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The initiation and propagation of crevice corrosion on the BC1 nickel-chromium-molybdenum alloy has
been studied galvanostatically in concentrated chloride solution at 120°C, and the distribution of corro-
sion damage determined using surface analytical techniques. The distribution of damage was dependent
on the applied current and showed an increased tendency to spread across the surface as the applied
current was increased. Attempts to induce repassivation by galvanodynamically reducing the current to
zero were unsuccessful. Galvanic coupling to a large BC1 counter electrode showed propagation could
be maintained by oxygen reduction on the coupled electrode at a slow rate for >1200 h.
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1. Introduction

The ability of nickel to retain large amounts of different alloy-
ing elements in solid solution has stimulated the development of
several binary, ternary and other complex Ni-based families of
alloys [1,2], with each family designed for specific applications.
Commercially pure Ni is widely used in caustic environments, and
addition of Cu to Ni improves its corrosion resistance in reducing
environments, such as hydrofluoric acid, but the corrosion resis-
tance in oxidizing media is poor [2,3]. Ni-Mo alloys show excellent
resistance to reducing acids (HCl and H,SO4) even at elevated tem-
perature but the lack of Cr makes them susceptible to corrosion
in the presence of oxidizing species such as ferric and cupric ions
and dissolved oxygen. Ni-Cr-Mo alloys were designed to extend
corrosion resistance to both reducing and oxidizing environments,
with the Hybrid-BC1 developed to fill the gap between Ni-Mo and
Ni-Cr-Mo alloys [4-6]. This alloy has a better resistance to reducing
environments than the Ni-Cr-Mo alloys, but also resists corrosion
under oxidizing conditions and has a high resistance to localized
corrosion. These properties make the BC1 alloy suitable for a wide
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range of applications in the chemical processing, pharmaceutical,
agricultural, food, petrochemical and power industries [7,8].

The reliable performance of Ni-Cr-Mo alloys under extreme
industrial conditions is generally attributed to the presence of a
passive film on the alloy surface [9-12]. However, under localized
corrosion conditions when this film is breached, the alloying ele-
ments play a major role in controlling propagation and inducing
repassivation. While the crevice corrosion of a range of Ni-Cr-Mo
alloys has been studied [13-17], information on the crevice cor-
rosion of the BC1 alloy is sparse. A recent comparison [4] of the
C22 (Ni-22Cr-13Mo-3W) and BC1 (Ni-15Cr-22Mo) alloys in a 1M
HCI solution (90°C), simulating the conditions inside an active
crevice, showed that, while the current density for active disso-
lution was lower, the passive current density on the high-Mo BC1
was greater than that on the high-Cr C22. Crevice repassivation
potentials (Egcrev) for the two alloys showed that the BC1 alloy
repassivated at higher potentials, indicating a beneficial effect of
Mo on repassivation.

Recent studies on a wide range of Ni-Cr-Mo alloys showed
that their resistance to crevice corrosion, based on breakdown and
repassivation potentials and protection temperatures, improved as
the Mo content increased [15,18,19]. In many of these studies the
potentiodynamic-galvanostatic-potentiodynamic  (PD-GS-PD)
technique [20] was used to measure breakdown and repassivation
potentials. While this technique provides fast and reliable mea-
surements of the susceptibility to crevice corrosion, allowing the
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Table 1

Chemical composition (wt.%) of BC1 alloy provided by Haynes International Co.
Alloy/Element Ni Cr Mo Fe C Mn Si
BC1 62 15 22 2 0.01 0.25 0.08

expected corrosion performance of various alloys to be ranked, it
does not provide significant mechanistic information.

In this study, a combination of galvanostatic and galvanic-
coupling techniques has been applied to study the various stages
of crevice corrosion (initiation/activation, propagation and repas-
sivation), with the primary goal of investigating the influence
of the decreased Cr and increased Mo content of the BC1 alloy
(Ni-15Cr-22Mo) compared to the well-studied C22 alloy (Ni-22Cr-
13Mo-3W).

