimental results from
fmmersion tests, surfacé analyses and electrochemical measurements., During
crevice corrosion, the anode potential initially increases due to the growth
of a corrosion barrier oxide which consumes fhe oxygen inside the crevice,
until the maximum potentisl fs reached., At the maximum potential the barrier
oxide stops growing, and the following potential drops are governed by the
solution chemistry change within the creviece, The'potential changes associ~-
ated with the solution chemistry include (1) a éotential drop caused by an
oxygen concentration change (2) an ohmic potential drop (3) a potential rise
due to pH changes and (4) a potential rise due to excess proton generation,
For the growth of oxide, a simple mass balance gives the potentiel rise as the
oxide thickness 18 increased. Simplified diffusion equations for the concen-
trations of oxygen, proton and snions are used to estimate the chemistry
change inside the crevice. Diffusion caused by the concentration gradient and
potential field within the crevice are considered. For the chemistry change,
the potentiel is calculated using the Nerﬁst equation., Potential changes are
compared to experimental values, The comparison allows an estimate to be made
of the concentration gradient distence. The finel equations attained are used
to drav domains for crevice corrosion initietion on & temperature/anion con-
centration diesgrem. The cealculated domains ere consistent with measured do-
mains aveilable in the literature, Also the equations developed provide a
technique for estimating the solution chemistry inside the crevice as a func-
tion of time and the final crevice chemistry at equilibrium.. Since the cal--
culated (limiting) crevice chemistry is very aggressive, crevice corrosion is

inevitable over & wide range of conditions,
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FIGURES

Experimental potential (open circles) and "fitted" potential (solid line)
of coupled Grade-12 titanium crevices in serated neutral brine at
150°c,

The calcﬁlated concentration profiles in the crevice at various testing
times for a current density of 10 pA/cm?Z.

Immmity domains for crevice corrosion at various service times for
Crade-~12 titanium in & simulated rock salt brine. The criticel enion
concentration assumed for passivity breakdown is 190,000 ppm.

Immunity domaing in temperature and pH necessary for passlviiy breskdown
for CP titanium.l8

TABLES

Calculated limiting chloride concentrations et infinite time in the
crevice of Grade-12 titanium in aerated meutral Brine A at 150°C.



1. IRTRODUCTION

As ghown in the previous two papets.l'z immersion tests, surfece anal-
yses and electrochemical studies have shown that macroscopic concentration
cell formation is responsible for Grade-12 titanium crevice corrosion in a
simulated rock salt brine at 150°C. Cell formation is accompanied by oxygen
depletion, a potential drop, anion accumulation end acidification inside the
crevice. This leads to pit initiation. To quantify the crevice corrosion
process, surface films have been analyzed end the anode and cathode reactions
have been studied using & specially-designed éell in which the two electrodes
are physically separated. The anode potential, current flow from cathode to
anode and pH inside the crevice have been monitored.‘ In this paper, we pres-
ent a simplified model to explein the results of the surface analyses end the
electrochemical measurements,

Among the five models available to explain crevice corrosion in the 1lit-
erature,3-7 two comprehensive models have been chosen for study: (1) an
electrochemical/hydrodynamic mode16 considering sample geometry effects and
(2) an electrochemical model with a minor modification for hydrodynemic ef-
fects.4 our experimental deslgn may be interpreted better by the latter
model® for the following reasons: (1) the sample size is large enough and
the digsolution rates are fest enough to minimize diffusion effects i.e., sam-
ple geometry effects, (2) the crevices used in the present work are obtained
by tightly joining two coupons. Since the crevice gep will not be comstent on
& local scale because of surface imperfections, the model with sample geometry
effectsé 1s less applicable. Also, the former model has only & numerical

solution, so it 1s difficult to visualize the functional dependence of mass
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balance and to extrapolate behavior to extended times. On the other hand, the
latter model does not consider hydrodynamic mass balance quantitatively and
excludes surface characterfzation results. To resolve these ghortcomings, we
present a simplified model based on our experimental observatiomns.
2. UNDERLYING MECHANISMS AND BASIC ASSUMPTIONS

The anode potential increa;ea continuouély during the growth of & barrier
oxide (anatase form of T103) until the maximum potentiel is reached. The
relation of the oxide thickness and the electrode potentizal is linear.8»9
After the maximum potential is reeched, the barrier oxide stops growing and
the following potential drops are governed mainly by solution chemistry
changes in the crevice. The solution chemistry changes from the initial state
beginning by the consumption of oxygen inside the crevice and by the subse-
quent anode-cathode separation stage which causes eccumuletion of protons and

eniong inside the crevice. The potential change caused by the sgolution chem-

istry modification ig obteined by considering (1) & potential drop caused by

an oxygen concentration change,10s11 (2) an ohmic potential drop,3s»12 (3)

