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Coupling of metal oxidation in crevice corrosion to both O, reduction on surfaces external to the crevice
and H' reduction occurring within the crevice, was studied using a galvanostatic crevice corrosion
technique in conjunction with weight loss analyses. Results suggest internal H" reduction is a significant
contributor to the crevice corrosion of the studied alloys in 5M NaCl at 120 °C. Repeat experiments
suggest damage can be as much as doubled by H" reduction. This process, however, can be minimized by

alloying additions of Mo, which permit the deposition of Mo-rich corrosion products within an active
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crevice. Due to difficulties experienced during corrosion product removal, the results presented herein
are anticipated to be underestimates of the actual extent of this process. Consequently, damage pre-
dictions based on the availability of O, and other oxidants in the service environment may significantly
underestimate the actual extent of corrosion on Ni-Cr-Mo alloys.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Ni-based alloys are industrially important due to their robust
corrosion resistant properties. Typically containing measurable
amounts of Cr and Mo, these alloys have found applications in a
range of industries, including petrochemical, nuclear, and chemical
processing. Understanding and predicting their corrosion perfor-
mance, and designing new, optimized alloys, requires a fuller un-
derstanding of the role of alloying elements and the nature of the
corrosion processes.

Alloying additions of Cr are understood to induce strongly
passive behaviour, due to the growth of a Cr(Ill)-rich oxide layer, a
feature similar to what is seen in stainless steels [1]. However,
alloying elements are much more soluble in the face-centred cubic
(FCC) crystal structure of Ni-alloys than they are in Fe-based alloys,
which allows for the accommodation of greater amounts of alloying
additions in Ni-based alloys, while avoiding the formation of
possibly deleterious secondary phases.

Mo is typically added to increase the stability of the oxide film
and resistance to localized corrosion processes [1,2]. Mo is also
understood to supress active dissolution under conditions where Cr
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becomes soluble, including acidic and highly oxidizing environ-
ments [3]. However, the content of alloying elements must be
adjusted carefully because they affect not only corrosion properties
but also materials cost, mechanical performance, weldability, etc.
Many attempts to suggest an optimal alloy composition have been
made; however, such a composition has not yet been achieved.
According to critical crevice solution (CCS) theory, the initiation
of active crevice corrosion involves the development of a deaerated,
acidic solution within the occluded geometry [4,5]. Typically,
crevice corrosion on Ni-based alloys is thought to be supported by
0, reduction external to the occluded region. However, in the case
of Ti-alloys, crevice corrosion has been shown to involve the
coupling of metal dissolution to both O, reduction on external
surfaces and H™ reduction within the acidified crevice, as depicted
in Fig. 1 [6]. The presence of this coupling has been shown to
intensify damage by 400% or more on these alloys [6,7,8].
Recently, electrochemical evidence has suggested that cathodic
support for crevice corrosion of Ni alloys can also involve both O,
reduction outside the crevice and H' reduction in its interior,
resulting in intensified damage on Ni-based alloys [9]. This was
inferred from observations that more than the expected quantity of
damage was incurred by coupons that were made to undergo
crevice corrosion under the application of constant anodic current.
Although initially presented as a possibility, this inference was later
supported by findings that revealed that once initiated, crevice



mailto:jjnoel@uwo.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2018.07.048&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2018.07.048
https://doi.org/10.1016/j.electacta.2018.07.048
https://doi.org/10.1016/j.electacta.2018.07.048

J.D. Henderson et al. / Electrochimica Acta 283 (2018) 1600—1608

1601

Crevice Former

o

Oxide Layer

Fig. 1. Schematic representation of the critical crevice chemistry that develops within an active crevice [6].

corrosion on Ni-Cr-Mo alloys can support itself through an internal
cathodic reaction [10]. It is no surprise that this feature has been
overlooked in the literature, since many studies have focused on
techniques such as potentiodynamic-galvanostatic-
potentiodynamic (PD-GS-PD) tests. Although these techniques are
effective in ranking the relative corrosion resistance of alloys in
terms of breakdown/repassivation potentials, they provide no
mechanistic information. The work presented herein was under-
taken to more fully document this previously unexplored feature.