The galvanostatic technique has been used [16,21,22] to study
a number of Ni-Cr-Mo alloys. The use of galvanostatic control
guarantees initiation and prevents repassivation. This allows the
propagation process to be investigated under conditions where
both the rate of the external cathodic reaction and the total extent
of electrochemically-inflicted damage can be controlled. Using the
galvanic coupling technique previously used to study titanium
alloys [23,24], in which a creviced electrode is galvanically coupled
to a large counter electrode of the same material, all stages of the
crevice corrosion process can be monitored. However, our previ-
ous studies [21,25] have shown that it is difficult to initiate crevice
corrosion on Ni-Cr-Mo alloys under these natural corrosion con-
ditions. In this study the galvanic coupling technique is used to
follow the later stages of propagation (initiated galvanostatically)
and repassivation.

2. Materials and methods
2.1. Experimental arrangement

The composition of the Hybrid-BC1 Ni-Cr-Mo alloy is given in
Table 1. Specimens were cut from mill annealed sheets supplied
by Haynes International (Kokomo, IN, USA). The specimens had a
thickness of 3.17 mm and were bent in to a V shape to produce an
artificial creviced assembly. A small polytetrafluoroethylene (PTFE)
wafer was used to produce a single crevice with an area of ~4 cm?.
The crevice tightness was adjusted using a PTFE “feeler” strip.
The crevice electrode design and assembly have been described
elsewhere [16,21]. Prior to each experiment, the crevice face and
crevice former were ground with wet SiC papers from a 320 to a
1200 grit finish. All parts of the crevice assembly were rinsed in
de-ionized (DI) water and sonicated in ethanol for 10 min.

All measurements were performed in 5M NaCl solutions pre-
pared using reagent grade NaCl crystals (Caledon Chemicals) and
Type 1 water with a resistivity of 18 MS2.cm. Prior to each exper-
iment, the solution was vigorously agitated to ensure saturation
with air. All experiments were performed at 120 °C inside a cylin-
drical pressure vessel modified as an electrochemical cell. A Teflon
liner was used to prevent contact of the electrolyte with the pres-
sure vessel body. All measurements were made using a homemade
Ag/AgCl electrode in saturated KCl solution (—45 mV vs. SCE) with

Table 2
Area corroded after the galvanostatic application of a charge of 6.9 C to the creviced
sample in 5M NaCl solution at 120 "C.

Applied current (A) Time (h) Charge (C) Corroded surface area
(mm?2)

10 192 6.9 10.43

20 96 6.9 19.66

40 48 6.9 34.18

80 24 6.9 62.55

the reference electrolyte solution contained within a PTFE con-
tainer [26]. The counter electrode was of the same material as
the working electrode, with a surface area ~50 times bigger than
that of the creviced electrode to simulate the small anode/large
cathode geometry generally prevailing during localized corrosion
[27,28]. In galvanic coupling experiments, a BC1 planar electrode,
20mm in length and 5mm in width and thickness, was used to
reveal the difference in corrosion potential (Ecorr) between the
creviced/counter electrode couple and a sample of the same mate-
rial with no crevice. Before heating, the pressure vessel was tested
for leaks by pressurizing with UHP (Ultra High Pressure) N, gas.
After the cell was heated to the desired temperature and the crevice
electrode potential (E¢) had stabilized, electrochemical measure-
ments were performed.

2.2. Electrochemical measurements

Both galvanostatic and galvanodynamic polarization techniques
were used to probe the crevice corrosion behavior of the BC1 alloy.
In galvanostatic experiments, a charge of 6.9C was applied to the
working electrode by passing anodic currents of 80 A, 40 pA,
20 A or 10 pA for 24 h,48 h, 96 h or 192 h, respectively. The poten-
tial response was measured using a WaveDriver 20 bipotentiostat
(Pine Instrument Company).