& potential rise due to pH changes,11 and (4) a potential rise due to excess
proten generation.13 Because of the solution chemistry change, & pitting
environment forms, Contribution (2) is approximately negated by contribution
(3) based on calculations for estimating the ohmic potential.ll Algo, con-
tribution (4) is, typically, negligible because of the conservation of charge
neutrality.13 Therefore, after the maximum potential is readied, the ef-
fects of oxygen depletion are dominant and complete oxygen depletion is an
important prerequisite for pit initiation since & pit initiates when the po-

tential becomes low while the oxide thickness remains constant.14 Ve assume




that this oxygen depletion stage is the critical condition for the initiation
of crevice corrosion. In the preceding paper, the ipitiation times for
varying proton and anfon concentrations are shown to be similer, supporting
our assumption that oxygen depletion is the critical condition for the
fnitiation of crevice corrcsion. We exclude the consideration of the
complicated kinetic process of monolayer forﬁation at the Flade potential in
pits. This is & conservative criterion for the initiation condition.

During mass transport, protons are generated in the crevice by the enode-
cethode separation process, Diffusion and field-enhenced diffusion (migra-
tion) terms decrease the proton concentratfon. Oxygen is consumed but is
gtill supplied by diffusion from outside the crevice, Anions migrate into the
crevice to neutralize the protons generated, while the accumulated enfons are
moved cut by diffusion,

Instead of adopting partial differential equations and boundary condi-
tions for mass balance calculations, we use the effective concentration gradi-
ent distance, §, which allows us to describe the diffusion equation in simple
terms. We use & lipear concentration or potential gradient across this value
§. This is & valid assumption when § is very small compared to the sample
size. In the calculation of potential using the Nernst equation, the concen-
tration term 18 used instead of the activity., For migration calculations, the
potential term 18 obtsined from the eanion concentration on the basis of as-
sumptions used by Vermilyea.lz Our major comsideration concerns the proton
and chloride ions since they are the major ions present., Other types of amnion

are in small concentretions and their diffusivities are slower or, at most,



close to that for chloride ions.l? Therefore, chloride and proton con-
centrations are considered to determine the passivity breekdown condition.
3. FORMULATION OF EQUATIONS AND COMPARISON TO EXPERIMENTAL RESULTS

The anode potential rise during the growth of barrier oxide is given by

the following mass balance reletionship:
V(oxide) = Vg + Ip t M/(c p F) (1)

where p 18 the density of the enatase fofm of Ti02, ¢ is a proportionality
constant (8,9), Ip is the passive current estimated from the maximum poten-
tiel observed, t is the time, M is the molecular weight of Ti0;, F is the
Faraday constant and V4 is the initial potential. We have used the initial
value of potential as that measured at the time when appreciable current flow
(~1 pA range) is observed. The potential drop due to the oxygen concentration
change may be epproximated by the Nernst equation:lotll

c(07)

v(05) = V4 + 2L 1n ¢ ) (2)

F C3(07)

vhere C4(07) is the initial oxygen concentration and C(03) is the oxygen
concentration at time t. C(03) is obtained by & simplified diffusion

equation:

2 1€02) = =

—5— [€1(02)-C(07)] ’ (3)

vhere x i1s the crevice depth, H ig the crevice gap size, § £s the effective

length of the oxygen concentration gradient within the crevice, and Do2 is



the oxygen diffusivity. The second term represents oxygen concentration con-
sumed and the third term represents oxygen concentration by diffusion inflow,
Upon separation of the anodic end cathodic areas, a current, I, flows from the
cathode to the anode resulting in the accumulation of protons, and in the
migration of chloride fons to the crevice., The accumulated concentrations of -
protons C(HY) and chloride foms C(Cl-) are given by the following mass

balance equations:

2It 2Dyt .
c(rt) = cy(nh) + - % (c@t)-cq (HH))
2 pyt+ t c(ut) c(ut)
2D~ t

c(c1m) = cy(C17) - — 3 [c(c1™)-Ccq(C17)]

