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Influence of Alloying Elements on the Corrosion
Performance of Alloy 33 and Alloy 24 in Seawater

G. Latha, N. Rajendran, and S. Rajeswari

The nitrogen-bearing alloys (alloy 33 and alloy 24) and stainless steel type 316L were used in this inves-
tigation in order to study the effect of alloying elements on electrochemical behavior and on the nature of
passive film in seawater. Scanning electron microscopic studies were carried out to identify the pit mor-
phology of the alloys. Surface analysis of the alloys by x-ray photoelectron spectroscopy after passivation
showed that nitrogen and chromium are enriched at the surface of the passive film.
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1. Introduction

A great deal of effort has been spent on the development of
alloys that exhibit higher corrosion resistance in seawater. The
commonly used metals span a wide spectrum, starting from
carbon steel to high-performance nickel-base alloys. Even
though the standard austenitic stainless steels have been and
continue to be the most frequently selected materials for use in
marine-related components, their vulnerability to localized
corrosion—mainly due to pitting and crevice attack—has been
a major problem (Ref 1-3). Earlier reports on the beneficial ef-
fects of nickel, chromium, molybdenum, and nitrogen contents
in improving the localized corrosion resistance have led to the
development of different alloys with varying composition (Ref
4-8). More recently, life-cycle costs together with the identifi-
cation of preferably less costly alloying additions are being
considered to enhance the corrosion resistance of the material.
Alloy 33 (UNS R20033) and alloy 24 (UNS $34565) contain
substantially higher amounts of alloying elements, namely,
chromium, molybdenum, and nitrogen, and their cost effec-
tiveness is comparable to the nickel-base alloys.

The present work was undertaken to study the localized cor-
rosion behavior of the alloys by the polarization method. Scan-
ning electron microscopy (SEM) studies were performed to
identify the pit morphology of the alloys. X-ray photoelectron
spectroscopy (XPS) studies were undertaken to identify the
elements present in the passive film and to elucidate the chemi-
cal state of the elements present in the surface and inside the
passive film by electron sputtering.
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Table1 Chemical composition of 316L SS, alloy 33, and alloy 24

2. Experimental Procedure

2.1 Polarization Studies

The electrochemical cell consists of three compartments
with a capacity of 500 mL. Saturated calomel electrode was
used as the reference electrode, platinum foil as the counter,
and the test alloys (stainless steel alloy 316L, alloy 33, and al-
loy 24) as the working electrode. Natural seawater was used as
the electrolyte.

The working electrode was prepared by cutting the alloys
(chemical composition of the alloys are given in Table 1) into
1 x 1 x0.3 cm samples. Each piece was attached with a brass
rod using silver paste for electrical contact. Then the samples
were molded in epoxy resin such that an area of | cm? was ex-
posed. The mounted samples were successively polished using
grit papers, and final polishing was done using diamond paste
in order to obtain a scratch-free mirror finish. The electrodes
were ultrasonically cleaned with soap solution, degreased us-
ing acetone, and thoroughly rinsed in distilled water and dried.
Identical procedure was followed for all the electrodes to mini-
mize any experimental fluctuations.

During the potentiodynamic anodic cyclic polarization
studies, the electrode was allowed to stabilize for 30 min. After
attaining the stable corrosion potential (E_), the potential was
scanned at a step of 1 mV/s applied to the working electrode
with respect to the reference electrode until the current raised
abruptly. The corresponding potential is termed the critical pit-
ting potential (E,), where the alloy entered the transpassive re-
gion or pitted. The sweep direction was then reversed after
reaching an anodic current density of 3 mA/cm? until the po-
tential where the reverse scan meets the passive region. This
potential is termed the pit-repassivation potential (Ep).

Evaluation of the corrosion resistance of an alloy is usually de-
termined by measuring the pitting and repassivation potential, and
hence these parameters were recorded after each polarization
study. Triplicate polarization experiments were conducted to get
precise values of pitting and repassivation potentials.

Composition, wt %

Alloy Cr Ni Mn Si Mo C N S Fe
316L SS 17.20 12.60 1.95 0.003 2.40 0.030 0.02 0.030 Bal
Alloy 33 32.85 30.95 0.64 0.310 1.67 0.007 0.39 0.004 Bal
Alloy 24 24.20 17.70 6.14 0.030 4.34 0.012 0.46 0.004 Bal
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2.2 Scanning Electron Microscopy Studies

Scanning electron microscopy studies were undertaken to
identify the pit morphology of the alloys. The alloys were po-
larized slightly above the pitting potential, removed from the
cell, rinsed with water, cleaned with acetone, dried, and exam-
ined by SEM.

