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ABSTRACT

The crevice corrosion behavior of ASTM Grade-12 titanium (Ti-0.3 Mo-0.8

Ni) was investigated in simulated rock salt brine solutions at a temperature

of 1500C. A distinct corrosion product with a range of interference colors

was observed in a mechanically simulated crevice after two to four weeks'

exposure. Low pH (4) accelerated the reaction rate and deaerated solutions

gave less voluminous corrosion than aerated ones. Also, increasing specimen

size, decreasing crevice gap, and preoxidation of the cathodic area gave more

crevice attack. Higher temperatures (25 00C) do not necessarily accelerate

crevice corrosion. These results are consistent with those expected from

macroscopic concentration cell formation accompanied by oxygen depletion,

potential drop, and acidification inside the crevice. TEM and SEM techniques

were extensively utilized to identify the structure of the film formed inside

the crevice at each stage of the corrosion process. In the early stage of

cell formation, anatase-type TiO2 was. formed which acted as a barrier to

further corrosion inside the crevice. In the case of severe crevice corro-

sion, which was accompanied by pitting, the corrosion product was identified

as the rutile form of TiO2 which is not an effective barrier to further

corrosion. EDAX, Auger and Rutherford Backscattering spectra showed Ni deple-

tion in the crevice corrosion products, while Mo was depleted on the top sur-

face of the corrosion products and it was enriched in the interior of the

corrosion products. This is consistent with the anticipated behavior of dis-

solved Ni and Mo ions. Based on the data for the structure and chemistry of

oxides formed in the crevice, a new mechanism is proposed for the crevice



corrosion of Grade -12 titanium in simulated rock salt brines. It is believedthat, initially, compact anatase crystals are formed inside the crevice. Asthe macroscopic cell develops, the beta phase, enriched with o and Ni,Teaches the transpassive pitting potential resulting in localized dissolution.During the localized dissolution, rutile crystals are formed in the crevice.



FIGURES

1. Initial microstructure of Grade-12 titanium.

2. Detached oxide inside a Grade-12 titanium crevice after six weeks' ex-
posure in aerated Brine A at 1500C. Arrow indicates the thickness of
oxide.

3. Intact oxide used for chemical analysis by EDAX (arrow mark). The oxide
was obtained from a Grade-12 titanium crevice after six weeks' exposure
in aerated Brine A at 1500C.

4. Typical diffraction pattern of anatase in an ASTM Grade-12 titanium crev-
ice. A lower oxide peak is also noticeable. The film was selected from
a sample which was immersed in Brine A at 1500C for four weeks.

5. Typical SEM micrograph of the anatase form of TiO2 formed during the
initial stage of crevice corrosion in Brine A exposed for two weeks at
1500C.

6. Typical TEM micrograph of the anatase form of TiO2 formed during the
initial stage of crevice corrosion in Brine A exposed for two weeks at
1500C.

7. Typical diffraction pattern of rutile in an ASTM Grade-12 titanium crev-
ice. The film was selected from a black oxide area in a sample which was
immersed in Brine A at 1500C for two weeks.

8. Typical SEM micrograph of the rutile form of TiO2 formed during crevice
corrosion in Brine A for two to four weeks at 1500C.

9. Typical TEM micrograph of the rutile form of TiO2 formed during crevice
corrosion in Brine A for two to four weeks at 150 0 C.

10. Optical micrographs of severe crevice corrosion and the initial stage of
attack in oxygenated and deoxygenated Brine A, respectively, after two
weeks at 1500C. The arrow shows the black rutile form of TiO2.

11. Pit-type morphology in rutile crystals from an ASTM Grade-12 crevice sam-
ple exposed for six weeks in oxygenated Brine A at 1500C.

12. Auger spectrum of the crevice corrosion product and base metal of the
sample used for EDAX analysis.

13. Rutherford backscattering spectrum of the crevice corrosion product of
the sample used for EDAX analysis.

14. Initial stage of rutile formation of a crevice of ASTM Grade-12 titanium
exposed to Brine A at 1500 C.



FIGURES (Continued)

15. Growing rutile domains in a crevice of ASTM Grade-12 titanium exposed to
Brine A at 1500C.

16. Rutile formed in a crevice of ASTM Grade-12 titanium exposed to Brine A
at 1500C filling the whole crevice.

TABLES

1. Compositions of ASTM Grade-12 titanium supplied by vendor (weight
percent).

2. Compositions of brine solutions (ppm).

3. EDAX analysis results on the corrosion products in a crevice exposed to
oxygenated Brine A for two weeks at 1500C. (Weight percent.)

4. Thermodynamic data for the hydrolysis reaction of the probably dissolved
ions at room temperature.



1. INTRODUCTION

There is currently in the U.S.A. an effort to develop titanium alloy ASTM

Grade-12 (Ti - 0.3 o - 0.8 Ni) as a candidate corrosion resistant material

for high level nuclear waste containers which will be emplaced in mined geo-

logic repositories such as those in rock salt 1-71. Crevice-type environ-

ments are expected to form between the Grade-12 titanium container and

surrounding backfill materials or metallic emplacement sleeves. Earlier

screening tests of various candidate materials showed that Grade-12 titanium

is immune to crevice corrosion in simulated rock salt brines (neutral pH)

below 3000C and dissolved oxygen concentrations below 250 ppm [1]. This

immunity has been attributed to the addition of o and Ni to titanium [81

since pure titanium shows significant crevice corrosion in neutral brines

between approximately 100-1500C [9,101. Although the crevice corrosion of

Grade 2 (commercially pure) and Grade 7 (0.12 0.25 weight percent Pd alloy)

titanium has been studied to a certain extent 9-13], no detailed information

on the corrosion mechanism is available in Grade-12 or other titanium alloys.

This first paper outlines the results of immersion tests and surface analysis

studies on Grade 12 titanium. The main objectives were to determine whether

crevice corrosion is likely in Grade-12 titanium when exposed to simulated

rock salt brines at 1500C and to ascertain the probable mechanisms involved.

In the immersion test, we emphasize the effects of solution chemistry, such as

oxygen and proton concentrations, and the effects of sample geometry. The

composition and structure of oxide formed were identified to understand the

initial stage of crevice corrosion and the role of alloying elements. The

next two papers in this journal will summarize the results of electrochemical
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studies and mass balance calculations and these will quantify and support the

corrosion mechanism proposed here.

2. MATERIALS AND TEST ENVIRONMENTS

Grade-12 titanium is a two-phase material composed of alpha phase and

about ten volume percent beta phase along grain boundaries, as shown in Figure

1. Sheet materials used in the study were obtained from TIMET Corporation.

The vendor supplied composition is shown in Table 1. Ni, o and Fe tend to

concentrate in the beta phase and to dilute in the alpha phase. In the beta

phase, up to 4.3 weight percent Ni and 1.3 weight percent o were detected

using an EDAX* probe. No more than 0.30 weight percent Ni and no Mo were

detected in the alpha phase. The differences in Fe concentration were

relatively small compared to those for Mo and Ni.

iS

X| ~~~~~~~~~~~~~~50 p 

Figure 1. Initial microstructure of Grade-12 Titanium.

*EDAX is a commercial name for the procedure of Energy Dispersive Analysis
of X-rays.
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Table 1. Compositions of ASTM Grade-12 titanium supplied by
vendor (weight percent).

Ni Mo Fe C H N 0 Ti

0.82 0.29 0.09 0.013 0.01 0.15 0.16 Balance

Brine solutions selected for this study were based on those used by San-

dia National Laboratories (1) which are considered to simulate those at the

Waste Isolation Pilot Plant site in New Mexico. The concentrations of the

major ions in the solutions used are shown in Table 2. The solutions are

nearly saturated with C, K+, Na+, and Mg+2 (Brine A) ions or C-

and Na+ (Brine B) ions. The initial pH values of the solutions are near

neutral. The majority of the work was performed with Brine A, and the main

test temperature was 1500C.

Table 2. Compositions of brine solutions (ppm).

Brine Na+ K+ Mg+2 Ca+2 Sr+2 C1- S04-
2 I- HCO3- Br- B03 p OH

A 42000 30000 35000 600 5 190000 3500 10 700 400 1200 6.5

B 115000 15 10 900 15 175000 3500 10 10 400 10 6.5

3. EXPERIMENTAL PROCEDURES

Three different sizes of coupon were used (1 x 2, 2 x 2, and 2 x 4 cm)

for the tests. After mirror polishing of the coupons up to 6 pm diamond

paste, a crevice was made by joining metal/metal or metal/Teflon couples with

titanium bolts. The bolts were insulated from the sample in later tests.