In this paper the presence of the previously overlooked internal
cathodic reaction on Ni-based alloys is examined using a galvano-
static technique in conjunction with weight loss analyses. Repeat
experiments suggest that propagation damage can be as much as
doubled by the internal H" reduction reaction. Through the analysis
of a series of commercial alloys with differing amounts of the same
alloying elements, we are trying to understand how alloy compo-
sition affects this process. The Ni-based alloys Hastelloy G-30, C-22,
and BC-1, were selected for this study, based mainly on their
varying Mo-content, since Mo-rich corrosion products have been
extensively studied and are believed to stifle active corrosion
[11,12]. Herein, we evaluate the prevalence of the H" reduction
reaction occurring during the crevice corrosion of Ni-based alloys
in relation to the resulting damage morphology and the extent and
type of corrosion product deposition.

2. Experimental
2.1. Material preparation

Alloy samples, provided by Haynes International (Kokomo, IN,
USA), were received as mill-annealed sheets with a thickness of
3.18 mm (1/8"). Crevice coupons were formed from 15 mm wide
strips cut from the plate stock. The compositions, as reported by
Haynes International, are listed in Table 1.

Prior to electrochemical measurements, all coupons were
ground using wet silicon carbide (SiC) paper, sequentially from
P600 to P1200 grit, carefully sonicated in a 1:1 mixture of Type-1

Table 1

water (Thermo Scientific Barnstead™ Nanopure™) and ethanol
for 2 min, rinsed with Type-1 water, and then dried in a stream of
argon gas. Polished crevice coupons were then stored in a vacuum
desiccator for a 24-h period prior to use, to help assure an accurate
gravimetric measurement.

Samples being prepared for electron backscatter diffraction
were subjected to further polishing (1 pm diamond suspension)
and a final etching step to expose grain boundaries. Different
etching procedures were used for the various alloys due to differ-
ences in their corrosion resistance. Hastelloy G-30 was etched by
manual swabbing with a mixture (3:2:2) of HCl, CH3COOH, and
HNOs. Hastelloy C-22 and BC-1 were electrochemically etched in an
oxalic acid solution (10wt %) by the application of a 0.2 Acm™2
anodic current for 15s.

Solutions of 5M NaCl were prepared using reagent grade NaCl
(Caledon Laboratory Chemicals, Georgetown, ON) and Type-1 wa-
ter. Solutions were saturated with air by vigorous physical agitation
immediately preceding each experiment.

2.2. Electrochemical setup

Crevice corrosion experiments were performed in a Hastelloy
pressure vessel (Parr Instrument Co., Model 4621), outfitted as an
electrochemical cell with four pressure-tight electrode feedthrough
(Fig. 2). The interior of the vessel was lined with a polytetra-
fluoroethylene (PTFE) insert to prevent electrical contact of elec-
trodes and electrolyte solution with the vessel walls and to protect
the vessel from corrosion. All potential measurements were made
using a homemade saturated Ag/AgCl (0.197 V vs SHE) reference
electrode (RE). Prior to each experiment, the RE potential was
measured against a ‘master’ saturated calomel electrode used only
for the purpose of calibration. The counter electrode (CE) and all
electrode leads were fabricated using the same material as the
working electrode (WE) being studied to avoid galvanic coupling.

The WE was assembled using a single-crevice approach which
has been extensively detailed elsewhere [ 13—15]. This design forms
a single crevice between the V-shaped WE and a PTFE crevice

Nominal compositions in weight % of studied alloys as reported by Haynes International. * indicates alloying element which constitutes the balance. M indicates an alloying

element's maximum weight percentage.

Alloy Ni Cr Mo Fe W Cu Nb Co Mn \% Al Si C

G-30" 43* 30 5.5 15 2.5 2 0.8 5M 1.5M 0 0 0.8M 0.03M
Cc-22% 56* 22 13 3 3 05M 0 25M 05M 0.35M 0 0.08M 0.01M
BC-1® 62* 15 22 2M 0 0 0 1M 0.25 0 0.5M 0.08M 0.01M
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Fig. 2. Hastelloy pressure vessel outfitted as a 3-electrode electrochemical cell.

former, which are held securely by a Udel block. Udel bushings
were used to prevent electrical contact between the WE and the
rods and bolts used to secure the crevice assembly. This arrange-
ment ensures the formation of a single electrically connected
crevice.