2.3 X-Ray Photoelectron Spectroscopy Measurements

X-ray photoelectron spectroscopy studies were performed
to characterize the passive film on alloy 33 and alloy 24. The
working electrodes were anodically polarized at 200 mV in
seawater for a period of 1 h for the growth of the passive film.
Then the samples were removed from the polarization cell as-
sembly, rinsed with triply distilled water, dried in a stream of
flowing argon, and kept inside a desiccator until they were
transferred to the evacuated sample chamber of the electron
spectrometer for chemical analysis (ESCA). The operating
pressure was maintained between 10-8 to 10~ torr. The XPS
analysis was run with Al Ko source with a mean kinetic energy
of 1486.6 eV. The spectrum of the material was surveyed first.
This was followed by a detailed examination of the individual
spectra of carbon (1s), nitrogen (1s), chromium (2p), and mo-
lybdenum (3d) peaks.

The binding energy of the alloying elements were measured
from the spectra obtained for the respective elements, and the
values were energy corrected with respect to the reference car-
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Fig. 1 Potentiodynamic anodic cyclic polarization perform-
ance of the alloys in seawater
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bon (1s) binding energy value. The area under the peaks ob-
tained for iron and chromium was taken into account to calcu-
late the peak area ratios.

Fig.2 Scanning electron micrographs showing pit morphology
of alloys (a) 316L SS, (b) alloy 33, and (c) alloy 24
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3. Results and Discussion

3.1 Corrosion Studies

The pitting corrosion behavior of stainless steel type 3161
(S5), alloy 33, and alloy 24 are shown in Fig. 1. From the cyclic
polarization curves, the parameters recorded were the corro-
sion potential (E)), the pitting potential (E})), and the repassiva-
tion potential (E.).

All of the alloys exhibited a passive region right from the
corrosion potential onward. However, the passive region was
very much smaller for 316L SS compared to alloy 33 and alloy
24. The pitting potential of 365 mV was observed for 316L SS,
whereas for alloy 33 and alloy 24 it was shifted toward the
more noble direction. The pitting potential is considered to be
the criterion for evaluating the pitting corrosion resistance of
the materials that is directly influenced by the amount of passi-
vating elements present in the alloy (Ref 3, 5). The presence of
higher amounts of chromium, nitrogen, and molybdenum in al-
loy 33 and alloy 24 compared to that of 316L SS would cer-
tainly inhibit the pit initiation and pit growth kinetics.

3.2 Scanning Electron Microscopy Studies

The scanning electron micrographs of the alloys after the
pitting are shown in Fig. 2(a to c¢). The pit morphology of 316L
SS shows spherical and larger pits (~100 pum) across, whereas
alloy 33 and alloy 24 exhibited very small pits (~10 pm). This
indicates that the alloying elements (mainly, chromium and ni-
trogen in alloy 33 and alloy 24) decrease the aggressiveness of
the local pit sites and hence prevent the growth of the pits.

3.3 Analysis of the Passive Film by XPS

3.3.1 Chromium (2p3p) Spectra

In the case of alloy 316L, two peaks were deconvoluted at
the binding energy values of 576.3 and 578.1 eV before sput-
tering the passive film. After sputtering, a peak at574.1 eV was
identified along with the peaks at 576.3 and 578.1 eV (Fig. 3).
For alloy 33 and alloy 24, three peaks were observed at the
binding energy values of 576.3, 576.7, and 578.1 eV before
sputtering the passive film. After sputtering the passive film,
two peaks were observed at 574.1 and 579.1 eV along with the
peaks at 576.3 and 578.1 eV.

On the basis of the previously reported results (Ref 9-12),
the binding energy values 574.1, 576.3, and 578.1 eV corre-
spond to the presence of chromium in the form of Cr (metallic),
Cr3+, and Cro+. The peaks at 576.7 and 579.1 eV indicate the
presence of chromium in the form of CrOOH and CrO7~ (Ref
10, 13).

In all of the above alloys, chromium was found in the form
of oxides such as Cr,03 and CrOj, respectively. This resultis in
accordance with earlier reports (Ref 9-13). Besides, the pres-
ence of CrOOH at 576.7 eV and CrO3~ at 579.1 eV was ob-
served in alloy 33 and alloy 24.

