SCIENCE SECTION

Investigating the Corrosion Behavior of
Corrosion-Resistant Alloys in Solutions
Containing Dilute Fluoride lons

J.D. Henderson,* S. Ramamurthy,** F.P. Filice,* M.C. Biesinger,*** D.W. Shoesmith,***
G.B. McGarvey,*** and J.J. No&[***

The ability of fluoride ions, in trace concentrations, to promote film instability and transpassive dissolution was shown for several corrosion-
resistant alloys. While the addition of fluoride ion was found to decrease the transpassive dissolution potential by approximately 0.1 V, the
decrease was particularly pronounced in mildly acidic media (pH 5). Results suggest that the decreased potential range of stability for
the heavily-relied-upon Cr(lll)-rich oxide film is a concern in the presence of oxidizing impurities, which may push the corrosion potentials toward
the transpassive region. The decreased potential range of passive film stability was observed using both dynamic and static polarization

experiments and was supported by solution and surface analyses.

KEY WORDS: chloride, fluoride, Ni-Cr-Mo alloy, stainless steel, transpassivity

INTRODUCTION

he role of halide anions, particularly chloride (CI7), in

corrosion processes has been extensively discussed in the
literature.”™* However, information regarding corrosion in-
duced by the presence of fluoride ions (F7) is much less
abundant, especially for corrosion in conditions other than
concentrated hydrofluoric acid (HF). Research on corrosion-
resistant alloys exposed to concentrated HF is required by
industries such as the petrochemical industry, which uses high
concentrations of HF in alkylation units. These units, which are
usually built of carbon steel, operate under extremely acidic
conditions.® Failure of these structures becomes possible
when the HF concentration drops or the temperature is in-
creased, resulting in increased corrosion rates.® To minimize
damage, acid concentrations are kept high in HF alkylation units.

Recent research has focused on determining optimal
Ni-based alloy compositions to improve corrosion resistance and
mechanical properties in concentrated HF solutions. Li, et al.,
demonstrated the importance of the formation of a Mo-rich
surface layer on the corrosion resistance of Ni alloys in 5.2 M
HF.® Although the ability to form a Mo-rich surface layer improved
the corrosion resistance, further improvements could be re-
alized with Cu additions. With alloying additions of 2 wt% Cu, the
Mo oxide film previously observed was replaced by a segre-
gated Cu-rich surface layer,’ yielding an increase in corrosion
resistance relative to alloys containing no Cu. Among the
commercially available Ni alloys, Hastelloy C2000" has been of
particular interest in this regard due to its Cu content.®
Unfortunately, the information reported in these studies

is not immediately applicable to environments containing
low F~ concentrations and/or pH values near neutral,
e.g. pH 5 to pH9.

Research involving the corrosion behavior of corrosion-
resistant alloys in low or trace concentrations of F~ is sparse, with
the most relevant studies conducted on dental materials and
materials used in proton exchange membrane fuel cell (PEMFC)
applications.®”'® However, the materials used in dental appli-
cations are commonly Ti-based due to their biocompatibility;
therefore, these studies, although instructive, are not useful
for large-scale material applications where the use of Ti-based
alloys is not appropriate.

Accordingly, the petrochemical industry lacks data
regarding the corrosion behavior of corrosion-resistant alloys
exposed to trace F~ environments. However, there are several
industrial processes that may introduce low or trace concen-
trations of F~ during refinery processing. Commonly used
cleaning solvents, acidizing procedures used to increase
the productivity of reservoirs,’* and the reprocessing of
F~-containing refinery streams can act as sources of F~
contamination throughout refinery operations. Therefore,
determining the extent of interaction between F~ and the
materials found within the refinery is essential to ensure safe
operation.

As described, most previous work has focused on
concentrated F~ environments, and little is known about the
corrosion of corrosion-resistant alloys in dilute F~ solutions
(concentrations up to 5,000 ppm) and at increased temperatures
(80°C to 120°C) and pH values close to neutral. Thus,
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the motivation for this project was the development of

an understanding of the effects of F~ on a variety of com-
mercially available alloys that could be appropriate in such
an environment. In addition, experiments were conducted in
the presence of CI", a common co-contaminant in refinery
environments.” Electrochemical investigations in the form
of open-circuit and polarization experiments were conducted
in relevant environments. Complementary surface and
solution analyses were performed following potentiostatic
polarization experiments to understand changes in film
composition and structure as a function of the applied potential
and the solution environment.

EXPERIMENTAL PROCEDURES

2.1 [ Material Preparation

Both Ni- and Fe-based alloys were received as mill-
annealed sheets. Ni alloys were provided by Haynes
International™ (Kokomo, IN, USA), while Fe-based alloys were
purchased from McMaster-Carr® (Elmhurst, IL, USA).

The nominal compositions, reported in Table 1, are
in accordance with ASTM B462 and A240.