In galvanodynamic polarization experiments, Ec was measured
as the current was decreased from a set value (80 jwA) at a constant
rate of —0.464nA/s. In other experiments, both galvanodynamic
polarization and galvanic coupling were employed; after the cur-
rent was ramped to zero, the creviced electrode was coupled to
the counter electrode through a zero-resistance ammeter (Keith-
ley model 6514), and the current flowing between the electrodes
(I¢) recorded. During this coupling, E¢ and the potential of the pla-
nar electrode (Ep) were measured with a high input impedance
analogue-to-digital converter (ADC) (Iotech, ADC 488/16A). After
36 days, 0, was added to the cell and Ec/Ic measurements contin-
ued.

Potentiodynamic polarization experiments were performed in
a deaerated simulated crevice solution (1 M HCI+4 M Nacl, pH 0)
at 120°C. Ecorr Was measured for 20 min to ensure a stable sur-
face condition and then a potential scan was applied at a rate of
0.167 mV/s. Scans were started from Ecorr—50 mV and extended
up to a value at which an abrupt increase in anodic current density
occurred.

2.3. Post-corrosion surface analysis

When each experiment was completed, the creviced specimen
was rinsed in deionized water and ethanol, and dried using UHP Ar
gas. The specimen was then photographed using a digital camera
and image analysis software (Image Pro Plus) was used to ana-
lyze the creviced surface. A Hitachi S-4500 field emission scanning
electron microscope (SEM) equipped with an EDAX™ energy-
dispersive X-ray spectroscopy (EDS) system was used to examine
the surface features and to analyze the composition of the corroded
sample.

Surface profilometry was used to obtain a 3 dimensional (3D)
image of the corroded area and to measure the penetration depth
in the corroded region. A mechanical stylus profilometer with a
diamond tip (~2 wm in radius) was scanned over the surface at a
speed of 50 wm/s. By stitching together the profiles obtained from
a series of line scans over the surface, a 3D topographic image of
the corroded area was reconstructed [15].
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Fig. 1. First 25h of the Ec vs. time plots recorded on the BC1 alloy at various applied
currents in 5M NaCl solution at 120" C. The dashed line shows the 0.2V thresholds
for the onset of the passive-to-active transition [23].

3. Results and discussion
3.1. Crevice corrosion under galvanostatic polarization

Fig. 1 shows Ec for the first 25 h of experiments at 4 different val-
ues of applied current. As discussed previously [22], these curves
Exhibit 3 distinct regions; (i) an initial rise in Ec as the passive film,
comprising an inner Cr(III)/Ni(II) barrier layer and an outer Mo(VI)
layer [29-32], is forced to grow by the applied current; (ii) a rapid
decrease in E¢ as the passive-to-active transition occurs; and (iii)
the establishment of a steady-state Ec once active propagation con-
ditions are established within the crevice. While these curves are
similar in overall form to those previously recorded on C22 [21],
they differ quantitatively. Though noisy, Ec does not exhibit the
major potential excursions observed on C22. This can be attributed
to the high Mo content in BC1 which suppresses the attempted
activation events, observed as large transitory decreases in Ec on
C22, by the rapid formation of molybdates at the film breakdown
sites. The ability of Mo to repair attempted breakdown sites rapidly
would also explain the longer times required to initiate the passive-
to-active transition on BC1 (e.g., ~22h at an applied current of
10 pA, compared to ~7h for C22 at the same current) [16,21].
These observations are consistent with the metastable behavior on
Ni-Cr-Mo alloys observed by others [32,33].

Except for the largest applied current (80 wA), the passive-
to-active transition occurs once Ec reaches a value in the range
200mV to 300mV vs. Ag/AgCl. This is consistent with previous
results for C22 which showed the initiation of crevice corrosion
requires the onset of the transpassive conversion of the passive
Cr(III) layer to Cr(VI), leading to the destruction of the passive
film barrier layer. A combination of electrochemical impedance
spectroscopy [21,34], X-ray photoelectron spectroscopy, and time-
of-flight secondary ion mass spectrometry [30] showed this occurs
for potentials >200 mV, as indicated by the dashed line in Fig. 1.