2D~ t Ci(Cl') c(ut)
3 in [m] _ (5)

where c1(8+) and C4(C1°) are initial concentrations of proton and

chloride iom, teséectively, and Dyt eand Dcj- are diffusivities of the pro-
ton and the chloride fons, respectively. The above two equations have diffu-
sion terms arising from the concentration gradient and from field-enhanced
diffusion (migration). The field potential is approximated using the proton
concentration.l2 From these two equations, the ohmic potential drop may be

given by:si12



' RT Ci(HCI)
V(ohmic) "= V4 + 3= fn [ETEETY_] (6)

vhere Cy(HC1) and C(HC1) are HCl concentrations at t=0 and t, respectively,
The potential change due to the pH decrease is approximately the negative
value of Equation (6). Therefore, the net effect is from the oxygen
concentration [Equation (2)].

The best fit to our experimental data (neutral Brine A) is showﬁ in
Figure 1 for § = 0.3 cm (effective distance of concentration gradient),
Ip= 7.6 x 10-10 amp/cm2 (passive current with oxygen reduction), ¢ =
2.5x10~7 em/volt9+10 (a proportionality comstant between oxide thicknmess
end electrode potential), crevice depth = 2,54 cm, crevice gap = 2 um, an
oxygen diffusivity (cn?/sec) of 0.0821 exp(-2440/T),16 & proton diffusiv-
1ty (cm?/sec) of 0,02838 exp (-1700/T),16 chloride diffueivity (cm?/sec)
of 0.0508 exp(-2327/T),16 and en anatase demnsity of 3.84 gm/cc.l? Very
little change occurs in Figure 1 with a current variation from 0,24 to 10
uAlcmz, becaﬁse the main potentiel drop arises f;om oxygen effects, Figure
2 shows the concentration profiles in the crevice at varfous testing times for
a current density of 10 wA/cm2, Because the brine golution has a near satu-
rated C1° fon conéenttation. the calculated large value indicates some types
of precipitates which may form., Also, the low pH level indicates that the
actual pH at higher temperetures is much lower than that measured at room
temperature (experimentel values vary from 2.8 to 4.5). Two curves for oxygen
concentrationg are shown for different crevice heights, As expected, an in-
creased crevice gap size delays the oxygen depletion time significantly. This

18 glso true for Increasing crevice area,
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Figure 1. Experimental potential (open circles) end "fitted" potentisl
(solid line) of coupled Grade-12 titanium crevices in aerated
neutral brine at 150°C,



Data fitting was not performed for the results obtained in the solution
varying concentrations. During the initiation period, the essential features
for all ceses were identical within the scatter of the experimental values.
The detailed comparisons are out of the scope of preaént works,

The solution within a c¢revice will tend to have a limiting composition as
the corrosion time epproaches infinity. Froﬁ the predictive equations
[Equations (3), (4) and (5)] the limiting concentration £s obtained by divid-
ing each term by time t and letting time approach infinity., Calculation shows
that there is no limiting pH and oxygen concentration, and these parameters
can theoretically fell to extremely low values within the crevice, Teble 1
gshows the computed limiting values of Cl™ concentration within the crevice
for assumed values of pH., Note that these Cl” concentration levels are irn
excess of 106 ppm which i8 not physically possible. However, the analytical
approach serves to show that extremely high levels of chloride will accumulate
with time.

Teble 1. Calculated limiting chloride concentrations at infinite time in the
crevice of Grade-12 titenium in aerated neutral Brine A at 150°C,

Liniting pH -1 0 1 2 3

Limiting C1°
Concentration (ppm) 3,690,560 3,279,590 2,815,420 2,377,850 1,940,280

The initial Cl1- concentration is 190,000 ppm. A Cl™ concentration of more
than 106 ppm fmplies that there is no practical limitation on chloride fon
accumulation as time progresses.




To study the effects of initial chloride concentration and temperature, &

calculation was performed based on the above discussfon. With pH = -1.19 in
Figure 2 and the critical value of chloride ion concentration for passivity
breakdown teken to be 190,000 ppm (near saturation of brine with chloride
fons), a map is drewn in the space of temperature and the initial chloride
concentration C;(Cl) mecessary to attain the critical concentration at
various times. A calculation was performed using Equation (5) by setting
c(C1") = 190,000 ppm and pH = =1.19 for C(H*). As expected, smaller

emounts of initiel chloride ions are needed at higher temperatures for the
inftiation of crevice corrosion., Such domains have been experimentally
determined in unalloyed Ti and Ti-Pd alloys exposed to dilute sodium chloride
golutions.l8 Therefore, our simple formulation is promising., Further, this
calculation permits the extrapolation to long term behavier., Inside the
unshaded area of Figure 3, crevice corrosion occurs while the hatched area

. shows immunity to crevice corrosion., The boundary between the two domains is
affected by the corrosion time with the domain fer crevice corrosion becoming
larger es corrosion times are increased. At infinite corrosion time, the
boundary becomes a straight line designated by Cpp, below which crevice
corrosion does not occcur even &t infinite time.

