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Graphical abstract 

Highlights 

 Ni, Cr, Mo and Fe dissolution were monitored as a function of time in the passive and
transpassive domain.

 Mo surface enrichment, probably as H2MoO4, was observed during potentiostatic
experiments in the transpassive domain.

 The excess Mo was released into the electrolyte when the potential returned to the passive
domain.

 It is proposed that Mo precipitation and redissolution are driven by changes in the local pH.

 This phenomenon, reported here for the first time, may contribute to the positive effect of
Mo on repassivation kinetics.
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Abstract 
The role of alloyed Mo during transpassive dissolution of four commercially available Ni-based alloys 

in neutral chloride solution was investigated by atomic emission spectroelectrochemistry. Time-

resolved dissolution rates of Ni, Cr, Mo, and Fe were obtained as a function of applied potential.  Mo 

enrichment occurred at the transpassive potentials and redissolved when the potential returned to 

the passive domain.  These results suggest a mechanism of Mo enrichment and release that could play 

a significant role in repassivation in initially neutral electrolytes such as occurs during crevice 

corrosion. It is proposed that Mo precipitation and redissolution are driven by local pH changes. 
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1.0 Introduction. 
Ni-based alloys are frequently used to replace conventional steels when service conditions 

become aggressive and high corrosion rates ensue. Applications include, but are not limited to, the 

nuclear, petrochemical, and chemical processing industries. These alloys, which differ mainly in 

composition, are continuously being modified to improve corrosion and/or mechanical properties1-2. 

However, successfully tailoring composition to a given application requires the thorough 

understanding of how individual alloying elements affect behavior. Chromium is, of course, the most 

significant constituent as concerns corrosion resistance, and its role in passivity has been thoroughly 

documented3-4. The significance of the other alloying elements, such as Fe and Mo, on corrosion 

resistance is less well understood. These elements may be of critical importance in the transpassive 

potential domain, where the electrochemical conversion of the Cr(III) oxide into soluble Cr(VI) species 

occurs3, 5-6, making the Cr(III) based passive film less stable. This may be problematic for some 

industrial applications in which the Ni alloy is exposed to electrolytes containing large amounts of 

oxidizing impurities, resulting in high corrosion potentials7-8.  

Molybdenum, in particular, remains an interesting alloying component, as it is well known to 

enhance corrosion resistance. For example, in the empirically defined PREN (pitting resistance 

equivalent number) for both Ni-based alloys and stainless steels, the %Mo counts 3.3x the %Cr2, 6, 9. 

Nevertheless, the exact mechanisms by which Mo increases the corrosion resistance remain elusive. 

Benefits of Mo addition include the suppression of active dissolution and increased resistance to 

localized corrosion3, 10. Among the proposed mechanisms, two concepts are frequently discussed. 

First, Mo has been suggested to concentrate at defect sites of the oxide film, acting as a reinforcement 

or filler at defect locations in the oxide11-12. Second, Mo oxides, found in the outer portion of Cr-

dominated oxide films, are believed to provide a cation-selective nature to the oxide film, preventing 

the ingress of aggressive Cl- ions13-14.   

The mechanism of passivation for Fe-Cr and Ni-Cr alloys involves a selective dissolution of Fe 

and Ni, leaving behind a Cr(III) oxide film15-17. For austenitic stainless steel, it has been suggested that 

when the passive film is breached, Mo oxides form a temporary protective film which slows down 

active dissolution sufficiently to allow the Cr(III) passive film to reform18. This is important in the 

mechanism of pitting and crevice corrosion in that the local electrolyte conditions may not favor the 

spontaneous formation of a Cr(III) oxide film and this temporary protection could be a determining 

factor in the corrosion resistance.  

This temporary protection hypothesis suggests that the release mechanism of Mo could 

therefore play a critical role in the corrosion resistance of Cr-Mo alloys of Ni or Fe. At present, studies 



of the effect of Mo have been limited to conventional electrochemistry and ex situ surface analysis. 

