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Abstract: Corrosion can be a problem for stainless steels in chloride-containing or other aggressive
environments, especially when they are formed as components with complex shapes. Monitoring the
corrosion performance of the stainless steels during their in-service life is not always an easy task.
Traditional electrochemical cells can be difficult to adapt to complex surfaces, and undesired crevices
or liquid electrolyte leaks can occur. In the presented work, the possible use of non-destructive
techniques with innovative gel electrolytes was investigated using portable cells. The electrolytes
were based on agar (used as a gelling agent with ionic conductivity), glycerol (a plasticizer that
improves adaptability to complex surfaces), and NaCl or KClOy salts (which improve the conductivity
and control the aggression of the tests). X-ray photoelectron spectroscopy (XPS) and Mott-Schottky
analysis were carried out to obtain information about the influence of the electrolyte on the passive
layer. The oxygen concentration and conductivity in the gels with various glycerol contents were
compared to those in liquid electrolytes. Electrochemical impedance spectroscopy (EIS) measurements
were carried out in liquids and gels. The performance of the gel cell on a stainless-steel component
with a weld and complex shape was checked. The variation in the sensitivity of gels with and without
chlorides to identify corrosion-susceptible regions was tested.

Keywords: stainless steel; corrosion monitoring; agar gel; welding; crevice corrosion; passive films;
EIS; XPS; Mott-Schottky

1. Introduction

The corrosion resistance of stainless steels is already the subject of many studies. Their durability
is related to a very thin and protective passive film formed on the metal, which comprises a mixture of
iron and chromium oxides [1,2]. Their good corrosion resistance, combined with their good mechanical
properties over an extremely wide range of temperatures [3], as well as their oxidation resistance
at very high temperatures [4], and their ease of maintenance and low life-cycle cost make stainless
steels one of the most widely used materials. Hence, stainless steels are often used for very diverse
applications, resulting in the possible exposure to aggressive conditions that can compromise their
durability. As a result, these materials can suffer problems such as localized attack, showing pitting [5],
stress corrosion cracking [6], or crevice corrosion [7], sometimes in an unexpected way. In the often
corrosion-prone occluded regions of complex-shaped components, the detection of the attack can be
difficult [8], and the evaluation of its intensity becomes especially complex.
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Local changes in the initial microstructure of the stainless steels and strain concentrations induced
during the forming process [1,9], or the treatment of the surface [10], caused by the thermo-mechanical
assembly of the components [11] or generated during service exposure [12], can decrease the passive
film’s stability. Chromium carbide grain boundary precipitation (associated with sensitizing), as well as
other undesired phase precipitation, can also be a problem for welded stainless-steel components [11,13].
The influence of improperly removed welding oxides is another problem that often appears and which
cannot be ignored [14]. In conclusion, the initial corrosion performance of a stainless steel with a given
composition can be locally modified by the forming, assembly, or working conditions, and it is necessary to
optimize methods that are able to easily provide information on the possible changes in corrosion behavior.

Non-destructive electrochemical techniques can be used for the evaluation of corrosion resistance
without affecting the natural development of the process. Electrochemical impedance spectroscopy
(EIS) [15], electrochemical noise [16], transient analysis [17], and polarization resistance (Rp)
measurements [18] are examples of well-known non-destructive electrochemical methods commonly
used for laboratory studies.

There are also experimental studies about the use of non-destructive electrochemical techniques
outside of the laboratory, in areas such as the calculation of corrosion rates of steel embedded in
concrete structures [19]. However, obtaining information about the corrosion rate of stainless-steel
components assembled into industrial machinery or exposed to the atmosphere is often not a simple
task. The electrochemical testing of the non-flat, complex surfaces that real components frequently
exhibit is difficult to achieve without their modification. Defining the surface under study is the main
issue. Successfully fixing a conventional electrochemical cell over a region of the component can also
be difficult. Leakage problems involving the electrolyte or generation of undesired crevices with the
chosen fixing strategy are very likely to occur.

In recent years, the design of polymer electrolytes with electrochemical characteristics comparable to
those of liquid ones became a very challenging endeavor for materials scientists [20] due to their interesting
properties. Acceptable conductivity, good electrode—electrolyte contact, simple preparation, and good
mechanical properties are some of their most attractive characteristics. Use of semi-solid rather than liquid
electrolytes in fields such as energy storage in supercapacitors [21,22] and rechargeable lithium ion batteries
is considered to be of great interest.

