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ABSTRACT

Ni-Cr-Mo (W) alloys, having an optimum concentration of Cr, Mo and W, are
highly corrosion resistant alloys which do not fail by uniform corrosion in aggressive
environments. However, when creviced at high applied potential and high temperatures,
these materials can be susceptible to crevice corrosion. This study focuses on a family
of seven commercial Ni-Cr-Mo (W) alloys containing various amounts of Cr, Mo and
W. Different electrochemical techniques were used to determine the characteristic
potentials and temperature which indicate susceptibility to crevice corrosion, and to
investigate the individual and synergistic roles of major and minor alloying elements.
The corroded alloys were characterized by various surface characterization techniques
to determine the effect of alloying elements on the inhibition of crevice corrosion.
The effects of Cr, Mo and W on the crevice corrosion of Ni-Cr-Mo (W) alloys
were studied using the potentiodynamic-galvanostatic-potentiodynamic (PD-GS-PD)
technique to measure film breakdown (Eb) and repassivation potentials (ER,CREV) as well
as protection temperatures (TPROT) . As expected, Cr is the key element determining
resistance to crevice initiation but a substantial Mo alloy content is required to achieve
maximum film stability especially at temperatures > 60oC. Mo, not Cr, is the major
element controlling crevice propagation and repassivation. If TPROT is accepted as the
key indicator of an alloys overall resistance to crevice corrosion then the resistance
increases in the order; 625 (Ni22Cr9Mo) < C-4 (Ni16Cr16Mo) < C-276
(Ni16Cr16Mo3.5W) < C-22 (Ni22Cr13Mo4W) ~ 59 (Ni23Cr16Mo) ~ C-2000
(Ni23Cr16Mo1.6Cu) < 686 (Ni21Cr16Mo4W). More generally, this order could be
written; High Cr-Low Mo < Low Cr – High Mo < High Cr-High Mo < High Cr-High
ii

(Mo + W). The individual influences of Mo and W appear to be inseparable and, while
adding W improved the resistance, adding the equivalent amount of Mo could achieve
the same improvement.
Crevice corroded Ni-Cr-Mo (W) surfaces were analyzed using scanning electron
microscopy (SEM), energy dispersive X-ray (EDX) analyses, profilometry and Auger
electron spectroscopy (AES). The mode of crevice propagation was found to be strongly
dependent on the Mo (Mo + W) content of the alloy. At low contents of these elements
deep local penetration occurred. At higher contents propagation took the form of
interlinked pits along grain boundaries and only shallow pitting was observed on the
grain surfaces. The depth of penetration at any individual grain boundary pit was limited
by the accumulation of molybdates and tungstates. At very high Mo (Mo + W) contents,
grain boundary pitting was eliminated and only a generally distributed shallow
propagation occurred, consistent with the widespread distribution of molybdates and
tungstates.
The influence of the minor alloying element, Cu, on the crevice corrosion of NiCr-Mo alloys was investigated in chloride solutions at temperatures up to 105oC using the
same electrochemical and surface analytical techniques. Cu did not have any measurable
effect on passive film properties or on either the breakdown and repassivation potentials
or the protection temperature. Galvanostatically controlled crevice corrosion experiments
clearly demonstrated that Cu suppressed metastable breakdown events. Dynamic
secondary ion mass spectrometry showed Cu accumulated in crevice corroded locations
but could not confirm any influence of Cu on crevice propagation.
The apparently anomalous behavior of these alloys in carbonate containing
solutions was also investigated. In the presence of carbonate an unexpected anodic
iii

breakdown is observed in the otherwise passive potential region. In the passive region the
film possesses the expected bilayer structure with a Cr (III)-dominated barrier layer
containing mixed oxidation states of Mo and an outer dominantly-hydroxide layer. At
more positive potentials the Cr/Mo content of the film decreases when bicarbonate is
present and the alloy becomes covered by a thick (> 100 nm), and only partially
protective, Ni(OH)2 layer. It was shown that the key feature leading to this depletion in
Cr/Mo is the buffering of surface pH to > 8.6, when the surface deposition (or retention)
of insoluble protective Mo(VI) species does not occur as would normally be expected if
local acidic conditions, generated by Cr(VI) and Mo(VI) dissolution, were allowed to
develop.
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CHAPTER 1
Introduction

1.1

Project Motivation
Nickel and its alloys are widely used in corrosion resistant applications. They owe

their exceptional corrosion resistance to a thin protective (passive) oxide film, which
protects the underlying metal [1]. In spite of this film, these alloys are prone to localized
corrosion, particularly pitting or crevice corrosion [2]. Localized corrosion is rapid,
difficult to detect during service applications, and can cause an unexpected catastrophic
failure. Crevice corrosion is defined as the “localized corrosion of a metal surface that is
shielded from full exposure to the environment because of the close proximity between
the metal and the surface of another material” [2].
Major alloying elements like chromium (Cr) and molybdenum (Mo) play a strong
role in maintaining the passivity of the alloy and stabilizing the passive film after a
localized breakdown event [3]. Chromium primarily forms a passive film of Cr2O3 on the
surface, thereby imparting better passivation properties. A threshold concentration of 12
wt. % Cr is required for complete passivation of the surface, as shown in Figure 1.1 [4],
but too high a Cr content results in brittleness [2] and, hence, poor mechanical properties.
Mo is known to inhibit localized corrosion by oxide formation within the pit,
thereby retarding the pit growth [5-7]. Mo also decreases the passive corrosion rate (ipass)
of an alloy, resulting in a decrease in the concentration of dissolved metallic ions that can
lead to hydrolysis and acidification [8, 9]. There are other alloying elements, like Ni, Ti,
Nb, W, Cu etc., which also improve the corrosion resistance properties of an alloy.
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The original motivation of the present study was the choice of C-22 (UNS
N06022, Ni-22Cr-13Mo-3W-3Fe (in wt.%)), a highly corrosion resistant nickel-based
alloy, as a candidate material for nuclear waste containers in the proposed Yucca
Mountain Repository [10]. This Cr, Mo, W alloy is used extensively in hot chloride
solutions where generally 316 SS fails due to pitting corrosion [11]. While resistant to
general corrosion in aggressive environments, such as high chloride solution, high
temperature and high applied potential, there is a possibility the alloy could suffer crevice
corrosion [12].

Figure 1.1 Corrosion rate of Cr-Fe alloys in intermittent water spray at room temperature
[4]

2

In this study, seven commercial Ni-Cr-Mo (W) alloys with various compositions were
investigated. Table 1.1 shows the composition of various studied Ni-Cr-Mo (W) alloys.
The motivation was twofold; first to rank these commercial alloys based on their
localized corrosion properties and; secondly, to understand the individual and synergistic
effects of both the major and minor alloying elements on alloy passivity and resistance to
localized corrosion.
Alloying
element
Cr

C-4
UNS
N06455
16

C-276
UNS
N10276
16

Alloy 625
UNS
N06625
21

C-22
UNS
N06022
22

Alloy 59
UNS
N06059
23

C-2000
UNS
N06200
23

Alloy 686
UNS
N06686
21

Mo

16

16

9

13

16

16

16

W

-

4

-

3

-

-

4

Fe

3

5

5

3

1

1

1

Cu

-

-

-

-

-

1.6

Ni

64

57

62

56

59

58

Table 1.1 Nominal chemical compositions of the alloys studied (wt. % of major alloying
element)

1.2 Localized Corrosion
Metals or alloys which form a passive film are widely used in aggressive
environments because passivity reduces the dissolution rate by orders of magnitude.
Passive films comprise oxides and hydroxide compounds with a thickness of a few
nanometers [2]. Figure 1.2 illustrates an anodic polarization curve that shows a transition
from active to passive behaviour in a metal. The transition takes place at the primary
passive potential (Epp) and a critical current density (icrit). Above this potential, the metal
3
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becomes passive, and the degree of passivity is defined by ipass. Passivation is acquired
when the metal surface is covered with the passivating film that essentially is comprised
of metal oxide, MxOy [2]. Naturally-occurring passive films exhibit good corrosion
resistance, but breakdown of the film can lead to a susceptibility to localized corrosion.
Localized corrosion occurs at a rapid rate, is difficult to detect during service, and can
cause unexpected catastrophic failure [2].

Figure 1.2 A schematic anodic polarization curve showing an active-passive transition
behaviour [2]
In electrochemical polarization curves breakdown of the passive film results in a
continuous increase in current density, and the potential beyond which this occurs is
defined as breakdown potential (Eb). In the case of pitting, Eb is defined as the pitting
potential (Epit) (Figure 1.3) [2]. The polarization curve (Figure 1.3) demonstrates a
protection potential (Eprot) which is defined as the potential at which the current on the
reverse scan crosses that on the forward scan. Eprot is considered to be a conservative
parameter since below Eprot initiation of localized corrosion will not occur [2]. At very
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noble potentials the current increase is attributed to transpassive dissolution. If
breakdown occurs at a potential below this region then it can be attributed to localized
corrosion.
For stainless steel (SS) or Ni based alloys containing a high Cr content, the
protective chromium oxide passive film becomes unstable at higher potentials due to
oxidation of Cr ions to a higher state which can be accompanied by the evolution of O2
gas [13]. The trans passive region of corrosion-resistant steels has been divided in three
regions [13]: (1) a current due to oxidation of Cr to a higher oxidation state; (2) a leveling
off or decrease in current due to secondary passivation, attributed to the adsorption of O2
on the surface before its evolution as gas; this secondary passivity is only partial since
metal dissolution continues at a considerable rate; (3) the eventual evolution of O2 which
results in a continuous increase in current density. Generally, transpassive dissolution is
not observed under natural corrosion conditions since only extremely oxidizing
conditions can drive the corrosion potential into this region.

Figure 1.3 Schematic polarization curve showing localized and transpassive potential [2]
5

1.2.1 Pitting and Crevice Corrosion
Pitting and crevice corrosion are two common forms of localized corrosion.
Pitting occurs on open surfaces while crevice corrosion requires the presence of an
occluded region due to contact with another, generally inert, material. Pitting is sensitive
to inclusions and secondary particles in the metal/alloy since initiation is more likely at
these locations where variations in alloy composition (e.g., the depletion of Cr) are most
likely [14].

1.2.1.1 Pitting Corrosion
There are four stages in the pitting process: pit initiation, metastable pitting, and
stable pit growth and repassivation [2, 15,16]. The presence of aggressive species like
chloride and aggressive environments, i.e. low pH, are necessary for pit initiation [2].
Once initiation occurs O2 becomes depleted inside the pit while remaining readily
available at regions outside the pit. This results in the separation of anodic (inside the pit)
and cathodic (outside the pit) reactions on the metal surface [2]. The hydrolysis of
dissolved metal cations results in a low pH inside the pit [2]:
Mn+ + nH2O  M(OH)n + nH+

(1.1)

To maintain charge neutrality, anions (e.g. Cl-) migrate into the pit yielding an
aggressive acidic saline solution which prevents repassivation. This acidic environment
accelerates the anodic reaction and the process becomes self-propagating (autocatalytic)
[2, 16]. A schematic representation of this process is shown for Fe in chloride solutions in
Figure 1.4 [2].
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The formation of an insoluble cap/cover, formed when dissolved metal cations
encounter the neutral environment outside the pit, promotes the autocatalytic reaction by
maintaining the critical aggressive chloride environment. When in the Cr III state Cr
confers passivity on stainless steel but once dissolved as CrVI it hydrolyzes strongly
resulting in a low pH which enhances the propagation of pitting [17, 18].
A precursor to stable pits [16, 19, 20] and crevices [21, 22] are metastable pits
[19-26]. The routine observation of metastable pitting suggests that stable pits go through
and survive a period of metastability. In polarization experiments metastable pitting can
be detected as current transients, which occur below the pitting potential. Figure 1.5 [19]
shows an example recorded on 302 SS film breakdown the current increases as the pit
grows and then suddenly decreases as repassivation occurs. The life of such a metastable
pit is usually in the region of seconds. During their lifetime metastable pits exhibit a
constant current density [19]. When first formed, the metastable pits pit size is too small
to generate a diffusion barrier sufficient to create the aggressive environment required for
stable pitting [23]. Metastable pits are believed to have porous or perforated covers of
metal or corrosion products that hinder mass transport of ions but still retain the
aggressive environment inside the pit [19, 23]. When the cover ruptures and the pit size is
still not big enough to act as a diffusion barrier, the electrolyte in the pit becomes diluted
causing repassivation [19, 23].
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Figure 1.4. Schematic showing the pitting of iron in an aqueous saline solution [2]

According to Frankel et al., a stable pit is formed if the cover stays for a sufficient
time to allow a salt film to precipitate on the metal/alloy surface [19], while Pistorius and
Burstein suggest that a pit becomes stable when it has grown deep enough to act as a
diffusion barrier [23]. In the context of these arguments, metastable pitting is viewed as a
necessary but not a sufficient condition for stable pitting since perforated covers and salt
film precipitation are also needed for pit stability [24].
Some studies have been conducted for the purpose of establishing criteria that
determine the transition from metastable to stable pitting [20, 27].
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Figure 1.5 Metastable pitting current transient recorded at a constant potential on 302 SS
in chloride solution [19]
1.2.1.2 Crevice Corrosion
The mechanism for crevice corrosion is similar to that of pitting corrosion. This
process could involve the formation of metastable pits within a crevice prone area [25],
and can involve the coalescence of a band of metastable pits formed at a critical depth
[19, 21, 26]. The cathodic reaction takes place outside the creviced region, since O2 is
depleted inside the crevice leading to the spatial separation between cathodic and anodic
reactions [17]. Metal cation hydrolysis leads to acidification and the accumulation of Clinside the crevice [2]. This aggressive environment causes passive film breakdown
leading to rapid metal dissolution inside the crevice. The main requirement for crevice
corrosion is an occluded area, often created by the design of an engineered structure [2].
Chloride enhances crevice corrosion but its presence is not required. This is different than
pitting where chloride or other aggressive ions are required [2]. Crevice attack usually
9

appears at potentials lower than pitting potentials [2]. Several models for the initiation of
crevice corrosion have been proposed in the literature and a few of these are briefly
discussed below.

1.2.1.2.1 Mechanisms of Initiation of Crevice Corrosion

1.2.1.2.1.1 Passive dissolution model
Oldfield and Sutton [17] developed the first quantitative model for crevice
initiation based on the critical crevice solution (CCS) concept. They assumed that the
first step in initiation was consumption of O2 inside the crevice at a rate equal to the
passive current density. The second step was hydrolysis of the dissolved metal ions,
produced by passive film dissolution, in the crevice leading to a decrease in pH. To
maintain charge neutrality, aggressive Cl- ions then migrate into the crevice. When the
environment within the crevice reaches the CCS or a critical pH, the passive film
becomes unstable and breaks down leading to metal/alloy dissolution.
According to their model, the two key parameters influencing alloy resistance are
the CCS and the passive current density. Since passivity breakdown and crevice initiation
occur when the crevice solution becomes more aggressive than the CCS, determining the
CCS is the key requirement of this model. In their study [18], the CCS was arbitrarily
chosen to be an active current peak of 10 mA/cm2. The limitation of this model is that it
only considers mass transport by migration in and out of the crevice even though
concentration gradients and convection within the crevice may also contribute.
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More recently, Nash and Kelly [28] have shown that the pH within a crevice did
not decrease to values low enough to cause general breakdown of the passive film. Also,
Sridhar and Dunn [29] observed for 304L stainless steel (SS) and Alloy 825 that the pH
and the Cl- concentration changes were detected only after the initiation of active crevice
corrosion, as indicated by an increase in current. These observations indicate that crevice
corrosion causes the change in the crevice solution chemistry rather than precedes it, as
specified in the Oldfield and Sutton model.

1.2.1.2.1.2 IR drop model
Pickering and Frankenthal [30] proposed an IR drop model in which the anodic
current (I) from metal dissolution inside the crevice and the solution resistance (R) within
the restricted crevice geometry are sufficient to force the local electrode potential out of
the passive, and in to the active, region leading to the initiation of corrosion. This theory
has successfully explained many features of the crevice corrosion of Ni in chloride-free
acidic solutions, and Fe in chloride-free solutions with various pH values [31, 32].
However, these particular systems exhibit an active/passive transition, whereas,
metal/alloy systems which do not exhibit an active-passive transition should experience
stabilization due to an IR drop. This model has also been criticized since it requires that
significant changes in local chemistry do not occur until after the initiation of crevice
corrosion [22].
The IR drop model considers the crevice solution to be similar to the bulk solution
at a pH close to the equilibrium pH for hydrolysis of the cations accumulated in the
crevice solution. Also, mass transport processes (migration, diffusion, and convection)
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are not taken into account. A schematic summarizing the two crevice stabilization
theories is presented in Figure 1.6 [29]. The chemistry change model represents the
Oldfield and Sutton model [17, 18] while the potential change model is Pickering’s IR
drop model [31].

Passive Dissolution

Passive
Dissolution

O2 Depletion

O2 Depletion

Hydrolysis

pH Decrease

IR Potential Drop

Cl- Migration
IR > IRcritical

Crevice
Stabilization

Crevice
Stabilization

Figure 1.6 Sequence of reaction steps for two different crevice corrosion initiation
models [29]

1.2.1.2.1.3 Metastable pitting model
Stockert and Boehni [25] proposed a model in which they assumed that crevice
corrosion initiates as a result of metastable pitting within the occluded/creviced region.
The metastable pits initiate and grow for a limited time at potentials below the pitting
potential, since they are stabilized by the presence of a porous pit cover which provides a
significant ohmic drop to maintain the bottom of the pit in the active state [19].
Metastable pits repassivate when a hole forms in the passive film cover. This hole allows
the pit solution to be diluted by the bulk environment, resulting in repassivation [19].
Subsequently, Kehler and Scully [21] observed that crevice corrosion started via the
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coalescence of a band of metastable pits formed at a critical depth into the crevice.
Metastable pits formed in a crevice can stabilize readily, since the crevice region is
occluded and dilution by the external environment prevented. Thus, there is a greater
chance of maintaining critical chemistry conditions and avoiding repassivation. The
stabilized pit would then develop leading to generalized crevice attack [22].
A key difference between crevice corrosion and pitting is the initiation phase. The
occluded geometry associated with a crevice provides a ready barrier to transport, making
it easier to form and maintain an aggressive chemistry. Thus, a material can fail by
crevice corrosion in a less aggressive environment than that needed for failure by pitting.
Susceptibility to crevice corrosion depends strongly on the composition of the electrolyte,
temperature, and applied potential. In general, the environment becomes more aggressive
with increases in chloride concentration, temperature, and applied potential [33].

1.3 Factors influencing crevice corrosion
Various factors, both internal and external, affect the crevice corrosion resistance
behavior of an alloy. The present study focuses on the effect of major and minor alloying
elements, applied potential, pH, temperature and the nature of crevice formers.

1.3.1 Effect of Alloying Elements

1.3.1.1 Effect of Cr, Mo and W
Nickel-based metals, alloyed with Cr, Mo, W and other elements are widely used
for equipment construction in the petrochemical, chemical process, and power industries
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because of their excellent corrosion resistance in both oxidizing and reducing
environments. While Cr has the primary influence on maintaining passivity [34], Mo and
W help to control localized corrosion propagation and aid in repassivation [3, 35-37].
Thus, optimizing the concentrations of Cr, Mo and W is a key feature in developing NiCr-Mo and Ni-Cr-Mo-W alloys resistant to uniform, localized corrosion, and stress
corrosion cracking [38]. Also, despite their excellent resistance to localized corrosion in
both oxidizing and reducing environments, there remains a concern that these alloys
could fail due to crevice corrosion in oxidizing concentrated saline solutions at high
temperatures [35-37, 39-43].
The passive film properties of a number of Ni-Cr-Mo (W) alloys were studied at
different potentials and temperatures in acidic solutions by Lloyd et al. [44] using various
electrochemical and surface characterization techniques. Both potentiostatic and
potentiodynamic experiments showed that C-22 (Ni-22Cr-13Mo-3W (wt%)) has a lower
passive current density than C-276 (Ni-16Cr-16Mo-4W). This was attributed to the
higher Cr content in C-22 which results in the growth of a more protective Cr/Ni oxide
barrier layer at the alloy oxide interface. The effects of Cr, Mo and W on passive film
properties and, to some extent, on localized corrosion were studied for the alloys C-4
(Ni-16Cr-16Mo), C-276, 625 (Ni-21Cr-9Mo), C-22 and C-2000 (Ni-23Cr-16Mo-1.6Cu)
[34]. High Cr (> 20%, wt.%) containing alloys demonstrated better passive film
properties than low Cr- containing alloys. While improved passivity was generally
attributed to the alloy Cr content, Mo and W were found to segregate to the outer regions
of the film, and, at high potentials when oxidation of Cr (III) to Cr (VI) initiates, were
found to play an important role in suppressing the onset of transpassivity. As a
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consequence, Mo and W play a dominant role in the control/inhibition of localized
corrosion in aggressive environments [34]. According to this study, C-22 and C-2000,
which contain high Cr and high Mo or Mo + W, provide better localized corrosion
resistance in the aggressive environments than the other studied alloys (C-276 and C-4).
Jakupi et al. [35, 45-48] used electrochemical and surface analytical techniques
to determine the relationship between passive film impedance properties and
composition in aggressive environments. The film properties on C-22 were investigated
at different potentials in concentrated chloride (5 mol/L) solution using electrochemical
impedance spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS). A direct
relationship between film resistance and the Cr(III) oxide content of the barrier layer
oxide film was observed, as shown in Figure 1.7 [45]. A more extensive XPS study [49]
subsequently confirmed this relationship and also showed that, at more positive
potentials, when the Cr(III) content decreased due to its oxidation to the more soluble
Cr(VI), the Mo(VI) and W(VI) contents in the film increased substantially. Time of flight
secondary ion mass spectrometry (ToF-SIMS) analyses on this alloy and on C-2000
showed these oxidized states of Mo and W accumulated at the oxide/solution interface,
consistent with the previous observations in acidic solutions [34, 44] although the extent
of segregation to the outer surface was not so dramatic.
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(a)

(b)
Figure 1.7 (a) Barrier layer resistance and capacitance as a function of applied potential
for C-22 and (b) Relative percent composition of Cr species on the surface of alloy C-22
as a function of applied potential. Experiments conducted in 5.0 mol.L-1 NaCl [45].