While these studies demonstrated a tendency of Mo to concentrate at the oxide/solution interface, 

no kinetic information concerning its release and its build-up on the surface have been presented, to 

our knowledge19-21.  

In this work, atomic emission spectroelectrochemistry (AESEC) was used to give, for the first 

time, a quantitative observation of Mo retention and release during the transpassive dissolution of 

commercial Ni-Cr-Mo alloys. These findings demonstrate that Mo is enriched at the surface during the 

onset of transpassive dissolution. During repassivation, the surface-enriched Mo was selectively 

removed. Notably, the degree of Mo enrichment and subsequent dissolution at the surface were 

found to increase with increasing Fe content of the alloy. This was attributed to the rapid hydrolysis 

of Fe(III) compared to Ni(II), leading to an increased local acidification, which is known to promote the 

deposition of Mo-species. 

2.0 Experimental 

2.1 Materials 
Alloys used in this study were provided by Haynes International (Kokomo, IN, USA) in the form 

of mill-annealed sheets. Coupons were cut to dimensions of 25x10 mm2 to fit in the requirements of 

the flow cell. Coupon thickness varied between 5 and 10 mm, based on the thickness of the original 

sheet. The nominal composition of each alloy, as reported by Haynes International, is provided in Table 

1. 

Since the analysis of AESEC data relies heavily on the use of accurate compositions, i.e. for 

normalization purposes, the exact composition of each alloy, determined by glow discharge optical 

emission spectroscopy (GD-OES), is also included in Table 2. For discussion purposes both 

compositions (Table 1 & 2) are included here. 

Prior to each measurement, coupons were ground using wet SiC paper, with the final surface 

preparation using P1200 grit. Coupons were then rinsed with deionized (DI) water (18.2 MΩ cm), 

followed by ethanol, and dried in a stream of N2 gas. Careful surface preparation produced 

reproducible surface conditions and ensured a proper seal between the coupon and flow cell. 

Solutions were prepared using reagent grade NaCl (Carl Roth GmbH) and DI water. Standard 

solutions, used to quantify inductively coupled plasma atomic emission spectrometer (ICP-AES) data, 

were prepared using aliquots of metal standards (SCP Science) in the experimental electrolyte (1 M 

NaCl). Calibration was performed immediately following each experiment. 

2.2 Electrochemical Measurements 
Electrochemical measurements were made using either a Gamry Reference 600 (for AESEC) 

or a Biologic VSP potentiostat (conventional electrochemistry). All electrochemical measurements 

were carried out in a custom-built PTFE flow cell designed for use with the AESEC setup. The flow cell, 

briefly summarized below, has been extensively detailed elsewhere22-23. The working electrode (WE) 

was affixed to the flow cell with an exposed surface area of 1 cm2 by the application of a fixed 

pneumatic pressure against an O-ring. A second compartment, isolated from the flow cell 

compartment by a porous membrane, housed the reference (RE) and counter electrodes (CE). A 

saturated Ag/AgCl electrode (-0.197 V vs SHE) served as the RE against which all potentials were 



measured. A platinum flag was used as the CE. All electrochemical experiments described herein were 

repeated at least twice. 

The temperature was maintained at approximately 75°C by placing the experimental 

electrolyte in an isothermal circulating bath. During the experimental procedure, electrolyte 

introduced to the flow cell was drawn directly from the reservoir housed within the isothermal bath. 

Additionally, a hollowed Cu heating disk, connected to the circulating component of the isothermal 

bath, was fixed behind the WE. Together, this maintained the temperature of the WE and electrolyte 

at approximately 75°C during all measurements. The flow rate was controlled using the built-in 

peristaltic pump of the ICP-AES instrument. Prior to each experiment the flow rate was calibrated to 

be approximately 2.75 mL min-1.  