Once assembled, the vessel was pressurized (~414 kPa) with
ultra-high purity (UHP) nitrogen gas (Praxair, Mississauga, ON) and
tested for leaks. The vessel was then placed in a heating mantle and
the temperature was elevated to 120 + 2 °C and maintained there
for the duration of the experiment. After the experimental tem-
perature was established, crevice corrosion was initiated using
galvanostatic polarization. The total applied charge (Qa) was
controlled by applying a constant current through the WE and
manipulating the duration of an experiment. At applied currents of
100, 75, 50, and 25 pA, the corresponding experimental times were
1, 1.33, 2, and 4 x 10%s, respectively, in order to maintain a
consistent QA of 100C. Each experiment was monitored by
measuring the potential response using a Solartron model 1284
potentiostat (Solartron Analytical, Hampshire, UK).

2.3. Surface analysis

Following electrochemical experiments, routine surface analysis
was conducted using Hitachi S-4500 field emission and Hitachi
SU3500 Variable Pressure scanning electron microscopes (SEM).
Unless otherwise stated, corrosion products were removed prior to
surface analysis, through a cleaning process involving both soni-
cation and manual swabbing with cotton-tipped applicator sticks.
Energy dispersive X-ray spectroscopy (EDX) was conducted on a
Hitachi SU3500 Variable Pressure SEM in combination with an
Oxford Aztec X-Max50 X-ray analyzer. Aztec software allowed for
both point analyses as well as the acquisition of EDX maps.

Electron backscatter diffraction (EBSD) was conducted on a
Hitachi SU6600 field emission gun scanning electron microscope
(FEG-SEM). The FEG-SEM was outfitted with a HKL Nordly EBSD
detector to collect Kikuchi patterns. Data analysis was carried out
using the HKL Channel 5 software suite (Oxford Instruments). All
crystal orientation information was indexed according to the FCC
crystal structure.

Surface profilometry was conducted on a KLA Tencor P-10 Sur-
face Profiler (Milpitas, CA, USA) and used to determine the
maximum depth of penetration and overall damage morphology
within a corroded crevice. The instrument was outfitted with a
stylus containing a tungsten point, fixed with a diamond tip (radius
~2 um). The stylus was scanned over the surface at 50 pm/s.

3. Results and discussion
3.1. Galvanostatic crevice corrosion

Detailed in Fig. 3 is the typical potential response of an artificial
crevice while under galvanostatic control. Following the applica-
tion of constant current, the potential increases rapidly due to oxide
growth. The potential increase eventually reaches an approxi-
mately steady state in which the rates of film growth and
destruction are approximately equal. It is in this region where
passive oxide film breakdown attempts occur, resulting in
negative-going potential transients. Typically, a large number of
these transients are observed as the passive film breaks and the
potential drops but then readily returns to the steady-state po-
tential, i.e., the surface repassivates. However, over time, as the CCS
chemistry develops as a result of chemical reactions during these
metastable events within the occluded region, the likelihood that a
given breakdown event will successfully initiate crevice corrosion
increases. The success of any individual breakdown event in initi-
ating crevice corrosion depends on the accumulation of incre-
mental chemical changes resulting from prior initiation attempts.
The total time required for a successful breakdown event is often
referred to as the incubation time. Since features such as the in-
cubation time rely heavily on the dynamic chemistry evolving
within the crevice, only general observations are made. The overall
behaviour has been discussed in previous publications which have
utilized galvanostatic polarization to control the crevice corrosion
of Ni-Cr-Mo alloys [9,10,13].

Crevice Potential
Oxide Growth
uoneul

Propagation

Incubation Time |
I 1

Time

Fig. 3. Graphical representation of typical potential behaviour for a crevice electrode
under galvanostatic control.
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3.2. Potential behaviour of C-22

The typical response of alloy C-22 follows the behaviour
described in Fig. 3, and is illustrated in Fig. 4 at applied currents of
100, 75, 50, and 25 pA. Initially, oxide growth occurs at approxi-
mately the same rate in each case, and is independent of the
applied current. The maximum potential reached was however
typically found to be higher with higher applied currents. A
possible explanation for this is related to the nature of the film
formed under varied applied currents. Jakupi et al. demonstrated
that oxides grown at high applied potentials (>300 mV vs sat'd Ag/
AgCl) were typically thick and defect-rich [13]. Although not
explicitly demonstrated here, it is expected that higher applied
currents result in similar thick, defect-rich films. The ensuing in-
crease in film resistance forces the measured potential to higher
values in order to maintain the applied current. Once the potential
plateau is achieved, negative-going potential transients are
observed. No connection was made between the frequency and
severity of these events and the applied current. These events are
believed to be random, and the success of any individual event
relies on the crevice chemistry developed as a consequence of prior
events as described earlier. What is apparent is that the average
time required for a successful breakdown event to occur, i.e., the
incubation time, increases as the applied current decreases. We
believe this to be a result of the decreased rate at which the CCS is
developed.