Once the passive-to-active transition has occurred the noise
associated with Ec effectively disappears, indicating that once
active conditions have been established, the applied current is used
in propagation, not the initiation of additional active sites. This is
consistent with previous observations on a number of alloys, which
exhibit only one propagating site [22], and with the results of this
study.

Although not shown in Fig. 1, Ec eventually reaches a steady-
state value, (Ec)ss, when stable propagation conditions are achieved
within the creviced region, indicating the establishment of the crit-
ical crevice solution [35,36] and potential. (Ec)ss is the potential at
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Fig.2. The steady-state crevice potential, (Ec)ss, (from Fig. 1) as a function of applied
current.

the mouth of the crevice, the actual potential at active locations
within the crevice being lower as a consequence of the IR drop
associated with the crevice [37]. Fig. 2 shows (E¢)ss is independent
of the applied current over the range used in this study.

This independence indicates that the propagation process is not
electrochemically controlled by the external current probably as
a consequence of proton reduction inside the crevice as discussed
previously [22]. In our previous study on the effects of alloying ele-
ments on crevice corrosion [22], (Ec)ss was shown to depend on
the Mo content of a number of Ni-Cr-Mo alloys (including BC1), a
feature which was shown to control the depth of corrosion penetra-
tion while making it effectively independent of the applied current
for alloys with a sufficiently high Mo content.

3.2. Surface analyses of the corroded region

Fig. 3 shows optical images of the alloy corroded at differ-
ent applied currents. The area covered with corrosion products is
marked in red, and the dashed white lines indicate the edges of
the crevice former. At some locations, particularly at an applied
current of 10 WA, the red area extends to locations outside the
creviced region. However, this is due to the transport and deposi-
tion of molybdate corrosion products from within the crevice and
not due to corrosion at these external locations. At all currents, cor-
rosion started close to the crevice edge and propagated both along
the edge and toward the centre of the creviced area. As the current
was increased, propagation along the edge dominated, as shown
by the increase in the corroded region expanded along the crevice
edge, while propagation into the crevice became independent of
the applied current, Fig. 4, the latter indicating the external current
is ineffective at these locations.

The total extent of crevice corrosion damage resulting from a
constant applied charge in the form of different anodic currents
is defined by the area of the surface corroded and the depth of
penetration within that area. Table 2 shows the corroded areas,
determined using Image Pro® software on optical images, as a func-
tion of applied current, the tendency for corrosion to spread as the
applied current was increased being clearly apparent.

Fig. 5 shows a 3D image of the alloy surface after corrosion at an
applied current of 20 wA (Fig. 3(b)). According to the IR drop model
[38], to obtain an IR drop sufficiently large to place the surface in
the active region, a short distance into the crevice from the crevice
mouth should remain uncorroded. Beyond this depth the maximum
penetration should be achieved at the location where the anodic
dissolution current achieves a maximum. The location of maxi-
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Fig. 3. Optical images of the surfaces after corrosion at different applied currents to a constant charge of 6.9 C; (a) 10 wA (192 h), (b) 20 nA (96 h), (c) 40 A (48 h), and (d)
80 A (24 h): the corroded region is coloured red, and the white dashed lines show the edge of the crevice. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

mum penetration can be seen as the blue valley in the image, Fig. 5.
However, the inner perimeter of the crevice does not exhibit a reg-
ular front easily interpretable according to the IR drop model. The
images obtained for other applied currents show similar features,
although the geometry tends to become more regular at the higher
applied currents. As will be discussed in more detail below, these
features reflect the redistribution of current as crevice propagation
proceeds and corrosion product accumulates.