However, it was found that the presence of insulated bolts gave no significant

difference in the results obtained.
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The immersion studies were performed in quartz tubes or in static auto-

claves for two to four week periods. The acidity and oxygen concentration of

the solutions were varied and the degree of corrosion was examined optically.

Figure 2 shows a specimen which was bent to detach the thick oxide scale

formed during severe attack. To identify the oxide, a sample from inside the

crevice was selected by punching out from the coupon an area of diameter 3.2

mm. The punched area was carbon coated and the oxide was stripped off chemic-

ally by the immersion of the punched area in a 2% HF solution. HF dissolves

the titanium substrate [14] but does not attack the oxide itself in a few

minutes [15. 16]. The scale was identified by TEM electron diffraction anal-

ysis. The precise composition of the oxide formed was also analyzed by EDAX

oxidescale ~ 4,.~

detached
area ap-e

5 pim

Figure 2. Detached oxide inside a Grade-12 titanium crevice after
six weeks' exposure in aerated Brine A at 1500C. Arrow
indicates the thickness of oxide.
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probe. Prior to the EDAX probe measurements, the sample was mounted in epoxy

to reveal the cross section of the sample preserving the oxide adhered (Figure

3). The EDAX results were confirmed by Rutherford Backscattering and Auger

Spectroscopic Analysis of which procedures are described elsewhere (see

Acknowledgment).

5 m

(arrow mark).
crevice after

Figure 3. Intact oxide used for chemical analysis by EDAX
The oxide was obtained from a Grade-12 titanium 
six weeks' exposure in aerated Brine A at 1500C.

4. RESULTS

During the initial stage of crevice corrosion (first few days of immer-

sion), a very thin multicolored corrosion product was observed. This type of

film was more common in smaller samples, and remained for exposures greater

than two weeks. Three distinct concentric areas (blue, violet, and yellow)
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were selected for electron diffraction. Regardless of the color, the dif-

fraction patterns showed strong anatase TiO2 peaks with traces of Ti3O5

also present. A typical diffraction pattern is shown in Figure 4. The

anatase form of TiO2 was mostly present as block-shaped crystals as shown

in Figures 5 and 6. For exposures of over two weeks, the largest samples

(2 x 4 cm) with the smaller crevice gaps (metal/Teflon) showed a major black

corrosion product. This was composed of the rutile form of TiO2 as identi-

fied from the diffraction pattern in Figure 7. The rutile was in the form of

needle-shaped crystals as shown in Figures 8 and 9.

A typical example of severe attack is shown 'in Figure 10. The degree of

attack is determined using the SEM as shown in Figure 1. A type of pitting is

often observed in such severely attacked specimens as shown in Figure 11.

A supplementary series of tests led to the following conclusions:

(a) Aerated solutions caused more severe attack than deaerated ones

(b) Aeration with pure oxygen gave more corrosion than aeration with

air

(c) Preoxidation of cathodic parts of the specimen in air enhanced

crevice attack

(d) Lower pH brine (4 to 5) enhanced crevice attack

(e) Increasing the test temperature to 2500C gave less crevice attack

compared to tests conducted at 150 0 C.

Table 3 shows the EDAX analysis of the crevice corrosion products. They

are shown to be enriched in o and depleted in Ni, compared to the starting

material. However, the Auger spectrum and the Rutherford Backscattering

spectrum did not detect these two elements (Figures 12 and 13).
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Figure 4.

Figure 5.

Typical diffraction pattern of anatase in an ASTM Grade-12
titanium crevice. A lower oxide peak is also noticeable.

-The film was selected from a sample which was immersed in
Brine A at 150 0C for four weeks.

1 m

a.,aj-.,. v .

the initial stage of crevice
weeks at 1500C.

e anatase form of TiO2 formed during
corrosion in Brine A exposed for two
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Figure 6.

Figure 7.

_ - 4L - _M
Typical TEM micrograph of the anatase form of TiO2 formed during
the initial stage of crevice corrosion in Brine A exposed for two
weeks at 150 0 C.

Typical diffraction pattern of rutile in an ASTM Grade-12 titanium
crevice. The film was selected from a black oxide area in a
sample which was immersed in Brine A at 1500C for two weeks.

8



Figure 8. Typical SE! micrograph of the rutile form of TiO2 formed
crevice corrosion in Brine A for two to four weeks at 150

A. _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I l

1 pm

during
loc.

Iim
E0.1 pm

Figure 9. Typical TEM micrograph of the rutile form of TiO2 formed during
crevice corrosion in Brine A for two to four weeks at 1500C.
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Severe attack

Initial stage o attack

Figure 10. Optical micrographs of severe crevice corrosion and the initial
stage of attack in oxygenated and deoxygenated Brine A, respec-
tively, after two weeks at 1500C. The arrow shows the black

rutile form of TiO2.
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Figure 11. Pit-type morphology in rutile crystals from an ASTM Grade-12
crevice sample exposed for six weeks in oxygenated Brine A
at 1500C.
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Table 3. EDAX analysis results on the corrosion products in a
crevice exposed to oxygenated Brine A for two weeks
at 1500C. (Weight percent.)

As-Received Crevice Corrosion
Element Sample Products

Mo 0.29-0.30 0.53
Ni 0.74-0.82 0.07
Fe 0.09 0.07

Balance Ti TiO2
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Figure 12. Auger spectrum of the crevice corrosion product and base metal of
the sample used for EDAX analysis.
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Rutherford backscattering spectrum of the crevice corrosion
product of the sample used for EDAX analysis.
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5. DISCUSSION

It is evident that the formation of an aeration cell is responsible for

crevice corrosion. This follows from the easier initiation, and the higher

rates, of crevice corrosion for higher dissolved oxygen concentrations. The

concentration of oxygen inside the crevice, compared to the bulk solution,

will determine the severity of corrosion for the initial aeration cell. Also,

increasing the sample size and decreasing the crevice gap (metal/Teflon sam-

ples) gives slower inflow of oxygen into the center of the crevice, leading to

more severe corrosion. Temperature effects may also be explained on the basis

of the above arguments. Above a certain temperature, the diffusion rates of

the dissolved species are faster, and oxygen solubility is decreased. Thus,

a concentration cell may not develop easily and this will minimize crevice

attack.

The results obtained from the cathodic surface preoxidation test indicate

that preoxidation will lead to an increased potential difference between the

anodic and cathodic regions, thereby resulting in enhanced crevice attack.

The data on solution pH effects imply that it is necessary to attain low pH

values within the crevice to cause severe corrosion. When the bulk solution

pH is lowered, it is easier to obtain the low pH condition inside the crevice

necessary for passivity break-down and subsequent fast dissolution. Since

electrical neutrality must be preserved in the crevice, this low pH is

accompanied by a high anion (chloride) concentration.

From the above observations, the current work is in qualitative agreement

with crevice corrosion mechanism proposed previously. The general sequence of

steps in the mechanism may be stated as follows:
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1. Oxygen depletion occurs in the crevice

2. Acidity increases and anions accumulate in the crevice

3. Local break down of passive film commences, followed by pit

formation and fast dissolution

The potential drop may occur throughout Stage 1 to Stage 3.

In the literature, three different oxides have been reported as possible

corrosion products for titanium and its alloys in acidic solution [17,18 or

in neutral NaCl solutions 9,181. These are the stable rutile form of TiO2

(tetragonal), the metastable anatase form of TiO2 (tetragonal), and another

metastable brookite form of TiO2 (orthorhombic). The metastable forms have

been reported to act as barriers to corrosion and drastically retard the cor-

rosion process [17,18]. On the other hand, rutile is known to be present as a

porous layer and possibly orginates for some secondary process such as precip-

itation [17,18]. Rutile is not an effective barrier to corrosion. Figures

14-16 show the sequence for rutile formation within Grade-12 titanium crev-

ices. Rutile needles are formed on the anatase surface (Figure 14) forming

domains (Figure 15) and eventually filling the whole crevice (Figure 16). The

thickness of anatase barrier oxide is proportional to the electrode potential

increase 17,19,20]. Therefore, we can conclude that the potential will in-

crease in the early stage of crevice corrosion since the formation of the

barrier oxide will consume oxygen in the crevice. Such a potential rise has

been observed in stainless steel crevice corrosion [21]. After the maximum

potential is reached, the barrier oxide ceases to grow, while the porous

rutile will form either by the transformation of existing anatase, resulting
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Figure 14. Initial stage of rutile formation of a crevice of ASTM Grade-12
titanium exposed to Brine A at 1500C.

l l
10 Jim

Growing rutile domains in a crevice of ASTM Grade-12 titanium
exposed to Brine A at 1500C.