Coupons were cut and machined to the desired size
from the mill-annealed sheets. Prior to electrochemical
measurements, coupons were ground with a series of wet
SiC papers (P600-P1200) to remove any damage incurred
during the machining process and to create a reproducible
surface. Coupons intended for subsequent surface analysis
were further ground until a final step using P4000 SiC paper
to minimize surface topography. Prepared coupons were
sonicated in a 1:1 mixture of deionized (DI) water
(18.2 MQ-cm?) and ethanol for 30 s, rinsed in DI water, and then
dried in a stream of argon (Ar) gas. In all cases, the coupons
were prepared immediately before each experiment.

Solutions were prepared using reagent grade Na,SO,4
(Fisher Scientific’), KF (VWR International®), NaCl (Caledon
Laboratory Chemicals'), and DI water (Thermo Scientific
Barnstead’ Nanopure®). The pH of each solution was adjusted
using solutions of H,SO, (Caledon Laboratory Chemicals)
and NaOH (Fisher Scientific). To ensure adequate solution
conductivity during all experiments, a supporting electrolyte
(0.1 M Na,S0,4) was used, with the specified concentrations
of F~ and CI” added to this solution.

2.2 | Electrochemical Measurements

Electrochemical experiments were conducted in a
polytetrafluoroethylene (PTFE) electrochemical cell, fabri-
cated in house, as shown in Figure 1(a). Two lids were
constructed for use with the cell, depending on experimental
needs. The first lid was designed with three inlets for
electrode connections, as depicted in Figure 1(b). A second lid
was designed with eight inlets for electrode connections,
making the simultaneous measurement of up to six working
electrodes (WE) possible, as depicted in Figure 1(c). A
saturated Ag/AgCl electrode (0.199 Vyne [normal hydrogen
electrode]) and a platinum coil were used as the reference
electrode (RE) and counter electrode (CE), respectively. Both
lids had inlet and outlet fittings used for solution sparging.
All connections were wrapped in PTFE tape to ensure a
secure, airtight fit. Once assembled, the cell was secured in
a custom-machined clamp to ensure no movement of fittings
during heating or Ar sparging. Temperature control was
achieved using a custom-built heating reservoir adapted for
use with an external isothermal water circulator. The fully
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Table 1. Nominal Compositions of Studied Alloys in wt%®

0.03

0.03M

0.01M

0.015M
0.01M
0.1M

Si

0.75
™

0.08M

0.08M

0.08M
0.5M

2M

0.35M

0.35M

Al

0.5M

0.4M

Ti

0.4M

Mn

2M

0.5M
0.5M
1M

0.5M

Co

2M

2.5M
2.5M
1M

Nb*

37

Cu

1.6
0.5M
0.5M
0.5M

Fe

Bal.

Bal.

3M

5M

Mo

3M

3.5M
16
13
16

Cr

18M
23M
23
22
16
21

Ni

14M

6.5M
Bal.

Bal.

Bal.

Bal.

Alloy

SS316L

S§S52205
C2000
C22

C276
625

™ M indicates an alloying element's maximum percentage by weight. * also contains tantalum.
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FIGURE 1. Schematic illustration of the full assembled PTFE electrochemical cell placed within the heating reservoir (a), with a cutaway showing
the placement of cell and heat-exchanger coils. Insets show a cross section of the electrochemical cell in the three-electrode (b) and eight-

electrode (c) configurations.

assembled electrochemical cell, clamp, and heating reservoir
are illustrated in Figure 1(a). Once assembled, the electro-
chemical cell was secured in the heating reservoir, and an initial
30-min heating/purging period was observed. During this
time, the temperature of the heating reservoir was increased to
the desired set point, and the experimental solution was
sparged vigorously with Ar gas. After this initial period, the rate
of Ar sparging was lowered, and the experiment was
performed.

Corrosion behavior was studied both at open-circuit (i.e.,
the corrosion potential [Ecorr]l was monitored as a function of
time) and during dynamic and static polarization experiments.

In studies investigating behavior at Ecorgr. the electrochemical
cell was outfitted with one coupon of each of the six alloys,
serving as WEs. Measurements began 24 h after the cell and
electrodes were installed into the heating reservoir. Mea-
surements, taken at 24-h intervals, included Ecorg and linear
polarization resistance (LPR) measurements. Behavior was
studied for a total of 360 h (15 d). LPR measurements were
performed by polarizing each WE + 15 mV (vs. Ecorgr) at a scan
rate of 10 mV/min. Polarization resistance (Rp) values were then
extracted from the slope of the current density response (Ai)
to potential changes (AE). Between measurements, the RE was
removed from the cell to avoid long-term drift.

All dynamic and static polarizations began with a 90-min
Ecorr Mmeasurement followed by a 30-min potentiostatic hold
(-0.500 Vag/agcl) as a cathodic pretreatment to ensure a
reproducible surface between repeat experiments. Upon com-
pletion of the cathodic treatment, either a dynamic or a static
polarization experiment was performed. In potentiodynamic
experiments, the potential was scanned in the positive di-
rection from the hold potential at a scan rate of 10 mV/min until
the resultant current reached the chosen anodic limit (10 mA).