To obtain a measure of the depth of penetration, profilometry
line scans were performed on samples that were corroded at the
different applied currents, Fig. 6. In some cases, as shown in Fig. 3,
the corrosion product was deposited outside the creviced region,
and this deposit could not always be removed after the experi-
ment, making it difficult to locate the uncorroded alloy surface by
profilometry. This is particularly obvious in the line scans recorded
at applied currents of 40 and 80 A, Fig. 6((c) and (d)). This "offset”
was taken into account when calculating penetration depths.

The depth profiles recorded as line scans are similar for sam-
ples corroded at all applied currents, Fig. 6. In all depth profiles,

35-

the depth of damage increases with increasing distance from the
crevice mouth, up to a maximum depth at a distance xp.x. Farther
from the crevice mouth the depth decreases. However, a single line
scan may not locate the actual point of maximum depth in the entire
crevice, making the values only estimates. While x4 is only quali-
tative, it is worth noting that it occurs closer to the crevice mouth as
the applied current is increased, consistent with the expectations
of the IR drop model [39-41].

Fig. 7 shows plots of the creviced areas and the maximum pen-
etration depths obtained from images and profiles such as those
in Fig. 3 and Fig. 6. As observed previously for alloy C22 [25],
the area corroded increases and the penetration depth decreases
as the applied current increases. However, for BC1 the area
corroded is considerably larger (10 mm2-65mm?) than for C22
(1 mm2-35mm?) over the same current range for the same total
charge (6.9 C). Correspondingly, the penetration depths are consid-
erably smaller for BC1 (65-5 pm) than for C22 (82-20 wm). These
results support our previous claim [22,25] that the redistribution of
corrosion current over a wider area is driven by the accumulation
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304 —@—Maximum depth of propagati
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Fig. 4. The length of the corroded edge and the maximum depth of propagation into the crevice as function of the applied current.
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Fig. 5. 3D image obtained by profilometry on the BC1 crevice sample corroded at 20 A for 96 h in 5M NacCl solution at 120 °C. The scale shows the relationship between
colour and depth.

Distance from crevice mouth (mm)

10
0 Crevice mouth Crevice mouth
04

— -10- —
g g .0
£ 207 z
o o
8 30 g 201
& §
5 <0 5 30
8 2
Q @
£ -50- g 401
o o

604 (a) s 504 (b) £ X

F SAREE MEARE RS RARSE RaRa R R S B
Distance from crevice mouth (mm) Distance from crevice mouth (mm)
] 4

4] Crevice mouth Crevice mouth ——80pA
. ; s 2
g o 5
= ] £ 0]
o i o
3 4 3
s 1 § 4
B §
[ 1 o 4]
@ ] g4
$ g

16;(0) &x;{“ <67 (d) XMax

v .010. r— .0:5. — .1:0. — .1:5. — .2:0. -0-5. — .0:0. — .0:5. . .1r0. — .1:5

Distance from crevice mouth (mm)

Fig. 6. Line scans obtained by profilometry, showing the maximum penetration depth achieved under (xmax) at (a) 10 nA, (b) 20 nA, (c) 40 wA, and (d) 80 pA. All depth
measurements were made with respect to the crevice mouth, at which the depth was set to zero.
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Fig. 7. Crevice area and maximum penetration depth as a function of applied cur-
rent.

of Mo oxides at the corroding location. These oxides insulate that
location and force the current to relocate to areas unprotected by
the presence of a molybdate deposit. As expected, this indication is
more readily achieved for BC1 than for C22, due to the higher Mo
content.

The presence of a Mo deposit is confirmed by the SEM image
and EDS spectrum in Fig. 8. The flaky nature of the deposit and its
high Mo content are consistent with previous observations [22,42]
on crevice-corroded Ni-Cr-Mo alloys. At locations closer to the
centre of the crevice where the deposit either detached or was
removed, the pitted nature of the alloy surface can be seen (loca-
tion 2, Fig. 8(c)). These pits are detected in the line scans shown
in Fig. 6. Selective grain boundary attack has been shown to occur
more readily on the random grain boundaries on Ni-Cr-Mo alloys,

] 4 — 1= 80pA - 1.667pAl x t
5] I —-—1=80pA

Charge (C)
~

o 10 20 30 4 5 60
Time (h)

Fig. 9. The charge injection profiles for crevices corroded either galvanostatically
or galvanodynamically.

which have a large fraction of more corrosion resistant » 3 bound-
aries [43]. The deep penetration at triple points has been shown
to be due to the higher susceptibility to corrosion of triple points
between random boundaries [44,45].