Once crevice corrosion is initiated, the propagation potential
appears to be independent of the applied current. However, inter-
pretation of crevice behaviour by monitoring changes in the
propagation potential is complicated by the large ohmic drop
within the active crevice. Once crevice corrosion is initiated, the
high solution resistance within the crevice, coupled with the flow
of current, results in a potential drop, which means the measured
potential is valid only outside the crevice mouth, and not in the
crevice interior. Therefore, we have not attempted to understand
the behaviour of the propagation potential.

In order to relate features of the measured potential to any
corresponding physical damage, we conducted a study in which we
withdrew the applied current following characteristic potential
behaviour. Of particular interest during this study were the
negative-going potential transients occurring during the time of
the potential plateau. Knowledge of the early stages of damage
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Fig. 4. Potential-time response of C-22 crevice electrode while under galvanostatic
control (100, 75, 50, and 25 pA).

allows for more accurate interpretation of fully corroded coupons,
which will be discussed later. In total two potential responses were
analyzed: that occurring immediately following initiation (Fig. 5A),
and that observed after a small amount of propagation had
occurred (Fig. 5B).

As shown in Fig. 5A, immediately following initiation the total
amount of damage is minimal, with polishing lines remaining
clearly visible. Areas of localized attack are present and appear
primarily along grain boundaries. A thin covering of Mo-, W-, and
O-rich corrosion products was found surrounding areas of damage.
A large amount of these products was detached during the disas-
sembly of the crevice, and it is generally believed that these
products deposit to cover areas of damage in acidified crevices [16].
Crevice coupons from experiments that were terminated after a
short period of propagation had a similar damage signature;
however, damage was intensified, suggesting a natural progression,
shown in Fig. 5B. The progression appears to involve predominantly
corrosion along grain boundaries. Furthermore, these coupons
were again covered by Mo-, W-, and O-rich corrosion products.
However, the corrosion product deposits were thicker, as illustrated
by the increased EDX signal intensity relative to the background.
The deposition of these products has been said to stifle active
dissolution, causing active sites to relocate within the crevice [14].
From these experiments we concluded that damage begins at local
sites, predominantly along grain boundaries, and progresses as
corrosion products begin to deposit.

3.3. Potential behaviour of different alloys

A direct comparison of the potential response observed for BC-1,
C-22, and G-30, under the application of 100 pA is outlined in Fig. 6.
Upon the application of constant current both BC-1 and C-22
exhibit a rapid increase in potential as a result of oxide growth, as
previously discussed. The rate at which the potential increases is
dependent on the Cr content of the alloy reflecting the rate of film
growth. As a consequence, the potential response of C-22 (22% Cr)
increases more rapidly and to a higher final potential than for BC-1
(13% Cr). Furthermore, the frequency and amplitude of breakdown
events appears to have a dependence on Mo content. In compari-
son, BC-1 (22% Mo) displays less frequent potential transients with
smaller excursions than C-22 (13% Mo). This is the result of the
greater ability of BC-1 to repassivate film breakdown events
resulting from increased Mo content. These observations have
similarities to those previously discussed in studies employing the
galvanostatic crevice corrosion technique on different Ni-Cr-Mo
alloys [9].

The potential behaviour seen for alloy G-30 deviates from the
previously described behaviour. Although an initial increase in
potential is observed, it is short lived and precedes a period of
instability followed by successful breakdown. The maximum po-
tential reached is much lower than the threshold potential once
thought to be a requirement for the initiation of galvanostatically
controlled crevice corrosion of Ni-Cr-Mo alloys [10]. These results,
together with a series of additional experiments (not discussed
here), suggest differences in oxide film stability in solutions
anticipated during the development of crevice corrosion. This could
be a result of Mo content insufficient to stabilize the oxide film as
acidity develops [2,3]. The cause of this deviation will be the focus
of a future publication. Herein, the focus will be on the presence
and extent of an internal cathodic reaction as well as the effect of
composition on these processes.