In potentiostatic experiments, immediately following the potential
hold, the electrode was polarized to the desired potential in

a single step. Following the completion of all experiments,

the temperature of the electrochemical cell was checked to
make sure it had remained at the set temperature. Experimental

(b) (c)

coupons were stored in an Innovative Technology
PureLab HE' Ar-filled glovebox during the period between
completion of the electrochemical experiment and com-
mencement of the surface analysis. All electrochemical
measurements were repeated a minimum of two times.

2.3 | Surface Analysis

X-ray photoelectron spectroscopy (XPS) analyses were
performed on the Kratos AXIS Nova' and Kratos AXIS Supra'
spectrometers located at Surface Science Western. In all
spectra, an Al Ka (1,486.7 eV) monochromatic x-ray source was
used. The Au 4f7,, metallic binding energy (83.95 eV) was used
as a reference point for calibration of the instrument work
function. Both survey and high-resolution spectra were col-
lected on all coupons. For Ni-based coupons, the Ni 2p, Cr 2p,
Mo 3d, Cu 2p, O 1s, S 2p, and C 1s were collected. For Fe-
based coupons, the Fe 2p, Cr 2p, Mo 3d, O 1s, S 2p, and
C 1s were collected. CasaXPS' software (v.2.3.19) was used to
process spectra. All spectra were charge-corrected by adjusting
the C-C binding energy in the high-resolution C 1s spectrum
(284.8 eV). Fitting parameters used in the deconvolution of
high-resolution spectra were taken from the work of Biesinger,
et al. (Ni,’®"® Cr,"6"7 and Fe'®) and Spevack, et al. (Mo'®).

2.4 | Solution Analysis

Solution samples collected at the completion of
potentiostatic polarization experiments were analyzed using
inductively coupled plasma mass spectrometry (ICP-MS) at
the Biotron Research Facility (Western University). Samples were
diluted, filtered (0.45 pm), and then analyzed using an Agilent
7700x" ICP-MS. The instrument was calibrated using aqueous
standards in 2% HNOa3.

RESULTS AND DISCUSSION

3.1 [Behavior at the Corrosion Potential
The behavior under natural corrosion conditions was
studied in the base electrolyte, 0.1 M Na,SO,4, as well as in 0.1 M
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Na,SO4 + 5,000 ppm F~ + 1,000 ppm CI". In both solutions,
values of Ecorr and Rp were measured at 1-d intervals for a total
of 15 d. Considering the behavior of all six alloys in both
solutions, only minor differences were found. In both solutions,
values of Ecorr Were found to stabilize within the range of
approximately -0.2 V to -0.32 V and showed only minor
fluctuations between measurements, as shown in Figure 2(a).
Similarly, values of Rp were found to approach an apparent
steady-state condition, as shown in Figure 2(b). All alloys
exhibited excellent corrosion performance in both solutions,
as suggested by the relative stability of Ecorr values and
measured Rp values in the range of 106 Q-cm? to 107 Q-cm?
A few general points are, however, worth mentioning.

Comparing the Ni- and Fe-based alloys studied here,
the Ni-based alloys experience only slightly better corrosion
resistance under natural corrosion conditions. As shown in
Figure 2(b), this was true for both solutions examined here,
i.e., with or without F/CI". Both stainless steel alloys, SS316L
and SS2205, were found to exhibit Rp values lower than those
measured on Ni-based alloys at the completion of the 15-d
period. Among Ni-based alloys, C2000 was found to have the
highest Rp values in both solutions. Nonetheless, all mea-
surements made under natural corrosion conditions suggest
that the behavior of these alloys was consistent with strong
passivity, regardless of the solution composition.'®

While electrochemical studies showed that the
alloys behaved comparably in both 0.1 M Na,SO,4 and 0.1 M
Na,SO4 + 5,000 ppm F~ + 1,000 ppm CI, subtle differences in
surface composition were identified by XPS. Table 2 summarizes
the normalized surface compositions for coupons following
the 15-d exposure experiment. For all alloys, a substantial
decrease in Cr content was observed following exposure to
the F7/CI"-containing solution, which was not the case for the
same materials after exposure to only the 0.1 M Na,SO,4
solution. These changes were facilitated by an interaction
of Cr with one or both of these anions and will be discussed
in greater detail in the Potentiodynamic Polarization Behavior and
Potentiostatic Polarization Behavior sections.

It is worth mentioning that, while SS2205 and SS316L
contain alloyed Ni in the amounts of 6.5 wt% and 14 wt%,
respectively, the quantification of Ni by XPS was made difficult
by a series of peak overlaps. More specifically, the series

014 " 0.1 M Na,SO4 + 5,000 ppm F~ + 1,000 ppm CI |
= ] s01MNas0,
=
<
< 5
E—O.Z-Ei_!!!-5=saig=:_
g AR EREEEREREE
5 o u E =] g
§03f a8 7¢¢ a8%ga8 -
c 0" Stainless 316L
'% 04 Stainless 2205
2 = Hastelloy C22
8 Hastelloy C276
80°C
0519 pH7 Haynes 625
0 2 4 6 8 10 12 14 16
Time (d)
(a)
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of Auger signals (LMM) produced by Fe overwhelmed the
relatively weak signal produced by the alloyed Ni (2p). Similarly,
peak overlaps complicated the quantification of Fe in the Ni-
based alloys, even though they contain alloyed Fe ranging from
3 wt% to 5 wt%. In this case, the Auger signals (LMM) pro-
duced by Ni overwhelmed the photoelectron signal produced by
alloyed Fe (2p). While not considered in the quantification, it is
expected that Ni and Fe represent a small portion of oxidized
surface species on Fe- and Ni-based alloys, respectively.2%2
Also, the element Nb, despite making up 3.7 wt% of Alloy 625,
was not detected by XPS at the end of these exposure tests.