3.3. Crevice repassivation

In galvanodynamic experiments, crevice corrosion was initiated
at an initial applied current of 80 A, and then the applied current
was continuously decreased at a rate of 1.67 wA/h until the cur-
rent reached 0. In this manner the same amount of charge (6.9 C)
was injected as in the experiment at a continuously applied cur-
rent of 80 wA. The rates of charge injection are compared in Fig. 9.
By steadily decreasing the applied current in this manner, we might

Fig. 8. SEM images recorded after corrosion at an applied current of 20 wA for 96 h in 5M Nacl solution at 120°C: (a) the crevice mouth and corroded regions within the
crevice; (b) the corrosion product accumulated near the crevice mouth (area 1); (c) the intergranularly corroded alloy surface (area 2) and (d) EDS analysis of the corrosion

products at the location marked with an X.
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sequently decreasing at a rate of —1.667 wA/h. The experiment was followed by a
measurement of Ec on open circuit after the applied current reached 0. The insert

shows the details of the first hour of applied current.

expect the rate of propagation to slowly decrease to zero, at which
point the crevice would be expected to repassivate.

0 10 20 30 40 50 60 70 80 90 100

NaCl solution at 120°C.

10" 10° 10’ 10*

Current density (m A.-'cmz)

Fig. 11. Potentiodynamic polarization curve obtained in deaerated 1M HCl+4 M

Fig. 10 shows the response of E to the decreasing current. Once
the current reached zero, Ec was measured for a further period of
50 h. The inset in the figure shows that the passive-to-active tran-

sition occurred in 10-12 min as observed for a constant applied
current of 80 wA (Fig. 1). Fig. 11 shows a polarization curve recorded
in a simulated crevice solution (deaerated 1 M HCl +4 M NaCl) from

Ecorr -50mV to 1.1Vpgagci. The active, passive and transpassive
regions are clearly delineated. This curve shows that under the

Current (pA) Current (pA)
+0.02 =p=—r—r—r—r—r—r—r—r—r—T—r—r—r—r——r—r—r—r—r—r—r— 0.06 rr—r—r—rT T
{68 66 64 62 60 8 6 4 2 d
| @ ®
8 -0.04 4 g -0.08 -
< <
D 1 B
< ) <
g M 5
> 1 >
2 -0.06 2 .0.104
© 4]
w wt
-0.08 T T T T T -0.12 T T T T T T
7 8 9 10 11 12 13 42 43 44 45 46 47 48
Time (h) Time (h)
-0.08 -0.02
1 @© @
= -0.10 = .0.04-
> | k)
s | ;
< ] <
2 -0.12 2 -0.06
mu 4 m‘)
-0.14 T T T T T '0-08 T T T T | I A e S B S e
48 49 50 5 52 53 54 a0 91 92 93 94 95 96
Time (h) Time (h)

Fig. 12. (a) and (b), Ec —time plots recorded over various time periods of the galvanodynamic experiment in 5M NaCl solution at 120°C (Fig. 10); (c) and (d) Ec-time plots
recorded over two time periods during the open circuit period of the experiment (Fig. 10).
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acidic conditions anticipated in the crevice the alloy can be consid-
ered to be in the active region for potentials <0.1V and should have
an Ecorr ~—0.1V. The corrosion current can be estimated with ref-
erence to the polarization curve by matching observed values of E¢
to the polarization curve (Fig. 11) and estimating the associated cur-
rent value. The current shows that crevice remains active showing
no tendency to repassivate. However, the corrosion current val-
ues determined by this approach can only be considered estimates
because the polarization curve represents the overall current only
(i.e. sum of anodic and cathodic contributions at any potential) and
it does not include the ohmic potential drop given by the tortuous
path of the crevice.