In all cases, following a successful initiation event, the propa-
gation potential was found to be relatively stable, aside from only
minor fluctuations. Such fluctuations suggest localized breakdown
events within the active crevice. Since the final damage
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Fig. 5. Secondary electron micrographs and element distribution maps of crevice site following (A) several initiation attempts and (B) successful initiation. Both coupons were
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Fig. 6. Comparison of the potential-time response of BC-1, C-22, and G-30, while
under galvanostatic control at 100 pA.

morphology displays a single corroded region, it is likely that these
potential fluctuations are the result of breakdown events along the
periphery of the active crevice. Notably, the propagation potentials
were found to decrease as the Mo content of the alloy decreases.
This is consistent with previous observations made on different Ni-
Cr-Mo alloys [9].

In consideration of each of the propagation potentials, H"
reduction within the crevice, serving as the additional cathodic
reaction, is considered thermodynamically possible. For instance, if
the pH inside the active crevice is assumed to be 0, the potential for
H* reduction at 120 °C is calculated to be 0.035 V (vs sat'd Ag/AgCl)
(assuming 1 x 10~%atm H,). Since each of the propagation poten-
tials is consistently less than 0.035V (vs sat'd Ag/AgCl), the HT
reduction reaction can be considered thermodynamically possible
within an active crevice. In addition, the effects of IR drop at loca-
tions deep within the creviced region are not accounted for, but
would only strengthen the thermodynamic argument. Lastly, the
crevice pH used to calculate the reduction potential is conservative,
given literature reports that the pH would be <0 [12,16,17].

3.4. Internal cathodic support

Following the completion of each experiment, crevice coupons
were thoroughly cleaned to remove corrosion products formed in
damaged areas. With the purpose of obtaining measurable weight
loss, each experiment was conducted until a total applied charge
(Qa) of 100 C was reached. The large weight loss which resulted
allowed for the accurate calculation of a charge equivalent to the
weight loss (Qw). This was calculated according to Faraday's law,
equation (1), where W is the weight loss, F is Faraday's constant, n is
the weighted average oxidation number of metal cations created,
and M is the effective molar mass, calculated based on the alloy
composition.

Qu = WF(1) (1)

n fini
() - % (n) @

The calculation used for the effective oxidation number:molar
mass ratio is outlined in equation (2), were fj is the mass fraction, n;
is the number of electrons transferred during oxidation, and M; is
the molar mass of the respective alloying element. For simplicity,
only major alloying elements (Ni, Cr, Mo, W, and Fe) were consid-
ered in these calculations and congruent metal dissolution was
assumed. Values of f; were calculated from the nominal composi-
tions reported by Haynes International (Table 1). The values used
for n; were discerned using thermodynamic values for all elements
except Mo and W. Based on thermodynamic data, Ni, Cr, and Fe
were anticipated to oxidize to form Ni(Il), Cr(Ill), and Fe(II) species
in the CCS. The same set of E-pH diagrams indicates the oxidation of
Mo and W to Mo(IV) and W(IV) species [16,18]; however, literature
reports suggest that the corrosion products formed within an active
crevice environment contain mainly Mo(VI) and W(VI) species
[13,14]. Furthermore, the calculated effective oxidation number:-
molar mass ratio (n/M) is similar to that of other literature reports
[19].

In order to determine the extent of internal cathodic support,
the total sustained damage (Qw) was compared to that measured
electrochemically (Qa). The value of Qa accounts only for the
damage sustained by coupling of corrosion to the external
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reduction of O, on the counter electrode. In contrast, the value of
Qw corresponds to the total amount of damage resulting from
corrosion coupled to all possible cathodic reactions. Therefore, the
difference between the two values indicates the amount of damage
arising from coupling to cathodic reactions occurring within the
crevice, i.e.,, H" reduction in the crevice interior. Since negative-
going potential transients, observed during the early stages of po-
larization on all alloys, correspond to localized corrosion events
within the crevice, the total Q4 (100 C) was considered rather than
only the charge passed after initiation. The extent of internal
cathodic support for corrosion of alloy C-22 at a series of applied
currents, reported as a percentage of the total amount of corrosion
damage (i.e. % x 100%) is illustrated in Fig. 7. Through this
methodology, the presence of an internal cathodic support process
is apparent. From these results, it is clear that corrosion rate cal-
culations that consider O, as the only oxidant underestimate the
extent of corrosion damage.