To understand the effect of Cr and Mo on the inhibition of localized corrosion
behavior, crevice corrosion studies on alloy 625, C-276 and alloy G-3 (Ni-21Cr-6Mo)
were performed by Lillard et al. [50] in the expected critical crevice solutions (CCS).
Potentiodynamic results showed that an increase in Mo content resulted in a lower
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passive current density and a smaller dissolution rate associated with the active region. A
crevice corrosion resistance ranking (C-276 > alloy 625 > alloy G-3), based on an
increase in Mo content from alloy G-3 to C-276, was proposed. The study further
suggested that Mo alloying controls the crevice propagation rate.
Kehler and Scully [21] studied the crevice corrosion susceptibility of alloy 625
and C-22 in an acidic solution. The metastable corrosion event rate, calculated from
current-time transients was found to increase with an increase in applied potential and
temperature with the increase being more significant for alloy 625 than for C-22. Also,
the depth of penetration due to crevice corrosion was higher for alloy 625 than C-22.
Since, both alloys have a similar Cr content, the differences in the crevice corrosion
behavior were attributed to their Mo (or Mo + W) content, i.e., a higher Mo (or Mo + W)
content in C-22 results in better crevice corrosion resistance.
Wong and Buchheit [51] studied the effect of Cr and Mo on the localized
corrosion behavior in Ni-Cr-Mo alloys. A reduction in the number of metastable pitting
events with an increase in the Cr and Mo concentrations was observed. An increase in
Mo concentration resulted in a lower peak pitting current and a decrease in the rate of the
fastest growing pits. Since, metastable pits are precursors to stable pits [16], this
reduction in the number and size of metastable pit events led to an improvement in the
alloy’s resistance to localized corrosion.
The effect of Mo and W on galvanostatically-driven crevice propagation was also
studied on the C-22 and C-2000 alloys [35]. Scanning electron microscopy (SEM)
images and energy dispersive X-ray (EDX) mapping shows an accumulation of insoluble
corrosion product, enriched with Mo, O and Mo, W, O at propagating sites for C-2000
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and C-22, respectively, in agreement with the results reported by other researchers [36].
Raman spectroscopy results [35] indicated that the insoluble products formed at active
locations within the crevice were polymeric Mo species (including W in the case of C-22)
which control the crevice propagation rate and whose accumulation inhibits the depth of
corrosion penetration [46]. These results are consistent with those of Hayes et al. [3] who
also claimed that, while Cr had the dominant influence on passivity, Mo was responsible
for controlling pit propagation and promoting repassivation.
The corrosion behavior of C-22, C-22HS and Hybrid-BC1 alloy (Ni-15Cr-22Mo)
in 1M HCl solution at 900C was recently studied by Zadorozne et al. [37]. The corrosion
rate, calculated from the Stern-Geary equation, shows that the anodic dissolution in the
active potential range was mainly controlled by the Mo content, the higher Mo content of
the Hybrid-BC1 alloy resulting in better corrosion resistance in the active region than C22 and C-22HS. On the contrary, the Hybrid-BC1 alloy showed a higher passive current
density (obtained from potentiodynamic polarization graphs) compared to C-22 and C22HS. This poorer passivity of the Hybrid-BC1 alloy is a result of a lower Cr content.
Crevice repassivation potentials (ER,CREV) were obtained by the potentiodynamicgalvanostatic-potentiodynamic (PD-GS-PD) technique [43], using a multiple crevice
assembly (MCA) arrangement, for C-22, C-22HS and Hybrid-BC1 in chloride solution at
900C. A significantly higher ER,CREV was obtained for the Hybrid-BC1 alloy compared to
C-22 and C-22HS, which suggests that the higher Mo content in Hybrid-BC1 alloy also
aids in repassivation.
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1.3.1.2 Effect of Cu
The effect of Cu addition on corrosion resistance, particularly localized corrosion,
has been studied in detail for stainless steel (SS) [52-64] and to a lesser extent aluminum
alloys [65-67]. However, to date, no focused study of the effect of Cu on the localized
corrosion of Ni-Cr-Mo alloys has been published.
The beneficial effect of adding Cu to SS has been widely reported but some
researchers have demonstrated detrimental effects. Sourisseau et al. [52] studied the
effect of 0.2% and 3.0% (wt. %) Cu addition on the pitting of austenitic SS in chloride
solution. The addition of 3.0% Cu decreased the pitting and repassivation potentials and
increased the charge associated with metastable pits as deduced from current transient
analysis, suggesting that Cu addition delayed repassivation and promoted pit
stabilization. By contrast, Cu addition also lowered the anodic dissolution rates and pit
propagation rates in acidic chloride solution. Based on XPS analyses, it was suggested
that an enrichment of metallic Cu on active sites inhibited repassivation by preventing
oxidation of the underlying Fe or Cr. However, this surface enrichment had a
counterbalancing beneficial effect by forming a barrier layer to base metal dissolution.
Lin et al. [53] investigated the effect of Cu additions on the corrosion of austenitic
SS in 0.1M H2SO4 solution. The difference between the pit nucleation and protection
potentials decreased with an increase in Cu content (0.4% to 3.0%) indicating an
enhanced resistance to localized corrosion. The properties of the oxide films grown at
applied potentials of 400mV (SCE) and -400mV (SCE), were characterized by XPS and
Auger Electron Spectroscopy (AES). While an enrichment of Cu was observed at the
lower potential, no Cu peak was observed at 400 mV. The Pourbaix diagram [68]
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indicates that Cu should dissolve as Cu2+ in acidic solution at 400 mV, but be stable as
either Cu2O or metallic Cu at -400 mV. Unfortunately, the XPS peaks for Cu2O and
metallic Cu are very close [69], making it difficult to distinguish them by XPS.
Jiangnan et al. [54] showed that Cu decreased the anodic dissolution rate of
austenitic SS (18Cr-10Ni-2Cu) in 3.5% NaCl solution at 800C, and surface
characterization techniques indicated this could be attributed to enrichment of Cu on the
surface. No influence of Cu surface enrichment or of Cu2+ dissolved in solution on
passive film behavior was observed. However, the passivation kinetics of the SS
containing Cu was slower than those of the Cu-free alloy.
Seo et al. [55] and Hultquist et al. [56] studied the corrosion resistance of Cucontaining ferritic SS in sulfuric acid and neutral sodium chloride solutions. Polarization
curves showed active dissolution was suppressed on the 0.4wt. % Cu-containing ferritic
SS, and AES studies indicated this could be attributed to the surface enrichment of Cu at
active potentials. In the passive and transpassive regions, no Cu enrichment was detected.
Additionally, potential decay curves measured in a 1M H2SO4 + 0.5 M NaCl solution,
yielded a slower reactivation time (time required for reactivation due to breakdown of the
passive film) on specimens containing Cu. A reason for different behavior at low and
high potentials is because at low potentials Cu is present as a noble Cu or a passive Cu2O,
thus suppresses the active dissolution. However, at high potentials it is unstable and
dissolves either as CuCl2- or as Cu2+ and degrades passivity. These results suggest a
detrimental effect of Cu on passive film stability and it was concluded that at high
potentials, metallic Cu dissolves as Cu2+ to form active sites and a less stable passive
film.
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Itzhak and Peled [57] showed that a small amount of Cu (0.25%, wt. %) in
sintered 316SS increased the corrosion potential by ~450mV and decreased the
passivation and critical current densities by two orders of magnitude. These effects were
attributed to the selective anodic dissolution of the active surface leading to local
enrichment of noble Cu, as confirmed by AES [58]. Ujiro et al. [61] reported a beneficial
effect of Cu on the pitting of austenitic and ferritic SS in chloride media in an active
potential range but a harmful effect when pitting occurred at more noble potentials.
Improvements in localized corrosion behavior have also been reported for duplex SS
(DSS) [62] and 204Cu SS [63] and it was suggested that enrichment of metallic Cu
within a pit resulted in a lower anodic dissolution current.
While most research on the influence of Cu alloying has been focused on SS,
recent studies on Al alloys have been reported [66, 67]. The presence of Cu in solid
solution in an Al matrix increases the pitting potential in chloride solution, but this
improvement is limited by the solubility of Cu in Al [65]. Kim and Buchheit [66]
demonstrated an inhibiting effect of Cu on metastable pitting in chloride solution, Cu in
the solid solution retarding stable pit formation by inhibiting the initiation of metastable
pits. Also, suppression of peak pitting currents inhibited metastable pit growth. This
lowers the probability of stable pit formation resulting in an increase in pitting potential.
Further, scanning transmission electron microscopy (STEM) images show localized Cu
enrichment in the base of the pit [67].
Despite these studies, there is little literature available on the effect of Cu alloying
on the localized corrosion behavior of Ni-Cr-Mo alloys. Recently, Zhang et al. [49]
studied the passive film behavior of the C-2000 alloy in neutral pH at room temperature
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in chloride solution. Using Angle – Resolved X-Ray Photoelectron Spectroscopy (ARXPS) and Time of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) it was shown
that the outermost layer of the passive film was enriched with Cu (or Cu(I) oxide) and
Mo, the intermediate region dominated by Cr/Ni hydroxides, and the inner region
composed of the expected Cr(III) oxide barrier layer. It was not clear that the presence of
Cu in the outer regions of the oxide had any influence on passivity.

1.3.1.3 Effect of Fe
The addition of nickel to iron-base alloys (e.g., stainless steels) increases their
corrosion resistance. Conversely, adding Fe to Ni – base alloys would decrease the
corrosion resistance compared to pure Ni [70]. Thus, the primary purpose of
incorporating Fe into Ni-base alloys is cost reduction due to the lower price of Fe [38].

1.3.2 Applied Potential
Electrochemical studies of localized corrosion have shown that there are
characteristic potentials for different types of localized corrosion process. In the case of
pitting corrosion, stable pits form at potentials more positive than its EB (commonly
referred to as the pitting potential) and can grow at potentials more positive than the
repassivation potential (ER), which is lower than EB [16]. This is illustrated in the
polarization curve in Figure 1.8. Stable pits can start to grow for E > EB as indicated by a
sharp increase in current density from the passive current. Upon reversal of the scan
direction, the pits repassivate for E < ER, and the current drops back to the passive current
value. If the electrode is creviced then the EB can be referred as the crevice potential,
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ECREV, and the crevice repassivation potential as ER,CREV, where ER,CREV is defined as the
potential below which active crevice corroding locations can no longer propagate [2].
Researchers [71] have considered the difference between EB and ER, which is
related to the extent of hysteresis in a cyclic potentiodynamic polarization curve, Figure
1.8, as a measure of the susceptibility to localized corrosion. However, Frankel et al. [19]
showed that metastable pits initiate and grow for a period at potentials well below the
pitting potential, which contradicts the original definition of the pitting potential as being
that above which pits initiate.
Sridhar and Cragnolino [72] found that, for smaller pits, the repassivation
potential depends upon the total anodic charge due to pit propagation. Such a dependency
is more likely when corroded sites determine the geometric factors that impede transport,
i.e. for pitting. For crevice corrosion, it is the geometry of the crevice former that controls
transport [73]. The reason for this difference can be the mass-transport properties of an
open pit which is heavily influenced by pit depth. However, for artificial crevice formers,
the mass-transport properties are dominated by the geometry of the crevice former rather
than the depth of crevice corrosion penetration [73]. Kehler et al. [74] observed that the
crevice repassivation potential for C-22 was independent of the anodic charge density in
the range from 0.02 C/cm2 to 30 C/cm2.
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Figure 1.8 Schematic polarization curve showing the critical potentials and the
metastable region in a polarization curve [16]

Measurements of ER as a function of the accumulated anodic charge for
pit/crevice propagation indicate that ER remains constant only after a certain amount of
charge has been passed [72, 73], Figure 1.9 [72]. In the region where ER is independent of
anodic dissolution charge, it is considered to be a conservative parameter for the longterm prediction of susceptibility to pitting. A similar conclusion can be drawn for
ER,CREV. Evans et al. [12] applied constant potentials, below and above the repassivation
potential, to creviced C-22 specimens in 5 M CaCl2 at 120°C. They reported that
specimens held below the repassivation potential remained passive for a week with
current densities in the order of 10-8 A/cm². However the specimen polarized above the
repassivation potential developed crevice corrosion in a few hours, Figure 1.10 [12]. It
was concluded that ER,CREV can be taken as the critical potential below which C-22 will
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not suffer crevice corrosion and that this can be used as a criterion for long term
susceptibility to crevice corrosion of highly corrosion resistant Ni-Cr-Mo (W) alloys.
Dunn et al. [75] found that ER,CREV for C-22 is strongly dependent on temperature
and electrolyte composition, consistent with the results obtained by other researchers
[74]. The dependence of the repassivation potential on temperature and chloride
concentration is given by the relationships [73]:
ER,CREV = E0R,CREV (T) + B (T) log [Cl-]

(1.2)

E0R,CREV (T) = A1 + A2 T (oC)

(1.3)

where
and

B (T) = B1 + B2 T (oC)

ER,CREV has also been used as a criterion for susceptibility to crevice corrosion for
different nickel alloys (C-22, Alloy 625 and Alloy 825) and 316L SS [73, 75]. The
authors [75] observed that ER,CREV at a given chloride concentration and the critical Clconcentration needed to initiate localized corrosion increased with an increase in Mo
concentration. They suggested that C-22 has a more noble ER,CREV than the other alloys
studied because of its high Mo content.
Kehler et al. [74] showed that the ER,CREV is a more reproducible parameter than
the ECREV. The reason for this may be that ER,CREV is less affected by the scan rate used in
measuring polarization curves and is also independent of the amount of charge passed
and thus on the amount of dissolution associated with crevice corrosion. So, ER,CREV can
be used as a reliable parameter to study the effect of other influences on crevice
corrosion.
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Figure 1.9 Effect of pitting and crevice corrosion depth on the repassivation potential
[72]

Figure 1.10 Potentiostatic experiments on C22 crevices at potentials below and above
ER,CREV [12]
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1.3.3 Effect of pH
The crevice corrosion of Ni-Cr-Mo (W) has not been studied in detail as a
function of the pH of the electrolyte. In the past, researchers involved in nuclear waste
management studies, investigated the crevice corrosion of C-22 in three different
electrolytes - simulated acidified water (SAW, pH ~ 2.8), simulated concentrated water
(SCW, pH ~ 8.0) and basic saturated water (BSW, pH ~ 13.0) [76-79]. All these
simulated waters were concentrated forms of J-13 (water drawn from a well close to the
proposed Yucca Mountain repository site in Nevada, USA). No localized corrosion was
observed in these solutions [76,77]. The absence of crevice corrosion was thought to be
due to the presence of inhibitive anions, like NO3-, SO42- and HCO3-. Even in very harsh
conditions, (using ceramic crevice formers, high temperature (up to 105oC) and high
applied potentials), there was no sign of crevice attack on specimens exposed to
concentrated J-13 solutions [78].
Recent studies on Ni-Cr-Mo or Ni-Cr-Mo-W alloys have concentrated on low pH
conditions, either in bulk acidic solution [3, 34, 80, 81] or under crevice corrosion
conditions [12, 35-37, 39, 43, 46] when a low pH environment is expected beneath the
crevice former. Lloyd et al. [34] studied the effect of the major alloying elements, Cr, Mo
and W on the passive film behavior. Based on electrochemical and surface analytical
studies, it was reported that the high-Cr alloys developed better passive oxide films due
to their higher Cr content and the increased segregation of Cr-Ni to the inner oxide and
Mo-W to the outer oxide.
Zhang et al. [49] investigated the influence of pH and temperature on the passive
film stability of the C-2000 alloy. Based on XPS and time of flight – secondary ion mass
spectroscopy (TOF-SIMS) they showed that an increase in Ni, and decreases in Cr and
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Mo, contents of the passive film occurred when the temperature was increased from 50oC
to 90oC. While this would be expected to destabilize the passive film it was offset by an
increase in thickness of both the inner barrier layer (CrIII) oxide and the outer hydroxide
layer. The influence of pH was studied using the same surface analytical techniques. As
the pH decreased (from 7 to 4 to 1) the film thickness decreased, but this was
compensated by an increase in the Cr and Mo contents of the film. These results are
consistent with those of Lloyd et al. [34, 44] and explain why the passivity is maintained
down to at least pH = 1. However, a more detailed XPS analysis showed that, despite this
increase in Cr content, there was a relative decrease in the overall Cr (III) oxide content
of the barrier layer at the alloy/oxide interface, a clear sign that the film would eventually
destabilize when the pH was decreased further.
In room temperature solutions, Zhang et al. demonstrated [49, 82] that excellent
passivity is maintained up to 200 mV (vs SCE) for both C-22 and C-2000 even in
extremely concentrated chloride (5.0 mol/L) solution. However, potentiodynamic studies
on C-22 in a concentrated simulated groundwater (SCW), containing chloride, nitrate,
sulphate, fluoride, bicarbonate/carbonate (pH 9.7; 95oC), showed the presence of an
anodic peak at ~250mV (SCE) [83]. This peak was only observed when
carbonate/bicarbonate was present in the solution. Additionally, if the potential was held
potentiostatically in this region, and a sufficient load applied, the C-22 alloy experienced
transgranular corrosion and failed by SCC. By contrast, when carbonate/bicarbonate was
absent only plastic deformation was observed despite the high chloride concentration [83,
84].
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Dunn et al. [85] characterized the electrochemically grown oxide film on C-22 at
different potentials in SCW as well as in solutions containing either chloride (0.19 mol/L)
or bicarbonate (1.14 mol/L). In the chloride solution the film thickness at a potential of
400 mV (SCE) was only ~30-40nm. By contrast in bicarbonate solution and SCW the
film thickness at this potential, within the anodic peak region, was ~200nm and ~300nm,
respectively. The oxide film thickness was determined by the depth at which the Ni
concentration reached a constant value. This leads to an over estimation of oxide film
thickness which is best determined as the depth at which the O concentration reaches half
of its maximum value [86-88]. It was proposed that Cr depletion in bicarbonate and SCW
was the cause of SCC in this potential region [83].
Szmodis et al. [89] characterized the oxide film formed on C-22 in SCW solution
at 900 C using XPS and atomic force microscopy (AFM). The XPS spectra of an oxide
film grown at a potential in the anodic peak region (~200-400 mV, SSC) contained Ni
peak, but no peaks for Cr, Mo and W. Further, the AFM studies showed that the oxide
film was porous with interconnected filaments. Most recently, Zadorozne et al. [90]
observed this anodic peak in bicarbonate solutions for C-22 alloy, Alloy 800H (Ni-21Cr45Fe) and Alloy 600 (Ni-16Cr-9Fe) but not for Alloy 201 (Ni-0.1Fe), the only alloy not
containing Cr as an alloying element. The authors also observed that the anodic peak
potential decreases with increase in temperature. However, the origin of the peak was not
discussed. These studies show that an enhanced anodic current in the usually passive
potential region is generally observed for Cr-containing Ni-based alloys in
bicarbonate/carbonate solutions, and may be a precursor to SCC.
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1.3.4 Effect of Temperature
Temperature is a critical factor for localized corrosion, since many materials do
not fail by localized corrosion below a critical temperature, whose value is well defined
and reproducible [91-96]. This critical value can be obtained by either varying the
temperature for a range of fixed applied potentials or varying the potential over a range of
constant temperatures. For pitting, the critical temperature is defined as the Critical
Pitting Temperature (CPT) and for crevice corrosion as the Critical Crevice Temperature
(CCT). For temperatures below CPT, the breakdown potential will be extremely high and
correspond to transpassive dissolution, whereas just above CPT, pitting corrosion occurs
at a potential far below the transpassive potential [92, 93].
In case of crevice corrosion, the transition temperature from transpassive
dissolution (at very positive potentials) to crevice corrosion (at much lower potentials)
was defined as CCT - the temperature below which stable crevice corrosion will not
occur at any potential for a given alloy. The temperature at which EPROT changes from
noble to active values exhibits the same trend as CCT, but it is called as Critical Crevice
Protection Temperature (TPROT). TPROT was considered to be the temperature below
which initiation of crevice corrosion would never occur at any potential for a given alloy
[96]. CPT and CCT can be used as measures of the susceptibility to localized corrosion
for different materials. Although some research has been done in the past on the CPT of
stainless steel, very little work has been done on CCT, even though crevice corrosion is a
more insidious form of corrosion.
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Meguid and Latif [95] obtained CCT and TPROT for 254 SMO steel in 4% NaCl.
They measured the breakdown potential and EPROT in potentiodynamic polarization
curves, as a function of temperature (Figure 1.11 [96]).