As the current was decreased, Ec became significantly noisier,
Fig. 10. This can be appreciated by comparing the minor fluctua-
tions in the current range 68 pA to 58 WA, Fig. 12(a), with those
in the current range 8-0 A, Fig. 12(b). As the current approached
zero, 10-12 mV excursions were observed. Expansion of the scale
shows that these excursions lasted 3 to 5 minutes, suggesting that
they involved small local chemical changes within the crevice.
Once the current reached zero, Ec began to increase, achieving a
steady-state value for the remaining 20 h of the experiment, Fig. 10.
Additionally, the potential excursions that developed as the applied
current approached zero persisted, Fig. 12(c), until the steady-
state Ec was achieved, Fig. 12 (d). Even over this final steady-state
period, Ec fluctuated over a 10-12 mV range but on a much longer
time scale. This minimal increase in Ec over the 50 h open circuit

E, (V vs. Ag/AgCl)

— 77—
210.5 211.0 211.5

Time(h)

—
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Fig. 14. An expanded view of transients on Ic and E¢ during galvanic coupling
experiment in 5M NaCl solution at 120 °C between 210-212 h.

period (t>48h, Fig. 12(c) and (d)) suggests that some potential-
determining locations within the crevice remained active despite
the absence of an external current.

This is not surprising since it was previously shown [22] that
>50% of crevice propagation is supported by the reduction of pro-
tons within active crevice locations. This was attributed to the
extensive hydrolysis of the highly charged cations (Cr(VI), Mo(VI))
produced by anodic dissolution, yielding a critical crevice solution
with an extremely low pH. Under these conditions even low con-
centrations of O, reduced on the external surface of the crevice
could maintain the critical chemistry at a number of small locations
within the crevice.

3.4. Galvanically coupled experiment

To determine whether the crevice remained active once the
applied current was reduced to zero, a similar galvanodynamic
experiment was conducted, starting at 80 pA with the current
slowly decreased to zero (achieved after 48 h). Then, the creviced
electrode was galvanically-coupled to a large counter electrode
through a zero resistance ammeter, and the crevice current, Ic, and
Ec recorded. Simultaneously, the potential, Ep, of a planar electrode
was also monitored. Ep increased steadily to a value of ~0.26 V over
the first 120 h, Fig. 13(a), before finally achieving a long term value
(up to 920h) of ~0.3V confirming the establishment of passivity
on this electrode.

The galvanodynamically activated crevice electrode had an Ec
value of ~—0.11V on first coupling to the large counter electrode,
which increased to ~—0.095V over the subsequent period of gal-
vanic coupling (up to 920 h, Fig. 13(a)). That the crevice was active
and still able to propagate is confirmed by the value of Ic which
rapidly established a value of ~8 A at the beginning of the gal-
vanic coupling period and was sustained, decreasing only to 6 pA
after 920 h, Fig. 13(b). The support of crevice propagation by O,
reduction on the coupled electrode was demonstrated by the addi-
tion of O, to the cell after 920 h, which led to an increase of I¢ to
~11 A and of Ec by 10mV to —0.105 V. The planar electrode also
sensed the addition of O,, Ep increasing to ~0.33V, Fig. 13(a).

Closer inspection of the Ec and Ic -time plots during the
galvanically-coupled period reveals the presence of coupled excur-
sions, with rapid decreases in Ec being accompanied by sudden
increases in I¢, Fig. 14. This behavior suggests the initiation of new
active locations, expected to be located around the propagating
perimeter of the damaged area. However, an initial surge in I¢ lasted
only ~1 min while E¢ took ~6-10 min to return to the value pre-
vailing prior to the excursion; i.e., the demand for current from the
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Fig. 15. Schematic showing the stages of (1) initiation of an active site at the periphery of the already crevice-corroded area; (2) propagation; and (3) stifling, and their
corresponding Ic and Ec responses observed on a galvanically coupled crevice specimen corroding in 5M NacCl solution at 120°C.

external cathode is short but leads to a rapid local disturbance in
electrochemical conditions.