Figure 15.
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Figure 16. Rutile formed in a crevice of ASTM Grade-12 titanium
exposed to Brine A at 1500C filling the whole crevice.

Table 4. Thermodynamic data for the hydrolysis reaction of
dissolved ions at room temperature 221.

the probably

Ti++ + 2H20 =

Ti 4II + 2H2 0 

3Ni++ + 4H20 =

2Ni+ + 3H20 -

Ni++ + 2H20 

TiO2 + 4H+ + 2e-

TiO2 + 4H+ + e-

Ni304 + 8H+ + 2e-

Ni203 + 6H+ + 2e-

NiO2 + 4H+ + 2e-

Eo = -0.502 - 0.1182 pH -

Eo = -0.666 - 0.2364 pH -

Eo - +1.977 - 0.2364 pH -

Eo - +1.753 - 0.1773 pH -

Eo = +1.593 - 0.1182 pH -

0.0295 log (Ti++)

0.0591 log (Til4+)

0.0886 log (Ni++)

0.0591 log (Ni++)

0.0295 log (Ni++)

Mo+++ + 2H20 MoO2 + 4H+ + e- Eo +0.311 - 0.2364 pH - 0.0591 log (Mo++ 4)
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in a potential drop, or by some secondary processes such as precipitation

[17,18]. The rutile layer is known to thicken as the electrode potential is

decreased [17]. It is important to assess the electrode potential during the

initial stage of crevice corrosion in order to identify barrier and non-

barrier oxides and to relate their thickness to the electrode potential.

This relation will be used later in the calculation of the crevice corrosion

potential.

The crevice corrosion products used for the chemical analysis are mainly

composed of the rutile form of TiO2, which is a hydrolysis product of ions

dissolved in the crevice solution. In order to evaluate hydrolysis effects,

thermodynamic data are given in Table 4 for Ti, Ni and Mo of the probably dis-

solved ions at room temperature, quoted from reference [22]. A spontaneous

hydrolysis reaction is possible for Ti resulting in TiO2, while any type of

nickel oxide will not be formed. For Mo, oxide formation is possible,

depending on the local pH variations.

The penetration depth for EDAX analysis is about 4 Um while those for

Auger spectroscopy and Rutherford Backscattering are 10 nm and 200 nm

respectively. Therefore, Mo is depleted in top 200 n of the corrosion

products near to the solution while the interior of the oxide are enriched

with Mo. This may be attributed to the redissolution of Mo by local pH

variation although detailed mechanisms are left for future studies.

We now consider how crevice corrosion is activated with respect to the

structure and chemistry of oxides formed. Since we have observed quite deep

pits, the activation of crevice corrosion is likely to be related to pitting.

The pitting can be initiated in different ways for the present crevice
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corrosion conditions. For example, as a transient phenomenon from a passive

state to an active state. Before the activation of the whole crevice area,

the local disappearance of barrier oxide or passive film may have led to the

observed pits. In this case, the electrode potential must have been in the

active state. Other work [231 shows an active peak for Grade-12 titanium in

simulated crevice solutions at 90 - 1000C. An objection to this hypothesis

is that the observed pits are too localized with appreciable depths to be con-

sidered as a transient phenomenon leading to the overall activation of the

whole crevice surfaces. A second hypothesis centers on transpassive pitting.

The beta phase is enriched with Mo and the transpassive selective dissolution

of Mo has been observed for high Mo-Ti alloys in acidic conditions [24].

Since the region of transpassive behavior for Mo starts at -0.3 V versus SCE

in acidic conditions it is quite possible that the pitting potential may have

been reached in the beta phase even though the overall pitting potential is in

the range of 0.5 to 1.0 volt for simulated crevice solutions [25]. A third

possibility involves an anodic-, or a transpassive, dissolution of Fe in the

beta phase as a galvanic corrosion process. This type of pitting has been

reported for shell-and-tube heat exchangers used in 20% CaI2 brine with

small amounts of K+, Br-, and I- [26]. The objection to this hypothesis

is that the Fe in Grade-12 titanium is distributed quite uniformly compared to

Mo and Ni, as shown in the chemical analysis of the as-received material.

From the above discussions on the three hypotheses, it is most likely that

crevice corrosion is activated by the initiation in the beta phase. The

selective dissolution of the beta phase results in the enrichment of Mo in the

crevice corrosion product. The pit initiation may occur locally without being
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accompanied by overall thinning of oxide formed in the crevice. In fact, the

preservation of overall oxide thickness by uniform dissolution in the crevice

has been observed in CP (commercially pure) titanium [27].

We have also studied crevice corrosion of CP titanium [28] in this study.

While the CP titanium coupons are nearly destroyed during crevice corrosion,

Grade-12 titanium shows very slow crevice corrosion kinetics. It is also pos-

sible that crevice corrosion eventually ceases as postulated by other workers

[29-321. Such repassivation has been attributed to Ti+4 ion accumulation

[29,311, to the formation of polymoybdate species on the metal surface [32],

and to salt-layer formation [301. Discussion of these possibilities will be

reported in a subsequent paper [331.

A final point deserves mention in this paper and concerns the use of

metal/Teflon crevice samples to obtain a smaller crevice gap compared to those

in the metal/metal crevice specimens. The reduced gap has beem shown to give

more voluminous corrosion products, but there has long been speculation that

the more severe attack comes from fluoride ions released from the Teflon

coupon. A recent study on this subject has discarded such a possibility [341.

In this work calcium fluoride was found to have no effect on Ti corrosion

performance at high chloride concentrations, which is the case for our study.

Therefore, the metal/Teflon crevice sample appears to be an effective method

for studying the effects of small crevice gaps on crevice corrosion.

The cation concentration is of less importance in the crevice corrosion

process compared to solution pH [9]. Therefore, a few tests in Brine B have

shown similar results for Brine A.
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6. CONCLUSIONS

Crevice corrosion of ASTM Grade-12 titanium was detected at 1500C in

simulated rock salt brine solutions. Lower pH accelerated the reaction rates

and deaerated solutions gave less corrosion than aerated ones. Also, increas-

ing specimen size, a decreasing crevice gap, and preoxidation of the cathodic

area gave more crevice attack. These results are consistent with those ex-

pected from macroscopic concentration cell formation accompanied by oxygen

depletion, a potential drop, and acidification inside the crevice. The re-

sults of oxide film analysis show that compact anatase crystals are formed

initially inside the crevice. As the macroscopic cell develops the beta

phase, enriched with Mo and Ni, reaches the transpassive pitting potential

causing localized dissolution. During this dissolution, Mo enrichment was

observed in the crevice corrosion product. This is caused by the precipita-

tion of dissolved Mo ions. The corrosion product was depleted in Ni since

this element is unable to precipitate from the crevice solution. During the

dissolution process, rutile crystals are formed in the crevice.
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ABSTRACT

The crevice corrosion of Grade-12 titanium has been studied in a simu-

lated rock salt brine of varying acidity and dilution. The stages of corro-

sion were monitored by continuously recording the crevice potential and

current. Initially, the anode potential increased due to the growth of a

barrier oxide. After this period, local passivity breakdown occurs accom-

panied by a potential drop and a current increase. Following breakdown of

passivity, the crevice current decreases and the potential increases, sug-

gesting that part of the specimen surface repassivates. However, repassiva-

tion seems to be compromised by subsurface cracking during long term testing.

The incubation period for crevice corrosion in various solutions was found to

be about two-three days. In comparison, the incubation period for Grade-2

titanium is essentially zero and repassivation does not occur. Corrosion

rates for this material are much higher. Possible crevice corrosion

mechanisms for the two materials are discussed.
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FIGURES

1. Schematic diagram of the testing equipment for monitoring crevice
corrosion under hydrothermal conditions (a) autoclave and accompanying
current/potental measuring assembly. AC: stainless steel autoclave, L:
Teflon liner, PLG: pressure gage, RD: rupture disc, GV: gas control
valve, TC: chromal-alumel thermocouple encased in titanium sheath, R:
Ag/AgCl (saturated KC1) reference electrode, CC and CS: Cathode and anode
assembly used in measuring current, PC and PS: cathode and anode assembly
used in measuring pH, V: potentiometer, A: Current meter, R: recorder.
(b) anode assembly used in current/potential measurements. BA: anode, TP:
telfon discs, PPI and PP2: titanium pressing plates, E: enamel used for
electrical insulation. (c) anode assembly used in pH measurements. PA:
anode disc, W: wells for collection crevice solution.