Cyclic polarization experiments were initiated 0.100 V vs Ag/AgCl below the corrosion 

potential and scanned positively at a scan rate of 0.5 mV s-1, until a potential of 1 V vs Ag/AgCl was 

reached. The scan was then reversed, and the potential scanned negatively until it reached the initial 

Ej=0. Separate potentiostatic experiments were conducted using three potential steps. Initially, 

samples were held in the passive region 0.300 V vs Ag/AgCl for 5 min. Subsequently, samples were 

brought into the transpassive domain 1.00 V vs Ag/AgCl for a period of 1,2, or 4 min, indicated for 

each experiment. Finally, the return to the initial applied potential 0.300 V vs Ag/AgCl caused the 

sample to repassivate. 

2.3 AESEC Measurements and Data Treatment 
Details regarding the data acquisition and treatment have been described by Ogle et al.22. 

Briefly, the downstream positioning of the ICP-AES instrument, an Ultima 2C spectrometer (Horiba 

Jobin-Yvon, France), allows for the detection of cations released from the WE in real-time. A Burgener 

PEEK Mira Mist® Nebulizer (Horiba Jobin-Yvon, France) was used to introduce electrolyte leaving the 

flowcell into the ICP. The resultant aerosol enters a 40.68 MHz inductively coupled Ar plasma, 

operating at 1.2 kW. Independent monochromator and polychromator optics were used to monitor 

emission lines from the ICP torch. The monochromator was used for a single element with high 

spectral resolution, in this case Mo, while the polychromator was used to simultaneously detect other 

elements of interest. Emission lines used for the elements of interest and their respective limits of 

detection are summarized in Table 3. The detection limit (C3σ) was calculated according to eqn. 1, 

where σB is the standard deviation of the background signal and α the sensitivity factor determined 

from the calibration standards. 

𝐶3𝜎 = 3
𝜎𝐵

𝛼
 (1) 

Upon completion of AESEC experiments, instantaneous emission intensities for each metal 

were converted into instantaneous concentrations (CM) by standard calibration. CM values were then 

converted into instantaneous dissolution rates (νM) according to eqn. 2, where f is the flow rate and A 

the surface area: 

𝜈𝑀 = 𝑓
𝐶𝑀

𝐴
(2) 

Congruent and incongruent dissolution behaviour were distinguished by comparing the 

composition of the electrolyte to that of the bulk material. This was done by normalizing individual 

dissolution rates against that of the bulk alloying element, Ni, according to eqn. 3. 



𝑣𝑀
′ = (

𝑋𝑁𝑖
𝑋𝑀

⁄ ) 𝑣𝑀 (3) 

where XM is the mass fraction of element M as determined by GD-OES (Table 2). Perfect congruent 

dissolution occurs when ’M = Ni, i.e., the two are dissolving at equal rates relative to the bulk 

composition. If ’M > Ni, it implies the selective dissolution of alloying element M in comparison to 

the bulk alloying element, Ni. In contrast, ’M < Ni implies that excess M is concentrating at the 

surface. The quantity of excess M, QM, may be determined by mass balance as 

𝑄𝑀 = ∫ ((
𝑋𝑀

𝑋𝑁𝑖
⁄ ) 𝑣𝑁𝑖 − 𝑣𝑀) 𝑑𝑡

𝑡

0

(4) 

The elemental current density or metal M, jM, was determined by conversion of the 

corresponding instantaneous dissolution rate (νM) according to equation 5:   

𝑗𝑀 =
𝜐𝑀 𝐹 𝑛

𝑚
(5) 

where F is Faraday’s constant, m the molar mass of metal M and n the number of electrons transferred 

in the oxidation reaction of metal M.  The later assumes that the oxidation state of the dissolved M is 

known or may be surmised from equilibrium calculations. This is a formal definition only, as dissolution 

may occur via non-faradaic processes such as the dissolution of oxide films.  

3.0 Results 

3.1 Cyclic polarization 
The polarization behavior of BC-1, C-22, and G-35, is shown in Fig. 1A and that of G-30, in Fig. 