Fig. 15 illustrates the probable mechanism behind the current-
potential response observed in Fig. 14. Previously [22] it was shown
that Ec is a function of the Mo content of a series of Ni-Cr-Mo alloys
and almost independent of the external current supply. Thus, the
most likely explanation for the coupled short Ic-long Ec excursions
is that the initiation of a new active location leading to exposure
of the substrate alloy initially demands external current for metal
dissolution to occur. This external current is provided by the oxygen
reduction reaction, as shown in stage 1 in Fig. 15. Subsequently,
local acidity develops as the metal cations hydrolyze, allowing a
switch from external current demand (causing the decrease in I¢)
to internal cathodic support by H* reduction (stage 2). As metal
dissolution continues soluble Ni and Cr diffuse out of the corroding
site and molybdate accumulates, leading to the increase in Ec and
the suppression of active dissolution (stage 3). Such small events
would account for the observation that crevice corrosion damage
on these alloys inevitably accumulates as small pits, often linked
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Fig. 16. An expanded view of transients in Ic and Ec during a galvanic coupling
experiment in 5M NaCl solution at 120°C after 812 h.

along grain boundaries, Fig. 8, and containing molybdate deposits
[42,46]. It should be noted that the internal H* reduction cannot
diminish the critical chemistry solution inside the crevice due to the
extent of hydrolysis of metal cations especially Cr(VI) and Mo(VI)
as discussed elsewhere [22].

When the O, concentration is decreased, the occurrence of these
individual coupled events continues, as illustrated in Fig. 16, which
shows Ic and E¢ recorded over the time interval 812-813 h. The
constancy of the current (except for the excursions) confirms that
these individual active locations are stifled by molybdate accumu-
lation and do not lead to an expansion of the area within the crevice
undergoing active propagation, which would be expected to lead
to an increased demand for external current support.

4. Conclusions

The distribution of crevice corrosion damage incurred on the
BC1 Ni-Cr-Mo alloy under galvanostatic conditions has been
shown to redistribute within the creviced area depending on the
value of the applied current. As previously observed for the high
Cr-low Mo alloy, C22 (Ni-22Cr-13Mo(wt%)) damage on the low Cr-
high Mo BC1 alloy (Ni-15Cr-22Mo(wt%)) spreads laterally across
the creviced area rather than penetrating into it.

Increasing the rate of propagation galvanostatically led to a
wider distribution but shallower penetration of corrosion damage.
This wider distribution/decreased penetration was more marked
on the BC1 alloy than previously observed on the C22 alloy. This
confirms that the tendency to spread can be attributed to the higher
Mo content of the former alloy which leads to the more rapid
accumulation of molybdates at active locations. This deposition of
molybdates stifles corrosion at these locations and leads to a redis-
tribution of the current to the edges of the damaged area where
propagation is maintained. This “self healing” quality makes it dif-
ficult to interpret the damage distribution in terms of the IR drop
model for crevice corrosion.

When the current supporting crevice propagation is reduced
galvanodynamically, the crevice remains in the active region even
when the applied current has been reduced to zero. This indicates
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that repassivation of the crevice does not occur readily, supporting
our claim that propagation can be maintained by proton reduction
inside the creviced region.

Switching to galvanic control (by coupling to a large counter
electrode) confirmed that the crevice remained active, and prop-
agation could be supported by oxygen reduction on the counter
electrode, albeit at a slow rate. Provided that a supply of oxygen
was maintained, no indication that the crevice would repassivate
was observed, at least over a period of 1200 h.
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