2. A Grade-12 titanium anode specimen after the test in dilute (by a factor
of 100) Brine A. The white areas represent deposits of TiO2.

3. A SEM micrograph of a pits formed in the crevice corrosion of Grade-12
titanium (a). When the oxide was removed, the pits formed are more
pronounced.

4. A SEM view of the vertical cross section of a corroded area on a Grade-12
titanium anode specimen.

5. An optical micrograph of the surface of a Grade-12 titanium anode speci-
men showing the corrosion as primarily a pitting phenomenon. Note the
alignment of the corrosion.

6. An unusual crater-like feature on the surface of a Grade-12 titanium
anode specimen.

7. Time dependence of current and potential for Grade-12 titanium in neutral
Brine A. The steady state temperature is 150 0C.

8. Time dependence of current and potential for Grade-12 titanium crevice in
diluted (by a factor of two) Brine A. The closed and open circles repre-
sent uncoupled potentials of the freely exposed cathode disk and the
anode assembly, respectively. The steady state test temperature is
-1500C..

9. Time dependence of current and potentital for Grade-12 titanium in one
hundred times diluted Brine A. The closed and open circles represent un-
coupled potentials of the freely exposed cathode disk and the anode as-
sembly, respectively. The steady state temperature is 150 0C. The
broken line between 90 and 110 hours on the potential curve represents
the period during which the potential overshot the recorder scale.



FIGURES (Continued)

10. Time dependence of corrosion current and potentital of Grade-12 titanium
in acidified Brine A at 1500C. Circles represent the decoupled
potentials.

11. Time dependence of current and potential for Grade-2 titanium in Brine A
at steady state temperature 1501C.

TABLES

1. Vendor supplied chemical analysis of Grade-12 and Grade-2 titanium.

2. pH of the crevice solution and weight gain of the crevice anode after
two-week tests in three brines.



1. INTRODUCTION

As shown in the previous paper,(l) immersion tests and surface analyses

have shown qualitatively that macroscopic concentration cell formation is re-

sponsible for Grade-12 titanium crevice corrosion in a simulated rock salt

brine at 1500C. Cell formation is accompanied by oxygen depletion, a poten-

tial drop, anion accumulation and acidification inside the crevice. This also

leads to pit initiation within the crevice. To quantify the crevice corrosion

process, in situ electrochemical monitoring is essential. A suitable tech-

nique for testing a Grade-12 titanium crevice under hydrothermal conditions

was developed.(2) The results of tests on Grade-12 titanium crevices in the

simulated rock salt brine are discussed in this paper. The results for

Grade-2 titanium crevices are also included for the purpose of comparison.

2. EXPERIMENTAL PROCEDURES

Material and Test Environments

The chemical compositions of Grade-12 and Grade-2 titanium sheet, as

supplied by the vendor, are given in Table 1 and the nominal compositions of

the simulated rock salt brines were given in the proceeding paper. To lower

the pH of this solution, appropriate amounts of hydrochloric acid were added,

and to increase its dilution, doubly distilled water was added. All tests

were performed in Brine A since it was found that corrosion in the two brines

was essentially identical.(l)

Specimen and Cell Design

The specimen and cell designs are based on a simple system for monitor-

ing crevice corrosion viz the freely-exposed cathode and creviced anode are

2



Table 1. Vendor supplied chemical analysis of Grade-12 and Grade-2
titanium.

C Fe N Mo H 0 Ni Ti

Grade-12 Titanium
(Current Specimen)a 0.009 0.10 0.010 0.27 0.007 0.13 0.84 Balance
(pH Specimen)b 0.013 0.13 0.012 0.31 0.008 0.13 0.7 Balance

Grade-2 Titanium
(Current Specimen) 0.008 0.05 0.004 ---- 0.005 0.07 ---- Balance

aFor the measurement of crevice corrosion rates.
bFor the measurement of the pH inside the crevice.

physically separated but connected externally through a current measuring

device; a potentiometer monitors the potential with respect to a reference

electrode. The current gives an indication of the corrosion rate, whereas the

potential can give useful information on crevice conditions. In the present

study, the test temperature of 1500C requires the use of an autoclave sys-

tem. Since Grade-12 titanium is known to be highly corrosion resistant, a

very tight crevice is needed to cause attack. This, however, prohibits in

situ monitoring of the crevice pH. Consequently, a separate thick crevice

specimen with small wells of diameter 0.14 cm was included in the tests to.

collect a sample of crevice solution, which is used after test completion to

measure the pH at room temeprature. The test cell and the configuration of

the current and pH specimen assemblies are shown schematically in Figure 1;

the details are described elsewhere.(2) All of the cathode and anode speci-

mens are 5-cm diameter discs. The anode specimen is mirror polished to facil-

itate the formation of a tight crevice when it is sandwiched and pressed be-

tween two Teflon discs of the same size. The connecting lead wires made by

3
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(b) Cc)

Figure 1. Schematic diagram of the testing equipment for monitoring crevice
corrosion under hydrothermal conditions (a) autoclave and accom-
panying current/potental measuring assembly. AC: stainless steel
autoclave, L: Teflon liner, PLG: pressure gage, RD: rupture disc,
GV: gas control valve, TC: chromal-alumel thermocouple encased in
titanium sheath, R: Ag/AgCl (saturated KC1) reference electrode, CC
and CS: Cathode and anode assembly used in measuring current, PC
and PS: cathode and anode assembly used in measuring pH, V: poten-
tiometer, A: Current meter, R: recorder. (b) anode assembly used in
current/potential measurements. BA: anode, TP: telfon discs, PPI
and PP2: titanium pressing plates, E: enamel used for electrical
insulation. (c) anode assembly used in pH measurements. PA: anode
disc, W: wells for collection crevice solution.
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drawing the alloy sheet, are insulated from the test solution. In this con-

figuation both sides of an anode disc form crevices and, therefore, neglecting

the edge area the total anode and cathode areas are equal. The corrosiveness

of the brine solution required the use of a Teflon liner and the chromel-

alumel thermocouple was encased in a titanium tube.

The potentials are measured with respect to a Ag/AgCl reference electrode

(encased in a teflon tube containing saturated KC1) which remains in contact

with the test solution through a porous zirconia plug 'at its lower end. Be-

cause of the need for a very tight crevice, the reference electrode could not

be placed inside the crevice. The measured potential may include a junction

potential when the crevice chemistry has changed from the bulk composition.

However, it is expected to be small due to the high ionic concentration of the

bulk solution. Recent work by Taylor(3) confirms this.

Test Procedure

Both the current and the pH-anode specimens were assembled as shown in

Figures lb and c, respectively, after submerging in the test solution. This

eliminated any uncertainty associated with the initial ingress of solution

into the crevice. Before sealing the autoclave, the brine solution was oxy-

genated by bubbling oxygen through it for a minimum time of one hour. The

electrical connections were then made as shown in Figure la, and the autoclave

was heated to 150 0C. The equilibrium pressure of brine at this temperature

was approximately 60 psig.

During the test period, which typically lasted for two weeks, the current

between the cathode and anode specimens and the potential of the coupled

assembly were continuously recorded. Occasionally, the cathode and anode
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specimens were decoupled for a few minutes during which the potential of the

two electrodes reached stationary values; these were recorded. The usual

connections were then restored, and the system returned to coupled condition

within a few minutes.

At the end of a test the autoclave was quickly cooled by submerging its

lower part in ice cold water. As soon as the temperature fell below the

atmospheric boiling point of brine, a gas sample was collected to determine if

any hydrogen was generated during corrosion. Then the autoclave was opened

and the pH-anode assembly was quenched in a dewar of liquid nitrogen to mini-

mize further alteration of crevice solution characteristics. Subsequently,

this assembly was dismantled and the crevice solution in the wells was warmed

up to room temperature. Its pH was measured with a microcombination probe

(Model MI-410, Microelectrodes Inc.). Due to the condensation of atmospheric

moisture on the specimen surface, the observed pH is expected to be an upper

limit for the true value.