3.3.2 Molybdenum (3dsp) Spectra

The specimens were scanned between the binding energy
ranging between 225.0 and 235.0 eV to identify the presence of
molybdenum. Four peaks were deconvoluted from the peak ob-

Journal of Materials Engineering and Performance

tained for alloy 316L corresponding to the binding energy val-
ues of 228.3, 229.2, 230.7, and 232.2 eV. After sputtering the
passive film, the peak at 228.3 eV was not observed, whereas
the remaining peaks were present besides the peak at 227.2 eV
(Fig. 4).

In the case of alloy 33 and alloy 24, similar peaks at the
binding energy values of 228.3, 229.3, 230.7, and 232.2 eV
corresponding to molybdenum in the form of Mo3*, Mo?#*,
Mo5+, and Mo%* were observed. In addition, the peak at 227.2
eV was observed in the case of alloy 24, which is due to the
presence of molybdenum in the metallic state. The presence of
Mo®* contribution dominates compared to the 316L. Of par-
ticular interest is the steeper slope of the molybdenum content,
which indicates the higher surface content of Mo®+in alloy 24
compared to alloy 33. After sputtering alloy 24, the peak corre-
sponding to metallic Mo, Mo**, Mo+, and Mo®* were found,
whereas Mo3* was not. However, in alloy 33 neither metallic
Mo nor Mo3+ was found.
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Fig.3 XPS high-resolution spectra of chromium present in the

films formed on alloy 24 (top), alloy 33, and type 316L SS (bot-
tom). A, after sputtering; B, before sputtering
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Fig.4 XPS high-resolution spectra of molybdenum present in
the films formed on alloy 24 (top), alloy 33, and type 316L SS
(bottom). A, after sputtering; B, before sputtering

Comparing the binding energy values obtained for the re-
corded spectra with that of the reported values (Ref 14-17), the
main peaks at 229.3 and 232.2 eV suggest the presence of mo-
lybdenum in the form of MoO, and MoOj~.

3.3.3 Nitrogen (1s) Spectra

The specimens were scanned between 395.0 and 410.0 eV
to obtain a clear picture of the chemical states of nitrogen in the
passive film.

Nitrogen (1s) spectra of the type 316L sample showed the
presence of nitrogen in binding energy values of 399.2 and
401.1 eV before sputtering. After sputtering the film, the peak
at406.2 eV was observed along with 399.2 and 401.1 eV (Fig.
5).

The high resolution spectra of nitrogen (1s) in the passive
film of alloy 33 and alloy 24 revealed the peaks at 399.2,401.1,
and 406.2 eV at the outermost region of the passive film. After
sputtering the passive film, the peak at 397.0 eV was observed
along with 401.2 and 406.2 eV.

On the basis of the earlier reports (Ref 18-21), the peak lo-
cated at 397.0 eV was determined to be caused by nitrogen in-
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Fig.5 XPS high-resolution spectra of nitrogen present in the
films formed on alloy 24 (top), alloy 33, and type 316L SS (bot-
tom). A, after sputtering; B, before sputtering

corporated in the passive film. Nitrogen present in the form of
NO~, NH}, and NOj3 with their corresponding binding energy
values of 399.2, 402.0, and 406.2 eV showed a similar binding
energy value when present in the passive film.

Hence, it appears as if nitrogen in the form of NO~ and
NOfY is present in the outer layer of alloy 33 and alloy 24. The
inner layer consists of CrN, NH, and NOj ions. The enrich-
ment of CrN in these alloys would have impeded the release of
metal ions through the outer layer and increased the resistance
to pitting attack, whereas in the case of 316L SS, the peak at
397.0 eV was not observed, hence CrN was not found.

3.3.4 Chromium/Iron Peak Area Ratio

The chromium/iron peak area ratio is a vital parameter in
deciding the stability of the passive film against leaching. The
ability of an alloy to retard the leaching of chromium from the
passive film indicates the resistance of the material toward lo-
calized corrosion attack. Swift et al. (Ref 21) indicated that the
higher the chromium/iron peak area ratio, the higher the corro-
sion resistance.

The chromium/iron peak area ratios of the reference type
316L SS, alloy 33, and alloy 24 before and after sputtering are
depicted in Fig. 6. From the results, it was observed that chro-
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mium/iron peak area ratio was higher in the outer layer for all
the alloys studied. After sputtering, the ratio was decreased.