1B. All four alloys exhibited passive behavior, with the alloys of higher Cr content having higher 

potentials of zero current, Ej=0, and lower passive current densities, jpass, consistent with previous 

studies5. Table 4 summarizes the values of Ej=0 and jpass for the different alloys. The anodic branch of 

the polarization curves may be divided into three potential domains: (1) a passive domain from Ej=0 to 

approximately 0.300 V vs Ag/AgCl, (2) a second passive domain starting near 0.300 V vs Ag/AgCl, 

indicated by an increase in the anodic current followed by a current plateau; and (3) the transpassive 

domain, indicated by a steady increase in the current, beginning at approximately 0.600 V for alloys 

BC-1, C -22, and G-35, and at 0.800 V vs Ag/AgCl for alloy G-30. The extended passive region of G-30 

is believed to be the result of Fe(III) oxide stability at high potentials24. 

Return scans showed a ready repassivation for alloys BC-1, C-22, and G-35, without significant 

hysteresis. This was indicated by the current density retracing the forward scan until ultimately 

achieving values lower than those recorded during the forward scan. In all cases, Ej=0 was shifted 

positive relative to its value on the forward scan. Interestingly, all three alloys exhibited approximately 

the same Ej=0 values on the reverse scan. The decreased current densities observed on the reverse 

scan have been attributed to the repair of the Cr(III) barrier layer25.  

The reverse scan on alloy G-30 (Fig. 1B) showed an interesting irreproducibility: It was 

frequently found to have hysteresis or a complete loss of I-E relationship, as shown by the solid and 

dotted curves, respectively. Both behaviors suggest the onset of localized corrosion processes, with 

one eventually repassivating (solid line) and the other becoming self-sustaining (dotted line). The 

process occurring during the self-sustaining localized process was confirmed to be crevice corrosion 



by optical observations of damage along the impression of the O-ring. Since crevice corrosion itself is 

not the focus of the present work, only AESEC data in which active crevice corrosion was not observed 

are discussed. 

Within the passive region, no metal cations were detected by ICP-AES. This was attributed to 

the low corrosion rates afforded by the Cr-rich oxide film present in this region. Only at transpassive 

potentials (i.e. the breakdown of the secondary passive region) were cations detected, approximately 

0.600 V for alloys BC-1, C-22, and G-35, and 0.800 V vs Ag/AgCl for alloy G-30. Polarization in the 

transpassive domain led to an exponential increase in dissolution rates as a function of potential. The 

resultant AESEC data for cyclic polarization experiments is shown in Fig. 2. All alloys demonstrate 

patterns of incongruent dissolution, indicated by ’M ≠ Ni. Comparison of normalized rates reveals the 

decreased dissolution rate of Cr, Mo, and Fe, relative to Ni, suggesting the enrichment of these 

elements at the electrode surface. In other words, Ni was selectively removed from the oxide during 

transpassive dissolution while other alloying elements were enriched, at least to some extent. 

Of particular interest in Fig. 2, and the focus of this article, is the unusual behavior of Mo 

during the reverse scan. Interestingly, repassivation resulted in ’Mo becoming larger than Ni, 

suggesting the selective dissolution of Mo. While repassivation resulted in receding values of Ni, ’Cr, 

and ’Fe, the elevated rates of Mo dissolution persisted for some time following repassivation. While 

Mo appears to be initially retained at the surface during transpassive dissolution, it is subsequently 

released during repassivation. This feature is particularly pronounced for alloy G-30, and a thorough 

discussion of normalized data is conducted below for potentiostatic experiments. 

3.2 Potentiostatic Polarization 
To better quantify the kinetics and mechanism of Mo retention and dissolution, a four-step 

potentiostatic experiment was performed: (1) the WE was held in the passive region (0.300 V vs 

Ag/AgCl) for 300 s to obtain a steady-state passive film; (2) the potential was then stepped to the 

transpassive domain (1.00 V vs Ag/AgCl) for 120 s; (3) the WE was returned to the passive region, and 

(4) finally released to open-circuit. The resulting data, expressed as normalized dissolution rates and

elemental currents, are presented in Fig. 3 and 4, respectively.