At the lowest examined current, 25 pA, the contribution of in-
ternal cathodic support was significant, but the actual extent of it is
irreproducible. The values range, from 22.1 to 45.8%, likely a result
of the evolution of damage morphology occurring within the active
crevice. Based on post-corrosion analyses, it is apparent that the
tendency under the application of small currents is to drive deeper
penetration within the crevice. We believe that these deep areas
have an increased ability to support the development and/or
maintenance of the CCS. Conversely, at higher applied currents, the
tendency of damage to spread laterally across an alloy surface is less
effective at supporting the developing CCS. The propensity of
damage to spread laterally at higher applied current has been dis-
cussed elsewhere [14]. The hypothesis that damage morphology
plays a role in establishing an internal cathodic reaction will be
explored further at the end of this paper.

With the realization that an internal cathodic reaction is indeed
significant during the crevice corrosion of C-22 the question re-
mains how the composition of the alloy affects this process. The
ability of Mo-rich corrosion products to stifle active dissolution has
been investigated in the context of different forms of localized
corrosion. In a study focused on artificial pits, Newman showed the
tendency of Mo to locate at defect sites, inhibiting dissolution at
locations which would otherwise corrode [20,21]. Shan et al.
demonstrated the tendency of dissolved Mo and W to precipitate
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Fig. 7. Internal support (%) as a function of applied current on C-22.

within an active crevice, while other dissolved alloying elements
tend to deposit outside the active region [16]. Jakupi et al. later
characterized the Mo-rich corrosion products found within an
active crevice as polymeric Mo(VI) species using Raman spectros-
copy [22]. In the present work, we attempt to characterize the effect
of Mo(VI) deposition on internal cathodic support of crevice
corrosion by studying the behaviour of Ni alloys G-30, C-22, and BC-
1 polarized galvanostatically at a single applied current.

The degree of internal cathodic support determined from
%#Q’*) x 100% analyses of BC-1, C-22, and G-30 crevice coupons
corroded at an applied current of 100 pA are shown in Fig. 8. In this
representation, the internal cathodic support is compared to the
Mo + W content of the alloy. The two are considered in sum
because W behaves much like Mo; i.e., W-rich corrosion products
deposit and stifle dissolution [16,23]. This treatment assumes that
the magnitude of the effect is the same per unit mass for both Mo
and W, however some literature reports claim that Mo is twice as
effective as W in protecting an alloy on a per-weight basis [3,24,25].
Whether or not the relative amounts of internal cathodic support in
Fig. 8 are compared to the Mo, Mo + 0.5 W, or Mo + W content of
each alloy, the conclusions are the same.

The Mo + W content is inversely proportional to the magnitude
of the internal support process. As the Mo + W content increases,
the extent to which the internal H* reduction reaction is able to
intensify damage decreases. For alloy G-30, containing only 5.5%
Mo and 2.5% W, the internal cathodic reaction has been shown to
intensify damage as much as an additional 79.2%. Alloy C-22, which
contains 13% Mo and 3% W, has an average 23.8% increase in the
expected damage based on the applied charge, while BC-1 (22%
Mo) exhibits a weight loss measurement suggesting negligible in-
ternal support (approximately zero).

It should be explicitly mentioned that the weight loss method
used to quantify the internal support is a rather crude process that
relies on removal of the corrosion product, which is difficult, due to
the irregular surface morphology and locations of deep penetra-
tion. Consequently, the weight loss values used to calculate Qw
represent an underestimate of the actual extent of corrosion
damage, and therefore so are the levels of internal cathodic support
determined by comparison of Q4 and Qw. Nonetheless, the data
presented highlight the importance of considering such a process,
and the extent to which alloy composition may promote or
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Fig. 8. Internal support (%) as a function of Mo + W content. Coupons corroded gal-
vanostatically at 100 pA.
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suppress it.