Finally, the cathode and anode specimens were ultrasonically cleaned in

distilled water, dried in air and weighed. The anode specimens were also ex-

amined under optical and scanning electron microscopes to study morphological

features of corrosion. The depth of crevice attack was determined by section-

ing a specimen and examining it with a microscope. In the case of Grade-2

titanium, corrosion was much more severe, which permitted the examination of

the corrosion product by X-ray diffraction powder methods.
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3. RESULTS

Corrosion Product Morphology

A visual examination of Gade-12 titanium anode specimens showed that

crevice corrosion occurs in a non-uniform manner. As shown in Figure 2, a

white corrosion product, identified later as the rutile form of TiO2, was

usually present in larger amounts near the edge of the specimen where pressure

from the screws is higher. In pH specimens the area near the wells, which

has a relatively large volume of the crevice solution, showed the least amount

of corrosion. Therefore, it is clear that the crevice gap is very important

in determining the extent of corrosion.

A microscopic examination of the corroded surface showed that the cor-

rosion starts in isolated areas presumably with the formation of a pit such as

that shown in Figure 3. As corrosion proceeds the pits are filled by the

growth of insoluble rutile (TiO2). Since the oxidation of titanium to

rutile is accompanied by a 5.3% increase in volume, a pit is soon covered with

TiO2, forming a mass extending into the crevice. A vertical cross-section-

of a typical corroded area is shown in Figure 4 where the pit is very shallow

and the corrosion product can be seen both above (area a) and below (area b).

Note that the volume expansion during corrosion produces stresses high enough

to generate a crack (below area c) which can act as a site for crevice corro-

sion. The corrosion product and the underlying pit were found to be aligned

along scratches in the adjacent Teflon disc (Figure 5). This figure also

shows the corrosion is primarily a pitting phenomenon under the crevice

conditions.

7
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A Grade-12 titanium anode specimen after the test in dilute (by
a factor of 100) Brine A. The white areas represent deposits of
TiO2 .

Figure 2.

I
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Figure 3. A SEM micrograph of a pits formed in the crevice corrosion of
Grade-12 titanium (a). When the oxide was removed, the pits
formed are more pronounced (b).

9



1 I0 

I 
" i

Figure 4. A SEM view of the vertical cross section of a corroded area on
a Grade-12 titanium anode specimen.



-- 0.1 mm

Figure 5. An optical micrograph of the surface of a Grade-12 titanium anode
specimen showing the corrosion as primarily a pitting phenomenon.
Note the alignment of the corrosion.

Figure 6 shows an unusual crater-like feature on the surface of a Grade-

12 titanium anode specimen. It appears that an oxide dome was formed due to

the initial corrosion and at a later time corrosion restarted at the bottom of

the pit. As in the case of Grade-12 titanium, the crevice corrosion of Grade-

2 titanium was relatively severe near the edge of the specimen. However, in

this case, it was much more severe so that the edge area had broken into brit-

tle fragments. In general, the cathode specimens of both metals developed a

strongly adhering uniform oxide film, but in the case of Grade-2 titanium

there was an unexpected observation of the loss of metal from an area on the

edge of the specimen.

Weight and pH Measurements

The weights of both the Grade-12 titanium current and pH anode specimens

increased as a result of corrosion. Generally, the weight increase for the

11



0.5 mm

Figure 6. An unusual crater-like feature on the surface of a Grade-12 titan-
ium anode specimen.

current-anode was about one and a half times less than that for the pH-anode

specimen (Table 2). This difference may be due to any existing resistance of

the connecting path between cathode and anode in the case of current measuring

crevice configuration. However, no significant potential drop is observed

across the ammeter and path between two electrodes. Alternatively, if the

cathodic reaction is significant at the freely exposed edge of anode, it will

be greater in the case of much thicker pH-anode specimen. The weight increase

for cathode specimens, which showed a uniform tarnish after the test, was

approximately two orders of magnitude smaller than that for the anode

specimens.

As mentioned previously, the anode specimen used in the Grade-2 titanium

crevice was corroded to such an extent that part of it fractured and became

detached from the sample. After simple scraping, some of the corrosion

product was still attached but the specimen showed a weight loss of 6.8%.

12



Table 2. pH of the crevice solution and weight gain of the
crevice anode after two-week tests in three brines.

Starting Weight Gain
Bulk Crevice of pH

Solution Solution Specimen
Bulk Solution pH pH (g/cm2)

Neutral Brine A 7.0 3.2 7.OxlO-4

Acidic Brine A 4.2 3.8 9.5x10-4

Ten Times
Diluted Brine A 8.4 2.8 12.3x10-4

One Hundred Times
Diluted Brine A --- --- lO.9x10-4

The results of the room temperature pH measurements on the starting bulk

solution as well as the crevice solution after test are given in Table 2. The

pH values at the test temperature are expected to be lower.(4) Since the

extent of crevice corrosion was usually smaller around the pH wells, the

lowering of pH due to corrosion would be less in this area and, therefore,

these values represent an upper limit for the actual pH in the more corroded

areas. In the case of ten times diluted Brine A, the pH of condensed moisture

in the uniformly corroded area was as low as 1.8. The condensed moisture

outside the crevice had a pH of 5.9.

Potential and Current Measurements

The variation with time of the potential of the cathode/anode coupled

assembly, and the current from the cathode to the anode specimen for Grade-12

titanium crevice in neutral Brine A is shown in Figure 7. The behavior of

similar crevices in the ten times and the one-hundred times diluted Brine A

are shown in Figures 8 and 9. It also shows the uncoupled potentials of the

cathode and anode specimens, which were recorded after decoupling the two for
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Figure 7.
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a few minutes. Note that the cathode potential shows a much smaller change,

whereas the anode potential nearly follows the pattern of the coupled poten-

tial. Similar curves were obtained for Grade-12 titanium crevices in acidic

(pH - 4.2) Brine A as shown in Figure 10. Initially, such current and poten-

tial behavior appears to be complex, but a closer examination suggests the

following common features:

(a) Initially, when the autoclave is at room temperature, the coupled

potential increases at a rate which decreases with time, whereas the

current remains essentially zero.

(b) As the autoclave is heated, a negative current accompanied by a

sharp decrease in crevice potential is recorded. The difference

between the individual potentials of cathode and anode specimens

becomes larger.

(c) After the autoclave has reached the test temperature, the potential

rises and the current becomes significantly lower. Occasionally,

the negative current proceeds the low positive current (Figure 9).

(d) Later, the current shows an abrupt increase which is accompanied by

a decrease in crevice potential.

(e) In the following period which covers most of the test time, the cur-

rent and potential do not show any reproducible behavior. However,

an increase in current is always accompanied by a decrease in coupl-

ed potential. For the case of neutral Brine A (Figure 7). the cur-

rent slowly decreased to a very small value. For ten-times diluted

Brine A and acidic Brine A, this attentuation of current was

intermediate between the patterns shown in Figures 8 and 10.
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The time dependence of current and potential for Grade-2 titanium crevice

in neutral Brine A is shown in Figure 11. In this case the decoupled poten-

tials were not recorded. The figures show several important differences com-

pared to Grade-12 titanium crevices. Firstly, the crevice current is approx-

imately three orders of magnitude higher. Secondly, the above described steps

(b) and (c) were not detected; instead step (d) is observed during the heating

period. Thirdly, after about 110 hours, the crevice current decreases but it

is not accompanied by any potential increase. Finally, after approximately

125 hours the current not only approaches zero, but changes polarity.

4. DISCUSSION

Metallographic examination (Figure 2) confirms ear ier o serva-

tions(15) that Grade-12 titanium is susceptible to crevice corrosion in

Brine A at 1500C. As shown by the less severe corrosion near the pH wells

and the more severe corrosion near the edges of the specimens where pressure

from the screws was higher, one of the most important conditions for observing

crevice attack is the presence of an extremely narrow crevice gap.

The sequence of crevice corrosion for Grade-12 titanium as shown by the

time dependent behavior of crevice potential and current (Figures 7 to 10) is

in general agreement with the crevice corrosion model decribed in the preced-

ing paper. However, some additional details of the corrosion mechanism can be

obtained from the present data.