3.2 [ Potentiodynamic Polarization Behavior
Polarization curves recorded both in the base electrolyte
and in solutions containing various F~ and CI” concentrations are
shown in Figures 3(a) through (d). In all solutions, the current-
potential relationship was consistent with the formation of
a protective oxide film, in agreement with the observations
made at Ecorr (discussed in the Behavior at the Corrosion
Potential section). Current densities measured in the passive
region were <107® A/lcm?, as is typical for Cr-containing alloys.?’
Formation of a passive film was observed in all solutions,
regardless of the anion concentration. Passive films did not
appear to be susceptible to localized breakdown, which would
be indicated by momentary increases in current density. How-
ever, as applied potentials were increased, current densities
were found to increase, indicating the onset of transpassive film
breakdown. Here, the electrochemical conversion of Cr(lll) into
soluble Cr(VI) species, Equation (1), resulted in damage to the
passive film. This process, commonly referred to as trans-
passive dissolution, has been extensively studied on Ni-, Fe-, and
Co-based alloys."?'24

CrO?" + 8H* +3e” = Cr3* + 4H,0 (1)

Prior to the onset of transpassive dissolution, all alloys
displayed a small feature within the passive region. This feature,
which occurred at approximately 0.100 V, appeared as a slight
increase in current density. However, in all cases, the current
density returned to the original passive current density, indi-
cating the re-establishment of passivity. This feature has not
been reported in the literature, and the cause is currently

= 0.1 M Na,SO4 + 5,000 ppm F~ + 1,000 ppm CI™
< 0.1 M Na,SO,
¢ 1074 1
g g § ® g ﬁ g E =
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FIGURE 2. Comparison of measured Ecorr (a) and Rp (b) values over a 15-d period in the absence of F~ or CI” (=) and with the addition of

5,000 ppm F~ and 1,000 ppm CI™ (=).
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Table 2. Normalized Surface Compositions (at%), Determined by XPS, of Alloys After Exposure to 0.1 M Na,SO, or 0.1 M
Na,>SO, + 5,000 ppm F~ + 1,000 ppm CI” (pH 7)
Alloy Solution Ni Fe Cr Mo Cu
S$S2205 0.1 M NayS0, — 30.6 64.8 4.6 —
0.1 M Na,SO,4 + 5,000 ppm F~ + 1,000 ppm CI” —_ 54.8 43.1 2.1 —
SS316L 0.1 M NayS0, — 44.9 53.0 2.1 —
0.1 M Na,SO,4 + 5,000 ppm F~ + 1,000 ppm CI” —_ 73.5 25.1 1.3 —
C2000 0.1 M NayS0, 35.8 — 50.7 9.0 45
0.1 M Na,SO, + 5,000 ppm F~ + 1,000 ppm CI- 72.0 — 22.6 3.2 2.2
625 0.1 M NayS0, 24.3 — 68.5 7.2 —
0.1 M Na,SO,4 + 5,000 ppm F~ + 1,000 ppm CI” 71.3 —_ 255 3.2 —
C22 0.1 M Nay,SO,4 37.5 — 55.7 6.8 —
0.1 M Na,SO, + 5,000 ppm F~ + 1,000 ppm CI- 74.4 — 22.2 33 —
C276 0.1 M NayS0, 26.5 — 65.1 8.4 —

0.1 M Na,S0, + 5,000 ppm F~ + 1,000 ppm CI” 79.2 — 17.7 3.1 —
unknown. Nevertheless, the significance of this behavior, 1,000 ppm F~ resulted in a loss of stability in the secondary
in relation to corrosion, appears to be minor. passive region and an eventual breakdown at approximately

As the applied potential increased beyond the onset of 0.65 V. In solutions containing 5,000 ppm F~ and 1,000 ppm
transpassivity, current densities rapidly increased on Ni-based CI™, while the breakdown of the secondary passive layer was
alloys due to continued metal dissolution following film observed, a subsequent decrease in current density sug-
breakdown. For Cr-containing alloys, the rates of dissolution gested that a film repair/deposition process occurred as the
following transpassive film breakdown have been shown to be potential was increased further, as shown in both Figures 3(d)
increased by increases in Mo content and suppressed by and 4(b). While an attempt to repassivate the surface is apparent,
increases in Fe content.?>"?” This is consistent with data fluctuations in current density observed beyond the break-
presented here, which show a higher rate of increase of the down potential (i.e., for potentials >0.6 V) indicate that this
current density with potential for Alloy C2000 (16 wt% Mo) “reformed"” film is only partially stable and, hence, susceptible
than for Alloy 625 (9 wt% Mo), as shown in Figures 3(a) to further breakdown. In general, the presence of F~ has been
through (c). This increase has been tentatively assigned to an shown to lead to enhanced reactivity at Fe-based alloy sur-