To support this analysis, an identical experiment (100 C of
charge applied at 100 pA) was performed on an alloy G-30 coupon
with no crevice. In this case, the potential remained in the trans-
passive range (~0.82V (vs sat'd Ag/AgCl)) throughout the entire
polarization period, and no negative-going transients were
observed. The measured weight loss corresponded to 65.0 C of
charge equivalent (compared with 179.2 C for the electrode with
the crevice). With no crevice, the weight loss is less than expected,
rather than more. The “missing” 35 C charge equivalent to weight
loss in this experiment likely corresponds to the mass of residual
oxide that could not be stripped from the metal surface after the
polarization experiment, consistent with the contention that the
Qw values represent an underestimate of the actual extent of
corrosion damage.

3.5. Damage progression

The removal of corrosion product from coupons initially used to
quantify internal cathodic support also benefitted post-corrosion
analyses by exposing the otherwise hidden variations in crevice
corrosion damage. Each of the examined alloys illustrates differ-
ences in damage morphology, while sharing subtle features, such as
those discussed during the study of initiation (Fig. 9). The corrosion
damage (Fig. 9A-C) achieved maximum penetration depth in
proximity to the crevice mouth. This is a feature commonly
observed during the crevice corrosion of Ni-Cr-Mo alloys, and in a
practical sense represents and arises from the re-tracing of the

Depth (um)
(']
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active-passive polarization curve within the crevice as a conse-
quence of the local ohmic drop within the occluded geometry
[26,27].

In general, the maximum depth of penetration was greatest for
alloy G-30. In contrast, alloy BC-1 consistently revealed the lowest
maximum depth of penetration. For the damage sites represented
in Fig. 9A-C the maximum depth of penetration was found to be
approximately 310, 265, and 76 pm on alloys G-30, C-22, and BC-1,
respectively.

Information regarding how damage develops within the active
crevice was uncovered by comparing the SEM images shown in
Fig. 9D-F. Alloy BC-1 (Fig. 9D), shows features which resemble the
damage observed during initiation studies (recall Fig. 5). This im-
plies that for this alloy, following initiation, the readily deposited
corrosion products impede damage progression and instead force
dissolution to relocate along the periphery of the damage site. As a
result, the damage morphology fails to develop beyond the features
observed during early propagation. This is consistent with the
observation that BC-1 typically shows shallow corrosion penetra-
tion in comparison to C-22 and G-30. Alloy C-22 (Fig. 9E), which is
anticipated to deposit corrosion products less readily, due to the
decreased Mo content, shows similar features along the periphery
of the crevice, yet has what appears to be a more advanced level of
damage in the center of the crevice. This suggests that C-22 requires
a longer time to deposit corrosion products sufficient to force the
applied current elsewhere (i.e., to the periphery). Lastly, G-30
(Fig. 9F), which is anticipated to have the poorest ability to deposit
corrosion products, shows almost no lateral progression of damage.

Depth (um)
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Fig. 9. Three-dimensional reconstruction from surface profilometry (A—C) and secondary electron micrographs (D—F) of crevice damage on BC-1, C-22, and G-30 respectively.
Approximate location of each micrograph is indicated on the respective surface profile. All coupons were corroded galvanostatically at 100 pA for a total applied charge of 100 C.
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Instead the periphery of the damaged region shows some localized
attack along grain boundaries, and displays features of preferential
etching. This suggests a global instability of the oxide film exposed
to the developing CCS, consistent with observations made during
the discussion of the potential response for G-30 under galvano-
static conditions. As one traverses from the periphery toward the
area of greatest depth, there is an immediate drop off in topography
(shown in both C and F) which suggests the failure of Mo-rich
products to deposit on the surface. This is consistent with litera-
ture reports which have shown that an increased rate of molybdate
deposition forces damage to spread laterally across the surface [14].
The ineffective deposition process occurring on G-30 allows active
metal dissolution to continue relatively uninhibited, and therefore
damage penetrates deep into the bulk material.