Figure 1.11 Variation of ECREV and EPROT with temperature for 254 SMO steel in 4%
NaCl [96]

Kehler et al. [21] noticed that both ECREV and ER,CREV decreased with an increase
in temperature for C-22 and Alloy 625 in a chloride solution containing oxyanions.
Higher temperatures increased metal dissolution rates, hydrolysis reaction rates, oxide
dissolution rates, passive current densities and the ionic mobility of chloride anions,
making it easier to establish the CCS at a lower potential [21].
Evans et al. [12] measured ER,CREV, obtained from a cyclic polarization scan, as a
function of temperature for C-22 in 5 M CaCl2 solution. They noticed that there is a sharp
decrease in potential (of around 400 mV) at around 60oC.

Laycock et al. [22] measured

the CCT for 904 SS and found it to be 15-20°C higher than the lowest temperature at
which metastable pitting was observed. But the number of observable metastable pits
increased rapidly close to CCT. They suggested that over longer test periods, crevice
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corrosion would occur at all temperatures where the metastable pitting rate does not
decay to zero with time.

1.3.5 Effect of Chloride Concentration
The susceptibility of C-22 to crevice corrosion increases with increasing chloride
concentration. It has been shown for C-22 [12, 97] that the ER,CREV decreases linearly
with a logarithmic increase in chloride concentration according to the relationship:
ER,CREV = A – B log [Cl-]

(1.4)

where, A and B are constants and depend on temperature and other variables.
Similar relationships were observed by other researchers [95] for 254 SS in
chloride solution, where both ECREV and ER,CREV satisfied equation 1.4.

1.3.6 Nature and Geometry of the Crevice Former
Most laboratory studies on the crevice corrosion of highly corrosion resistant
alloys used PTFE (Polytetrafluoroethylene) washers [98] or PTFE tape-wrapped ceramic
washers as crevice formers [12, 37, 41-43]. It has been claimed that tighter, and hence
potentially more susceptible, crevices are formed with ceramic washers coated in PTFE
tape than with PTFE washers, since more pressure can be applied by the former and thus
the gap is tighter and more stable [12, 33]. Further, the pressure applied to a PTFE
washer can relax with time as PTFE is a polymeric material [99]. Akashi and Nakayama
[100] studied the effect of applied torque on the crevice repassivation potential of 304 SS
in NaCl solution. They observed that the ER,CREV decreased with an increase in the
applied torque, i.e., more severe corrosion occurred in a tighter crevice. However, when
the applied torque was above a critical value, the repassivation potential became stable.
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Shan and Payer [101] studied the effect of different crevice formers, such as
PTFE,

PTFE

tape-wrapped

ceramic

washers,

ceramic

and

PCTFE

(Polychlorotrifluoroethylene) washers, on the crevice corrosion of C-22 in 4 M NaCl at
100oC. PTFE wrapped ceramic crevice formers were the most severe. With a tighter
crevice gap, crevice corrosion initiated more readily, whereas, when the gap is larger than
a critical value for the metal/environment condition, no crevice corrosion occured.
Vankeerberghen [102] suggested that there is a critical characteristic dimension, x2/g >
(x2/g)CRIT, where x is the crevice depth and g is the crevice gap, which marks the limit
between crevices that do or do not initiate corrosion.

1.4 Determination of ER,CREV for Ni-Cr-Mo (W) alloys
As discussed in the previous section, ER,CREV can be used as a conservative
criterion to predict the susceptibility of highly corrosion resistant Ni-Cr-Mo (W) alloys to
crevice corrosion. There are three different commonly used techniques for the
determination of ER,CREV for highly corrosion resistant alloys. They are as follows:
a) Cyclic Potentiodynamic Polarization technique (CPP)
b) Potentiodynamic-Potentiostatic-Potentiodynamic (PD-PS-PD) technique
c) Potentiodynamic-Galvanostatic-Potentiodynamic (PD-GS-PD) technique

1.4.1 Cyclic Potentiodynamic Polarization (CPP) technique
CPP is a fast, efficient and a commonly used technique for the determination of
ER,CREV for various alloy systems, including highly corrosion resistant Ni-based alloys
[12, 98]. In CPP, the potential is scanned from 200-250mV below Ecorr to a
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predetermined potential in the anodic region then scanned back to Ecorr or to a few
hundred mV below Ecorr. A hysteresis in the E-log(I) curve suggests the material
susceptibility to localized corrosion. Using this technique, Evans et al. [12] defined some
additional parameters including ER10 (the potential at which a current density of 10
µA/cm2 is achieved in the reverse scan), E20 (the potential at which a current density of
20 µA/cm2 is achieved in the forward scan (defined as the “breakdown potential”),
ERCO (the crossover potential, at which the forward and reverse scans intersect). These
values are indicated in the CPP plots recorded on C-22 in a chloride solution at high
temperature in Figure 1.12 [12]. They preferred the value of ER10, since it is always
obtainable from a polarization curve; however, the value of ERCO is only available when
a crossover is evident.
Kehler et al. [74] performed crevice corrosion tests using the CPP technique on C22 in concentrated J-13 solution at 95oC and defined ECREV as the potential at which the
current density permanently exceeded 1 µA/cm2, and ER,CREV from the potential
corresponding to 1 and 10 µA/cm2 in the reverse scan.
Although this approach is simple, fast and commonly used, there are some
concerns. The potential scan rate has a complex effect on the repassivation potential. For
shallow pits, the pit/crevice corrosion depth varies with time which leads to a variation of
ER,CREV with scan rate [73] especially at low scan rates. For deep pits/crevices, ER,CREV is
independent of pit or crevice depth [42, 72, 74].
The reliability of this approach was challenged by the results of Evans et al. [12]
who observed no crevice corrosion even after 1 week at a potential 75 mV higher than the
ER,CREV obtained from CPP measurements. Since CPP tests are fast they allow
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insufficient time for crevices to nucleate and propagate properly. In addition, the reverse
scan starts from a high potential which can lead to transpassive dissolution as well as
crevice corrosion.

1.4.2 Potentiodynamic-Potentiostatic-Potentiodynamic (PD-PS-PD) technique
Researchers at the Southwest Research Institute used the PD-PS-PD technique to
determine ER,CREV for Ni-Cr-Mo(W) alloys in aggressive environments. Dunn et al. [75]
determined ER,CREV for C-22, in 4 M NaCl at 95oC. As with the CPP technique the
potential is first scanned to a positive potential. Then it is held potentiostatically at this
predetermined anodic limit for 5 hours to allow the crevice to propagate. Finally, as with
CPP, a reverse scan is performed, Figure 1.13 [75].
This technique is an improvement on CPP, since, at the potentiostatically applied
potential the crevice is allowed to initiate and propagate without applying a high
potential. However, the hold potential needs to be changed depending on the solution
composition , since the dissolution rate will not be the same at the same potential in all
environments. Furthermore, the current changes with time during the potentiostatic step
so the charge, or total amount of dissolution is not fixed from experiment to experiment.
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Figure 1.12 CPP curve for C-22 showing the characteristic potentials [12]

Figure 1.13 The potential applied and current density measured during a
Potentiodynamic-Potentiostatic-Potentiodynamic (PD-PS-PD) measurement on C-22 [75]
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1.4.3

Potentiostatic-Galvanostatic-Potentiodynamic (PD-GS-PD) technique
Mishra and Frankel [43] improved the PD-PS-PD technique by using a

galvanostatic rather than a potentiostatic hold in the Potentiodynamic-GalvanostaticPotentiodynamic (PD-GS-PD) technique. A potentiodynamic scan is performed from a
potential 150-250mV below Ecorr to a potential above EB until a predetermined current is
reached. This current is then maintained galvanostatically for a number of hours. Finally,
the potential is scanned back to the initial potential. The hold time in the galvanostatic
section can be modified, based on the corrosion performance of the alloy, to ensure the
establishment of active propagation conditions. A schematic of the PD-GS-PD technique
is shown in Figure 1.14. This technique has been successfully applied to a range of
different corrosion resistant alloys in various solutions [37, 39-43].

EB

Figure 1.14 Schematic of the current-potential profile obtained in a PD-GS-PD
measurement [43]
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CHAPTER 2

General Experimental

In this chapter, the principles of the experimental techniques employed in this
project are briefly reviewed. Also included are the details of the types of experiment
performed. However, more specific information on sample preparation and experimental
parameters is provided at the beginning of the each results section in individual chapters.

2.1

Electrochemical Experimental Details

2.1.1 Planar Electrode Preparation, Cell Design and Solution Preparation
Cubic specimens of the alloys 625, C-4, C-276, C-22, Hybrid-BC1, 59 and 686,
with a total surface area of 14.06 cm2 were cut from plate material supplied by Haynes
International (USA) (625, C-4, C-276, C-22 and Hybrid-BC1), Thyssenkrupp (USA)
(59), and Special Metals (USA) (686). For electrochemical measurement, a small tapped
hole was machined in the top of the specimen to enable contact to a cylindrical rod which
provided a connection to external circuitry. This connector was sheathed in glass and
sealed with a Teflon gasket to prevent contact with the electrolyte. The specimen
(working electrode) was then polished with a series of wet silicon carbide papers up to
1200 grit, rinsed with deionized water and acetone, and then air dried prior to an
electrochemical experiment. The specimen was 3/4th (~10cm2) immersed in the
electrolyte to avoid the possibility of a crevice site at the teflon/specimen interface. A Pt
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foil and a saturated calomel electrode (SCE) were used as the counter and reference
electrodes, respectively.
A standard jacketed, three-electrode cell was used in all experiments. This cell
was connected to a water circulating thermostatic bath to allow control of the solution
temperature to within 1oC. The reference and counter electrodes were housed in separate
compartments attached to the main body of the glass cell through glass frits. The cell was
placed in a Faraday cage to reduce external sources of electrical noise. Experiments were
conducted in 1M NaCl, 0.1M NaHCO3, 1M NaCl + 0.1M NaHCO3, 1M NaCl + 0.1M
Na2CO3, 1M NaCl + 0.01M Na2B4O7 solutions. When required the pH was adjusted by
adding various amounts of 0.01M NaOH solution.
Solutions were prepared with Type 1 water (resistivity of 18.2 MΩ cm-1, obtained
from a Milli-Q Millipore system) and reagent grade chemicals. The solution was
deaerated with Ar prior to and throughout an experiment. A fresh solution was prepared
for each experiment and all experiments were reproduced at least twice. The temperature
of the solution was varied from 30 to 750C. The pH of each solution was recorded before
and after an experiment.

2.1.2 Electrochemical Methods
The corrosion potential (Ecorr) was recorded for 1h before a polarization
experiment. Ecorr is the measured potential difference between the working electrode and
a reference electrode, with no external potential or current applied to the working
electrode. In the absence of an externally applied potential, the sink for the electrons
generated by the anodic oxidation of the metal is the cathodic reduction reaction that
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occurs on the passive metal surface. In the present study, the studied alloys were highly
corrosion resistant Ni-Cr-Mo (W) alloys and the purpose of a period of natural corrosion
was to allow the surface to approach a steady-state condition before a polarization (or
potential scan) experiment.
Potentiodynamic scans were performed from ~250mV below Ecorr to an anodic
limit of 800mV at a scan rate of 0.167mV/s. Oxide films for surface analyses were grown
by scanning the potential from Ecorr to the desired film growth potential and then holding
it there for 9 hours. In the present study the applied potential was held constant in either
the passive region, the anodic peak region or the pseudo-passive region [1, 2]. These
regions will be defined in the following chapters. A slow scan from Ecorr to the applied
potential was used instead of the commonly applied potential step. This avoided the
initial surge in current observed when a potential step is applied. No cathodic cleaning
was performed before any electrochemical experiment.

2.1.3 Experimental Arrangements for Crevice Corrosion Experiments
While highly corrosion resistant to oxidizing and reducing environments, the
alloys studied may be susceptible to crevice corrosion at high temperatures and positive
potentials. To compare the crevice corrosion resistance properties of the alloys,
electrochemical experiments were performed using two different crevice corrosion
arrangements.
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2.1.3.1 Multiple Crevice Assembly (MCA) experiments
Cubic specimens with a total surface area of 14 cm2 were cut from the plate
materials. A small tapped hole was machined in the top of the specimen to enable contact,
via a cylindrical rod, to external circuitry. This rod was sheathed in glass and sealed with
a teflon gasket to prevent contact with the electrolyte. A 7.0 mm diameter hole was
machined in the center of the cubic specimen which was then polished with a series of
wet silicon carbide papers up to 1200 grit, rinsed with deionized water and acetone, and
then air dried prior to an experiment. A teflon-wrapped ceramic crevice former, tightened
to a torque of 70 in-lb by Ti bolts, was used to create 12 identical crevices. A Pt foil and a
saturated calomel electrode (SCE) were used as the counter and reference electrode,
respectively.

2.1.3.1.1 Electrochemical Techniques
Crevice corrosion experiments were performed using the PD-GS-PD technique to
measure the characteristic potentials (Eb and ER,CREV) [3]. Starting 200-250mV below
Ecorr, the potential was first scanned in the anodic direction at a rate of 0.167 mV/s, 1 in
Figure 2.1. When the current reached a value of 30 µA, the control mode was switched
from potentiodynamic to galvanostatic, and the current maintained for 2 to 40h while the
potential was recorded, 2 in Figure 2.1. This allowed crevice corrosion, if it had initiated,
to propagate. Finally, the control mode was switched back to potentiodynamic and the
potential scanned in the negative direction until the current became negative, 3 in Figure
2.1. An example of the current-potential relationship observed in these three stages is
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shown in Figure 2.2. The crossover potential is defined as ER,CREV, as shown in Figure
2.2.
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Figure 2.1 Schematic showing the three stages of a PD-GS-PD experiment. The three
steps in the experiment are explained in the text

In a CPP experiment, the potential is scanned to a higher potential value resulting
in transpassive dissolution as well as crevice corrosion and then back to the initial
potential. The PD-GS-PD technique is a better approach to determine the damage caused
by only crevice corrosion and quantitatively determines different parameters related to
crevice corrosion. A detailed study using the PD-GS-PD technique, and its application to
a highly corrosion resistant alloy, was reported elsewhere [3].
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Figure 2.2. E-log (I) curve recorded in a PD-GS-PD experiment.

2.1.3.2 Single Crevice Assembly Experiments
Single crevice experiments were conducted inside a pressure vessel which allows
experiments to be conducted at higher temperatures (> 100oC) while boiling is
suppressed. The vessel was lined with a 3mm thick cylindrical PTFE liner to avoid direct
solution contact with the titanium pressure vessel wall (Figure 2.3). The creviced
(working) electrode was suspended from a thin cylindrical rod of the same material
enclosed in heat-shrink PTFE tubing to avoid electrical contact with the pressure vessel
[4]. The counter electrode was made from the same material as the working electrode. A
homemade Ag/AgCl (saturated KCl) reference electrode was used [5]. The potential of
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this electrode (-45mV vs SCE) was checked against an SCE (used only as a standard)
before and after each experiment.
The crevice former surface area was made smaller than the flat surface area of
the alloy in order to better define the crevice mouth and to confine any propagation to
the flat surface of the specimen (Figure 2.4). The creviced assembly was held together
with insulated threaded bolts and metal nuts to ensure that the defined working electrode
surface would be the only creviced metal area exposed to solution. The creviced face
of the working electrode was polished using the same procedure employed with the
MCA.
The electrolyte used in the experiments was aerated 1M NaCl and the temperature
of the solution was 1050C. To prevent boiling of the solution, the vessel was pressurized
with 0.4 MPa of Ar gas. On first exposure to the solution, the electrode was allowed to
stabilize at Ecorr for 8 hours. Subsequently, crevice corrosion was initiated
galvanostatically (5 µA, 10 µA and 20 µA) and the current maintained throughout the
48 hours of the experiment.
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Figure 2.3 Electrochemical cell, built inside a pressure vessel, used to study crevice
corrosion [4]

Figure 2.4. The creviced electrode assembly used in single crevice experiments [4]
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2.2

Surface Characterization Techniques

2.2.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX)
In SEM, a highly-focused primary beam of electrons, with an energy of 0.5 to 30
kV, is focused on a surface and generates many low energy secondary electrons (< 50
eV), whose intensity is primarily governed by the surface topography of the sample. By
measuring the intensity of these secondary electrons as a function of the position of the
primary electron beam, an image of the sample surface can be constructed. High spatial
resolution is possible with SEM when the primary electron beam is focused to a very
small spot (<10 nm), and, when using a primary electron beam with an energy of < 1 kV,
a high sensitivity to topographic features on the outermost surface (< 5 nm) can be
achieved.
Quantitative elemental information can be obtained by EDX, which is an
analytical technique used for the elemental analysis or chemical characterization of a
sample. The characterization capabilities of EDX are due to the fundamental principle
that each element emits X-rays that are uniquely characteristic of its atomic structure.
Measuring the characteristic X-rays emitted by a specimen in response to irradiation with
an incident beam of primary X-rays yields the elemental composition of a specimen.

2.2.1.1 SEM/EDX Experimental Details
Electrodes anodically oxidized for surface analyses were rinsed gently with DI
water and air dried prior to characterization. SEM images were obtained on a Hitachi S-
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4500 field emission SEM equipped with an EDAXTM EDX system at Surface Science
Western (SSW). SEM imaging and EDX mapping was also performed on crevice
corroded surfaces.

2.2.2 X-Ray Photoelectron Spectroscopy (XPS)
XPS was used to determine the composition and chemical nature of thin surface
oxides. This technique is based on the detection and energy analysis of photoelectrons
produced by irradiation of the surface with a low-energy x-ray beam [6]. When a sample
is irradiated with x-rays of known energy, hv, electrons with a binding energy, EB, less
than the incident energy (hv), are ejected with a kinetic energy, Ek (Figure 2.5). The
conservation of energy then dictates the relationship between the binding energy and the
kinetic energy of the emitted electron (photoelectron);

Ek  hv  (EB   )

(2.1)

where,  is the spectrometer work function, which is the combination of the sample work
function and the work function induced by the analyzer. XPS is surface sensitive due to
the low inelastic mean-free path (λm) of the emitted electrons within the sample, which is
between 0.5 and 3.0 nm for most photoelectrons of interest [7]. Due to collisions within
the sample's atomic structure, photoelectrons originating from locations deeper than
about 3 to 10 nm are unable to escape from the surface with sufficient energy to be
detected.
A typical spectrum is generated by plotting the measured photoelectron intensity
as a function of EB. Peaks at discrete energies correspond to specific elements in the
sample under study, and the intensity of the peaks is related to the concentration of that
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element within the sampled region. This technique provides a quantitative analysis of the
surface composition.
Another important feature of XPS is its ability to discriminate between different
oxidation states and chemical environments. The exact BE of an electron depends not
only upon the atomic level from which photoemission is occurring, but also upon the
formal oxidation state of the atom and its local chemical and physical environment.
These perturbations appear as small shifts in the peak positions on the BE scale (chemical
shifts). Distinct chemical states, which are close in energy, can be deconvoluted by
obtaining high-resolution spectra and using peak fitting programs to give the percent
composition of each state.
photoelectron

Evacuum

EK

incident x-ray
beam (hv)



Efermi

EB

Valence band

2p

2s

1s
Figure 2.5. Schematic representation of photoelectron generation in XPS.
The kinetic energy of the photoelectron (Ek) is the difference between the
energy of the input X-ray beam (hv) and the binding energy of the electron (EB) in a
specific atomic level, corrected for the work function, , of the instrument.
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2.2.2.1 XPS Experimental Details
XPS analyses were performed with a Kratos Axis Ultra XPS at Surface Science
Western (SSW) employing monochromatic Al Kα (1486.8 eV) radiation. The BE was
calibrated to give a Au 4f7/2 line position at 83.95 eV. XPS spectra were corrected for
charging by taking the C 1s spectrum for adventitious C to be at a binding energy of
284.8 eV. Survey spectra were recorded on all samples followed by high resolution XPS
spectra for the Ni 2p, Cr 2p, Mo 3d, C 1s and O 1s spectral regions. The XPS spectra
were analyzed using the commercial CasaXPSTM software. High resolution spectra were
background corrected and fitted with a mixed Gaussian/Laurentian function using the
parameters provided in the literature [8-10].