25-27 28-31

ill-defined catalytic effect of Mo on transpassive dissolution.
Fe-based alloys were found to have a secondary passive
region at applied potentials higher than the onset of electro-
chemical conversion of Cr(lll) to Cr(VI). While current densities
increased at the onset of the Cr(lll) oxidation, a second current
plateau was observed for the Fe-based alloys. This was the
result of corrosion inhibition by Fe(lll) oxides formed at the
surface.’® Within this secondary passive region, current
densities were found to be two to three times higher than those
recorded in the primary passive region. The secondary passive
region was comparable on SS316L and SS2205, and it persisted
until approximately 0.900 V.

While comparing Figures 3(a) and (b) illustrates that
the addition of 1,000 ppm CI™ resulted in no visible change to
the polarization behavior relative to the base electrolyte, the
addition of F~ ions was found to modify the current-potential
response. The current-potential responses of alloys exposed
to 1,000 ppm F~ and 5,000 ppm F~ (with 1,000 ppm CI") are
displayed in Figures 3(c) and (d), respectively. F~ ions mainly
influenced the transpassive behavior; a direct comparison of the
transpassive behavior recorded in the different experimental
solutions is given in Figure 4 for (a) Alloy C22 and (b) SS2205. As
indicated by the markings along the lower ordinate axis, the
introduction of F~ ion resulted in a decrease in the onset potential
of Cr(lll) oxidation. In comparison to solutions without F~,
the breakdown of the passive region was decreased by
approximately 0.100 V in the presence of F~ ions.

Furthermore, considering the secondary passive region
present on SS2205 and SS316L (Figure 3[c]), the introduction of

faces through the formation of soluble Fe-F species.

A series of potentiodynamic experiments were also
conducted at pH 5 and pH 9 for both the base electrolyte and
the electrolyte-containing 0.1 M Na,SO4 + 5,000 ppm F~ +
1,000 ppm CI". In general, the polarization behavior, including
the primary and secondary passive regions, as well as changes
in transpassivity, were similar to those found in pH 7 solutions
(Figure 3) and are therefore not shown. In the pH range 5 to 9,
all alloys maintained current densities less than 107 A/lcm? in the
primary passive region, consistent with the presence of a
Cr(lll)-rich oxide layer."® Based on the solubility data for Cr
species, a decrease in pH to values less than approximately
4 would be required to challenge this passivity.'®32 Wang, et al.,
studied the behavior of SS316 in H,SO4 (pH 1) with and without
CI” and F~.2 Under their conditions, active behavior was observed
at low potentials, with an active-to-passive transition and,
hence, the establishment of passivity occurring only as the
potential was increased. Currents in the active region were
found to be increased by F~ but not by CI". In addition,
Wang, et al., did not observe a secondary passive region,
which is not surprising at such low pH, where the solubility of
Fe(lll) species would be considerably higher than in the
experiments presented here.%2

Under the examined conditions, the most significant
impact of F~ ions appears to be an early onset of transpassive
dissolution. The average (n = 2-4) transpassive potentials
found in the various solutions at pH 7, and the influence of
changes in pH in the range 5 to 9 are depicted in Figures 5(a)
and (b), respectively. At pH 7, in solutions containing F~ ion,
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FIGURE 3. Potentiodynamic polarization behavior of alloys in 0.1 M
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FIGURE 4. Comparison of transpassive regions for Alloy C22 (a) and SS2205 (b) exposed to the various solutions indicated in the legend.
Extracted transpassive onset potentials are indicated by the markings along the lower ordinate axis.
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shown as green and red in Figure 3(a), the alloys were found to
undergo transpassive dissolution at lower applied potentials than
in solutions without F~ ions. On average, the onset of trans-
passivity was found to decrease by approximately 0.1 V with
the addition of F~, which is believed to be the result of an
interaction of F~ with the Cr(lll)-rich film, resulting in the formation
of CrF5 species,??%3® as shown by Equation (2). These inter-
actions have been shown to result in the conversion of the
insoluble Cr,03 film into the semisoluble CrF3 species, ulti-
mately leading to the degradation of the protective passive film.
Similar behavior has been found on other metals including Fe,
Ni, Ti, Al, and Sn.3*%8

Cry03 + 6HT 4+ 6F = 2CrF3 + 3H,0 (2)