Conclusions may be drawn between changes in crevice geom-
etry and the intensity of the internal H" reduction reaction. Greater
crevice corrosion penetration depths, whether the result of low Mo
(and W) content or low applied current (discussed above), coincide
with a higher degree of internal cathodic support. Based on our
observations, internal cathodic support of crevice corrosion is less
important on alloys containing high amounts of Mo (and W). It
appears that these alloys develop a crevice geometry that is less
suitable for the development of the CCS, and that the deposition of
Mo- and W-rich corrosion products limits the surface area available
for the H' reduction reaction within the crevice. At low applied
currents, damage is limited to a small area and penetrates deep into
the alloy surface, and conversely, when high currents are applied,
the corrosion reaction and the consequent damage are forced to
spread laterally across the surface. This suggests that a key factor in
the crevice corrosion process may be the maintenance of a mini-
mum local current density at active sites. This suggests that under
natural (vs galvanostatically-driven) corrosion conditions, crevice
corrosion damage will tend to penetrate deeply in limited areas,
rather than spreading laterally across the surface. Therefore, the
susceptibility of an alloy to enhancement of crevice corrosion by
coupling to the internal cathodic reaction seems to be determined
by the content of Mo + W, which hinder internal H" reduction by
blocking the potentially cathodic surface with corrosion products
and by limiting the establishment of a crevice geometry conducive
to development of the CCS.

The hypothesis of corrosion product deposition governing the
damage morphology and internal cathodic support is reinforced by
the fact that the metallographic features of each alloy are similar;
hence, there are no obvious microstructural features that could
contribute to the differences in damage morphology between al-
loys. Previously published work has demonstrated that the corro-
sion susceptibility of the grain boundaries within a Ni-Cr-Mo alloy
depends to some degree on their coincidence site lattice (CSL)
classification (= value) [28,29]. Of particular interest are the =3 and
the =(>29) boundaries, the latter being termed random boundaries
(R). These boundaries are considered low- and high-energy,
respectively. The random boundaries have been shown to be
more susceptible to attack than the lower energy boundaries
[10,28,30].

We used EBSD to quantify the abundance on the three alloys of
grain boundaries of each CSL = value. The results are presented in
Fig. 10. We found no significant difference in grain boundary make-
up between the alloys; each alloy contains approximately 70% =3
boundaries. This is explained by the face-centred-cubic lattice and
the similar heat treatment imposed on the alloys during fabrica-
tion. Given that each alloy possesses approximately the same
abundance of random grain boundaries, which are particularly
susceptible to corrosion, one might expect the damage to follow
similar progression for each alloy, however, the results shown in
Fig. 9 demonstrate otherwise. Therefore, the differences in damage
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Fig. 10. Frequency of ordered grain boundaries according to coincidence site lattice
notation for Hastelloy G-30, C-22, and BC-1. Random grain boundaries (R) are defined
as =(>29).

morphology between alloys must be the result of differences in
composition. Likewise, there is no apparent microstructural feature
that would render one alloy more or less susceptible to the inter-
granular attack discussed above. Instead, it is likely that changes
occurring within the occluded region (i.e., deposition of corrosion
products) control the evolution of damage morphology. On alloy
BC-1, which has the highest Mo + W content, the damage never
gets beyond the initial stages and instead is forced to spread
laterally across the surface. Alloy C-22, which has a moderate
Mo + W content, has areas surrounding the central damage site
which resemble early stages of corrosion. However, in the central
areas the damage is more developed and crevice corrosion begins
to attack grain bodies indiscriminately. On alloy G-30, which has
the lowest Mo + W content, crevice corrosion damage penetrates
deeply, possibly providing a more optimum environment to sustain
the internal H' reduction reaction.

4. Conclusions

The presence of an internal cathodic support reaction, likely H*
reduction, occurring during the crevice corrosion of Ni-based alloys
has been implicitly demonstrated. For the investigated alloys, this
process has been found to have the ability to intensify the antici-
pated crevice damage by as much as ~79%. The intensity of H'
reduction within the crevice is thought to be dependent on the
evolving geometry of the host crevice and the blocking of cathodic
sites by deposition of Mo- and W-rich corrosion products. Crevice
damage that penetrates deeply supports the development of the
CCS, and therefore the internal H* reduction reaction. As a result,
low-Mo and W alloys, such as alloy G-30, are particularly suscep-
tible to this process. Consequently, we conclude that Mo- and W-
rich corrosion products not only stifle active dissolution, but also
limit the ability of H" reduction to intensify damage.

Furthermore, damage was also found to penetrate more deeply
when the alloys were driven to corrode by small applied currents
than when large currents were applied. This is particularly con-
cerning for corrosion under natural conditions, where the applied
current is zero.

Finally, our work demonstrates that corrosion damage pre-
dictions based solely on the availability of O, and other oxidants in
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the service environment will significantly underestimate the actual
extent of corrosion on Ni-based alloys, an important concern that
has not previously been demonstrated.
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