2.2.3 Dynamic Secondary Ion Mass Spectroscopy (D-SIMS)
Dynamic SIMS has a similar sputtering phenomenon as TOF-SIMS but is
operated in a dynamic mode. In TOF-SIMS, an ion beam (primary ions) is used to
remove a small number of atoms and molecules from the outermost layer of a surface and
analyzes those that are ionized (secondary ions), Figure 2.6. A short pulse of primary ions
strikes the surface and the secondary ions produced in the sputtering process are extracted
from the sample surface into a time-of-flight mass spectrometer.
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Figure 2.6 Schematic of the SIMS sputtering process

These secondary ions are dispersed in time according to their velocities (which
are proportional to their mass/charge ratio (m/z)). Discrete packets of ions of differing
mass are detected as a function of time at the detector.
In D-SIMS, the primary beam is high enough in energy (~1μA·cm2 ) to result in a
drastic change of the chemical composition and structure of the surface. This technique is
inherently “destructive” due to the collisional interaction of the primary ions with the
sample, although the extent of the surface damage can be controlled by an appropriate
optimization of the parameters of the primary ion source. The dynamic SIMS (D-SIMS)
mode is characterized by the use of high density, DC primary ion beam currents which
provide typical sputtering rates in the range 0.5-5nm/s. Under these conditions most
chemical bonds are broken and only atoms or polyatomic fragments are ejected from the
sample surface as neutrals or ions. This restricts D-SIMS to elemental depth profiling or
mapping. The detection range of this technique extends from matrix element levels to
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trace element levels in the ppb range. In this study, it was used to detect the presence of
Cu in a corroded C-2000 specimen. A Cameca IMS-3f SIMS instrument equipped with
Cs+ and O+ ion sources was used to obtain the Dynamic-SIMS images on crevice
corroded surfaces.

2.2.4

Auger Electron Spectroscopy (AES)
In AES, the sample surface is bombarded with a high energy (3 – 10 keV)

primary electron beam, which results in the emission of secondary, backscattered and
Auger electrons from the area of bombardment: these electrons can be readily detected
and analyzed. The Auger electrons are emitted at discrete energies characteristic of the
elements present in the sample surface. The characteristic energies of the Auger electrons
are such that only the electrons from the outer 0.5 to 5 nm can escape and be detected.
This makes AES an extremely surface sensitive technique and the analysis volume is
typically 106 to 108 times smaller than that excited in SEM/EDX analysis.
As shown in Figure 2.7, the incident electron beam excites a core electron at, say,
the K level which is consequently ejected from the atom. An electron at a higher core
level (L1 level) drops to fill the initial core hole transferring the excess energy to a third
electron at the L2 level, the Auger electron, which is ejected creating a doubly-ionized
atom [11]. The kinetic energy of the Auger electron is independent of the energy of the
electron beam used to create the initial core hole formation and can be written as
EAuger = EK – (EL1 – EL2)

(2.2)

where, EK is the energy of the K level, EL1 is the energy of the L1 level electron, EL2 is the
energy of the L2 level, and EAuger is the energy of the auger electron.
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Figure 2.7 Schematic of the Auger electron emission process

Unlike XPS, in AES, Auger electrons are emitted against a background of
scattered electrons, so that the signal to noise is small. The signal is typically
differentiated in order to remove the background and better identify the peaks. Survey
scans of the entire range of Auger electron energies, carried out by detecting and
counting the number of Auger electrons, can reveal the presence of elements of interest
on the sample surface. By taking into account the sensitivity factors for the elements,
quantification is possible. This is useful in identifying unknown elements and estimating
their concentration in the surface.
Depth profiling by AES provides a convenient way of analyzing the variation in
composition of thin surface layers with thickness. In this technique the sample is eroded
by ion sputtering making it a destructive technique. The sample is bombarded with ions
accelerated in an ion gun to an energy in the range 1 to 5 keV. When these ions strike the
sample a small amount of energy is transferred to the surface atoms, which causes them
to leave the sample. The ion beam is rastered on the surface for a known time to remove a
uniform layer of the sample. Under controlled conditions the thickness of the layer
removed can be calculated. The residual surface is then analyzed by AES, giving the
56

depth distribution of different species in the sample. Inert gases (usually Ar) are
commonly used as the ion sources.

2.2.4.1 AES Experimental Details
Auger analyses were performed using a PHI 660 Auger electron spectrometer
instrument with an excitation energy of 5 keV. Depth profiles were obtained by
sputtering using an Ar+ ion beam. A survey scan was acquired for each sample and
during depth profiling the signal intensities for Ni, Cr, Mo and O were monitored as a
function of sputtering time. To convert sputtering times to depths, similar measurements
were performed on a reference material covered with an air-formed native oxide. The
sputtering rate obtained on this reference specimen was assumed to be similar to the
sputtering rate on an electrochemically oxidized surface.
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CHAPTER 3
Effect of Alloying Elements on Crevice Corrosion Inhibition of Ni-CrMo-W Alloys under Aggressive Conditions: An Electrochemical Study

3.1 Introduction
In this chapter, a systematic investigation of the susceptibility to crevice corrosion
initiation and the early stages of propagation have been undertaken for a range of
commercially-available Ni-Cr-Mo (W) alloys. In addition, attention has been paid to the
synergistic effect of one alloying element on another by comparing the behavior of alloys
which differ in only one alloying component, with the primary emphasis on the
understanding of the effects of Cr, Mo, and W. The electrochemical behavior of the alloys
were studied using galvanostatic and a potentiodynamic-galvanostatic-potentiodynami
(PD-GS-PD) technique for both multiple crevice assemble (MCA) and single crevice setup. Different characteristic potentials (ECREV, ER,CREV) and temperature (TPROT) were
obtained and the studied alloys was ranked based on their crevice corrosion resistance
property. Moreover, a correlation of TPROT with pitting resistance equivalent number
(PREN) was also investigated.

3.2 Experimental

3.2.1 Materials and Solutions
The compositions of the alloys are listed in Table 1.1. The C-4, C-276, 625, C-22
and C-2000 alloys were supplied by Haynes International (USA), alloy 59 by
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ThyssenKrupp (USA) and alloy 686 by Special Metals (USA). Experiments were
conducted in continuously deaerated 1M NaCl solution at various temperatures.
Solutions were prepared using de-ionized (DI) Milli-Q Millipore water (18.2 MΩ cm)
and reagent grade salts. A fresh solution was prepared for each experiment and all
experiments were repeated at least twice to confirm reproducibility.

3.2.2 Electrode Preparation and Electrochemical Techniques

3.2.2.1 Multiple Crevice Assemblies
Cubic specimens with a total surface area of 14 cm2 were cut from the plate
materials. A small tapped hole was machined in the top of the specimen to enable
contact, via a cylindrical rod, to external circuitry. This rod was sheathed in glass and
sealed with a teflon gasket to prevent contact with the electrolyte. A 7.0 mm diameter
hole was machined in the center of the cubic specimen which was then polished with a
series of wet silicon carbide papers up to 1200 grit, rinsed with deionized water and
acetone, and then air dried prior to an electrochemical experiment. A teflon-wrapped
ceramic crevice former, tightened to a torque of 70 in-lb by Ti bolts, was used to create
12 crevices. A platinum foil and a SCE were used as the counter and reference
electrodes, respectively.
A standard jacketed, three-electrode cell was connected to a water circulating
thermostatic bath allowing control of the solution temperature to within 1oC. The
reference and counter electrodes were housed in separate compartments attached to the
main body of the glass cell through glass frits. The cell was placed in a Faraday cage to
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reduce external sources of electrical noise. Crevice corrosion experiments were
performed using the PD-GS-PD technique [1] to measure ECREV, ER,CREV and TPROT.
Potentiodynamic scans were performed at a scan rate of 0.167 mV/s from a
potential 150-250mV below ECORR to a potential above the EB until a current of 30 μA
was reached. This current was then maintained galvanostatically for 40 hours. Finally the
potential was scanned back to a lower potential at a rate of 0.167 mV/s. Galvanostatic
control was maintained for 40 hours, rather than the normal 2 hours [1], to ensure the
establishment of active propagation conditions.

3.2.2.2 Single Crevice Assembly
Single crevice experiments were conducted inside a pressure vessel which allows
boiling to be suppressed at T > 100oC. The vessel was lined with a 3mm thick cylindrical
PTFE liner to avoid direct solution contact with the titanium pressure vessel wall. The
creviced (working) electrode was suspended from a thin cylindrical rod of the same
material enclosed in heat-shrink PTFE tubing to avoid electrical contact with the pressure
vessel. The counter electrode was made from the same material as the working electrode.
A homemade Ag/AgCl (saturated KCl) reference electrode was used [2]. The potential of
this electrode (-45mV vs SCE) was checked against a commercial SCE, used only as a
standard, before and after each experiment.
A schematic of the crevice electrode arrangement inside the pressure vessel has
been reported elsewhere [3-7]. The geometry of the working electrode was designed to
avoid unwanted crevices. The crevice former was a PTFE slice fi x e d between the
flat metal surface and a polysulfone coupon. In this study the crevice design was
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modified slightly with the crevice former surface area made smaller than the flat surface
area of metal in order to better define the crevice mouth and to confine any
propagation to the flat surface of the specimen. The creviced assembly was held
together with insulated threaded bolts and metal nuts to ensure that the defined working
electrode surface would be the only creviced metal area exposed to solution. The
creviced face of the working electrode was polished using the same procedure employed
with the MCA.
To prevent boiling of the electrolyte solution, the pressure vessel was pressurized
with 0.4 MPa of Ar gas. On first exposure to the solution, the electrode was allowed to
stabilize on open circuit for 8 hours. Subsequently, crevice corrosion was initiated
galvanostatically (5 µA or 20 µA) and the current maintained throughout the 48 hours
of the experiment.

3.3 Results and Discussion

3.3.1 Effect of Cr on Crevice Corrosion
To study the effect of Cr, the alloys C-276 and 686 were compared, since both
have similar Mo and W contents and differ only significantly in their Cr content (16 wt%
for C-276 compared to 21 wt% for 686). The small difference in Fe content (Table 1.1) is
not expected to significantly affect the corrosion resistance, the primary purpose of its
incorporation in Ni-based alloys being cost reduction [8].
Potentials recorded during the galvanostatic stage (the GS step in the PD-GS-PD
measurement) are shown in Figure 3.1. The temperatures at which active crevice
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conditions are established on the two alloys are identified by the significant drop in
potential at 400C to 450C for C-276 alloy and 750C to 800C for alloy 686. From these
plots, the TPROT values of ~ 40oC for C-276 and ~ 75oC for 686 can be established.
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Figure 3.1 Potentials recorded on MCA specimens during the galvanostatic stage (GS)
when using the PD-GS-PD technique: (a) C- 276 and (b) Alloy 686 at various
temperatures in 1 M NaCl solution
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Figure 3.2 shows the EB and ER,CREV values as a function of temperature for both
these alloys. A significant increase in EB, especially at higher temperature, is observed as
a result of the increased Cr content in alloy 686 compared to C-276. These results are
consistent with those of other investigators [7] who proposed that higher Cr content
results in a less defective, highly enriched Cr2O3 barrier layer. However, once crevice
corrosion initiates on both alloys (for T > TPROT), the similarity in ER,CREV values
indicates no significant effect of Cr on crevice repassivation.
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Figure 3.2 EB and ER,CREV values recorded using the PD-GS-PD technique on MCA
specimens of C-276 and alloy 686 at different temperatures in 1M NaCl solution

To understand the effect of Cr in more detail, two more Ni-Cr-Mo alloys (C-4 and
59) were studied. Unlike, C-276 and 686, C-4 and 59 contain no W (Table 1.1). Both C-4
and 59 have similar Mo but differ in Cr content, with C-4 having 7% (wt.%) less than 59.
Unsurprisingly, 59 has a higher EB than C-4 and, consistent with the results for 686 and
C-276, both alloys exhibit a similar ER,CREV, Figures 3.3 and 3.4. Furthermore, C-4
64

containing relatively low Cr and low Mo initiated crevice corrosion at a temperature as
low as 350C. Based on these results on four different commercially-available Ni-Cr-Mo
(W) alloys, it can be concluded that increasing the Cr content results in improved
passivity and, thus, a higher Eb. However, Cr appears to play little to no role in the
control of crevice propagation and repassivation.
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(b)
Figure 3.3 Potentials recorded on MCA specimens during the galvanostatic stage (GS)
when using the PD-GS-PD technique: (a) C- 4 and (b) Alloy 59 at various temperatures
in 1M NaCl solution
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Figure 3.4 EB and ER,CREV values recorded using the PD-GS-PD technique on MCA
specimens of C-4 and Alloy 59 at different temperatures in 1M NaCl solution

3.3.2 Effect of Mo on Crevice Corrosion
C-22 and 686 were selected to study the effect of Mo on crevice corrosion, since
both alloys have similar Cr and W contents while C-22 has a 3% (wt.%) lower Mo
content than 686 (Table 1.1). Figures 3.5 and 3.6 show the potentials (recorded during
the galvanostatic period) and the variation of Eb and ER,CREV with temperature,
respectively. The TPROT for 686 is ~ 20oC higher than that for C-22 indicating that the
high Mo (or Mo + W) content retards the initiation of crevice corrosion as the
temperature is increased. Comparison of the EB values shows the higher Cr alloy (686)
exhibits slightly higher values (~ 50 mV at low temperatures decreasing to ~ 20 mV at
higher temperatures) than C-22 except at the highest temperature when the difference
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widens to ~ 160 mV. This minor difference in Eb values suggests the small difference in
Mo content does not influence the passivity significantly.
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Figure 3.5 Potentials recorded on MCA specimens during the galvanostatic stage (GS)
when using the PD-GS-PD technique: (a) C- 22 and (b) Alloy 686 at various
temperatures in 1M NaCl solution
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Figure 3.6 Eb and ER,CREV values recorded using the PD-GS-PD technique on MCA
specimens of C-22 and Alloy 686 at different temperatures in 1M NaCl solution

These results confirm the importance of Cr in preventing film breakdown, any
additional influence on passivity of Mo being minor except at the highest temperature
(85oC, Figure 3.6). Given the similarities in EB values for the Cr in preventing film
breakdown, any additional influence on passivity of Mo being minor except at the
highest temperature (85oC, Figure 3.6). Thus, the initiation of crevice corrosion on C-22,
but not 686, at lower temperatures suggests a role of Mo in preventing crevice initiation,
especially with increasing temperature.
Since the influences of Cr and Mo (or Mo + W) are hard to separate, the
behaviors of C-22 and 686 were compared at the higher temperature of 105oC using a
single crevice arrangement (Figure 3.7). In these experiments the potential of each alloy
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was followed for 48 hours at an applied current of either 5 µA or 20 µA. At the lower
current (Figure 3.7a), after a single major event at ~ 16 hours, the potential on C-22
became unstable after ~ 28 hours. This behavior indicates continuous unsuccessful
attempts to establish stable active crevice corrosion sites. By comparison, 686
establishes a stable potential at this current with only very minor, effectively negligible,
negative-going transients. This is a strong indication that the increased Mo (Mo + W)
content is suppressing the metastable activation events which eventually could lead to
the establishment of active crevice corrosion sites. This is in consensus with the results
reported by other researchers [9, 10].
To confirm this influence the experiment was repeated at a higher applied current
when initiation would be expected to occur more readily. As shown in Figure 3.7, this is
the case, the initiation of stable crevice corrosion occurring on C22 in 6 to 7 hours. By
comparison active corrosion conditions are not established on the 686 alloy until > 27
hours even though the higher density of metastable events (compared to the density
observed at 5 µA) suggests many attempted initiations occur. The resistance to initiation
on 686 is clearly indicated by the considerably higher potential required (at this higher
current) before initiation finally occurs.
To investigate the importance of Mo in inhibiting crevice initiation, the crevice
corrosion behavior of 625 and 59 were compared using the MCA arrangement. While
both these alloys have a high (21 to 23 wt.%) Cr content, the Mo content of 625 (9 wt.%)
is considerably lower than that of 59 (16 wt.%).

69

600

C-22
Alloy 686

500

E (mV, SSC)

400
300
200
100
0
-100
-200

0

5

10

15

20

25

30

35

40

45

50

t (h)

(a)
600

C-22
Alloy 686

500

E (mV, SSC)

400
300
200
100
0
-100
-200

0

5

10

15

20

25

30

35

40

45

50

t (h)

(b)
Figure 3.7 Potentials recorded on single crevice electrodes during galvanostatic
experiments on C-22 and alloy 686 at 1050C in 1M NaCl solution: (a) 5µA and (b) 20
µA
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Figure 3.8 shows little difference in EB between the two alloys, at least for
temperatures below 60oC, both being very positive, as expected for high Cr content
alloys. However, Figure 3.9 shows that once EB is exceeded crevice corrosion initiates on
the low Mo-containing 625 at a temperature of 30oC compared to 60oC for the high Mocontaining 59.
At temperatures above 60oC, the influence of Mo on maintaining passivity is very
marked. For 59 (16 wt% Mo), Eb decreases only marginally over the temperature range
60oC to 85oC while that for 625 (9 wt% Mo) falls substantially. The difference in EB
values at 85oC reaches ~ 300 mV (Figure 3.8).
These results indicate a number of influences of Mo. In high Cr-high Mo (Mo +
W) alloys, passivity appears to be optimized but even a relatively small increase in Mo
(Mo + W) inhibits crevice initiation even at temperatures as high as 105oC. As proposed
by Wong and Buchheit [10] this appears to be due to the ability of Mo to suppress the
transition of metastable film breakdown events to stable active crevice sites.
However, experiments which compare alloys with high-Cr but significantly
different Mo contents show that initiation of active sites is not suppressed at lower Mo
contents. Additionally, while a high Cr content may lead to high Eb values in low Mo
alloys at low temperatures (< 60oC) the resistance to film breakdown at higher
temperatures cannot be maintained, Eb decreasing markedly with temperature for low Mo
alloys. Although alloys with only a limited variation in Mo content were included in this
study, a minimum Mo content > 9 wt% is required to achieve the high temperature
resistance.
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Figure 3.8 Potentials recorded on MCA specimens during the galvanostatic stage (GS)
when using the PD-GS-PD technique: (a) Alloy 625 and (b) Alloy 59 at various
temperatures in 1M NaCl solution
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Figure 3.9 Eb and ER,CREV values recorded using the PD-GS-PD technique on MCA
specimen of alloy 625 and alloy 59 at different temperatures in 1M NaCl solution

3.3.3 Effect of W on Crevice Corrosion
The alloy comparisons described so far cannot separate the influences of Mo and W.
In an attempt to distinguish these influences the behavior of 59 and 686 were compared.
Both alloys have similar Cr and Mo contents but only 686 contains W (4 wt%). The
characteristic potentials for these two alloys are shown in Figures 3.10 and 3.11. Both
alloys exhibit very high EB values which are maintained up to 85oC, as expected for high
Cr-high Mo alloys. However, TPROT for 686 is ~ 20oC higher than the value for the Wfree 59.
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Figure 3.10 Potentials recorded on MCA specimens during the galvanostatic stage (GS)
when using the PD-GS-PD technique: (a) Alloy 59 and (b) Alloy 686 at various
temperatures in 1M NaCl solution
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While this clearly indicates a beneficial effect of W in preventing initiation it is
feasible that a 4% increase in the Mo content rather than the addition of W could have
achieved the same effect. Like Mo, W has been shown to form a protective oxide gel
within active sites which inhibits crevice propagation and assists repassivation [4].
However, no individual separate influence of W was demonstrated.
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Figure 3.11 Eb and ER,CREV values recorded using the PD-GS-PD technique on MCA
specimens of alloy 59 and alloy 686 at different temperatures in 1M NaCl solution

3.3.4 Comparison of Eb, ER,CREV and TPROT Values
The effect of alloying elements on Eb is summarized in Figure 3.12. The value of
EB can be taken as a measure of the passive oxide film resistance to breakdown: the
higher the value the more stable the film. Two distinct categories can be distinguished:
(1) alloys which have both a high Cr and high Mo (Mo + W) content which exhibit high
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Eb values (within the shaded area in Figure 3.12); and (2), alloys with either a high Cr
or high Mo (Mo + W) content, but not both, which have significantly lower E b values.
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Figure 3.12 Eb values for various commercial Ni-Cr-Mo (W) alloys as a function of
temperature measured in 1M NaCl solution

Within this second group the alloy with the lowest E b value is C-4 with a low Cr
content. By comparison, 625, with a considerably higher Cr content, exhibits E b values
approaching those measured on the alloys in category (1) except at higher temperatures.
While this difference between C-4 and 625 confirms the importance of Cr content in
maintaining passivity, it is noteworthy that a similar improvement in E b can be
achieved for a low Cr alloy (C-276) by adding 4 wt% W, and this improvement is
extended to higher temperatures. Within category 1 the differences are minor but 686
with high Cr and high (Mo + W) has the highest E B values.
Figure 3.13 shows the plot of ER,CREV as a function of temperature for various NiCr-Mo (W) alloys. This comparison yields similar trends with Cr, Mo and Mo + W
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content to that observed for E B, but with some differences for the poorer performing
alloys. When comparing E B values (above) the poorest performing alloy (lowest E B
values), except at the highest temperatures, was the low Cr-high Mo C-4. By contrast,
when comparing ER,CREV values, it is the high Cr-low Mo 625 which has the lowest
values over the whole temperature range indicating that Mo, rather than Cr, is the key
alloying component controlling propagation and assisting repassivation.
Consideration of the whole set of E R,CREV values shows that generally over the
whole temperature range (up to 85 oC) the order of increasing E R,CREV values, indicating
a suppression of propagation and improved tendency to repassivate, is
High Cr-Low Mo < Low Cr-High Mo < High Cr-High Mo < High Cr-High Mo+W
When comparing all the alloys perhaps the most instructive parameter which
yields an overall evaluation of resistance to crevice corrosion for a series of alloys is
TPROT, the temperature below which crevice corrosion does not initiate. These values,
taken to be 5oC below the lowest temperature at which crevice initiation is observed,
and hence a value of TPROT obtained (Figure 3.13), are plotted in Figure 3.14 as a
function of the Mo + W content of the alloy. It should be noted that the T PROT for 625 is
assumed to be around 25oC, since crevice corrosion was observed at the first
temperature tested which was 300C.
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Figure 3.13 ER,CREV values for various commercial Ni-Cr-Mo (W) alloys as a function of
temperature measured in 1M NaCl solution