Note that the curves in Figure 3 have been calculated on the basis of &
corrosion current which 1z independent of test temperature. When the temper-
ature dependence of the current is considered, the curves in this figure de-~
pend more strongly on the chloride concentretion, Also, the model developed
shows that there will be a temperature limit, T¢p, below which mass flow im

the corrosion system ceases. Since the calculated Typ is lower than the
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Figure 2. The calculated concentration profiles in the crevice at
various testing times for a current density of 10 ur/en?,
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freezing point of the test solution, it does not have & significant meaning at
these low temperatures.
&, DISCUSSION

In the above crevice corrosion analysis, we have used a linear variation
of the concentration gradient introducing an adjustable parameter § (effective
concentration éradient distance)., Severe crévice corrosfon at the edges of
test specimens supports the essumption that § is very small compared. to the
specimen size. This 1s also predicted in our cealculations, We have used con-
centration instead of activity in the calculation of potential. The present
experimentg do not provide activity coefficlents for various ions at high tem-
peratures. However, since most of the activity coefficients are incorporated
fn logarithmic terms for the potential calculation, the adjusteble parameter &
will not significantly chenge with variations in the activity coefficient,

We have not calculated the pH necessary for bresking down of passivity as
e function of temperature mainly be;ause ve do not have & value for I in Equa-
tion (4) es a function of temperature and pH. 1 values are known to be a -
strong function of temperature and pH. Nevertheless, we could see that the
lower pH ig necessary at lower temperature qualitatively when the dependence
of I on temperature and pH is stronger than the dependence of diffusivity on
temperature. This was observed fn the experiment also (Figure 4).18 When
the I values dependent on temperature are used in the calculation, the initial
chloride concentration necessary for passivity breskdown will vary more
strongly with temperature, as observed experimentally,

Ve have approximated the potential term for migration with the concentra-

tion variation. Strictly speaking, this eassumption is only valid for dilute

12



14 v | U B
HYDROGEN |
Iz - PICKUP
10 - C S .j
IMMUNE -
-
8 |- —
T _ -
Q
6 |- —
_ H
/
4 — J/
_ 4___——"" -
2 — —
. CREVICE CORROSION -
0 A | ' N S

100 200 300 400 500 600
(38) (93) (149) (204) (260) (316)

TEMPERATURE, °F (°C)

Figure 4, Immunity domains in temperature &nd pH necessary for passivity
breakdown for CP titanium,l18

13



solution. However, since we were concerned only with proton concentration,
this assumption ghould be valid even though we have high anion concentrations,

Critical anion concentration for‘passivity breakdown has been assumed to
be the near saturated concentration value. In diluted solutions, it may be
posgible that the critical anion concentration §s smaller than the near sat-
urated concentration, In thie case, the inifial anion concentration necesary
for passivity will be reduced according to Equation (5).
5. CONCLUSIONS

A mass balance model was develop;d fbr the initfation of crevice corro-
sion. The basic process 1s the classical crevice corrosion mechanism obtained
from immersion tests, surface analyses and electrochemical measurements. Ini-
tielly the crevice potential rises because of the growth of & corrosion bar-
rier oxide which consumes oxygen inside the crevice. After the maximum poten-
tial is reached, the barrier oxide stops growing and the following potential
drop 1g governed by the solution chemistry change in the crevice. The poten-
tial drop resulting from oxygen depletion is the major source of potential
change, A simple mass balance equation gives the potential rige as the oxide
thickness is later increased. Simplified diffusion equations for oxygen,
protons and anions were used to estimate the chemistry change inside the
crevice., The potentiel drop was calculated using thermodynamic approxima-
tions. The calculated value was compared to an experimental value in order
to estimate unknown paremeters., The final equation was used to draw a map for
crevice corrosion initiation i{n a temperature/anion concentration disgram.
The celculated domains are consistent with experimental values., The equaticns
also allow the chemistry inside the crevice tc be estimated as a function of
time.

14
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