Initially, at room temeprature, the coupled potential gradually increases

with the growth of a barrier oxide.(l) If the cathode and anode specimens

have different starting surface conditions, their decoupled potentials would
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be different. 
(The rate of oxidation 

at the cathode 
and anode 

specimens 
is

about 
the same 

80 that the crevice 
current 

remains 
negligible,)

During 
the transient 

period 
of autoclave 

heating, 
the crevice 

potential

decreases 
because 

of adjustment 
to new equilibrium 

conditions. 
At high tem-

peratures 
the rate of oxide 

growth 
is faster 

and, therefore, 
the potential

starts 
increasing 

at a higher 
rate than at room temperature. 

However, 
due to

limited 
availability 

of oxygen 
within 

the crevice, 
oxide 

film growth 
is faster

on the cathode 
than on the anode 

specimen. 
Accordingly, 

the difference 
be-

tween 
the decoupled 

cathode 
and anode 

specimen 
potentials 

becomes 
larger 

with

time.

After 
the transient 

period, 
the cathode 

potential 
occasionally 

shows 
a

large 
drop which 

causes 
a reversal 

of the current 
direction. 

The reason 
for

this observation 
is not clear. 

This phenomenon, 
when it exists, 

later 
dis-

appears 
and the system 

reverts 
back to a normal 

condition, 
i.e., 

the crevice

potential 
rises 

and the current 
approaches 

a small 
positive 

value. 
Under

these 
conditions 

the crevice 
chemistry 

becomes 
increasingly 

corrosive, 
al-

though 
when a crevice 

was opened 
at this stage, 

only a uniform 
oxide 

film was

observed. 
Thus, 

the crevice 
corrosion 

process 
is still 

in the incubation

phase. 
With time the crevice 

solution 
becomes 

sufficiently 
aggressive 

such

that the protective 
oxide 

film becomes 
unstable 

and fresh 
metal 

is exposed.

This can be considered 
to be the end of the incubation 

period 
for crevice

corrosion. 
At this point 

a higher 
current 

starts 
flowing, 

the potential

decreases 
sharply, 

and the propagation 
stage 

commences. 
If the oxide 

film is

dissolved 
only in a small 

area, 
then the local 

metal 
potential 

in that area

may be even more negative 
than the observed 

decoupled 
anode 

potential. 
The
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cathode and anode are now permanently separated, the latter being at a much

lower potential.

Extensive tests at TIMET(6) have shown that temperature is a very

important parameter for the occurrence of crevice corrosion of titanium, and

no corrosion in chloride-containing environments is observed at room temper-

ature. Therefore, to estimate the incubation period in the present experi-

ments, we may assume that it starts when the autoclave reaches the test tem-

perature, and ends with the sudden increase in current. With this definition

the incubation periods for the neutral, acidic, and ten- and one-hundred-

times diluted Brine A are determined to be 68, 45, 44 and 55 hours, respect-

ively. Within the uncertainty in the experimental variables these values are

similar. We may, therefore, conclude that as far as the incubation period is

concerned all the solutions are equally corrosive. This conclusion implies

that the oxygen depletion stage is a rate limiting step for determining the

incubation time. The kinetics of anion and proton accumulation are too fast

to be observed in the incubation time.

After the breakdown of passivity, the current shows random fluctuations.

It is reasonable to believe that the sudden spikes in current which are always

accompanied by a sharp decrease in crevice potential correspond to the break-

down of the passive film in discrete areas within the crevice. In the propa-

gation stage large currents flow because the decoupled anode potential has

decreased; the cathode potential shows only small changes which are probably

due to temperature fluctuations. Isolated occurrence of corrosion within the

crevice is also clear from the visual examination of the specimens (Figure 2).
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The formation of a pit inside the crevice, as shown in Figure 3, is the

first visual sign of crevice corrosion of Grade-12 titanium. At a later stage

the anode surface under a microscope shows numerous but generally isolated

islands of corrosion product, suggesting that pitting is the precursor of

crevice corrosion. The corrosion product which has been identified as the'

rutile form of TiO2 soon fills a pit, thereby producing even more severe

crevice conditions locally. As shown in the cross section through a typical

pit, in Figure 4, the pit is quite shallow. This probably occurs because the

TiO2 formed has a larger volume than the titanium from which it formed and

this would reduce the supply of oxygen to the bottom of the pit. The pit

would, therefore, tend to grow laterally.

Oldfield and Sutton(7) have previously proposed for the crevice corro-

sion of Type 316 stainless steel in chloride solutions that the sharp decrease

in potential at the end of the incubation period is due to the micropitting of

the specimen surface. However, these micropits soon coalesce as the potental

approaches a steady state. In the present study, however, we find isolated

pits are present several days after the lowering of the crevice potential, and

they remain localized. This observation implies that the potential drop is

associated with both solution chemistry changes and pit initiation phenomena.

A common feature of all the tests on Grade-12 titanium crevices is that

after an initial current increase at breakdown of passivity the current de-

creases slowly. This phenomenon is most evident in Figure 7 where the current

becomes negligible within twenty hours of breakdown; the same is observed for

the case of acidic Brine A (Figure 10). For the ten-times diluted Brine A

23



(Figure 8), the final magnitude of current is relatively large. And for the

hundred-times diluted Brine A (Figure 9), there is a second major increase.

The large current for hundred-times diluted solution seems to be due to de-

creased oxygen solubility somehow related to anions concentrations providing

larger area for pit initiation. One possible reason for the decrease in

current is that the conduction volume within the crevice is reduced by the

conversion of titanium to rutile. However, the decrease in current is much

greater than can be explained by this mechanism alone. The second increase

in current in Figure 9 is also inconsistent with this explanation. Moreover,

the accompanying rise in anode potential implies that this decrease is due to

some electrochemical change occurring within the crevice, such as repassiva-

tion, at least in part of the crevice. Kelly(8) has shown that a titanium

surface actively corroding in an acidic medium to form Ti+3 can be repassi-

vated if the local concentration of Ti+4 ions exceeds a critical value which

is determined by the properties of the crevice solution. Such details are not

known for the present crevice solutions, but the results show that this self-

healing is more easily achieved in neutral Brine A than in its diluted solu-

tion. The second increase of current can be interpreted as being due to fluc-

tuation in which relatively mobile Ti+4 ions diffuse out of the crevice. In

the case of highly diluted Brine A the critical Ti+4 concentration is rather

high so that its repassivation effect can be easily changed.

An alternative explanation for the "self-healing" of an active crevice

can be given from the results of Glass(9) and Diegle.(1O) Glass finds

that an active titanium surface in an acidic medium easily passivates if a
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very small concentration of molybdate ions is added to the solution (IN

H2S04). This passivation occurs due to the strong bonding of polymolyb-

date species on the metal surface. Similarly, Diegle observed that an active

titanium crevice in M NaCl (pH-3) repassivated when 100 ppm of Ni+2 ions

were added to the test solution. These mechanisms of repassivation are pos-

sible in the present tests if molybdenum and nickel present in the solution

from the initial dissolution of Grade-12 titanium redeposit on the active

surface. Further investigations are needed on Brine A of varying dilution in

order to choose between the different mechanisms of repassivation.

It is interesting to compare the current/potential behavior of Grade-12

titanium with that of Grade-2 titanium, shown in Figure 11. Firstly, the much

higher corrosion current in the case of Grade-2 titanium is consistent with

the physical observation of much higher corrosion. Because of the faster re-

action in this case, the active dissolution stage of crevice corrosion starts

during heating and there is no observable incubation period. As in the case

of Grade-12 titanium, the current decreases after approximately 110 hours.

However, in contrast, it is not accompanied by any increase in potential. On

the contrary the crevice potential shows a further decrease. Diegle(1O) and

McKay and Mitton(ll) have reported similar observations on Grade-2 titanium

crevices in NaCl solutions. It is believed that unlike Grade-12 titanium

crevices the decrease in current in Figure 11 is not due to the repassivation

of anode surfaces. Presumably, the observed current goes to zero because the

cathodic reaction no longer occurs on the external freely exposed cathode

specimen. Instead, with increasing aggressiveness of the crevice solution the

cathodic reaction moves onto the anode specimen surface. This possibility is
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supported by the observation of titanium hydride in the corrosion product. In

other words, as oxygen in the autoclave is consumed at the cathode surface,

the importance of hydrogen reduction as a cathodic reaction increases.

Griess(l2) has shown earlier that the fraction of hydrogen reduction

reaction can become as high as 91% in some cases. Similar observations were

made by McKay and Mitten.(11) Highly acidic conditions within the crevice

would further promote hydrogen evolution. Under these conditions the cathode

specimen may become anodic to the creviced anode specimen to the extent that a

negative current is observed and a small part of the cathode specimen is

dissolved in the solution.