In the analysis of the normalized dissolution data, the observations are similar to those made 

during cyclic experiments. Notably, potentiostatic experiments avoided complications arising from 

localized processes apparent in potentiodynamic experiments. While samples were held in the passive 

region, step 1, no metal cations were detected by ICP-AES. Following the application of the 

transpassive potential, step 2, all alloys demonstrated a surge of metal dissolution. The relative 

intensities of the normalized dissolution rates were similar to those found during cyclic experiments. 

In all cases, Ni was found to be the dominant cation released from the WE, while Cr, Mo, and Fe were 

apparently retained, to some extent, at the surface.Of the alloying elements monitored, Mo showed 

the greatest tendency of surface enrichment. Shown in Fig. 3, during repassivation all alloys exhibited 

the selective dissolution of Mo species, interpreted as a subsequent release of surface enriched Mo. 

The extent of Mo retention and release was greatest for alloy G-30 and quite significant for C-22. 

Interestingly, this process did not correlate directly with the Mo content of the alloy.  

Additionally, the stoichiometry of dissolution was monitored with ICP-AES during 

potentiostatic experiments. To directly compare the elemental current densities, jM, to the electrical 

current density, je, a convolution procedure was carried out. Details of this convolution have been 

published previously22. Briefly, convolution involves correcting the instantaneous current density, je, 

for the distribution of residence times in the flow cell. In this way, the elemental current densities, jM, 

may be compared directly with the convoluted electrical current density, je*. As shown in Fig. 4, 



significant currents were detected only after the application of the transpassive potential. The 

convoluted current density recorded by the potentiostat, je*, the current contributed by individual 

alloying elements, jM, and the sum current from all elemental currents, jΣ, are compared in Fig. 4. 

Values of jM were calculated according to the following oxidation states: Ni(II), Cr(VI), Mo(VI), and 

Fe(III). Oxidation state information was based on both thermodynamics as well as findings in the 

literature20, 24. Since dissolution prior to the transpassive domain was negligible, oxidation states were 

selected based on the environment for transpassive dissolution.  

Using the dissolution rates and elemental currents obtained during potentiostatic 

experiments, information on alloy composition and faradaic yield was extracted. A summary of this 

information is detailed in Table 5. Using elemental dissolution rates, the total dissolved metal was 

used to determine a relative alloy composition for comparison to the compositions provided by 

Haynes International and GD-OES analysis, Tables 1 & 2 respectively. Since in the ICP-AES data, only 

Ni, Cr, Mo, and Fe were quantified, the compositions provided by Haynes International and by GD-

OES analysis were reweighted for a valid comparison. As shown in Table 5, the reweighted 

compositions are in agreeance with only minor discrepancies. Since AESEC data shows dissolution 

occurs incongruently, the alloy composition determined by ICP-AES is expected to be affected by 

surface enrichment processes. For example, the surface enrichment of Cr- species, highlighted in 

AESEC data above, leads to a consistently lower Cr content in ICP-AES analysis. Important for the 

upcoming discussion section is the low amount of Fe detected for alloys BC-1 and G-35 by both GD-

OES and ICP-AES. As reported by Haynes, these alloys are expected to contain a maximum 

concentration of 2% Fe, however, based on both GD-OES and ICP-AES data presented here, the Fe 

content is in fact much lower, approximately 0.6%. 

In addition to comparing the re-weighted alloy compositions, faradaic yields were determined 

by the direct comparison of je* and jΣ from Fig 4. The values obtained for alloys BC-1, C-22, G-35, and 

G-30 are shown in Table 5. The average faradaic yield, 98.0%, implies that the metallic dissolution

measured by ICP-AES is in good agreement with the instantaneous current densities recorded by the

potentiostat. However, minor discrepancies in faradaic yields may be the result of additional anodic

processes undetected by the ICP-AES, e.g. O2 evolution or oxide formation.

3.3 Mo Enrichment 
As detailed in the discussion of Fig. 3, the high degree of Mo-enrichment observed for alloy G-

30, made this alloy ideal for the further study of enrichment/dissolution phenomenon. Additional 

experiments were conducted as a function of time spent in the transpassive domain, shown in Fig. 5. 