The two diagonal lines show that two distinct classes of alloy can be defined;
low-Cr and high-Cr. In both cases increasing the Mo + W content leads to an increase
in the temperature range (25 oC to TPROT) over which the alloy is protected against
crevice corrosion. The synergistic effect of Cr and Mo (+W) is clearly demonstrated by
the significantly better performance of the high-Cr alloys.
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Figure 3.14 TPROT values as a function of the Mo+W content of a series of commercial
Ni-Cr-Mo (W) alloys measured in 1M NaCl solution

A common way to compare the localized performance of alloys is to calculate the
pitting resistance equivalent number (PREN) [11]. Previous investigators [12] have used
the relationship
PREN = %Cr + 3.3%(Mo + 0.5W)

(3.1)

to calculate the influence of alloy composition on resistance to localized corrosion. The
applicability of this relationship can be deduced by plotting PREN as a function of TPROT,
Figure 3.15. Note, no value for 625 is included since no reliable TPROT value was actually
recorded for this alloy (as noted above). While a reasonable relationship is observed for 5
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of the alloys, the crevice corrosion resistance of the C-22 alloy is significantly
underestimated by this relationship.
(2)
Alloy 686

85
C-276

80

C-276

PREN

75
70

C-4

Alloy 59
C-2000
C-22

(1)
Alloy 686

C-22

65
60
55
50
45
15 20 25 30 35 40 45 50 55 60 65 70 75 80
0

TPROT ( C)
Figure 3.15 Relationship between TPROT (from Figure 14) and PREN values calculated
for various Ni-Cr-Mo (W) alloys: (1) PREN values calculated using relationship (1); (2)
PREN values calculated using relationship (2)

A possibility is that the influence of W on the behavior of C-22 is underestimated.
Consequently, the second line in Figure 3.14 shows the TPROT values plotted against a
PREN value calculated assuming the effect of W is identical to that of Mo; i.e.,
PREN = %Cr + 3.3% (Mo + W)

(3.2)

This adjustment does not lead to a better relationship, the PREN value for C-276
being uncorrelated to the other values. While it is feasible that an improvement of the fit
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to a straight line could be achieved by varying the relative importance of the individual
elements in the calculation, the empirical nature of the parameter, PREN, and the absence
of any demonstrated mechanistic connection to TPROT makes this a somewhat artificial
exercise. That both lines are equally limited in their ability to define the relative
contributions of Mo and W may reflect the similar chemical behavior of these two
elements in controlling crevice propagation [4]. These relationships are best used only as
qualitative indicators of the function of these two elements in determining the resistance
to crevice corrosion.

3.4 Summary and Conclusions
The effects of the alloying elements Cr, Mo and W on the crevice corrosion of
commercial Ni-Cr-Mo(W) alloys in 1.0 mol/L NaCl solution have been studied using the
PD-GS-PD technique to measure film breakdown and alloy repassivation potentials and
protection temperatures; i.e., the temperature below which crevice corrosion does not
initiate. While the Cr content is the key alloying addition determining passive film
stability, the presence of a substantial Mo content (>> 9 wt%) is required to achieve
maximum film stability against breakdown under creviced conditions. This is particularly
the case for temperatures > 60oC.
Mo is the key alloying element influencing repassivation after crevice
propagation, ER,CREV showing a clear increase with increasing Mo (or Mo + W) content
indicating a greater driving force for repassivation.
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If TPROT is accepted as a key indicator of an alloy’s overall resistance to crevice
corrosion then the alloys can be ranked in the following order of increasing resistance,
625 < C-4 < C-276 < C-22 ~ 59 ~ C-2000 < 686
More generally this order could be written as
High Cr-Low Mo < Low Cr-High Mo < High Cr-High Mo < High Cr-High Mo+W
Attempts to separate the influences of Mo and W were not successful. While it
was shown that adding W improved the resistance, it is possible that increasing the Mo
content by a similar amount would have produced the same improvement.
Using values of PREN, calculated by either separating or combining the
influences of Mo and W produced only qualitatively linear relationships but could not
separate the influences of the two elements. While PREN values offer guidance in alloy
design they should not be considered quantitative.
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CHAPTER 4
Effect of Alloying Elements on Crevice Corrosion Inhibition of Ni-CrMo-W Alloys under Aggressive Conditions: A Characterization Study

4.1 Introduction
In Chapter 3, the effects of Mo and W on crevice initiation and repassivation were
studied electrochemically on a series of industrial corrosion resistant Ni-Cr-Mo (W)
alloys. It was concluded that Mo is the alloying element which primarily controls crevice
propagation and results in a higher repassivation potential. While W behaved in a similar
manner to Mo, its effect appeared to be less pronounced. It was shown that a Mo content
> 9% is required to maximize resistance to passive film breakdown (at temperatures of ~
60oC). A high Mo (or Mo + W) content in an alloy containing > 20 wt% Cr offered the
maximum protection against crevice corrosion.
This study is focused on the characterization of the creviced corroded regions on a
series of industrial alloys, 625, 59, C-22 and 686. Electrochemical experiments show
(Chpater 3) that these alloys exhibit different crevice corrosion resistances, a feature
attributed to their Mo (Mo+W) content. These differences have been investigated using
surface characterization techniques, such as optical microscopy, scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDX), surface profilometry, and
Auger electron spectroscopy (AES).

4.2 Experimental
The compositions of the Ni-Cr-Mo (W) alloys are listed in Table 1.1. The 625 and
C22 alloys were provided by Haynes International (USA), alloy 59 by ThyssenKrupp
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(USA) and alloy 686 by Special Metals (USA). Experiments were conducted in
continuously deaerated 1 mol/L NaCl solutions, prepared using deionized Milli-Q
Millipore water (18.2 ohm.cm) and reagent grade NaCl. A fresh solution was prepared
for each experiment.
Two different crevice corrosion arrangements were utilized: a MCA and a single
crevice arrangement. In the MCA arrangement, experiments were performed using the
PD-GS-PD technique. Potentiodynamic scans were performed at a scan rate of 0.167
mV/s from a potential 150-250mV below ECORR to a potential above Eb until a current of
30 μA was reached. This current was then maintained galvanostatically for 40 hours.
Finally the potential was scanned back to a lower value at a rate of 0.167 mV/s.
Galvanostatic control was maintained for 40 hours, rather than the normal 2 hours [1], to
ensure the establishment of active propagation conditions. In the single crevice
arrangement, crevice corrosion was initiated galvanostatically (20 µA) and this current
maintained for the 48 hour duration of the experiment.
On completion of a crevice corrosion experiment, the corroded electrode was
removed from solution, rinsed with de-ionized water to remove electrolyte, and
immediately dried. Optical microscopy, SEM and EDX analyses and AES depth profiling
were performed to investigate the topography and elemental compositions of the
corroded areas. The depth of penetration and 3-D images of the corroded region were
obtained using surface profilometry.
Optical microscopy was performed with a Zeiss Axioplan Compound Microscope
and a WILD M3Z Stereomicroscope. Surface topography was observed using a LEO 440
SEM equipped with an EDAXTM EDX system to determine the elemental composition of
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the surface. Profilometry was performed with a Tencor P-10 stylus profiler, a mechanical
stylus surface profiler that measures the surface topographical features. The stylus was a
diamond probe (~2μm in radius) attached to a tungsten tip. The scan speed was 50 µm/s.
A 3-D topographic image of a corroded surface was obtained from a series of surface line
scans.
Auger analyses were performed using a PHI 660 Auger electron spectrometer
(AES) with an excitation energy of 5 keV. Depth profiles were obtained by sputtering
with an Ar+ ion beam. A survey scan was acquired for each sample and during depth
profiling the signal intensities for Ni, Cr, Mo and O were monitored as a function of
sputtering time. To convert sputtering times to penetration depths, similar measurements
were performed on an Alloy 59 specimen covered with an air-formed native oxide. The
sputtering rate obtained on this reference specimen was 32nm/min and it was assumed
that a similar sputtering rate was achieved on a corroded surface.

4.3 Results and Discussion

4.3.1 Optical Microscopy Results
Figure 4.1 shows the potential-time curve recorded at an applied current of 20µA
on C-22 in 1 mol.L-1 NaCl at 105oC using the single crevice arrangement. The initiation
of crevice corrosion is indicated by the ~ 400 mV drop in potential over the period 5 to 7
hours. Optical micrographs of the corroded region at different magnifications are shown
in Figure 4.2. The optical micrograph in Figure 4.2a shows the sharp boundary between
the non-creviced and creviced regions. In the creviced region, many deep and connected
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pits are observed on the grain boundaries and smaller less developed pits on the
individual grain surfaces, Figure 4.2(b) and (c). Since, C-22 is a homogenous alloy with
no secondary phase particles or intermetallics within the structure or on the grain
boundaries, the reasons for this localization of corrosion on the grain boundaries is not
immediately clear.
Optical micrographs of the corroded regions near the crevice mouth and deeper
within the crevice are shown in Figure 4.3, and show that the maximum damage occurs
just within the crevice mouth and decreases at deeper locations. As observed in Figures
4.2 and 4.3, not all the grain boundaries in the heavily corroded region suffered
intergranular corrosion. This is consistent with the observations of Jakupi et al. [2] who
showed that, on C22, localized corrosion preferentially initiated at triple points and nonƩ3 grain boundaries. The observations of Jakupi et al. [2] were on more lightly crevice
corroded specimens in experiments conducted at a lower temperature (70oC). At the
higher temperature of 105oC employed in this study, pit growth is more rapid and grain
boundary selectivity less marked.
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Figure 4.1 Potential-time curve recorded on C-22 at an applied current of 20µA in 1

non-creviced region

mol.L-1 NaCl (105oC) using the single crevice arrangement

(a)
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(b)

(c)
Figure 4.2 Optical micrographs of the crevice corroded region on C22 at different
magnifications after the experiment described in Figure 4.1: (a) 100X (b) 200X and (c)
500X

Despite the absence of secondary phase particles and inclusions, homogeneous
alloys still contain lots of defects, such as twins, dislocations, stacking faults and grain
misorientations. In the aggressive environment employed in our experiments, the
presence of such defects could account for the initiation of small pits on grain surfaces.
Scully et al. [3-10] demonstrated that the sudden onset of pitting can be attributed to the
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autocatalytic growth of metastable pits resulting from interactions between them. The
formation of a stable pit results in changes in the local environment, particularly the pH,
which can then lead to the nucleation of adjacent pits. Although the studies of Scully et al
[3-10] were focused on stainless steels containing MnS inclusions which acted as the
sites for pit initiation, a similar process of pit interactions could account for the formation
of interconnected pits along grain boundaries, Figure 4.3a.

(a)

(b)

Figure 4.3 The crevice corroded region on C-22 showing; (a) deep intergranular pits near
the crevice mouth, (b) small intergranulat pits at a location further into the crevice

4.3.2 SEM/EDX Results
Figure 4.4 shows an SEM image of a creviced corroded region on C-22 near the
crevice edge and a series of EDX maps for the various alloy constituents. The interlinked
pits along the grain boundaries contain corrosion product deposits, enriched in Mo, W
and O and depleted in Ni and Cr, consistent with previous observations [11, 12] and
indicating that pit propagation is controlled by the deposition of Mo and W as a result of
the local acidity arising at these active locations. Jakupi et al. [11] used Raman
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spectroscopy to show that Mo and W form as polymeric molybdates and tungstates in
crevice corroded locations on C22.

Figure 4.4 SEM micrograph and EDX maps of the crevice corroded region on C22
showing the Mo/W/O corrosion product deposits formed on the grain boundaries

Figure 4.5 compares the potential-time curves for C22 and 686, which has a
similar composition to C22 but with an additional 3 wt% Mo. The extended time for
crevice initiation for 686 compared to C22 is consistent with previous studies which
showed 686 has both a higher repassivation potential and protection temperature. Optical
images of the corroded surfaces of the two alloys, Figure 4.6, shows that, while the area
“influenced” by crevice corrosion is much more extensive on 686 than on C22 and is
covered by an adherent precipitate, the depth of localized penetration is clearly less,
indicating a different mode of propagation on the two alloys. This is confirmed by the
micrograph and EDX maps of the crevice corroded region shown in Figure 4.7.
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Figure 4.5 Potential-time curve recorded on 686 (compared to that recorded on C22) in
1.0 mol.L-1 NaCl (105oC) at an applied current of 20µA using the single crevice
arrangement

Although the SEM images are not at the same magnification for the two alloys
(Figures 4.4 and 4.7) it is clear that the localized grain boundary pits observed on C22 are
not apparently present on 686. In addition the distribution of Mo, W and O confirms a
more widespread deposition of molybdates and tungstates within the crevice corroded
region. Taken together with the electrochemical results (Chapter 3) these results indicate
that the increased Mo and W content of 686 inhibited crevice initiation and propagation.
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(a)

(b)
Figure 4.6 Optical images comparing the extent of corrosion damage accumulated on C22 (a) and 686 (b) after crevice corrosion at 20 µA for 48 hours in 1.0 mol.L-1 NaCl
(105oC) using a single crevice arrangement
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Figure 4.7 An SEM micrograph and EDX maps of the crevice corroded region on alloy
686 after the experiment described in Figure 4.5

4.3.3 Surface Profilometry Results
If the primary influence of Mo is to control the depth of local penetration within
an active crevice then alloys 625 and 59 might be expected to exhibit the most obvious
differences in crevice propagation, since these two alloys have similar Cr contents but
significantly different Mo contents and neither alloy contains W. Our electrochemical
studies show that the repassivation potential for 625 is considerably lower than that for 59
which was attributed to the lower Mo content of 625 (Chapter 3). Figure 4.8 shows the 3D images of the crevice corroded region, obtained by profilometry, on both alloys after
corrosion at 800C in 1mol.L-1 NaCl solution using the MCA arrangement. Visually, the
depth of penetration appears considerably greater on 625 than on 59. Line scans, Figures
4.9 and 4.10, performed on the two alloys confirm that the maximum depth of penetration
is greater on 625 (~30-35µm) compared to 59 (~2.5-3µm). These results are consistent
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with those of Kehler and Scully [13] who used confocal laser scanning microscopy to
show that the depth of penetration due to crevice corrosion was higher for 625 than for
C22. Additionally, inspection of the profiles (Figure 4.8) and line scans (Figure 4.9 and
4.10) shows corrosion damage is uniformly distributed around the mouth of the crevice
on 59, but highly localized along one edge on 625.

(a)

(b)
Figure 4.8 3-D images of the creviced corroded regions on (a) 625 and (b) 59 obtained
by profilometry after PD-GS-PD experiments at 80oC in 1.0 mol.L-1NaCl
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Since these experiments are conducted under constant current conditions,
propagation is supported and repassivation prevented. Under these conditions enforced
propagation penetrates deep into 625 at the location at which crevice corrosion initiates
since the Mo content is too low to build up the molybdate deposits required to prevent it.
By contrast, on 59 penetration is limited by the accumulation of molybdates at the
initiation site forcing propagation to proceed laterally around the outer edge of the
crevice. These observations are consistent with those of Jakupi et al. [14] who showed
that the depth of penetration of crevice corrosion on C22 was dependent on the current
applied, the rate of molybdate formation increasing at higher currents forcing lateral
propagation and limiting the depth of propagation.

(a)
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(b)
Figure 4.9 (a) A 2-D image of the creviced region on 625 recorded after a PD-GS-PD
experiment at 80oC in 1.0 mol.L-1 NaCl: (b) depth profile recorded along the line shown
in (a)

(a)
(a)
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(b)
Figure 4.10 (a) A 2-D image of the creviced region on 59 recorded after a PD-GS-PD
experiment at 80oC in 1.0 mol.L-1 NaCl: depth profile recorded along the line shown in
(a)

4.3.4 AES Results
To confirm that Mo is concentrated within active locations, AES depth profiles
were recorded within the creviced area on 59, Figure 4.11. The profiles for an uncorroded
area (1) and a corroded area (2) are shown in Figure 4.11(b) and 4.11(c), respectively.
Generally, for AES measurements, the film thickness can be determined as the depth at
which the oxygen concentration reaches half of its surface value since this is taken to be
the approximate location of the alloy/oxide interface [15-18]. Using this criterion, the
thickness of the film on the surface of area 1 is ~100 nm thick. The composition of the
film, however, is not typical of that of a passive film which would be enhanced in Cr
close to the oxide/alloy interface and depleted in Ni at the oxide/solution interface as
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previously demonstrated for other Ni-Cr-Mo alloys [18-20]. The relative enrichment in
Ni and depletion in Cr, and especially Mo, is indicative of a film which has undergone
some transpassive dissolution. This observation is not surprising since in the first
potentiodynamic scan, when using the PD-GS-PD technique, the anodic potential reached
is inevitably well into the transpassive region.

2
1

(a)
100

O
Ni
Cr
Mo

90
80
70

At. (%)

60
50
40
30
20
10
0
0

10

20

30

40

50

60

depth (nm)

(b)

99

70

80

90

100

100

O
Ni
Cr
Mo

90
80
70

At. (%)

60
50
40
30
20
10
0
0

100

200

300

400

500

600

700

800

depth (nm)

(c)
Figure 4.11 (a) Optical image of a crevice corroded region on 59: (b) an AES depth
profile recorded at location 1 in (a): (c) an AES depth profile recorded at location 2 in (a)

The film present in area 2 (Figure 4.11) is considerably thicker (> 100 nm)
although the oxide/alloy interface is difficult to locate. However, there is a very obvious
enrichment in Mo within the corrosion product confirming its accumulation occurs at
actively corroded locations.

4.4 Summary and Conclusions


Crevice corrosion experiments were conducted on a series of commercial Ni-CrMo (W) alloys to determine the influence of alloying elements on crevice
propagation. The extent of propagation and the distribution of corrosion damage
were determined by SEM, EDX, profilometry and AES.
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The distribution and extent of corrosion damage were found to depend strongly on
the Mo (Mo + W) content of the alloy.



On alloys containing only a small Mo (Mo + W) content (e.g., 625 (9Mo))
propagation penetrated deep into the alloy at the initiation site.



On an alloy with a higher Mo (Mo + W) content (e.g., C22 (13Mo + 3W),
propagation occurred as a series of interlinked pits along grain boundaries and
only shallow pitting occurred on grain surfaces. The depth of penetration in any
individual pit was limited by the accumulation of molybdates and tungstates.



On alloys containing high Mo (Mo + W) content (e.g., 686 (16Mo + 4W)
propagation is suppressed even further and pitting along grain boundaries is
avoided. Only shallow and widely distributed corrosion of the surface is observed
consistent with the widespread distribution of molybdates and tungstates.
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CHAPTER 5
Influence of Cu Alloying on Localized Corrosion Inhibition in Ni-CrMo Alloy

5.1 Introduction
In this study, the effect of Cu on the localized corrosion of Ni-Cr-Mo alloys has
been investigated in hot saline solutions by comparing the behavior of alloys 59 and C2000. Both these alloys are highly corrosion resistant commercially-available Ni-based
alloys of comparable composition but only C-2000 contains Cu (1.6%, wt. %). Crevice
corrosion experiments were conducted using either a multiple crevice assembly (MCA)
or a single crevice arrangement. Electrochemical tests were conducted in 1M NaCl
solution at various temperatures. On completion of electrochemical experiments, the
corroded region was characterized using optical microscopy, SEM, EDX, XPS and
Dynamic- SIMS.