The previous paper(l) showed that crevice corrosion of Grade-12 tita-

nium in neutral Brine A is facilitated if the solution is saturated with

oxygen. This observation emphasizes the importance of available oxygen and

oxygen reduction as the cathodic reaction. However, an approximate calcula-

tion of the total observed flow of charge in the current measurement suggests

a gain in the weight of the anode specimen is typically smaller than the ob-

served weight increase. Therefore, even for the case of Grade-12 titanium,

hydrogen reduction appears to be an important cathodic reaction although

hydride formation has not been observed directly. That some kind of gas

evolution occurs within the Grade-12 titanium crevice is seen in Figure 6.

Here the gas had detached the blister-like corrosion product from the sub-

strate which is also covered with oxide. The picture shows a crater-like

feature left behind after the breaking of the blister. The analysis of gases

collected at the completion of the test also showed some hydrogen, although it

is not certain if corrosion of other titanium components had contributed to

this observation.
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The difference between the susceptibiities of Grade-2 and Grade-12 titan-

ium to crevice corrosion under the present conditions is striking. Whereas

the much lower corrosion for Grade-12 titanium is obvious, the surface morpho-

logy of Grade-12 titanium shows (Figure 5) distinct signs of pitting, whereas

that of Grade-2 titanium resembles fast dissolution.(l1922,l3) According to

the classical model of crevice corrosion, in the case of Grade-2 titanium, as

the pH of the crevice solution decreases below a critical value the anode po-

tential decreases into the active region. The crevice propagation stage then

corresponds to the high anodic current which reaches a steady state determined

by the pH, the transport of H+ and Ti+3 ions out of the crevice, the

titanium hydrolysis equilibria and the kinetics of the hydrogen reduction

reaction.(11)

In the previous paper,(l) we discussed why pitting was observed in

Grade-12 titanium. It was considered that the pitting potential was achieved

locally in the phase where there is an enrichment of alloying elements (Mo,

Ni). Subsequently, the phase was selectively dissolved locally in a manner

consistent with pitting corrosion. Once a pit initiates in the phase, it

can propagate into the a phase in an autocatalytic manner. As long as the

majority of the surface is not attacked, the overall metal potential stays

relatively high. This is consistent with the present observations where the

overall level of anode-specimen potential in the propagating stage was

considerably higher in Grade-12 titanium compared to Grade-2 titanium.

5. CONCLUSIONS

Electrochemical as well as metallographic studies confirm that Grade-12

titanium and Grade-2 titanium are susceptible to crevice corrosion in Brine A

27



at 1500C. This brine is sufficiently aggressive to cause corrosion even if

diluted one hundred times. The incubation period to initiate rapid dissolu-

tion in Grade-12 titanium within the crevice is determined to be about two-

three days regardless of varying solution chemistry. This suggestes that

oxygen depletion is the rate determining step for incubation time.

The crevice corrosion of Grade-12 titanium essentially follows the clas-

sical crevice corrosion mechanism. After an incubation period, crevice corro-

sion starts accompanied by a potential decrease and a current increase. In

the later part of the propagation stage, decreasing current and increasing

potential suggest that the crevice starts to repassivate, presumably due to

the deposition of alloying elements on the crevice surface, or an increase in

Ti+4 concentration. However, the observed subsurface cracking suggests that

crevice corrosion may reinitiate after prolonged exposure to the test solu-

tion. In contrast, Grade-2 titanium crevice does not show any increse in po-

tential in this stage, which can be explained by the shifting of the (hydro-

gen evolution) cathodic reaction to the inside of crevice rather than by

repassivation.

The optical examination of the Grade-12 titanium crevice specimen consis-

tently shows the corrosion to be isolated areas of pitting, rather than uni-

form dissolution. It is believed that when the crevice solution becomes

highly aggressive, with decreasing pH and decreasing oxygen concentration, the

8 phase provides the nucleation sites for pitting.
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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

immersion tests, surface analyses and electrochemical measurements. During

crevice corrosion, the anode potential initially increases due to the growth

of a corrosion barrier oxide which consumes the oxygen inside the crevice,

until the maximum potential is reached. At the maximum potential the barrier

oxide stops growing, and the following potential drops are governed by the

solution chemistry change within the crevice. The potential changes associ-

ated with the solution chemistry include (1) a potential 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 potential rise as the

oxide thickness is increased. Simplified diffusion equations for the concen-

trations of oxygen, proton and anions 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 potential is calculated using the Nernst equation. Potential changes are

compared to experimental values. The comparison allows an estimate to be made

of the concentration gradient distance. The final equations attained are used

to draw domains for crevice corrosion initiation on a temperature/anion con-

centration diagram. The calculated domains are consistent with measured do-

mains available 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 a wide range of conditions.



FIGURES

1. Experimental potential (open circles) and "fitted" potential (solid line)
of coupled Grade-12 titanium crevices in aerated neutral brine at
1500C.

2. The calculated concentration profiles in the crevice at various testing
times for a current density of 10 pA/cm2.

3. Immunity domains for crevice corrosion at various service times for
Grade-12 titanium in a simulated rock salt brine. The critical anion
concentration assumed for passivity breakdown is 190,000 ppm.

4. Immunity domains in temperature and pH necessary for passivity breakdown
for CP titanium.1 8

TABLES

1. Calculated limiting chloride concentrations at infinite time in the
crevice of Grade-12 titanium in aerated neutral Brine A at 1500C.



1. INTRODUCTION

As shown in the previous two papers,l 2 immersion tests, surface 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 1500C. Cell formation is accompanied by oxygen

depletion, a potential drop, anion accumulation and acidification inside the

crevice. This leads to pit initiation. To quantify the crevice corrosion

process, surface films have been analyzed and the anode and cathode reactions

have been studied using a specially-designed cell 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 explain the results of the surface analyses and the

electrochemical measurements.

Among the five models available to explain crevice corrosion in the lit-

erature,3 -7 two comprehensive models have been chosen for study: (1) an

electrochemical/hydrodynamic model6 considering sample geometry effects and

(2) an electrochemical model with a minor modification for hydrodynamic ef-

fects.4 Our experimental design may be interpreted better by the latter

model4 for the following reasons: (1) the sample size is large enough and

the dissolution rates are fast 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 gap will not be constant on

a local scale because of surface imperfections, the model with sample geometry

effects6 is less applicable. Also, the former model has only a numerical

solution, so it is 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 characterization results. To resolve these shortcomings, we

present a simplified model based on our experimental observations.

2. UNDERLYING MECHANISMS AND BASIC ASSUMPTIONS

The anode potential increases continuously during the growth of a barrier

oxide (anatase form of TiO2) until the maximum potential is reached. The

relation of the oxide thickness and the electrode potential is linear.8'9

After the maximum potential is reached, 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 accumulation of protons and

anions inside the crevice. The potential change caused by the solution chem-

istry modification is obtained by considering (1) a potential drop caused by

an oxygen concentration change,1 0'll (2) an ohmic potential drop,5 912 (3)

a potential rise due to pH changes,11 and (4) a potential rise due to excess

proton generation.1 3 Because of the solution chemistry change, a pitting

environment forms. Contribution (2) is approximately negated by contribution

(3) based on calculations for estimating the ohmic potential.1 1 Also, 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 a pit initiates when the po-

tential becomes low while the oxide thickness remains constant.14 We assume
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that this oxygen depletion stage is the critical condition for the initiation

of crevice corrosion. In the preceding paper, the initiation times for

varying proton and anion concentrations are shown to be similar, supporting

our assumption that oxygen depletion is the critical condition for the

initiation of crevice corrosion. We exclude the consideration of the

complicated kinetic process of monolayer formation at the Flade potential in

pits. This is a conservative criterion for the initiation condition.

During mass transport, protons are generated in the crevice by the anode-

cathode separation process. Diffusion and field-enhanced diffusion (migra-

tion) terms decrease the proton concentration. Oxygen is consumed but is

still supplied by diffusion from outside the crevice. Anions migrate into the

crevice to neutralize the protons generated, while the accumulated anions are

moved out by diffusion.