Generally, as time spent in the transpassive domain increased, so did the signal corresponding to Mo 

dissolution during repassivation.  

Direct comparison of the enrichment and dissolution of Mo is possible by considering the 

excess Mo, QMo, during steps 2 and 3, enrichment and dissolution, respectively. The calculation of 

excess Mo was made according to eqn. 4. In step 2, the degree of enrichment is visualized as the 

difference between the integrals of Ni and Mo dissolution rates. In step 3, the dissolution of surface-

enriched Mo is the difference between Mo and Ni dissolution rates. For clarity, the regions considered 

as enrichment and dissolution are graphically depicted in Fig. 6A.  

Values corresponding to enrichment and dissolution are compared in Fig. 6B as a function of 

time polarized in the transpassive region. The amount of Mo-enrichment was found to be proportional 

to the time spent in the transpassive region. The dissolution process followed a similar relationship; 

however, it was consistently lower than the degree of enrichment. Comparison of the two values of 

QMo yields a percent difference of between 40.2 and 56.8%.  



Discrepancy between these values suggests that the surface-enriched Mo species are not 

completely removed during repassivation. This implies that previous studies, which demonstrated 

enrichment of Mo in the oxide following transpassive polarization, have likely underestimated the 

extent of Mo-enrichment during transpassive dissolution. In such experiments, immediately following 

the application of a transpassive potential, the relaxation of the WE to a passive potential and 

subsequent repassivation can be expected to initiate the release of Mo species. This process is 

anticipated to occur rapidly prior to the removal of the WE from solution. 

4.0 Discussion 
These results represent the first real-time quantitative measurement of the Mo enrichment 

during transpassive dissolution and its release during the return to the passive state.  Obviously, this 

observation would lend support to the temporary protection hypothesis described in the introduction. 

When an oxide is compromised, either due to transpassive dissolution or modification in solution 

chemistry (i.e. pit or crevice), Mo oxides should precipitate on the surface.  As the exposed material 

repassivates, these Mo-rich oxides would dissolve.  

It is reasonable to suppose that the enrichment/release mechanism is triggered by changes in 

the local pH. It is well known that Mo oxides precipitate at low pH, as shown in the equilibrium 

calculations of Fig. 7, and a significant decrease in pH may be associated with the high rate of metal 

dissolution anticipated during transpassive dissolution. Highlighted in Fig.7 are the experimentally 

determined pH values for the initial solution (~7.4) and the solution expelled during transpassive 

dissolution. Since in situ pH measurements were not available in the current flow cell design, 

downstream collection of transpassive solution was subject to diffusion processes and therefore, 

experimentally measured values (~3-4) are expected to over-estimate the true pH at the corroding 

surface.  The idea that this process is pH dependent is supported by the fact that the largest Mo 

retention was associated with the alloy with the highest Fe-content. In particular, Fe(III) cations are 

expected to undergo a more extensive hydrolysis as compared to Ni(II)24, 26, resulting in a lower pH. 

The role of Fe content on this behaviour is further supported by the fact that C-22, containing 3% Fe, 

has larger amounts of retained Mo, compared to BC-1 and G-35, which contain at most ~0.6% Fe, 

based on both GD-OES and ICP-AES analysis. Nevertheless, the data presented here are only 

suggestive as to the role of Fe. 

In summary of the AESEC results, a graphical illustration of the enrichment / release process 

is presented in Fig. 8. While the potential is in the passive region, a passive oxide, known to be rich in 

Cr(III)3, covers the surface and limits the dissolution of the underlying substrate. However, as the 

system is brought into the transpassive domain, the electrochemical conversion of Cr(III) to Cr(VI) 

results in the destruction of this protective oxide. As a result, cations begin to be released from the 

metallic substrate into solution. The ensuing hydrolysis reactions lead to a drop in local pH and the 

deposition of Mo-rich corrosion products, which are insoluble under acidic conditions (Fig. 7). When 

the system is returned to the passive region, the reestablishment of the protective oxide, again, limits 

dissolution and allows the previously developed pH gradient at the surface to dissipate. The return to 

the initial pH (~7) results in the increased solubility of the Mo-rich products and therefore their release 

from the surface. 