A comparison of the average transpassive potentials
exhibited by alloys immersed in the base electrolyte, 0.1 M
Na,SO,4, and the most ionically concentrated solution, 0.1 M
Na,SO4 + 5,000 ppm F~ + 1,000 ppm CI, at the three pH values
investigated (5, 7, and 9) is shown in Figure 5(b). Overall, during
immersion in the base electrolyte, alloys exhibited decreasing
transpassive onset potentials as solutions became more al-
kaline. This was attributed to the pH dependence of the equi-
librium potential for the redox conversion of Cr(lll) to Cr(V1),"®
per Equation (1). At pH 9, the presence of F~ exerted no influence
on the transpassive potential, but its influence increased
markedly as the pH was decreased. While the influence of F~ ions
on the onset of transpassivity was apparent for pH 5 and pH 7,
changes were less severe at pH 9. It is likely that the decreasing
solubility of Cr(lll) species across the range of pH values (5, 7,
and 9) limits the formation of these Cr-F species.'®

3.3/ Potentiostatic Polarization Behavior

Potentiostatic polarization experiments were conducted
on two alloys, SS2205 and C2000. These alloys were selected
based on their extensive use in the petrochemical industry
(§S2205) and for literature reports regarding the beneficial
effects of Cu addition on the corrosion behavior in F™-
containing solutions (C2000). Changes in surface composition
and dissolved metal concentrations were monitored at the
conclusion of polarization measurements by XPS and ICP-MS,
respectively.

0.600 101 M Na,SO, + 5,000 ppm F~ + 1,000 ppm CI™

3 0.1 M NaySO, + 1,000 ppm F~ 3

= B (e} =
2 0.1 M Na,SO, + 1,000 ppm ClI 80°C <
2 0.500 0.1 M Na,SO, pH 7 3
2 2
S 0.400 - s
T t
2 2
g 0.300 A g

o )
= 2

@ 0.200 - @

© ©

& &
E 0.100 -+ §
= =

0.000 -
2205 316L 625 C2000 C22 (C276
Alloy
(a)

Current densities recorded at applied potentials of
-0.100V,0V,0.100V, 0.200 V, and 0.300 V in solution containing
5,000 ppm F~ and 1,000 ppm CI” (pH 5) are shown in Figures 6
and 7 for C2000 and SS2205, respectively. For clarity, data are
presented on both semi-log (a) and log-log (b) axes. At the
lower applied potentials, e.g., -0.100 V, 0 V, and 0.100 V,
observations were similar for C2000 and SS2205. Plotting
these data on log-log axes, as shown in Figures 6(b) and 7(b),
demonstrates that the current densities decreased with time
in an approximately linear fashion for the entire 8-h period. These
decreases in current density are consistent with the anodic
formation of a passive oxide film. Unlike SS2205, at an applied
potential of 0.100 V, C2000 achieved a steady-state condition
for t > 2 h, indicating that the film growth process was accom-
panied by a dissolution process (steady state is achieved once
the rates of film growth and film dissolution become equal).

At higher potentials, e.g., 0.200 V and 0.300 V, both
C2000 and SS2205 showed current densities decreasing with
time. However, current densities were higher as the applied
potential increased. Although current densities initially showed
a decreasing trend, sudden increases in current densities were
observed, indicating a breakdown of the passive oxide formed at
shorter times. Current densities were considerably lower, by
almost two orders of magnitude, on the Fe-based alloy (Figure 7)
than on the Ni-based alloy (Figure 6). Considering the dynamic
polarization behavior, as shown in Figure 3, the protection pro-
vided by Fe(lll) oxides is apparent; lower measured current
densities on SS2205 are explained by the higher stability of Fe(lll)
oxide at higher potentials.’®

Current transients recorded on C2000 and SS2205 at
0.200 V and 0.300 V in the base electrolyte solution were
compared to those insolution containing F/CI™ in Figures 8
and 9, respectively. First, considering the transients recorded at
the lower applied potential, 0.200 V, films grew for a minimum
of 9,000 s and 2,000 s on C2000 and SS2205, respectively.
Beyond this period, differences were observed in the corro-
sion behavior between alloys exposed to solutions containing
F~/CI” and those exposed to the base electrolyte only. In the
case of C2000, exposed to the base electrolyte (Figure 8), film
growth continued until a steady state was eventually attained.

In the solution containing F~/CI~, film growth continued until
currents began to increase at t > 9,000 s, suggesting a film
breakdown. In the case of SS2205 (Figure 9), following the initial

0.540 :
Stainless 316L
Stainless 2205
0.480 u Hastelloy C22 ]
. Hastelloy C276
| ]
0.420 ‘ i Haynes 625
, :
0.360 4 ]
e m————— - A
Pesiiiiiila 3
0.300 4 ; - 'EE\—_;“ ]
—u—0.1 M Na,SO,
- A- 0.1 M NaySO, + 5,000 ppm F~ + 1,000 ppm CI”
0.240 T T T
5 7 9
pH
(b)