For corrosion studies, a semi-solid agar medium was used to replicate soil conditions for microbial-
influenced attack of underground pipelines [23,24]. In the field of cultural heritage, a gel electrolyte was
proposed to perform corrosion studies on metallic artefacts of archeological and historical interest [25,26].
The authors designed a portable cell based on the use of agar as a gelling agent [27]. Successful results were
obtained for in situ EIS measurements on stainless-steel and bronze sculptures using this electrolyte [27].
Further recent research succeeded in improving the mechanical properties and adaptability of agar-based
gel electrolytes by adding glycerol (which acts as a plasticizer) [28]. The first positive results regarding the
usefulness of this cell for carrying out anodic polarization curves on stainless steels in chloride media were
already reported [28].

Aiming to contribute to the corrosion monitoring of stainless-steel components with difficult
angles and complex geometry, the presented work explored the viability of agar-glycerol electrolytes
for carrying out non-destructive electrochemical measurements. Formulations with various salts and
amounts of glycerol were considered to check the effect of the electrolyte composition. The performance
of the portable cells was tested with measurements in samples in which using cells with liquid
electrolytes for monitoring could be quite problematic.
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2. Experiments

2.1. Materials

Technical CULTIMED agar, a 1.5% strength gel (with Nikan method) with 700-1100 g/cm3
density, was used to manufacture the electrolyte. Glycerol, NaCl, and KClOy (all 99% purity) were
used. All chemical reagents were purchased from Panreac (San Fernando de Henares, Spain).

Compositions of the gel electrolytes for the electrochemical studies were chosen with 0.5% (w/w)
agar and glycerol percentages of 30%, 40%, and 50% (w/w). Previous research [28] showed that
gels with plasticizer concentrations lower than 30% are unable to adapt to complex surfaces without
cracking, while gels with plasticizer concentrations higher than 50% have problems curing in short times.
Additionally, 0.5% NaCl or 1% KClO; (w/w) were added in order to increase the ionic conductivity of
the electrolyte. NaCl is commonly employed as a depassivating agent, and the selected concentration
gave the electrolyte an adequate corrosivity for performing the corrosion studies [28]. On the other hand,
KCIO; is a non-corrosive salt that increases the conductivity of the media. It was also used in other
studies with agar-based electrolytes [29]. These reagents were dissolved in distilled water and heated up to
90 °C under magnetic stirring conditions. The mixtures were continuously stirred for 10 min, and then,
they were allowed to cure for 1 h in a controlled environment, where the temperature and relative humidity
conditions were kept at 20 °C and 80%, respectively. More information about the gel manufacturing
process can be found in a previous publication [28]. Liquid solutions with 0.5% (w/w) NaCl or 1% (w/w)
KCIOy4 were also used as a reference.

Two-millimeter-thick AISI 304 stainless-steel sheets were employed for electrochemical studies
on the influence of glycerol concentration and type of salt on the measurements. The composition
(w/w) of the stainless steel was 18.66% Cr, 8.06% Ni, 1.82% Mn, 0.30% Si, 0.24% Cu, 1.9% Mo, 0.005% S,
0.048% N, 0.043% C, and Fe for the balance. The surface of the AISI 304 stainless steel was ground up
to 600# using SiC paper before the measurements.

In addition to the studies on flat stainless-steel surfaces, the performance of the electrolyte was
also checked in a component of an AISI 304 stainless-steel tank from a truck which was used for the
transportation of alimentary fats and other products for years (Figure 1). The sample was chosen
because it offered regions with complex geometry, a weld, and small pits and cracks in some regions
generated during its in-service life; therefore, it presented diverse factors that would be predicted to
affect its electrochemical behavior and that were not easy to monitor. The five different regions studied
in this section were (a) the outer surface at a distance from the weld where no corrosion damage could
be detected (Figure 1a); (b) the inner surface at a distance from the weld where few very small pits
could be detected (Figure 1b); (c) the heat-affected zone (HAZ) of the inner surface, where small pits
and cracks—probably caused by residual stresses from the welding had made them progress from
small pits—could be observed (Figure 1b); (d) the weld at the outer surface (Figure 1a); and (e) the
crevice formed between the welded parts, where oxides could be observed at its bottom (Figure 1a).