This enrichment may play an important role in the repassivation of the material. While the 

work presented here measures only the degree of enrichment / release and does not attempt to 

assess its effect on passivity, it is the first account of this dynamic process.  Other investigations have 

shown that under transpassive conditions Mo concentrates in the outer portion of the oxide film19-20, 



27. However, as in the cyclic polarization experiments, repassivation resulted in a release of at least a

portion of the surface-enriched Mo. The ex situ methodology employed in previous investigations has

prevented the observation of this dynamic process.

The process of Mo deposition at low pH has been extensively studied in the context of crevice 

corrosion28-34. Shan and Payer demonstrated that Mo-rich corrosion products deposit as solid species 

within the acidified crevice, while species of Ni, Cr, and Fe are transported outside of the acidified 

environment before depositing28. The Mo-rich corrosion products found to deposit within the crevice 

were later characterized by Jakupi et al. by energy dispersive X-ray spectroscopy (EDX) and Raman 

spectroscopy31. While thermodynamics would suggest the formation of MoO3, their findings suggest 

the formation of polymeric molybdates, including Mo7O24
6- and Mo8O26

4-, under the acidic conditions 

present during crevice corrosion.  

The occasional observation of crevice corrosion on the G-30 alloy is interesting, and the ability 

to observe this may represent another line of research for the future. Unfortunately, we were not able 

to identify the reasons why crevice corrosion was observed in some circumstances and not in others. 

Previous work has demonstrated that, compared to C-22 and BC-1, alloy G-30 is particularly 

susceptible to crevice corrosion in hot concentrated chloride solutions33. In general, the initiation of 

crevice corrosion is random and depends on many variables including solution chemistry, crevice 

geometry, and the ensuing damage morphology. An extensive discussion on the factors involved 

during the crevice corrosion of Ni-Cr-Mo alloys can be found in a recent review by Carranza and 

Rodríguez35.  

5.0 Conclusions 
For the first time, the dynamic behaviour of Mo during the transpassive dissolution of Ni-Cr-

Mo alloys has been explored using the operando measurement afforded by AESEC. Alloying additions 

of Cr, Mo, and Fe appear to be retained on the alloy surface, compared to Ni, during transpassive 

dissolution. Immediately following repassivation, the Mo species enriched during transpassive 

dissolution were released from the surface, while the enriched Cr and Fe were not. As the time spent 

in the transpassive region increased, so did the enrichment in Mo surface species.  

The dual phenomena of transpassive Mo-enrichment and dissolution were found to be 

particularly pronounced on the high Fe-containing alloy, Hastelloy G-30. This was attributed to the 

increased local acidification due to the release of rapidly hydrolyzed Fe(III). Decreased pH has been 

extensively linked to the deposition of Mo-rich corrosion product, especially in the context of crevice 

corrosion. 
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Figure 1. (A) Cyclic polarization behaviour of alloy (A) BC-1, C-22, G-35, and (B) G-30 in 1 M NaCl at 

75 °C 



Figure 2. Normalized dissolution rates of alloys BC-1, C-22, G-35, and G-30, during cyclic polarization 

experiments in 1 M NaCl at 75°C. All dissolution rates are normalized against the bulk material, Ni.  



Figure 3. Normalized dissolution rates of alloys BC-1, C-22, G-35, and G-30, during potentiostatic 

polarization experiments in 1 M NaCl at 75°C. All dissolution rates are normalized against the bulk 

material, Ni 



Figure 4. Instantaneous elemental, jM, sum, jΣ, and convoluted electrochemical current, je*, for 

potentiostatic polarization experiments in 1 M NaCl at 75°C.  



Figure 5. Normalized dissolution rates of alloy G-30 in 1 M NaCl at 75°C with varied times polarized 

in the transpassive region, identified as step 2. 