Instead of adopting partial differential equations and boundary condi-

tions for mass balance calculations, we use the effective concentration gradi-

ent distance, 6, which allows us to describe the diffusion equation in simple

terms. We use a linear concentration or potential gradient across this value

6. This is a valid assumption when 6 is very small compared to the sample

size. In the calculation of potential using the Nernst equation, the concen-

tration term is used instead of the activity. For migration calculations, the

potential term is obtained from the anion concentration on the basis of as-

sumptions used by Vermilyea.12 Our major consideration concerns the proton

and chloride ions since they are the major ions present. Other types of anion

are in small concentrations and their diffusivities are slower or, at most,
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close to that for chloride ions.15 Therefore, chloride and proton con-

centrations are considered to determine the passivity breakdown 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 relationship:

V(oxide) = Vi + Ip t M/(c p F) (1)

where p is the density of the anatase form of TiO2, c is a proportionality

constant (8,9), I is the passive current estimated from the maximum poten-

tial observed, t is the time, M is the molecular weight of TiO2, F is the

Faraday constant and Vi is the initial potential. We have used the initial

value of potential as that measured at the time when appreciable current flow

(-4 A range) is observed. The potential drop due to the oxygen concentration

change may be approximated by the Nernst equation:10'1 1

RT C(02)V(02) = i + - n ( ) (2)
F Ci(02)

where Ci(02) is the initial oxygen concentration and C(02) is the oxygen

concentration at time t. C(02) is obtained by a simplified diffusion

equation:

C(02) =Ci(02) - 2 Ipt 2 D 2+ t
-s--- + [Ci(0 2)-C(02)] (3)

where x is the crevice depth, H is the crevice gap size, is the effective

length of the oxygen concentration gradient within the crevice, and D2 is
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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 and cathodic areas, a current, I, flows from the

cathode to the anode resulting in the accumulation of protons, and in the

migration of chloride ions to the crevice. The accumulated concentrations of

protons C(H+) and chloride ions C(C1-) are given by the following mass

balance equations:

2 t 2 DH+ t
C(t&) = Ci(H+) + F H x S [C(H+)-Ci(H+)]

2 DH+ t C(H+) C(H+)

x 6 Ci(H+) (4)

2 DC1- t
C(Cl1-) = Ci(Cl1) - x6 [C(Cl-)-Ci(Cl-)1

2 DCl- t Ci(Cl-) C(H+)

+ n [C(H) (5)

where Ci(H+) and Ci(Cl-) are initial concentrations of proton and

chloride ion, respectively, and DH+ and DCl- are diffusivities of the pro-

ton and the chloride ions, 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.12 From these two equations, the ohmic potential drop may be

given by:5 ,12
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RTCi(HCI)
V(ohmic) = V + T Cn [C(HCl) ] (6)

where C(HCl) and C(HC1) are HC1 concentrations at t=O 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)1.

The best fit to our experimental data (neutral Brine A) is shown in

Figure 1 for 8 = 0.3 cm (effective distance of concentration gradient),

Ip = 7.6 x 10-10 amp/cm2 (passive current with oxygen reduction), c =

2.5x10-7 cm/volt9'10 (a proportionality constant between oxide thickness

and electrode potential), crevice depth = 2.54 cm, crevice gap = 2 m, an

oxygen diffusivity (cm2/sec) of 0.0821 exp(-2440/T),16 a proton diffusiv-

ity (cm2/sec) of 0.02838 exp (-17001T),16 chloride diffusivity (cm2/sec)

of 0.0508 exp(-2327/T),16 and an anatase density of 3.84 gm/cc.17 Very

little change occurs in Figure 1 with a current variation from 0.24 to 10

hA/cm2, because the main potential drop arises from oxygen effects. Figure

2 shows the concentration profiles in the crevice at various testing times for

a current density of 10 A/cm2. Because the brine solution has a near satu-

rated C ion concentration, the calculated large value indicates some types

of precipitates which may form. Also, the low pH level indicates that the

actual pH at higher temperatures is much lower than that measured at room

temperature (experimental values vary from 2.8 to 4.5). Two curves for oxygen

concentrations are shown for different crevice heights. As expected, an in-

creased crevice gap size delays the oxygen depletion time significantly. This

is also true for increasing crevice area.
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Figure 1. Experimental potential (open circles) and "fitted" potential

(solid line) of coupled Grade-12 titanium crevices in aerated
neutral brine at 1500C.
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Data fitting was not performed for the results obtained in the solution

varying concentrations. During the initiation period, the essential features

for all cases were identical within the scatter of the experimental values.

The detailed comparisons are out of the scope of present works.

The solution within a crevice will tend to have a limiting composition as

the corrosion time approaches infinity. From the predictive equations

[Equations (3), (4) and (5)] the limiting concentration is 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 fall to extremely low values within the crevice. Table 1

shows the computed limiting values of C concentration within the crevice

for assumed values of pH. Note that these C concentration levels are in

excess of 106 ppm which is not physically possible. However, the analytical

approach serves to show that extremely high levels of chloride will accumulate

with time.

Table 1. Calculated limiting chloride concentrations at infinite time in the
crevice of Grade-12 titanium in aerated neutral Brine A at 1500C.

Limiting pH -1 0 1 2 3

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

The initial C concentration is 190,000 ppm. A C concentration of more
than 106 ppm implies that there is no practical limitation on chloride ion
accumulation as time progresses.
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To study the effects of initial chloride concentration and temperature, a

calculation was performed based on the above discussion. With pH = -1.19 in

Figure 2 and the critical value of chloride ion concentration for passivity

breakdown taken to be 190,000 ppm (near saturation of brine with chloride

ions), a map is drawn in the space of temperature and the initial chloride

concentration Ci(Cl-) necessary 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

amounts of initial chloride ions are needed at higher temperatures for the

initiation of crevice corrosion. Such domains have been experimentally

determined in unalloyed Ti and Ti-Pd alloys exposed to dilute sodium chloride

solutions.18 Therefore, our simple formulation is promising. Further, this

calculation permits the extrapolation to long term behavior. 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 for crevice corrosion becoming

larger as corrosion times are increased. At infinite corrosion time, the

boundary becomes a straight line designated by Cth, below which crevice

corrosion does not occur even at infinite time.

Note that the curves in Figure 3 have been calculated on the basis of a

corrosion current which is 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 concentration. Also, the model developed

shows that there will be a temperature limit, Tth, below which mass flow in

the corrosion system ceases. Since the calculated Tth is lower than the

9
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Figure 3. Immunity domains for crevice corrosion at various service
times for Grade-12 titanium in a simulated rock salt brine.
The critical anion concentration assumed for passivity
breakdown is 190,000 ppm.
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freezing point of the test solution, it does not have a significant meaning at

these low temperatures.

4. DISCUSSION

In the above crevice corrosion analysis, we have used a linear variation

of the concentration gradient introducing an adjustable parameter 6 (effective

concentration gradient distance). Severe crevice corrosion at the edges of

test specimens supports the assumption that 6 is very small compared to the

specimen size. This is also predicted in our calculations. We have used con-

centration instead of activity in the calculation of potential. The present

experiments do not provide activity coefficients for various ions at high tem-

peratures. However, since most of the activity coefficients are incorporated

in logarithmic terms for the potential calculation, the adjustable parameter 6

will not significantly change with variations in the activity coefficient.

We have not calculated the pH necessary for breaking down of passivity as

a function of temperature mainly because we do not have a value for I in Equa-

tion (4) as a function of temperature and pH. I values are known to be a -

strong function of temperature and pH. Nevertheless, we could see that the

lower pH is 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 in 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 breakdown will vary more

strongly with temperature, as observed experimentally.

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

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

12



---

14

1 2

10

8
I

6 

4 

2

0-
100
(38)

20
(9:

)0 300 400 500 600
3) (149) (204) (260) (316)

TEMPERATURE, 0F ( 0C)
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solution. However, since we were concerned only with proton concentration,

this assumption should 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

possible that the critical anion concentration is smaller than the near sat-

urated concentration. In this case, the initial anion concentration necesary

for passivity will be reduced according to Equation (5).

5. CONCLUSIONS

A mass balance model was developed for the initiation of crevice corro-

sion. The basic process is the classical crevice corrosion mechanism obtained

from immersion tests, surface analyses and electrochemical measurements. Ini-

tially the crevice potential rises because of the growth of a 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 is 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 rise 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 potential drop was calculated using thermodynamic approxima-

tions. The calculated value was compared to an experimental value in order

to estimate unknown parameters. The final equation was used to draw a map for

crevice corrosion initiation in a temperature/anion concentration diagram.

The calculated domains are consistent with experimental values. The equations

also allow the chemistry inside the crevice to be estimated as a function of

time.

14
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