5.2 Experimental

5.2.1 Materials and Solutions
The compositions of alloy 59 and C-2000, supplied by ThyssenKrupp (USA) and
Haynes International (USA) respectively, are listed in Table 1.1. Experiments were
conducted in 1M NaCl solution at various temperatures. Solutions were prepared with
Type 1 water (resistivity of 18.2 MΩ cm-1, obtained from a Milli-Q Millipore system)
and reagent grade chemicals. A fresh solution was prepared for each experiment and all
experiments were repeated at least twice to confirm reproducibility.
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5.2.2

Electrode Preparation and Electrochemical Techniques

5.2.2.1 Potentiostatic Experiments on Planar Electrodes
Electrodes with a total surface area of 14.06 cm2 were cut from plates of each
alloy. A small tapped hole was machined in the top of the electrode to enable contact to a
cylindrical rod. This connector to the external circuit was sheathed in glass and sealed
with a teflon gasket to prevent contact with the electrolyte. These electrodes were
polished with a series of wet silicon carbide paper up to 1200 grit, rinsed with deionized
water and acetone, and air dried prior to an experiment. The specimen was 3/4th (~
10cm2) immersed in the electrolyte to avoid the possibility of a crevice site at the
teflon/specimen interface. A platinum foil was used as the counter electrode and the
reference electrode was a SCE electrode.
Electrochemical experiments were conducted in a standard jacketed, threeelectrode cell connected to a water circulating thermostatic bath allowing control of the
solution temperature to within 1oC. The reference and counter electrodes were housed in
separate compartments attached to the main body of the glass cell through glass frits. The
cell was placed in a Faraday cage to reduce external sources of electrical noise.
Experiments were conducted in 1M NaCl solution at 600C and the solution was deaerated
with Ar throughout an experiment.
Ecorr was recorded for 1h before a polarization experiment. Potentiodynamic scans
were performed from 200 mV below Ecorr to 200 mV (vs SCE) at a scan rate of 0.167
mV/s and then held for 10h to grow a passive film on the surface. A slow scan from Ecorr
to the applied potential was used instead of the commonly applied potential step. This
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avoided the initial surge in current always observed when a potential step is applied. No
cathodic cleaning was performed before an electrochemical experiment.

5.2.2.2 Multiple Crevice Assembly Experiments
The geometry of the working electrode was similar to that described above,
except, a 7.0 mm diameter hole was machined in the center of the cubic specimen to
allow assembly of the MCA. Prior to an electrochemical experiment, samples were
polished with a series of wet silicon carbide papers up to 1200 grit, rinsed with deionized
water and acetone, and then air dried. A teflon-wrapped ceramic crevice former,
tightened to a torque of 70 in-lb by Ti bolts, was used to create 12 crevices. A platinum
foil and a SCE were used as the counter and reference electrodes, respectively.
Similar electrochemical cell and temperature controller arrangements to those
described above were used. Crevice corrosion experiments were performed using the PDGS-PD technique [1] to measure Eb, ER,CREV and TPROT. Potentiodynamic scans were
performed at a scan rate of 0.167 mV/s from a potential 150-250mV below Ecorr to a
potential above Eb until a current of 30 μA was reached. This current was then
maintained galvanostatically for 35 hours. Finally the potential was scanned back to a
lower potential at a rate of 0.167 mV/s. Galvanostatic control was maintained for 35
hours, rather than the normal 2 hours [1], to ensure the establishment of active
propagation conditions.
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5.2.2.3 Single Crevice Assembly Experiments
Single crevice experiments were conducted inside a pressure vessel which allows
boiling to be suppressed at T > 100oC. The vessel was lined with a 3mm thick cylindrical
PTFE liner to avoid direct solution contact with the titanium pressure vessel wall. The
creviced (working) electrode was suspended from a thin cylindrical rod of the same
material enclosed in heat-shrink PTFE tubing to avoid electrical contact with the pressure
vessel. The counter electrode was made from the same material as the working electrode.
A homemade Ag/AgCl (saturated KCl) reference electrode was used [2]. The potential of
this electrode (-45mV vs SCE) was checked against a commercial SCE, used only as a
standard, before and after each experiment.
A schematic of the crevice electrode arrangement inside the pressure vessel has
been reported in Chapter 2. The geometry of the working electrode was designed to
avoid unwanted crevices. The crevice former was a PTFE slice fi x e d between the
flat metal surface and a polysulfone coupon. In this study the crevice design was
modified slightly with the crevice former surface area made smaller than the flat surface
area of metal in order to better define the crevice mouth and to confine any
propagation to the flat surface of the specimen. The creviced assembly was held
together with insulated threaded bolts and metal nuts to ensure that the defined working
electrode surface would be the only creviced metal area exposed to solution. The
creviced face of the working electrode was polished using the same procedure employed
with the MCA.
The electrolyte used in the experiments was aerated 1M NaCl and the temperature
of the solution was 1050C. To prevent boiling of the electrolyte solution, the vessel was
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pressurized with 0.4 MPa of Ar gas. On first exposure to the solution, the electrode was
allowed to stabilize at ECorr for 8 hours. Subsequently, crevice corrosion was initiated
galvanostatically (5 µA, 10 µA and 20 µA) and the current maintained throughout the
48 hours of the experiment.

5.2.3 Characterization Techniques
Electrodes anodically oxidized for surface analyses were rinsed gently with DI
water and air dried prior to characterization. XPS analyses were performed with a Kratos
Axis Ultra XPS at Surface Science Western (SSW) employing monochromatic Al Kα
(1486.8 eV) radiation. The binding energy was calibrated to give a Au 4f7/2 line position
at 83.95 eV. XPS spectra were corrected for charging by taking the C 1s spectrum for
adventitious carbon to be at a binding energy of 284.8 eV. Survey spectra were recorded
on all samples followed by high resolution XPS spectra for Ni 2p, Cr 2p, Mo 3d, Cu 2p,
C 1s and O 1s spectral regions. The XPS spectra were analyzed using commercial
CasaXPSTM software.
The SEM images of the creviced corroded specimens were obtained on a LEO
440 SEM equipped with an EDAXTM EDX system at Surface Science Western (SSW).
To analyze the Cu content after the crevice corrosion experiment, elemental depth
profiling was performed using Dynamic-SIMS and a sputtering technique which can
detect an alloying element on a very fine scale. A Cameca IMS-3f SIMS instrument
equipped with Cs+ and O+ ion sources was used to obtain the Dynamic-SIMS images on
crevice corroded C-2000 alloy surfaces.
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5.3 Results and Discussion

5.3.1 Effect of Cu on the passive film
Figure 5.1 shows the current – time graphs, plotted logarithmically, recorded in
the passive region (0.2V) for both alloys in chloride solution at 600C. The plots are
effectively identical indicating that Cu has no significant effect on the growth of the
passive film. This is not surprising since the passive behavior of these alloys is expected
to be controlled by the Cr-Mo content [4, 5]. This was confirmed by deconvolution of
high resolution XPS spectra for Ni 2p, Cr 2p and Mo 3d recorded on both alloys after this
potentiostatic oxidation which demonstrated that the composition and structure of the
passive films were identical and consistent with previously published studies on Ni-CrMo alloys [4, 5]. Analysis of the Cu 2p spectrum obtained on the Cu-containing C-2000,
Figure 5.2, suggests Cu is present either in the metallic form or incorporated into the
oxide as a Cu (I) species. It is difficult to distinguish between the XPS peak of Cu (metal)
and Cu (I) oxide, since both have similar binding energies [4, 6, 7].
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Figure 5.1 Current-time plots recorded on C-2000 and Alloy 59 at 0.2V (SCE) in 1M
NaCl solution at 600C
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Figure 5.2 High resolution XPS spectrum for the Cu 2p region recorded on a film grown
at 0.2V (SCE) in 1M NaCl solution at 600C

5.3.2 Determination of characteristic potentials and temperatures

Using the MCA arrangement, Eb, ER,CREV and TPROT were obtained by applying
the PD-GS-PD technique. Figures 5.3 to 5.6 show the data recorded for both alloys
during steps 1 and 2 of this technique, i.e., the forward potentiodynamic scans (Figures
5.3 and 5.4) and the galvanostatic steps (Figures 5.5 and 5.6). For both alloys, Figures
5.3 and 5.4 indicate a decrease in Eb with increasing temperature although any
differences between the alloys are marginal. This influence of temperature is not
unexpected, a previous study having shown that the loss of Cr and Mo from the passive
film occurs more readily as the temperature is increased [4]. Additionally, these scans
show a temperature dependence of the passive current for 59 but not for C-2000
suggesting that Cu may play a role in improving passivity at higher temperatures.
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Figure 5.3 Potentiodynamic scans recorded on alloy 59 in 1M NaCl at various
temperatures using the MCA arrangement

The potential-time measurements in the galvanostatic step are shown for 59 and
C-2000 in Figures 5.5 and 5.6, respectively. These curves show that there was a large
drop in the potential for temperatures ≥ 600C for both alloys. This drop in potential
indicates the establishment of stable crevice corrosion which was confirmed by visual
inspection on completion of the experiment. For T < 600C, the specimen color changes to
golden yellow after the galvanostatic step, consistent with the transpassive conversion of
Cr(III) to the more soluble Cr(VI) which would be expected at the potential of 600 mV
observed at these temperatures. These plots show that TPROT is approximately 600 C for
both alloys which is not unexpected since both have similar Cr and Mo contents.
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Figure 5.4 Potentiodynamic scans recorded on C-2000 in 1M NaCl at various
temperatures using the MCA arrangement
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Figure 5.5 Potential-time curves recorded at an applied current of 30µA on alloy 59 in
1M NaCl solution at various temperatures using the MCA arrangement
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Although both alloys have a similar TPROT, the incubation time for crevice
propagation is generally slightly lower for 59 (Figure 5.5) than for C-2000 (Figure 5.6),
suggesting that the presence of Cu in C-2000 delays the initiation of stable crevice
corrosion. The values of Eb and ER,CREV are plotted as a function of temperature in Figure
5.7. Both parameters are slightly lower for 59 than for C-2000. While this could suggest
that Cu hinders the formation of stable crevice corrosion and assists crevice
repassivation, the influence is marginal.
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Figure 5.6 Potential-time curves recorded at an applied current of 30µA on C-2000 in
1M NaCl solution at various temperatures using the MCA arrangement
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Figure 5.7 Eb and ER,CREV potentials as a function of temperature for alloy 59 and C-2000

5.3.3 Initiation of stable crevice propagation
Single crevice experiments were conducted under galvanostatic control in order to
determine whether Cu has any significant influence on crevice initiation. Figures 5.8 to
5.12 show the E-time curves recorded on both alloys at different applied currents in 1M
NaCl solution at 1050C. At an applied current of 5µA, Figure 5.8, the potential increases
rapidly on both alloys to a value > 300 mV and then increases more slowly for the
remainder of the experiment (up to 48 h). No sudden decrease in potential, indicating the
initiation of stable crevice corrosion, is observed on either alloy. For C-2000 the initial
rapid potential rise is free of the metastable events which occur frequently on 59, Figure
5.9. This may account for the more rapid potential rise observed on C-2000 and clearly
indicates the Cu-containing C-2000 resists metastable breakdown while 59 does not.
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Figure 5.8 Potential-time curves recorded at an applied current of 5μA on alloy 59 and
C-2000 in 1M NaCl solution at 1050C using the single crevice arrangement

Both alloys exhibit transients of the form expected for film breakdown-repair
events, Figure 5.10. The exponentially decaying section of these transients takes 2-3
minutes to re-establish the original potential value prevailing prior to breakdown which is
on the time scale expected for the regrowth of a passivating oxide film. For alloy 59 these
transients are significantly larger and apparently more frequent than on alloy C-2000.
Since metastable events are precursors for the establishment of stable localized corrosion
[8] the number and size of these events on 59 compared to C-2000 indicates that the Cucontaining C-2000 is less susceptible to the initiation of crevice corrosion. This influence
of Cu on metastable transients is consistent with the observations of Kim and Buchheit
[9] on Cu-containing Al alloys.
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Figure 5.9 The first 6.5 hour section of the potential-time transients in Figure 5.8

The observation that a positive potential is maintained despite these attempts to
initiate localized corrosion sites indicates that a current of 5µA is insufficient to support
the transition from metastable to stable pits. Consequently, the experiment was repeated
at 10µA to increase the probability of stable pit initiation, Figure 5.11. As expected the
potential initially rose considerably more rapidly than observed at the lower current. The
subsequent slower increase is effectively identical for both alloys up to ~ 35 hours. The
absence of the large metastable events observed at the lower current may reflect the more
general distribution of film defects introduced by the enforced rapid growth at this
current. However, only on 59 does the potential eventually decrease indicating the
initiation of crevice corrosion. The potential excursions on this alloy after ~ 42 hours
suggest attempts to repassivate.
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Figure 5.10 A 27 minute section of the potential-time curve in Figure 5.8
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Figure 5.11 Potential-time curves recorded at an applied current of 10μA on alloy 59 and
C-2000 in 1M NaCl solution at 105 0C using the single crevice arrangement
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Visual examination of the surfaces on completion of the experiments confirms the
presence of crevice corrosion damage on the edge of the crevice area on 59. On C-2000
the potential continues to rise slowly indicating the establishment of uniform transpassive
dissolution. On further increasing the current to 20µA, stable crevice corrosion is
established on both alloys, Figure 5.12, although the incubation time on C-2000 is
considerably longer than on 59: ~ 15 hours compared to ~ 1 hour. Since the only
significant difference in composition between the two alloys is the Cu content the
inhibition of crevice initiation can be attributed to its presence.
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Figure 5.12 Potential-time curves recorded at an applied current of 20μA on alloy 59 and
C-2000 in 1M NaCl solution at 1050C using the single crevice arrangement
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5.3.4 Characterization of crevice corroded areas

5.3.4.1 SEM and EDX analysis
Figure 5.13(a) shows the crevice corroded area on C-2000 after the experiment
with an applied current of 20µA using the single crevice assembly. Corrosion damage is
predominantly clustered close to the crevice mouth with deep pits on the grain boundaries
and shallower pits on the surfaces of the grains, Figure 5.13(b). The interlinked nature of
pits along the grain boundaries is clearly visible. At more deeply corroded locations there
is also evidence for the accumulation of corrosion product deposits. EDX maps of the
creviced region, Figure 5.14, show a depletion of Ni and Cr and an enrichment of Mo and
O in intergranular corroded regions, indicating the formation of precipitated Mo oxides at
extensively corroded regions, as reported previously [10, 11].

non-creviced
region

Crevice corroded
area

(a)

118

(b)
Figure 5.13 SEM images of the crevice corroded surface of C-2000

To confirm these observations EDX spot analysis were performed at different
locations in the corroded region shown in the SEM image in Figure 5.15(a). These
locations include an uncorroded area on a grain surface (1), the site of a small pit on a
grain surface (2), and a deeply corroded grain boundary (3). The compositions (wt. %) at
these locations are plotted in Figure 5.15(b). As expected the uncorroded location has an
elemental composition representative of that of the bulk alloy, the small O signal
confirming the presence of only a thin oxide. For the location within a small pit (2) there
is an obvious loss of Ni and Cr and a slight enrichment in Mo. That the Mo is
accumulating as an oxide is confirmed by the strongly enhanced O signal. Analysis of the
visible precipitate (Figure 15(a)) in the deeply corroded grain boundary confirms that the
precipitate which accumulates as corrosion progresses is a Mo oxide.
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Figure 5.14 EDX maps recorded on a crevice corroded region on C-2000

These analyses demonstrate that crevice propagation is accompanied by the
accumulation of Mo oxides at corroding locations as previously claimed [3].
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Figure 5.15 (a) SEM image of a crevice corroded location on C-2000: (b) compositions
of the three numbered locations in (a)

It was also anticipated that Cu would accumulate at corroded sites, but this was
not observed by EDX. A possible explanation is that EDX is insufficiently surface
sensitive to detect Cu especially if it is segregated primarily to the outer surface of the
corroded region.

5.3.4.2 Dynamic-SIMS analyses
Since no Cu was detected by EDX analyses, Dynamic-SIMS, a more highly
surface sensitive characterization technique, was used to determine whether Cu was
present in the corroded surface regions. While this technique cannot provide quantitative
information, the contrast in surface images can be adjusted to detect elements present in
only small amounts on the analyzed surface. Figure 5.16(a) shows an optical micrograph
121

of a crevice corroded region on C-2000 after the experiment using an applied current of
20µA (Figure 5.12). Figure 5.16(b) to (e) show dynamic SIMS images recorded after a
series of sputtering times. For a short sputtering time of 1min, a strong signal for Cu is
observed at corroded grain boundary locations. With increasing sputtering time, the
signal strength decreases but is still observed. These results demonstrate that Cu is
segregated to the outer surface of the corroded location. Whether or not the Cu is present
in the metallic or Cu (I) oxide form cannot be determined by this technique, although it is
clearly associated with the protective Mo oxide. The persistence of the Cu signal with
sputtering time suggests Cu is dispersed throughout the Mo oxide present at these
locations but yields no evidence to suggest it provides any protection against crevice
propagation as was suggested for the pitting of SS [12, 13].

(a)
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(b)

(c)

(d)

(e)

Figure 5.16 (a) Optical micrograph of a crevice corroded on C-2000; Dynamic-SIMS
images for Cu recorded on the location shown in (a) after different sputtering times; (b) 1
min, (c) 3 min, (d) 5 min, and (e) 15 min

5.4 Summary and Conclusions


Constant potential experiments and XPS analyses of anodically formed passive
oxides on alloys C-2000 and 59 show no significant differences in either growth
kinetics or composition.



PD-GS-PD experiments using an MCA arrangement yield a very similar protection
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temperature and only a marginal improvement in repassivation potential for C-2000
compared to alloy 59.


Crevice corrosion experiments conducted galvanostatically using a single crevice
assembly demonstrates that crevice initiation is retarded on the Cu-containing C-2000
compared to 59.



EDX mapping of crevice corroded regions on C-2000 confirm that Ni and Cr are
depleted, and Mo oxide accumulates, in crevice corroded regions. The more sensitive
technique, dynamic-SIMS shows an enrichment of Cu in these corroded locations, but
cannot demonstrate whether its presence inhibits crevice corrosion on C-2000.



The primary influence of Cu in Ni-Cr-Mo alloys appears to be its ability to inhibit
crevice initiation by stifling the metastable pitting events which can eventually lead to
the establishment of actively propagating locations. A similar claim has been made
for Cu-containing Al alloys [29]. Additionally, the results are consistent with
observations made on SS and support the conclusion that the primary influence of Cu
in these alloys is its ability to enoble the metal surface under active conditions.
However, confirmation of ennoblement could not be confirmed by dynamic-SIMS.
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CHAPTER 6
The Activation/Depassivation of Ni-Cr-Mo Alloys in Bicarbonate
Solution
6.1 Introduction
In recent years, many studies on Ni-Cr-Mo or Ni-Cr-Mo-W alloys have
concentrated on low pH conditions, either in bulk acidic solution or under crevice
corrosion conditions when a low pH environment can exist beneath the crevice former.
However, not much work has been performed in above neutral to alkaline solution. There
are few studies which show that in a electrochemical potentiodynamic curve, an
enhanced anodic current in the potential region is generally observed for Cr-containing
Ni-based alloys in bicarbonate/carbonate solutions, which may be a precursor to SCC. To
date no convincing explanation of this behavior has been offered. In this chapter a more
comprehensive electrochemical and surface analytical study of this phenomenon is
presented using the Hybrid-BC1 (UNS N10362) (Ni-15Cr-22Mo) alloy. The oxide film
was grown potentiostatically at different potentials in the bicarbonate solution and the
film was characterized using various surface characterization techniques.

6.2 Experimental

6.2.1 Electrode and Solution Preparation
A cubic specimen of Hybrid-BC1 alloy (Table 1.1) with a total surface area of
14.06 cm2 was cut from plate material supplied by Haynes International, Kokomo,
Indiana (USA). A small tapped hole was machined on the top of the specimen to enable
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contact to a cylindrical rod. This connector to the external circuit was sheathed in glass
and sealed with a Teflon gasket to prevent contact with the electrolyte. The specimen
(working electrode) was then polished with a series of wet silicon carbide papers up to
1200 grit, rinsed with deionized water and acetone, and then air dried prior to an
electrochemical experiment. The specimen was partially immersed in the electrolyte to
avoid the possibility of a crevice site at the Teflon/specimen interface. A platinum foil
and a saturated calomel electrode (SCE) were used as the counter and reference
electrodes, respectively.
A standard jacketed, three-electrode cell was connected to a water circulating
thermostatic bath allowing control of the solution temperature to within 1oC. The
reference and counter electrodes were housed in separate compartments attached to the
main body of the glass cell through glass frits. The cell was placed in a Faraday cage to
reduce external sources of electrical noise. The solution was deaerated with Ar
throughout the experiment. Experiments were conducted in 1M NaCl, 0.1M NaHCO3,
and 1M NaCl + 0.1M NaHCO3 solutions at 600C. The pH of the solution used was
recorded before and after each experiment. The solution was prepared using de-ionized
(DI) Milli-Q Millipore water (18.2 MΩ cm) and reagent grade salts. A fresh solution was
prepared for each experiment and all experiments were repeated at least twice to confirm
reproducibility.

6.2.2 Electrochemical Methods
Ecorr was recorded for 1h before each polarization experiment. Potentiodynamic
scans were performed from ~250mV below Ecorr to 800mV at a scan rate of 0.167mV/s.
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Oxide films for surface analyses were grown by scanning the potential from Ecorr to the
desired film growth potential and then holding it there for 9 hours. A slow scan from Ecorr
to the applied potential was used instead of the commonly applied potential step. This
avoided the initial surge in current which is always observed when a potential step is
applied. No cathodic cleaning was performed before any electrochemical experiment.
Previous studies on Ni alloys show that the cyclic potentiodynamic polarization
(CPP) technique is not a conservative approach for determining susceptibilities to
localized corrosion [1, 2]. Consequently, the potentiodynamic-potentiostaticpotentiodynamic (PD-PS-PD) technique was used. The potential was scanned at
0.167mV/s from ~250mV below Ecorr to different potentials above the apparent film
breakdown potential, held at a potential for 9h and then scanned back to Ecorr. The
absence of positive hysteresis in the current-potential curve is an indication that no
localized corrosion initiated.