Figure 1. Welded part from a stainless-steel tank studied with the portable gel cell: (a) portable gel cell
and outer surface of the tank; (b) inner surface of the tank, where small cracks and pits had appeared
during its in-service life.



Metals 2018, 8, 500 40f 16

2.2. Methods

The amount of oxygen present in the studied electrolytes was determined by employing an
Orion® Model 97-08 Dissolved Oxygen electrode (Thermo Orion Europe, Witchford, UK). It consisted
of two polarized silver electrodes, one acting as a cathode and the other as an anode. The electrodes
were immersed in a solution with chlorides, and were separated from the media by a gas-permeable
membrane. The oxygen of the media diffused through the membrane and was reduced in the cathode,
generating a current proportional to its concentration. The dissolved oxygen electrode was initially
immersed in the hot liquid agar/glycerol mixtures with salts, and the gels were allowed to cure with
the electrode embedded in them. The measurements of O, solubility in the liquid electrolytes were
performed without previous heating to reproduce the usual testing procedure. Three measurements
were performed in each studied electrolyte.

Ionic conductivity of the eight gels (with the various chosen compositions) was determined at
room temperature from impedance measurements carried out at high frequencies. The conductivity
of the liquid electrolytes was measured using a conductivimeter (Crison Instruments, Alella, Spain),
to help the inference in the results of the geometry of the big cell used to carry out the measurements
in liquid electrolytes.

X-ray photoelectron spectroscopy (XPS) spectra were recorded using a Fisons MT500 spectrometer
(Fison Instruments, East Grinstead, UK) fitted with a hemispherical electron analyzer (CLAM2) and a
non-monochromatic Mg Ko X-ray source operating at 300 W (1253.6 eV). The samples were fixed on
small flat discs supported on an XYZ manipulator placed in the analysis chamber. Residual pressure
in this ion-pumped analysis chamber was maintained below 10~ Torr during the data acquisition.
The spectra were recorded at take-off angles of 90° and a pass energy of 20 eV, which is typical
of high-resolution conditions. High resolution spectra were acquired for Cr 2p, Fe 2p, and O 1s
photoemission regions. The acquisition area during the measurements was approximately 1 mm?.
Six representative electrolyte compositions were chosen in order to study, with XPS, their possible
influence on the passive layer formed on the ground surfaces of the stainless steel. After exposures of
1 h to gel electrolytes made either of 0.5% agar or of 0.5% agar + 50% glycerol, and of either 0.5% NaCl
or 1% KClQy, the surfaces of the sheets were studied. The surface of the stainless steel before and after
1 h of exposure to liquid electrolytes with 0.5% NaCl or 1% KCIO4 was also analyzed for comparison.
The binding energies of the obtained spectra were calibrated with reference to the main peak of the C 1s
spectrum, at 285 eV. The Peakfit software (SeaSolve Software, Framingham, MA, USA) was employed
to analyze the data. The fitting of peaks and their deconvolution in the components corresponding to
the various chemical environments of the elements were carried out using Gauss—Lorentz functions,
after the subtraction of a Shirley background.

The cell used for electrochemical measurements was based on a traditional three-electrode
cell, but specially designed to be portable (Figure 1a). The cell was a modified version of the one
proposed by Cano et al. [25]. This cell consisted of a two-piece methacrylate cylinder/cylindrical mold,
with a reference electrode, and a counter-electrode (CE) fixed by a nylon screw. The gel electrolyte was
cured inside the lowest part of the cell. The lowest part of the mold was removed to leave an exposed
gel cylinder, which was placed onto the working electrode. During the measurements, the gel was
determined as having a working area of approximately 2 cm? on the component to be studied, for all
the studied regions but the crevice. Inside the crevice, the lateral surfaces of the gel cylinder also wet
the metal, and the measured surface was recalculated. A conventional cell with an exposed area of
0.50 cm? of the working electrode was used for the measurements in liquid electrolyte. The reference
electrode was always a saturated calomel electrode (SCE), and the CE was a stainless-steel coiled wire.