All dissolution rates are normalized against the bulk material, Ni 



Figure 6. Comparison of the enrichment and dissolution of Mo species during transpassive 

dissolution and repassivation of alloy G-30, respectively. (A) graphical depiction of areas considered 

as enrichment / dissolution of molybdenum species. (B) Comparison of enrichment and dissolution 

as a function of time polarized in the transpassive region. 



Figure 7. Solubility of Mo(VI), MoO4
2-, as a function of pH. Calculation done for a [MoO4

2-] of 1 mol L-

1, however, the dotted line indicates how solubility is anticipated to change as concentration 

increases. Data reproduced from Hydra-Medusa software.  



Figure 8. Graphical representation of the surface enrichment during the onset of transpassive 

dissolution and subsequent release of Mo species during the repassivation of Ni-based alloys.  



Table 1. Nominal compositions (wt.%) as reported by Haynes International. M indicates the maximum concentration of an 
individual alloying element, while, Bal. indicates the alloying element making up the balance due to fluctuations in 
composition. 

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

BC-1 Bal. 15 22 2M - - - - 0.25 - 0.5M 0.08M 0.01M 

C-22 Bal. 22 13 3 3 0.5M - 2.5M 0.5M 0.35M - 0.08M 0.01M 

G-35 Bal. 33.2 8.1 2M 0.6 0.3M - 1M 0.5M - 0.4M 0.6M 0.05M 

G-30 Bal. 30 5.5 15 2.5 2 0.8 5 1.5 - - 0.8M 0.03M 

Table 2. Alloy composition (wt.%) as obtained by GD-OES compositional analysis. 

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

BC-1 59.7 16.53 22.28 0.76 0.01 0.007 0.03 0.17 0.27 0.02 0.19 <0.01 <0.01 

C-22 52.7 25.14 13.8 3.79 3.09 0.04 0.03 0.65 0.25 0.20 0.20 0.02 0.01 

G-35 52.7 36.53 8.52 0.78 0.04 0.01 0.051 0.38 0.45 0.04 0.23 0.22 0.05 

G-30 38.03 31.4 5.46 15.89 2.78 1.77 0.81 2.1 1.21 0.06 0.16 0.24 0.014 

Table 3. Experimental emission lines and limits of detection. 

Element Wavelength /nm Detection Limit, C3σ 
/ppb 

Equivalent, jM /µA 

Ni 231.60 22.8 1.9 

Cr 267.72 10.0 0.93 

Mo 202.03 4.61 0.23 

Fe 259.94 9.40 0.81 

Table 4. Approximate potential of zero current on the forward scan, Ej=0, and passive current 
density, jpass, estimated at 0.200 V vs Ag/AgCl. Values are averaged 
over repeat experiments. 

Ej=0 / V jpass / A cm-2 

BC-1 -0.090 3.4 x 10-6 

C-22 0.019 1.9 x 10-6 

G-35 0.066 9.7 x 10-7 

G-30 0.076 8.6 x 10-6 

Table 5. Reweighted alloy compositions, considering Ni, Cr, Mo, and Fe, and faradaic yields determined for potentiostatic 
experiments shown in Fig. 3 & 4. 

Alloy Source Ni /% Cr /% Mo /% Fe /% faradaic Yield /% 

BC-1 

Haynes Int. 62.6 15.2 22.2 -- 

92.2 GD-OES 60.1 16.7 22.4 0.7 

ICP-AES 64.6 12.7 22.6 0.5 

C-22

Haynes Int. 59.6 23.4 13.8 3.2 

98.4 GD-OES 55.2 26.3 14.5 3.9 

ICP-AES 62.7 20.3 13.7 3.3 

G-35

Haynes Int. 58.4 33.4 8.2 -- 

95.8 GD-OES 53.2 37.1 8.6 0.8 

ICP-AES 59.1 32.5 8.4 0.6 

G-30

Haynes Int. 46 32.1 5.9 16.0 

105.6 GD-OES 41.9 34.6 6.0 17.5 

ICP-AES 49.9 31.2 5.2 13.8 