6.2.3 Surface Characterization Techniques
Electrodes anodically oxidized for surface analyses were rinsed gently with DI
water and air dried prior to characterization. SEM images were obtained on a Hitachi S4500 field emission SEM equipped with an EDAXTM EDX system at Surface Science
Western (SSW). XPS analyses were performed with a Kratos AXIS Nova XPS at SSW
employing monochromatic Al Kα (1486.7 eV) radiation. The binding energy was
calibrated to give a Au 4f7/2 line position at 83.95 eV. XPS spectra were corrected for
charging by taking the C 1s spectrum for adventitious C to be at a binding energy of
284.8 eV. Survey spectra were recorded on all samples followed by high resolution XPS
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spectra for the Ni 2p, Cr 2p, Mo 3d, C 1s and O 1s regions. The XPS spectra were
analyzed using the commercial CasaXPSTM software.
Auger analyses were performed using a PHI 660 Auger electron spectrometer
(AES) instrument with an excitation energy of 5 keV. Depth profiles were obtained by
sputtering using an Ar+ ion beam. A survey scan was acquired for each sample and
during depth profiling the signal intensities for Ni, Cr, Mo and O were monitored as a
function of sputtering time. To convert sputtering times to depths, similar measurements
were performed on a Hybrid-BC1 alloy covered with an air-formed native oxide. The
sputtering rate obtained on this reference specimen was 28nm/min and it was assumed
that the sputtering rate for an electrochemically oxidized surface was similar to that of the
reference specimen.

6.3 Results and Discussion

6.3.1 Electrochemical Film Growth
Figure 6.1(a) shows the potentiodynamic curve recorded on the Hybrid-BC1 alloy
in chloride, bicarbonate and chloride/bicarbonate solutions at 600C. The pH of the
chloride solution changed from 7.3 to 6.8 during the course of the experiment. In the case
of the bicarbonate and chloride/bicarbonate solution, the pH of the solution remained
effectively constant at 8.3. At higher potentials, an anodic peak is observed at ~400 mV
(SCE) in both the bicarbonate and chloride/bicarbonate solutions but not in the chlorideonly solution. At potentials beyond this peak pseudo-passive behavior is observed in the
potential range, ~450 to 750 mV. These results demonstrate that the state of the electrode
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surface after the barrier layer degradation at potentials > ~200mV is different to that in
the chloride solution. The rapid increase in the current beyond 200 mV in the
bicarbonate-containing solution could result in localized corrosion.
To determine whether this is the case the PD-PS-PD technique was applied. The
potential was scanned to 600mV, held potentiostatically for 9h and then scanned back to
a potential lower than Ecorr. As shown in Figure 6.1(b), no positive hysteresis indicating
the onset of localized corrosion was observed. Similar experiments were performed at a
series of potentials (Eh) throughout the range from 200mV to 600mV, but did not reveal a
positive hysteresis, confirming that the current increase at potentials > 200mV is not due
to the onset of localized corrosion but to a general degradation of the surface oxide. To
characterize the surface composition, oxide films were grown potentiostatically at
potentials of 0, 325, 425 and 625mV; i.e., before, around and beyond the anodic peak, as
indicated by the dashed lines in Figure 6.1(a).
Figure 6.2 shows the current at all four potentials plotted on a log-log scale. The
early independence of current on time can be attributed to the modification of the native
oxide initially present during the potentiodynamic scan to Eh. The eventual logarthmic
decay in current can then be attributed to the further growth, compositional change and
the defect annealing of the surface oxide.
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Figure 6.1 (a) Potentiodynamic curve for the Hybrid-BC1 alloy recorded in 1M NaCl,
0.1M NaHCO3 and 1M NaCl + 0.1M NaHCO3 solutions at 600C. The dashed lines
indicated the potentials used in experiments to produce XPS and Auger specimens and
(b) a PD-PS-PD curve in 1M NaCl + 0.1M NaHCO3 solution at 600C
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In the passive region (0mV) the current decays to a very low value consistent
with the formation of a passive layer. At 325mV (i.e., in the rising current region prior to
the peak potential, Figure 6.1(a)) the initial current is higher than at 0mV, as expected,
but then increases before finally decaying again. The current increase indicates an initial
degradation in the film properties before the degraded film begins to improve again. At
the two highest applied potentials this transient behavior is not observed, the degradation
process in the film probably having occurred during the potentiodynamic scan through
the anodic peak region. Eventually, the current at long times becomes independent of
potential for E ≥ 325mV, suggesting the properties of the film are identical. Since steadystate has not been achieved after 9 hours of potentiostatic oxidation, the pseudo-passive
properties of the film continue to improve.
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Figure 6.2 Current-time plots recorded on the Hybrid-BC1 alloy in 1M NaCl+ 0.1M
NaHCO3 at 60 0C
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6.3.2. Surface Analyses

6.3.2.1 SEM Results
The film grown at 0mV is featureless and the original surface roughness remains
visible as expected for the formation of a very thin passive film only a few nanometers
thick. The SEM image in Figure 6.3 shows the film grown at 425mV (the peak potential)
is porous, at least superficially, consistent with the higher current observed. However, the
continuing decrease in current with time, Figure 6.2(b), indicated that this film is
becoming more resistive with time, possibly due to a resealing (at least partially) of the
pores shown in Figure 6.3.

Figure 6.3 SEM micrograph of the oxide film grown at 425mV in the chloride/
bicarbonate solution at 600C

6.3.2.2 XPS Results
XPS survey spectra were recorded at all four potentials: the spectrum for 0 mV
recorded in the chloride/bicarbonate solution is shown in Figure 6.4(a) as an example and
contains the Ni 2p, Cr 2p, Mo 3d, O 1s and C 1s peaks. The normalized cation
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composition (Ni, Cr and Mo) of the oxide film, corrected for any contribution from the
alloy substrate (determined from high resolution spectra) is plotted as a function of
applied potential in Figure 6.4(b). The shaded area in this figure indicates the potential
region containing the current peak.
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Figure 6.4 (a) Survey spectrum recorded on the Hybrid-BC1 alloy at 0mV in chloride/
bicarbonate solution at 60oC and (b) Film cation composition (normalized) determined
from XPS survey spectra. The shaded region shows the potential range containing the
anodic current peak
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In the passive region (0mV), the film was found to be composed of ~50% Cr,
~30% Ni and ~10% Mo. As expected, the passive film is enriched in Cr. When the
potential is increased to 325 mV, a potential in the rising section of the anodic peak
(Figure 6.1(a)), the concentration of Ni in the oxide film increased significantly at the
expense of Cr and Mo. In the anodic peak region and above, the film was completely
transformed to Ni oxide/hydroxide, with little to no Cr and Mo. These analyses confirm
the formation of a non-protective film, as suggested by the SEM Image in Figure 6.3,
which is predominantly Ni oxide/hydroxide and apparently completely depleted in Cr and
Mo.
Fitted high-resolution XPS spectra, recorded for the Ni 2p, Cr 2p, Mo 3d, O 1s
and C1s regions are shown, corrected using a Shirley background correction, in Figures
6.5 to 6.7. The spectra were deconvoluted for the different contributing species
according to the procedures published by Biesinger et al. [3, 4], Biesinger et al. [4, 5],
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and McIntyre et al. [6] for Ni, Cr, and Mo, respectively.
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Figure 6.5 Deconvoluted high resolution XPS spectra for the Ni 2p region recorded on a
film grown at (a) 0mV, (b) 325mV, (c) 425mV, and (d) 625mV in chloride/bicarbonate
solution at 600C

For all elements a signal for metal is only observed after anodic film growth in the
passive region (0 mV). At this potential for Ni, Ni(OH)2 is the dominant species detected
in the film, Figure 6.5. For Cr a substantial contribution from CrIII oxide is observed,
Figure 6.6(a), the relative contributions of Cr species being 12%, 26%, and 64% for
Cr(metal), Cr2O3 and Cr(OH)3, respectively. For Mo the percentages for Mo(IV), Mo(V),
and Mo(VI) are 14%, 6% and 14%, respectively, Figure 6.7. These percentages are
consistent with expectations for a passive film on Ni-Cr-Mo alloys based on previous
analyses for the C-22 and C-2000 alloys [7, 8]. The high Cr2O3 content is consistent with
the presence of a passive barrier layer and the mixed oxidation states of Mo and high
hydroxide contents for both Ni and Cr with the presence of an outer hydroxide layer.
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On increasing the anodic potential the film thickness increases and the signals for
metallic species are no longer observed, Figure 6.4(b). For Ni, the spectrum is dominated
by the oxide/hydroxide content, Figure 6.5(b), while for Cr the Cr2O3 content is
substantially reduced, the relative proportions of Cr2O3 and Cr(OH)3 being 14% and 83%
(the remaining 3% being Cr(metal)). For Mo, no signal is detected, indicating the
presence of a film thick enough to obscure the substrate alloy with a degraded barrier
layer covered by an oxide/hydroxide film containing no Mo.
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Figure 6.6 Deconvoluted high resolution XPS spectrum for the Cr 2p region recorded on
a film grown at (a) 0mV, and (b) 325mV in chloride/ bicarbonate solution at 60oC

Further increasing the potential to 425 mV (i.e., to approximately the anodic peak
potential value, Figure 6.4(b)) yields a film which is dominantly Ni(OH)2. The apparently
complete absence of Cr and Mo in the film, Figure 6.4(b), suggests the protective Crcontaining barrier layer is effectively destroyed and the protective segregated outer layer
of Mo oxide/hydroxide lost. This conversion to Ni(OH)2 with increasing potential is
clearly demonstrated in Figure 6.8 which shows the at% of the various Ni species
detected in the film at all four potentials. The shaded area shows the potential range of
the anodic peak. The residual predominantly Ni(OH)2 surface film is porous, Figure 6.3,
and partially protective as indicated by the higher currents observed, Figures 6.1(a) and
6.2(b).
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Figure 6.7 Deconvoluted high resolution XPS spectrum for the Mo 3d region recorded
on a film grown at 0mV in chloride/ bicarbonate solution at 60oC
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Figure 6.8 Atomic concentrations of Ni species obtained from deconvolution of high
resolution XPS spectra as a function of applied potential after oxidation in chloride/
bicarbonate solution at 60oC. The shaded region shows the potential range containing the
anodic peak
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Depending on the thickness of the film it is possible that the thick outer layer of
Ni(OH)2/NiO obscures a sublayer containing Cr and Mo at the alloy/oxide interface but
undetectable by XPS. Since the current after 9 hours at the three higher potentials
continues to decrease with time the alloy surface is becoming more protected either by
the thickening of the partially protective Ni(OH)2 layer or by the regrowth of a partially
protective barrier layer at the alloy/oxide interface.

6.3.2.3 AES Analyses
AES analyses were performed to determine the variation in film composition with
depth and the film thickness as a function of applied potential. The films analyzed were
anodically grown using the same potential scan and 9 hour potentiostatic hold employed
in the XPS experiments. The depth profiles recorded at the four potentials are shown in
Figure 6.9 and the film thicknesses in Figure 6.10. Oxide thicknesses were obtained from
these profiles as the sputtering depth at which the O signal reached half of its maximum
(surface) value. The shaded region in the figure shows the potential range from barrier
layer degradation to just beyond the peak current.
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Figure 6.9 AES depth profiles measured on a film grown at (a) 0mV, (b) 325mV, (c)
425mV, and (d) 625mV in chloride/ bicarbonate solution at 600C
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Figure 6.10 Film thickness as a function of applied potential for films grown in chloride/
bicarbonate solution at 60oC. The shaded region shows the potential range containing the
anodic peak potential

6.4 Conclusions

Potentiodynamic polarization curves recorded on the Hybrid BC-1 Ni-Cr-Mo
alloy show an unexpected increase in anodic current at potentials at which passivity is
maintained in the absence of carbonate. Experiments using the PD-PS-PD technique
show that this is due to a general degradation in film properties not the onset of localized
corrosion.
XPS analyses confirm that, at lower potentials, prior to the current increase, the
surface is covered by a thin oxide with high Cr(III) oxide content and containing mixed
Mo oxidation states as expected in a passive film.
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XPS analyses also show that the current increase is accompanied by the loss of Cr
and Mo leading to a film which is effectively Ni(OH)2 containing small amounts of NiO.
Auger spectroscopy measurements confirm these chemical changes and
demonstrate that the Ni(OH)2 film is up to two orders of magnitude thicker than the
passive film and only partially protective to the substrate alloy.
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CHAPTER 7
The Activation/Depassivation of Ni-Cr-Mo Alloys: An oxyanion or a pH
effect
7.1 Introduction
In Chapter 6, it was demonstrated that, in the presence of bicarbonate ions, the
passive film on the Hybrid-BC1 alloy undergoes barrier layer degradation at an
unexpectedly low potential. Electrochemical studies show that when the potential is
increased above this apparent breakdown value, an anodic peak, followed by a secondary
passive region is observed. It was shown that this film degradation did not result in
localized corrosion. X-Ray photoelectron spectroscopy (XPS) analyses of the oxide film
demonstrated that, in the passive region prior to apparent breakdown potential, the film
possesses the expected bilayer structure with a Cr(III)-dominated barrier layer containing
mixed oxidation states of Mo and an outer dominantly-hydroxide layer. However, at
potentials more positive than the apparent breakdown value the Cr/Mo content of the film
decreases significantly and the alloy becomes covered by a thick (> 100 nm), and only
partially protective, Ni(OH)2 layer in the secondary passivation region.
This study was performed to gain a better understanding of this apparent
breakdown process since other researchers have noted that this activation could render
these alloys susceptible to SCC. The effects of parameters, such as alloy composition, pH
and temperature were studied using several electrochemical and surface characterization
techniques.
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7.2 Experimental

7.2.1 Electrode and Solution Preparation
Cubic specimens of the alloys 625, C-22, Hybrid-BC1, 59 and 686, with a total
surface area of 14.06 cm2 were cut from plate material supplied by Haynes International
(USA) (625, C-22 and Hybrid-BC1), Thyssenkrupp (USA) (59), and Special Metals
(USA) (686). The alloy compositions are given in Table 1.1. A small tapped hole was
machined in the top of the specimen to enable contact to a cylindrical rod. This connector
to the external circuit was sheathed in glass and sealed with a teflon gasket to prevent
contact with the electrolyte. These electrodes were polished with a series of wet silicon
carbide paper up to 1200 grit, rinsed with deionized water and acetone, and air dried prior
to an experiment. The specimen was 3/4th (~ 10cm2) immersed in the electrolyte to avoid
the possibility of a crevice site at the teflon/specimen interface. A platinum foil was used
as the counter electrode and the reference electrode was a SCE.
A standard jacketed, three-electrode cell was connected to a water circulating
thermostatic bath allowing control of the solution temperature to within 1oC. The
reference and counter electrodes were housed in separate compartments attached to the
main body of the glass cell through glass frits. The cell was placed in a Faraday cage to
reduce external sources of electrical noise. Experiments were conducted in 1M NaCl
solution, 0.1M NaHCO3 solution, 1M NaCl + 0.1M NaHCO3 solution, 1M NaCl + 0.1M
Na2CO3 solution, 1M NaCl + 0.01M Na2B4O7 solution and 1M NaCl with the pH
adjusted by adding various amounts of 0.01M NaOH solution. Solutions were prepared
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with Type 1 water (resistivity of 18.2 MΩ cm-1, obtained from a Milli-Q Millipore
system) and reagent grade chemicals. The solution was deaerated with Ar throughout an
experiment. A fresh solution was prepared for each experiment and all experiments were
reproduced at least twice. The temperature of the chloride/bicarbonate solution was
varied from 30 to 750C but fixed at 600C when studying the influences of other
parameters. The pH of each solution was recorded before and after an experiment.

7.2.2 Electrochemical Methods
The corrosion potential (Ecorr) was recorded for 1h before a polarization
experiment. Potentiodynamic scans were performed from ~250mV below Ecorr to 800mV
(vs SCE) at a scan rate of 0.167mV/s. Oxide films for surface analyses were grown by
scanning the potential from Ecorr to the desired potential value at which it was then fixed
for 9 hours. A slow scan to the film growth potential was used to avoid the initial surge in
current observed when a potential step is applied. No cathodic cleaning was performed
before any electrochemical experiment.

7.2.3 Characterization Techniques
Electrodes anodically oxidized for surface analyses were rinsed gently with DI
water and air dried prior to characterization. XPS analyses were performed with a Kratos
Axis Ultra XPS at Surface Science Western (SSW) employing monochromatic Al Kα
(1486.8 eV) radiation. The binding energy was calibrated to give a Au 4f7/2 line position
at 83.95 eV. XPS spectra were corrected for charging by taking the C 1s spectrum for
adventitious carbon to be at a binding energy of 284.8 eV. Survey spectra were recorded
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on all samples followed by high resolution XPS spectra for Ni 2p, Cr 2p, Mo 3d, C 1s
and O 1s spectral regions. The XPS spectra were analyzed using the commercial
CasaXPSTM software.
Auger data were obtained using a PHI 660 Auger electron spectrometer (AES)
with an excitation energy of 5 keV. Depth profiles were measured using an Ar+ ion
sputtering beam. A survey scan was acquired for each sample and during depth profiling
the intensity for Ni, Cr, Mo, Mg and O were monitored as a function of sputtering time.
To convert sputtering times to analyzed depths, a reference sputtering profile was
obtained on a specimen of the Hybrid-BC1 alloy under similar conditions. The sputtering
rate obtained for this reference specimen was 28nm/min. It was assumed that the
sputtering rate for a surface covered with an electrochemically grown oxide was similar
to that of the reference specimen.

7.3 Results

7.3.1 Effect of Alloying Elements
Figure 7.1 shows the potentiodynamic scans recorded on different alloys in a 1M
NaCl + 0.1M NaHCO3 (pH = 8.2) solution at 600C. Despite the differences in Cr, Mo and
W content of these alloys, they all exhibit similar polarization behavior, the current
increasing at E > 200 mV (vs SCE) leading to a current peak around ~400 mV followed
by a region of secondary passivation prior to complete transpassive behavior at potentials
above ~750 mV. The Hybrid- BC1 alloy has a higher passive current and lower ECORR
value than the other alloys, which probably reflects the lower Cr content of this alloy and
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the relatively short period on open circuit before applying the potentiodynamic scan.
However, irrespective of composition, all these alloys exhibit an identical apparent
breakdown potential and similar anodic peak potential (425mV) values.
The similarity in barrier layer degradation potentials, irrespective of
compositional differences, indicates that the increase in current beyond the apparent
breakdown potential is not a result of localized corrosion. This was demonstrated for the
Hybrid-BC1 alloy using CPP studies in Chapter 6 [1]. Since the passive layer
composition on these alloys is likely to be very similar it is not surprising that the
potential at which the onset of this barrier layer degradation process commences is
independent of the substrate alloy composition. It is anticipated, as previously
demonstrated for the Hybrid-BC1 alloy in chloride/bicarbonate solution, that above the
apparent breakdown potential all the studied alloys form a thick Ni oxide/hydroxide layer
depleted in Cr, Mo and W, which accounts for the secondary partial passivation in the
potential range 400 mV to 750 mV. These results confirm that the apparent breakdown
and the appearance of an anodic peak are independent of the concentration of Cr, Mo or
W and other minor alloying elements. Similar behavior for different commerciallyavailable Cr-containing Ni-based alloys has been reported by others [2].
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Figure 7.1 Potentiodynamic scans recorded on different Ni-Cr-Mo (W) alloys in 1M
NaCl + 0.1M NaHCO3 solution at 600C

7.3.2 Effect of Temperature
The effect of temperature on the polarization curve recorded on the Hybrid-BC1
alloy in 1M NaCl + 0.1M NaHCO3 solution is shown in Figure 7.2. At 300C, while an
increase in current is observed for potentials ≥ 350 mV, no secondary passivation stage is
observed at higher potentials. As the temperature is increased, the film degradation
potential decreases substantially, the current increase leading to a slight peak followed by
a secondary passivation stage as observed for the individual alloys (Figure 7.1). The
current in this secondary stage decreases with increasing temperature but the final onset
of complete transpassivity at potentials ≥ 750 mV is not temperature-dependent.
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Figure 7.2 Potentiodynamic scans recorded on the Hybrid-BC1 alloy in 1M NaCl + 0.1M
NaHCO3 solution at different temperatures
Zhang et al. [3] previously investigated the influence of temperature on the
structure and composition of the passive film on the C2000 in chloride solution not
containing bicarbonate. Based on XPS and secondary ion mass spectrometry (TOFSIMS), they demonstrated that an increase in Ni and decrease in Cr/Mo content occurred
as the temperature increased at potentials in the passive region. At the potential applied in
these studies (0 mV (SCE)) this overall loss of Cr/Mo was offset by an increase in the
Cr2O3 content of the inner oxide layer. It was claimed that these counterbalancing
influences accounted for the absence of any significant influence of temperature on the
passive current density. However, in Chapter 6, it was shown that once the potential
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exceeded the value at which CrIII → CrVI oxidation became possible (i.e, above the
apparent breakdown potential observed in this study), then the presence of bicarbonate
lead to a rapid loss of Cr and Mo and the formation of a predominantly Ni(OH)2 layer.
This layer suppressed alloy dissolution but did not completely repassivate the surface.
This film is referred to as the secondary passivation layer.
The results in Figures 7.1 and 7.2 shows that this oxidative breakdown of the
passive layer is independent of alloy composition, but very dependent on temperature.
The shift of the apparent breakdown potential to more negative values (Figure 7.2) is
substantially greater that can be explained by a simple influence of temperature on the
thermodynamic conversion of CrIII to CrVI. This suggests that the critical feature
controlling the film degradation process is the kinetics of the CrIII/CrVI, and, to a lesser
degree, MoII/III/IV/MoVI, conversion processes and how these are accelerated in the
presence of bicarbonate. Since, previously, the film in the secondary passivation region
was shown to be a thicker (~100 nm compared to a passive film thickness of ~3-4 nm)
porous layer of Ni(OH)2, the decrease in current with temperature in this region (Figure
2) indicated the film becomes slightly more compact as the temperature increases.