The open-circuit potential (OCP) was monitored for 45 min before the Mott-Schottky curves and
the EIS measurements were carried out on the flat stainless-steel samples. On the other hand, as these
measurements allowed checking that the OCP stabilization of the stainless steel in the gel was very
fast, and with the aim of designing a faster monitoring procedure for the sample in Figure 1, the OCP
was stabilized for 20 min before performing the electrochemical measurements.
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The semiconductive properties of the passive film were determined by employing the Mott-
Schottky approach. Non-corrosive electrolytes with KClO,4 and various glycerol contents on the flat
ground stainless-steel surfaces were used. The Mott-Schottky plots were obtained upon sweeping the
potential from 0.6 V to —1.3 V vs. the SCE, at a frequency of 1 kHz. These studies must be carried out
in an electrolyte where no corrosion takes place under anodic polarization; as such, gels and liquid
solutions with KClO4 were employed.

EIS spectra were acquired at the OCP, over a frequency ranging from 10 kHz to 1 mHz, with five
points per decade, and using 10 mV s as a sinusoidal perturbation. The measurements lasted about
1 h. The impedance spectra were fitted using electrical equivalent circuits with the Z;e,, software
(Ametek, Berwyn, PA, USA). Electrolytes with NaCl and with KC1O4—Iliquid solutions and gels with
various glycerol contents—were tested on the flat ground AISI 304 sheets. Moreover, EIS measurements
were also performed for each region under study defined for the part in Figure 1.

Each electrochemical measurement was repeated 3—4 times on the flat stainless-steel samples with
each of the eight electrolytes considered in this part of the study. During the study of the sample in
Figure 1, the measurements were repeated twice with each of the two selected electrolytes on the five
surfaces defined for the study. In the final case, the size of the sample did not allow an increase in the
multiplicity of the tests.

3. Results

3.1. Determination of Oxygen Content and Conductivity of the Electrolytes

There are properties of the gels that can meaningfully affect the corrosion or the passivation
processes of the metals when they are exposed to such environments. The ability of the gels to dissolve
oxygen [30], as well as their conductivity, can be considered key factors. The results obtained from
the measurements of these parameters carried out in gels and in liquid electrolytes allow for a better
understanding of the results obtained with other techniques.

When the gel was formulated with only agar and salt, its conductivity was quite similar to that
measured for liquid solutions of similar saline concentrations (Table 1). This can be understood bearing
in mind that the amount of agar added was much reduced. Moreover, agar comprises agarose, which
is an effective gelling agent, and agaropectine, which has an ionic behavior that contributes to the
conductivity [31]. The conductivity of the gels with plasticizer was somewhat lower than that of liquid
electrolytes with similar amounts of dissolved salts. The component of the gel that caused this decrease
seems to be the glycerol (conductivity of the gels with 30% glycerol were about double that of gels
with 50% glycerol). However, the use of glycerol in the formulations was essential to improve the
mechanical properties of the gels [28], and to provide the plasticity required for many of their planned
final applications. Thus, plasticizer additions cannot be avoided for measurements on complex-shaped
parts. The salts contributed to the conductivity, though no more than 1% KCIO4 can be dissolved in
gels with 50% glycerol. The results in Table 1 also prove that the effect on the conductivity of a given
medium caused by the addition of 1% KCIO,4 was similar to that caused by the addition of 0.5% NaCl.

Table 1. Conductivity of electrolytes with 0.5% NaCl or 1% KCIO4 at room temperature.

Conductivity (mS/cm)

Salt Gel (0.5% Agar)
Liquid
0% Glycerol  30% Glycerol 40% Glycerol 50% Glycerol
0.5% NaCl 94 £0.2 11£05 46+03 32+0.1 21+£0.1

1% KClOy4 8.6 £0.1 81=£0.7 49+0.5 3304 25£05
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Figure 2 shows the comparative results obtained for the amounts of dissolved oxygen in gel
electrolytes and in liquid electrolytes. It can be observed that gel electrolytes presented a lower ability
of dissolving oxygen when compared with liquid electrolytes. In gels, the measured amounts of
oxygen were roughly half those determined for liquid solutions. This decrease in O, solubility seems
to be mainly related to the presence of agar, as the increase in glycerol up to 50% did not significantly
affect the values obtained for the O, concentration. The salt added (0.5% NaCl or 1% KClO,) did not
affect the results either. For passive stainless steels, this decrease in O, concentration does not have a
foreseeable effect on the corrosion kinetics, though it could exert some influence on active processes
where the O, reduction would be the controlling step.