Compared to type 316L, alloy 33 and alloy 24 showed a
high chromium/iron peak area ratio and, hence the chromium
content in the passive film of alloy 33 and alloy 24 was higher.
This contributed to the higher corrosion resistance of these al-
loys compared to 316L SS.

3.4 Effect of Alloying Elements in Improving the
Passive Film Characteristics

Compared to the reference type 316L SS, alloys 33 and 24
contain greater amounts of elements such as chromium and ni-
trogen,; also, alloy 24 contains more molybdenum. The effect
of chromium in improving the pitting corrosion resistance of
the alloys has been dealt with in many studies (Ref2, 3, 5). The
chromium-rich passive film gets stabilized with the addition of
the alloying elements and enhances the pitting potential of al-
loy 33 and alloy 24. From the XPS investigations, chromium is
found to be enriched in the surface of alloy 33 and alloy 24,
possibly in the form of CrOOH. Earlier reports suggest that the
presence of CrOOH is beneficial in increasing the corrosion re-
sistance as the hydroxide ions reduce the defects in the passive
film. Hence, the presence of CrOOH with higher magnitude
could have enhanced the corrosion resistance of alloy 33 and
alloy 24. Moreover, chromium in the form of CrO%~ jons was
also found to be beneficial as it is a potent passivating inhibitor
(Ref 10), which resulted in enhanced corrosion resistance.
However, in the case of 316L SS, the presence of CrOOH and
CrOj~ was not identified.

The development of surface analysis techniques has en-
hanced knowledge of the passive layer structure and the role
played by molybdenum (Ref 22, 23). Passive films formed in
neutral and acid media consist of a rich chromium oxide inner
layer (Cr,03) and an outer layer containing hydrated chro-
mium, iron, and molybdenum (Ref 24). For alloy 24, the in-
crease in molybdenum to 4% increases the chromium
concentration mainly of CrOj at the interface, thereby increas-
ing the corrosion resistance of the alloy. This behavior is con-
sistent with Sato’s bilayer model (Ref 25) in which
dehydration is favored by the change in film polarity. Accord-
ing to Hasimoto et al. (Ref 26), the passive film isinhomogene-
ous and contains a high density of microcracks through which
current can leak. The microcracks are filled with water, and this
is responsible for the high current.

The specific role of nitrogen in improving the stability of
the passive film of stainless steels has been outlined by many
investigators (Ref 18-21). The presence of nitrogen in the sur-
face of the passive film in the form of elemental nitrogen and
NH} was found in all three alloys.

During pit initiation, dissolution of nitrogen enriched at the
metal/film interface forms NHJ ions as:

[N]+4H*+3e”— NHj

The formation of NH} at the initial stages of pitting aid in
immediate repassivation of the pit surface by increasing the pH
of the solution inside the pits. With the presence of higher
amounts of nitrogen, 0.39%, alloy 33 and alloy 24 undergo dis-
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Fig.6 Chromium/iron peak area ratio of the type 316L S8, al-
loy 33, and alloy 24 before and after sputtering of the passive
film

solution at a faster rate, producing NH} at a higher concentra-
tion, which neutralizes the acidity within the localized sites,
thereby increasing the corrosion resistance of the alloys.

From the XPS results, the presence of nitrates was observed
for alloy 33 and alloy 24. The formation of nitrates in the case
of alloy 33 and alloy 24 occurs by the following reactions:

NHj + H,0 — NH,OH + H*

NH,OH + H,0 — NO; + TH* + 6¢~

NO3 + HyO — NOj3 + 2H* + 2e~

The beneficial effect of nitrates in inhibiting stainless steels
are well known (Ref 27). NOj3 is found to stabilize the passive
film at a later stage of the repassivation process.

Other than NHf and NOg, the presence of CrN cosegrega-
tion due to the incorporation of nitride with bulk chromium in
the inner layers of alloy 33 and alloy 24 would have impeded
the dissolution of metal ions through the passive film and in-
creased the pitting corrosion resistance.

4, Conclusions

The new commercially available alloys, namely alloy 33
and alloy 24 have been studied with the objective of assessing
the potential application of these alloys in marine environ-
ments. It was found that alloy 33 and alloy 24 were more noble
than type 316L SS.
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XPS studies showed the beneficial effect of alloying ele-
ments, that is, nitrogen, chromium, and molybdenum, in im-
proving the stability of the passive film.
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