FIGURE 5. Average (n = 2-4) transpassive potentials of alloys in different solutions at pH 7 (a) and a comparison of the transpassive potentials of
alloys in the 0.1 M Na,SO, and 0.1 M Na,SO, + 5,000 ppm F~ + 1,000 ppm CI solutions (b) as a function of pH.
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FIGURE 6. Current-time response for C2000 electrodes polarized at -0.100 V, 0 V, 0.100 V, 0.200 V, and 0.300 V while immersed
in 0.7 M Na,SO,4 + 5,000 ppm F~ + 1,000 ppm CI” solution. The same data are presented as log(i)-time (a) and log(i)-log(t) (b) plots.
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FIGURE 7. Current-time response for SS2205 coupons polarized at -0.700 V, 0 V, 0.100 V, 0.200 V, and 0.300 V while immersed
in 0.1 M Na,SO,4 + 5,000 ppm F~ + 1,000 ppm CI” solution. The same data are presented as log(i)-time (a) and log(i)-log(t) (b) plots.

period of film growth, minor current transients became ap-
parent in the base electrolyte. All transients returned to the
background current values, suggesting repassivation. Despite
these metastable events, film growth continued, as suggested by
further decreases in current densities over time. In the F/CI"-
containing solution, breakdown behavior was more frequent than
in the base electrolyte. In solutions containing F7/CI~, an
increase in background current density occurred at t > 3,000 s,
suggesting the presence of competing film formation and
dissolution processes.

At the highest applied potential, 0.300 V, differences
between the current transients recorded on materials exposed to
the F~/CI™-containing solutions and those exposed to the base
electrolyte were again apparent. While an initial film growth
process was observed on C2000 in both solutions, current
densities measured in the F/CI"-containing solution were
approximately one order of magnitude higher than those
measured in the base electrolyte, as shown in Figure 8.

Furthermore, in both solutions, the presence of current
fluctuations suggests the general instability of the surface oxide,
which is not unexpected, due to the onset of transpassive
dissolution at higher applied potentials. In the case of SS52205,
current densities measured during the film growth were similar

in both the base electrolyte and in the solution containing F/CI~,
per Figure 9. At t > 4,000 s, passive film breakdown behavior
became apparent in both the base electrolyte and the F/CI™-
containing solution. However, the current fluctuations were
more pronounced when F~ was present.

Solution analysis, obtained by ICP-MS, confirmed metal
ion release at the onset of film breakdown at an applied potential
of 0.300 V in solutions containing F~/CI”. The concentrations of
dissolved Ni and Fe, the alloy matrix elements for C2000 and
S5S2205, respectively, are shown as a function of the applied
potential in Figure 10. For both C2000 and SS2205, concentra-
tions of dissolved Ni or Fe, respectively, remained below limits
of detection (indicated as a dotted line) for applied potentials
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FIGURE 8. The effect of F~ and CI” addition to the base electrolyte (0.7 M Na,SO,) is compared for applied potentials of 0.200 V and 0.300 V for

Alloy C2000. Presented as log(i)-time (a) and log(i)-log(t) (b) plots.
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FIGURE 9. The effect of F~ and CI” addition to the base electrolyte (0.1 M Na,SO,) is compared for applied potentials of 0.200 V and 0.300 V for

S§S52205. Presented as log(i)-time (a) and log(i)-log(t) (b) plots.

<0.200 V. The ability of Ni and Fe to remain below detection
limits, despite the 8-h polarization, is evidence of the protective
nature of the oxide films formed at these potentials. At an
applied potential of 0.300 V, passivity gave way to transpassive
behavior, as confirmed by the sudden increase in Ni and Fe
concentrations. This is especially true for (a) C2000, where Ni
suddenly became detectable at levels approximately 12 times
the limit of detection, and (b) SS2205, where Fe became
detectable only at the applied potential of 0.300 V. Comparing
the concentrations of dissolved metal ions from C2000 and
S$S2205, one can note that concentrations of dissolved

Fe from SS2205 were significantly lower than the levels

of Ni released from C2000. This agreed with the measurement
of lower current densities on SS2205 than on C2000.

Alloy surface compositions following potentiostatic
experiments in solutions containing 5,000 ppm F~ and 1,000 ppm
CI” were investigated by XPS. Surface compositions obtained
by the quantification of survey spectra are summarized in

1072 1 . T T T
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Tables 3 and 4 for C2000 and SS2205, respectively. As
expected, the surface composition within the passive region was
dominated by Cr on C2000 and by both Cr and Fe on SS2205.
At 0.300 V, i.e.,, with the onset of transpassivity, the apparent
concentrations of the individual metals decreased. This mainly
reflects the thickening of the oxide film, such that XPS analysis,
which determines a weighted average composition of the
outermost several nanometers of the surface, detects less of the
underlying metal and more oxygen, resulting in what seems
like dilution of the metal concentration. To a lesser extent, the
formation of higher oxidation states of Cr, Fe, and Mo at these
potentials, and their subsequent hydrolysis, also contribute to
this dilution effect.