7.3.3 Effect of Carbonate solution
Figure 7.3 compares the polarization curves in chloride (pH = 7.3), chloride +
carbonate (pH = 11.0) and chloride + bicarbonate (pH = 8.2) at 600C. As expected, based
on the pH dependence of the redox equilibira involved, the barrier layer degradation
potential shifts to more negative potentials as the pH is increased. The maximum current
achieved after breakdown (i.e., the peak current value) is significantly lower in carbonate
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compared to bicarbonate solution, suggesting either the carbonate or the pH (or both)
is/are important in determining the scale of Cr/Mo depletion in the film. It was
anticipated that the physical, but not necessarily the chemical, properties of the film
present in the secondary passivation region are similar for both the solutions (carbonate
and bicarbonate).
To confirm that the film formed in the carbonate solution was chemically similar
to that formed in bicarbonate solution, a series of potentiostatic film growth experiments
followed by XPS and AES analyses were performed, in a similar manner to those
performed on oxidized specimens in the bicarbonate solution [1]. The log (current) – log
(time) plots recorded at potentials in the passive region (0 mV), in the increasing current
region (150 mV), at the peak (200 mV) and in the secondary passivation region (400 mV)
are shown in Figure 7.4.
The general form of these curves is similar to those recorded in the
chloride/bicarbonate (pH = 8.2) solution and has been discussed previously [1]. The
decreasing current observed over the log time interval 2 to > 4 (Figure 7.4b) is consistent
with the development of a partially passivating surface film. The final currents are up to
two orders of magnitude less than those
observed at these potentials in the polarization curves (Figure 7.4a) and still decreasing.
This indicates that the film present, even in the secondary passivation region, is
sufficiently resistive to partially protect the alloy.
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Figure 7.3 Potentiodynamic scans recorded on the Hybrid-BC1 alloy in 1M NaCl, 1M
NaCl + 0.1M Na2CO3 and 1M NaCl + 0.1M NaHCO3 solution at 600CAs expected, based
on the pH

To confirm that the composition of films grown in chloride/carbonate (pH = 11.0)
solution is the same as that of films grown in chloride/bicarbonate (pH = 8.2) solutions
[1], XPS and AES analyses were conducted on the potentiostatically-grown films. Figure
7.5 shows XPS survey spectra recorded at 0 mV (in the passive region) in chloride (pH =
7.3) and chloride/carbonate (pH = 11.0) solutions. As indicated by the dashed vertical
lines Ni-2p, Cr-2p and Mo-3d peaks are clearly visible after anodic oxidation in the
chloride solution. However, after oxidation in the chloride/carbonate (pH = 11.0) solution
neither Cr nor Mo is detected and the Ni peak is significantly reduced in height. In
addition, a strong Auger peak for Mg (Mg-KLL) is observed when carbonate is present.
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The high background signal observed in the absence of carbonate can be attributed to the
very high yield of emitted photoelectrons from the base alloy which experience energy
loss when only a thin passive oxide is present. The considerably lower background
emission when Mg is present suggests this photoelectron yield is limited by the presence
of a surface layer of Mg oxide/hydroxide.
Figure 7.6 compares the current-time plot for anodic oxidation at 0 mV in the
chloride/carbonate (pH = 11.0) solution to that obtained at the same potential in
chloride/bicarbonate (pH = 8.2) solution [1]. In both solutions, this potential is well
within the passive region and the currents, as well as their evolution with time, are very
similar. Considering this similarity, depletion of the passive film in Cr/Mo would not be
expected at 0 mV.
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Figure 7.4 (a) Potentiodynamic scan recorded on the Hybrid-BC1 alloy in 1M NaCl +
0.1M Na2CO3 at 600C showing the potentials at which films were grown. (b) Logarithmic
current-time plots recorded at the potentials indicated in (a)
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Figure 7.5 XPS survey spectra for the films grown at 0mV (SCE) in chloride and
chloride/ carbonate solution
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Figure 7.7 shows the cation fractions in the surface of the film as a function of applied
potential in the chloride/carbonate (pH = 11.0) solution. Only Ni and Mg are observed
over the whole potential range. The fraction of Mg increases with increasing potential.
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Figure 7.6 Log (I) – log (t) plots recorded on the Hybrid-BC1 alloy in chloride/carbonate
and chloride/bicarbonate solution at 0mV (SCE)

High resolution spectra for Ni-2p (not shown), using the fitting parameters
determined by Biesinger et al. [4, 5], show that the Ni film present in the secondary
passivation region is predominantly Ni(OH)2 with small amount of NiO as observed
previously in the chloride/bicarbonate (pH = 8.2) solution [1]. An Auger depth profile
recorded on the electrode anodically oxidized at 200 mV, Figure 7.8, shows that the film
is multilayerd with an Mg(OH)2 layer on the outer surface and an Ni(OH)2 layer at the
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oxide/alloy interface. This profile suggests that, while depleted in the outer regions of the
film, some Cr and Mo may still be present at the alloy/film interface.
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Figure 7.7 Film cation composition as a function of potential recorded on the HybridBC1 alloy in 0.1 M NaCl + 0.1 M Na2CO3 solution
If the depth at which the O signal in the Auger profile reaches half its surface
value is taken as the location of the oxide alloy interface, then an overall thickness of ~45
nm is obtained for the film at this potential. This compares to a thickness of ≥100 nm in
chloride/bicarbonate (pH = 8.2) solution reported in Chapter 6 [1]. This decrease in
thickness suggests that the accumulation of this outer layer suppresses the overall extent
of film formation/alloy dissolution. The presence of a similar layer of Mg(OH)2 in the
passive region (0 mV), Figure 7.7, would account for the inability to detect Cr and Mo in
the thin passive film by XPS.
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Figure 7.8 AES depth profile recorded on the Hybrid BC1 alloy after anodic film growth
at 200mV (Figure 7.4(a)) in 1 M NaCl + 0.1 M Na2CO3 solution

The only source of Mg ions in the system is the impurity content of the Na2CO3
salt used to prepare the solution. If the Mg is present at the maximum impurity level then
the calculated concentration present in our solution should be < 5 × 10-6 mol/L. Given a
solubility product of ~ 10-11 mol2/L2 for Mg(OH)2, its accumulation on the electrode
surface would be possible at pH = 11.0. While this would account for the presence of
Mg(OH)2 on the alloy surface it would not explain its increasing dominance on the
surface as the potential is made more positive (Figure 7.7) and the anodic current
increases (Figure 7.3).
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7.3.4 Effect of Buffering Anions
Figure 7.9 shows polarization scans recorded on the Hybrid-BC1 alloy in the 1M
NaCl (pH = 7.3), 0.1M NaHCO3 (pH = 8.3), chloride/carbonate (pH = 11.0),
chloride/bicarbonate (pH = 8.2) and chloride/borate (pH = 8.8) solutions. Comparison of
the behavior in the chloride, bicarbonate and chloride/bicarbonate solutions shows that
the influence of chloride is insignificant and confirms that the transition with potential
from the primary (< 200 mV) to the secondary (> 400 mV) passivation regions is due to
the presence of bicarbonate/carbonate.
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Figure 7.9 Potentiodynamic scan recorded on the Hybrid-BC1 alloy in different solutions
at 600C

However, similar behavior to that observed in the bicarbonate and
chloride/bicarbonate is observed also in the chloride/carbonate and chloride/borate
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solution. The graph shows that with an increase in pH, the maximum current (at the peak)
and the current in the secondary passivation region decrease substantially. These results
confirm that the nature of the anion (bicarbonate, carbonate or borate) is not the key
feature determining the current increase leading to Cr/Mo depletion. Although not shown,
similar behavior was observed for alloy 59.

7.3.5 Effect of Hydroxide
To determine whether the pH is the critical influence in the anodic process
leading to Cr/Mo loss from the passive film, a series of experiments was performed in
1M NaCl + 0.01M NaOH. The solution pH was adjusted by increasing the volume of
added NaOH. The potentiodynamic scans, Figure 7.10, show that increasing the pH
sufficiently also leads to the appearance of the anodic peak/secondary passivation region.
As indicated in the figure, the pH of the bulk solution decreases, since the loss of Cr and
Mo by dissolution of the passive film and the transpassive dissolution of the alloy will
produce a considerable number of protons. Since, most of the bulk solution pH change
observed will have occurred during the transpassive dissolution process, the relevant pH
defining the behavior in the passive/secondary passivation regions (i.e., whether or not
anodic activation leading to Cr/Mo loss occurs) is the initial bulk solution pH. Based on
Figure 7.10, the threshold pH is in the range 8.6 – 9.4. The pH values after polarization
are predominantly due to the very high currents in the transpassive region and do not
represent the pH value prevailing as the scan passes through the anodic peak/secondary
passivation region.
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Figure 7.10 Potentiodynamic scans recorded on the Hybrid-BC1 alloy at 600C in
chloride/ hydroxide solutions containing various amounts of added NaOH. The pH values
measured before and after the experiments are shown in brackets

7.3.6 Buffered and Unbuffered Solutions
The maximum current corresponding to the anodic peak is considerably smaller in
chloride/hydroxide solution (pH – 8.6) compared to that of the chloride/bicarbonate
solution (pH – 8.2) (Figure 7.11) possibly due to the incomplete depletion of Cr/Mo in
the former case. To determine whether this is the case, films grown in the two solutions,
at a potential of 335 mV (SCE) in chloride/hydroxide solution and 425 mV (SCE) in
chloride/bicarbonate solution, were analyzed by XPS.
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Figure 7.11 Potentiodynamic scans recorded on the Hybrid-BC1 alloy at 600C in
chloride/ bicarbonate and chloride/hydroxide solutions. The horizontal dashed lines show
the potentials at which films were grown and analyzed by XPS

The survey spectra show that both Cr and Mo are undetectable in both cases,
determine whether this is the case, films grown in the two solutions, at a potential of 335
mV (SCE) in chloride/hydroxide solution and 425 mV (SCE) in chloride/bicarbonate
solution, were analyzed by XPS. The survey spectra show that both Cr and Mo are
undetectable in both cases, and Figure 7.12, which shows the high resolution
deconvoluted Ni-2p spectra for both films are very similar, confirms that the film
composition is dominantly Ni(OH)2. These analyses confirm that the large differences in
measured anodic currents are not due to differences in film composition. Since the
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chloride/hydroxide solution is unbuffered, it seems likely that the lower anodic current is
related to a decrease in surface pH, sufficient to reduce the solubility of oxidized Cr and

counts/a.u.

Mo species, but not sufficiently to prevent their depletion in the film.
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Figure 7.12 High resolution deconvoluted XPS spectra for the Ni 2p peak recorded on
oxide films grown on the Hybrid-BC1 at 600C at a potential of 335 mV (SCE) and 425
mV (SCE) (Figure 7.11) in (a) chloride/hydroxide solution and (b) chloride/bicarbonate
solution respectively
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7.4 Discussion
Previous electrochemical impedance spectroscopy and XPS measurements
connected the onset of passive film breakdown to the start of the anodic destruction of the
Cr(III) oxide-dominated barrier layer to yield the more soluble CrO42-. XPS and time-offlight secondary ion mass spectrometry (ToF-SIMS) also showed [6-8] that this
breakdown was accompanied by the creation of oxidized states of Mo(VI) and W(VI) and
it has been proposed that the retention of these latter states in the outer regions of the
passive film extends the passive region to considerably higher potentials [1, 7, 9]. The
segregation of oxidized Mo/W states to the outer regions of the film and the maintenance
of passivity is particularly well marked under acidic conditions [9] when the solubility of
molybdates (and tungstates) is minimized.
Even under neutral pH conditions any attempt to oxidize the Cr(III) barrier layer
and the Mo(II,III,IV) species within the passive film [10] will generate local acidity via
the reactions
Cr2O3 + 5H2O → 2CrO42- + 10H+ + 6e-

(7.1)

MoO2 + 2H2O → MoO42- + 4H+ + 2e-

(7.2)

facilitating the deposition of protective molybdates within the outer regions of the film
and the maintenance of passivity to more positive potentials. The structure of the
molybdates present in the passive surface remains uncharacterized but it is well known
that acidic conditions are required to generate the polymeric species known to exist in
gel-like structures [10].
It is not surprising, therefore, that an increase in pH by the addition of OH- will
neutralize the surface pH and facilitate the dissolution of potentially protective Mo(VI)
species as soluble molybdates, MoO42-, rather than allow the proton driven deposition of
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protective molybdates. In the absence of this protective segregated outer layer (a similar
argument can be made for tungstates) the release of soluble CrO42- by anodic oxidation of
the Cr(III) oxide barrier layer would be kinetically uninhibited. This would leave Ni(II)
as the only insoluble alloying component leading to the formation of Ni(OH)2 in the
secondary passivation region.
The identification of a critical pH of ~8.6, below which Cr/Mo depletion of the
passive film does not occur then explains why the presence of carbonate/bicarbonate and
borate also lead to Cr/Mo depletion once the anodic oxidation of the Cr(III) oxide barrier
layer commences. These anions act as pH buffers within this pH range maintaining the
surface pH above the critical value thereby preventing the local acidification required to
precipitate and polymerize Mo(VI) and prevent the rapid anodic destruction of the Cr(III)
barrier layer.
It is also possible that this buffering could facilitate the accumulation of Mg(OH)2
on the alloy surface in the chloride/carbonate solution. Its accumulation in the passive
region can only be attributed to the solubility effect but its increase with potential
suggests this accumulation is enhanced by the anodic process. All the species formed by
the anodic activation process are anionic (e.g., CrO42-, MoO42) except for the H+. When
these protons are absorbed by the carbonate buffer, both the carbonate and bicarbonate
are also anions. In the borate case either anions (BO33-, HBO32-, H2BO3-) or neutral
(H3BO3) species are formed. As a consequence, the solution in the immediate vicinity of
the surface is cation deficient, and the electrical migration of Na+ and Mg2+ to the
electrode surface will occur. This will increase the concentration of Mg2+ in the vicinity
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of the surface facilitating Mg(OH)2 deposition, thereby, accounting for the enhanced
accumulation of the Mg(OH)2 at higher potentials (Figure 7.7).

7.5 Conclusions


Potentiodynamic scans on a series of commercial Ni-Cr-Mo (W) alloys show an
apparent breakdown of the passive film at a lower than expected potential
followed by an anodic peak and a secondary passive region. This behavior was
only observed in the presence of carbonate/bicarbonate and borate buffers and in
alkaline solutions, and was independent of the composition of the alloy.



Consistent with previous studies, XPS and AES analyses confirmed that the film
was depleted in Cr/Mo and covered by a Ni(OH)2 layer in the secondary
passivation region.



Varying the pH of the solution by adding hydroxide showed that this apparent
breakdown/secondary repassivation process required a pH > 8.6 for various
commercially-available Ni-Cr-Mo (W) alloys in different buffer solutions, like
bicarbonate/carbonate and borates. It was also noticed that the apparent
breakdown potential and anodic peak potential was independent of the
concentration of Ni, Cr, Mo, W and other minor alloying elements.



The presence of a small concentration of Mg2+ in the chloride/carbonate solution
leads to the accumulation of a Mg(OH)2 layer on the electrode surface. While the
deposition of this layer can mainly be attributed to the insolubility of the
hydroxide, the extent of deposition appears to be accelerated by the depletion of
cations near the electrode surface as the protons produced by the anodic
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dissolution of Cr(VI) and Mo(VI) are buffered into anionic form. To
counterbalance this depletion, solution cations including Mg2+, migrate to the
electrode surface.
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CHAPTER 8
Conclusions and Future Work

This study was focused on the investigation of the crevice corrosion resistance of
commercial Ni-Cr-Mo (W) alloys in aggressive environments using various
electrochemical and surface characterization techniques.

8.1 Conclusions
(1) The effects of the alloying elements Cr, Mo and W on the crevice corrosion of Ni-CrMo (W) alloys was studied in 1.0 mol/L NaCl using PD-GS-PD technique to measure Eb,
ER,CREV and TPROT. While the Cr content is the key alloying addition determining passive
film stability, the presence of a substantial Mo content (>> 9 wt%) is required to achieve
maximum film stability against breakdown under creviced conditions. This is particularly
the case for temperatures > 60oC. Mo is the key alloying element influencing
repassivation after crevice propagation.
If TPROT is accepted as a key indicator of an alloy’s overall resistance to crevice
corrosion then the alloys can be ranked in the following order of increasing resistance,
625 < C-4 < C-276 < C-22 ~ 59 ~ C-2000 < 686
Attempts to separate the influences of Mo and W were not successful. While it was
shown that adding W improved the resistance, it is possible that increasing the Mo
content by a similar amount would have produced the same improvement.
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(2) To determine the influence of alloying elements on crevice propagation, the extent
of corrosion damage on various Ni-Cr-Mo (W) alloys crevice corroded in 1.0 mol/L was
determined by SEM, EDX, profilometry and AES. On alloys containing only a small Mo
(Mo + W) content (e.g., 625 (9Mo)) propagation penetrated deep into the alloy at the
initiation site. On alloys with higher Mo (Mo + W) contents (e.g., C-22 (13Mo + 3W),
propagation occurred as a series of interlinked pits along grain boundaries and only
shallow pitting occurred on grain surfaces. The depth of penetration in any individual pit
was limited by the accumulation of molybdates and tungstates. Further increases in Mo
(Mo + W) content (e.g., 686 (16Mo + 4W) resulted in a significant suppression of crevice
propagation and pitting along grain boundaries is avoided. Only shallow and widely
distributed corrosion of the surface is observed consistent with the widespread
distribution of molybdates and tungstates.

(3) The effect of Cu on corrosion inhibition was studied by comparing the crevice
corrosion resistance of C-2000 and Alloy 59, since the only difference in their
composition is presence of 1.6% (wt.%) Cu in C-2000. The primary influence of Cu in
Ni-Cr-Mo alloys appears to be its ability to inhibit crevice initiation by stifling the
metastable pitting events which can eventually lead to the establishment of actively
propagating locations. This suggests that the key role of Cu in these alloys is its ability to
enoble the metal surface under active conditions. Dynamic-SIMS, confirmed an
enrichment of Cu in crevice corroded locations, but cannot confirm whether its presence
inhibits crevice corrosion on C-2000.
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(4) Polarization experiments on a series of commercial Ni-Cr-Mo (W) alloys in a chloride
solution containing either carbonate/bicarbonate, borate buffers or added hydroxide to
produce an alkaline solution, show an apparent breakdown of the passive film at a lower
than expected potential. At potentials beyond that at which breakdown occurs a
secondary passivation region is observed. XPS and AES analyses confirmed that this
breakdown was due to the depletion of Cr/Mo in the film and that secondary passivation
was due to the accumulation of a Ni(OH)2 layer. Varying the pH of the solution by
adding hydroxide showed that this apparent breakdown/secondary repassivation process
required a pH > 8.6 for various commercially-available Ni-Cr-Mo (W) alloys. In the
presence of buffers such as bicarbonate/carbonate and borates a pH > 8.6 was maintained,
preventing the deposition of the protective Mo(VI) species which would occur if the pH
at the alloy surface was allowed to decrease.

8.2 Future Work
In the present study, an attempt was made to draw a correlation between an
experimental parameter (TPROT) and an empirical parameter (PREN) and the result shows
a near-linear dependency. However the technical basis for this remains unclear. A more
detailed analysis would be required to determine the synergisms between alloy
components in order to explain the PREN relationship.
Published studies show that Cu plays a role in stifling the metastable events that
would lead to localized corrosion, for Cu-containing Al alloys or SS. Similar results were
observed in this study for Ni-Cr-Mo (W) alloys. However, the actual role of Cu in
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inhibiting localized corrosion remains to be elucidated. More detailed surface analytical
studies are required to investigate this issue.
It has been shown that the maintenance of a high pH due to buffering can lead to
the breakdown of passivity at lower than expected potentials. Whether or not a similar
breakdown occurs on other alloys, e.g., Co-based alloys, should be investigated.
Recent studies have shown that the corrosion resistance of homogenous Ni-Cr-Mo
(W) alloys, like C-22, is influenced by the presence of high proportion of ∑3 grain
boundaries. There is a possibility that increase in major or minor alloying elements could
influence these grain boundary properties, and a study of a wider range of alloys would
determine this.
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