Although both F~ and CI™ were present in solution,
only F was detected on the surface following the potentiostatic
polarization experiments. This suggests that F~ may be
incorporated into the growing oxide, a feature that would explain
the breakdown of the oxide at lower potentials when F~ is
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FIGURE 10. Concentrations of dissolved alloy matrix elements, deter-
mined by ICP-MS, as a function of applied potential. Solution samples
were taken at the completion of potentiostatic polarization experi-
ments on §5§2205 and C2000 in 0.1 M Na,SO, + 5000 ppm F~ +
1,000 ppm CI” (pH 5 and 80°C). Values are expressed in ug/L (ppb).

present. The incorporation of F into surface oxides has been
observed in acidic F™-containing media.3® Here, the tendency
of F to remain in the surface appears to increase with increasing
potentials. At high potentials, the small decrease in the
concentration of F can be attributed to the sharp increase
in O content achieved in this region.

Two additional features are worth noting:

1. The absence of a signal for CI” indicates that it is not

incorporated into the oxide, at least not in detectable

SCIENCE SECTION

concentrations. This is consistent with the results in
Figure 2, which show that the addition of CI” to the base
electrolyte (at pH 7) had little influence on the poten-
tiodynamic polarization curve.

2. No signal was observed for Cu on Alloy C2000, indicating
that no segregation of Cu to the alloy/solution interface
took place during anodic oxidation. Some studies in
concentrated HF have shown Cu segregation to the
interface,” which could indicate that this process does
not take place in the pH range 5 to 9.

Normalized surface compositions, incorporating chemi-
cal state information, are shown in Figures 11(a) and (b) for
C2000 and SS2205, respectively. Here, the normalized surface
composition obtained from survey spectra was combined with
the chemical state information provided by deconvoluting
high-resolution spectra. In the passive region (-0.100 V to
0.200 V), surfaces of both C2000 and SS2205 were dominated
by oxidized Cr/Fe species, consistent with the presence of
the barrier layer associated with passivity.*2' For both alloys,
signals representing metallic components demonstrate the
passive oxide to be relatively thin within the passive region and
to thicken once the potential was increased into the transpassive
region (0.300 V). In a previous study of electrochemically
grown films on C2000, Zhang, et al., demonstrated the tendency
for the oxide thickness to increase near the onset of trans-
passive dissolution.?" Although not shown here, the Ni(OH),
content of the film on C2000, a signature for its tendency to
dissolve, becomes noticeable for potentials between 0 V and
0.100 V.21

Following the polarization experiments, the electrode
surfaces were examined by scanning electron microscopy to
determine changes in surface morphology resulting from
dissolution during the polarizations. In all cases, the degree of
dissolution attack was too small to observe, as evidenced by
the retention of grinding lines generated by surface preparation
procedures.

Table 3. Surface Composition (at%), Determined by XPS, of C2000 Coupons Immersed in a Solution Containing 0.1 M
Na»S0, + 5,000 ppm F~ + 1,000 ppm CI” (pH 5 and 80°C) and Polarized at the Indicated Potential for 8 h*

Ni Cr Mo o F
-0.100 V 29 14.4 37 77.9 1.1
ov 37 15.3 4.3 75.2 1.5
0.100 V 5.4 15.3 3.9 72.4 3.1
0.200 V 3.0 15.8 4.1 74.7 25
0.300 V 1.3 11.5 0.3 84.9 2.0

W The contribution of the C 1s signal has been factored out of the reported data.

Table 4. Surface Composition (at%), Determined by XPS, of SS2205 Coupons Immersed in a Solution Containing 0.1 M
Na,S0O, + 5,000 ppm F~ + 1,000 ppm CI” (pH 5 and 80°C) and Polarized at the Indicated Potential for 8 h*¥

Fe Cr Mo (0) F
-0.100 V 23.1 12.4 0.8 62.9 0.8
oV 27.7 8.4 0.5 63.0 0.4
0.100 V 21.0 14.9 0.7 62.4 0.9
0.200 V 16.0 6.4 0.8 76.2 0.6
0.300 V 208 2.0 0.1 75.7 1.3

® The contribution of the C 1s signal has been factored out of the reported data.
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Cr, Mo) and their compounds following potentiostatic polarization. Components contributing <2 at% are not labeled.

CONCLUSIONS

> The ability of fluoride ions to decrease the onset potential
for transpassive breakdown on Cr-containing alloys, and to
challenge the secondary passive window of Fe-based alloys,
has been documented. Dynamic polarization experiments dem-
onstrated that onset potentials for the transpassive region
were decreased by approximately 0.100 V in the presence of
fluoride ions. This was particularly apparent in slightly acidic
solutions (pH 5) and becomes less severe at higher pH. Poten-
tiostatic polarization experiments support observations re-
garding the ability of fluoride ions to promote transpassive
dissolution.

> Findings suggest that Fe-based alloys experience lower
corrosion rates at the onset of transpassive dissolution than do
Ni-based alloys. This was attributed to the protectiveness and
low solubility of oxidized Fe species within the surface film at
potentials beyond the electrochemical conversion of Cr(lll) to
Cr(VI).

> While values of Ecogrr recorded under the conditions
employed here are less than those required for transpassive film
breakdown, the role of fluoride ions is expected to become
important in the presence of oxidizing impurities commonly
found in industrial processes.
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