‘ 0.5% NacCl
M 1% KCIO,4
0%
Slycerol Gf?e/‘:o! — !
- .V Glycerol 50 %
1 = Glycerol

Liquid
electrolytes

Dissolved oxygen (ppm)
o = N W s U Y N 0w

Gel electrolytes

Figure 2. Amount of oxygen dissolved in the various electrolytes under study.

3.2. Effect of the Electrolyte on the Chemical Composition and Electronic Properties of the Passive Film

The effect of the electrolytes on the chemical composition of the passive films formed on stainless
steel was assessed using XPS. The results prove that the passive films on AISI 304 stainless steel are
always composed of iron and chromium compounds. Figure 3 shows examples of the deconvolution
carried out for the Cr 2p3,,, Fe 2p3/,, and O 1s peaks from the XPS spectra. The chromium peak
(Figure 3a) was characterized by the presence of Cr(0) with a characteristic energy of 574.3 £0.2 €V,
while Cr(Ill) as an oxide and Cr(Ill) as a hydroxide featured 576.4 + 0.3 eV and 577.6 £ 0.2 eV,
respectively [32]. The Fe 2p3,, ionization spectrum was deconvoluted into four different contributions
(Figure 3b). These contributions were assigned to the presence of Fe(0) with energies of 707.0 = 0.2 eV,
Fe(Il) with 710.3 + 0.2 eV, Fe(Ill) with 711.4 4+ 0.2 eV, and a satellite of Fe(II) with 715.0 & 0.2 eV [33].
As previously reported, an accurate discrimination among Fe(III) contributions from oxides, hydroxides,
or oxihydroxides is a very difficult task [34]. The oxygen peak (Figure 3c) was deconvoluted into three
components. The first component (corresponding to Fe and/or Cr oxides) was positioned at 530.0 £ 0.2 eV,
the second component (corresponding to Fe and/or Cr hydroxides) was positioned at 531.7 £ 0.2 eV,
and the third component (related to adsorbed water [18]) was positioned at 533.0 &= 0.2 eV.

Experimental = a Experimental b Experimental = g

~Fitting ll,r’ § = Fitting /-\ ~ Fitting _/ \

S| -Cr(met) A | — Felmet) \ T % ) / N\

= ! | Y = | - Fell \ @ |- OH [hyd) / A

B el {ox) I \ =| _fem / —|_Ho f '\

Z| _crin(hyd) / \ 2| _rellsatellite |/ \ Z/= /

3 / w 3 : ] / A

[ 7 \ H f £ r 4 Y

o i 7 .

< . H / £ s .

E ¥ \ = 2 / WS e 2 M \
e T ' AR _.--/‘ e - 3 / s E Rl SO

584 582 580 578 576 574 572 718 716 714 712 710 708 706 704 536 534 532 530 528
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3. Examples of the deconvolution carried out for the spectral peaks of (a) Cr 2p3 /5, (b) Fe 2ps /5,
and (c) O 1s from the X-ray photoelectron spectroscopy (XPS) spectra of the passive films. The peaks
shown in the images correspond to stainless steel after being exposed for 1 h to the agar + glycerol
electrolyte with 0.5% NaClL
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Some informative results obtained from the XPS analysis are plotted in Figures 4 and 5. The results
from the air-formed passive layer on the initial ground stainless-steel surface were compared to those
obtained after 1 h of exposure at room temperature to three different 0.5% agar-based electrolytes
(with 0.5% NaCl, with 50% glycerol and 0.5% NaCl, and with 50% glycerol and 1% KClO,). The results
obtained from the study of the passive layers formed in liquid electrolytes (0.5% NaCl and 1% KClOy)
were also included in the figures.

40

gHydroxides/Oxides
30 + = —

NN T Y O G S

(§%]
Ratio
Hydroxides/Oxides

| N A T T N O R

Ratio
Oxidized metal/Base metal

Initial NaCl  KCIO, | NaCl Glycerol Glycerol
steel + NaCl +KCIO,
Liquid

electrolytes Gel electrolytes

Figure 4. Ratios derived from the fitting of peaks of the XPS spectra of the stainless-steel surfaces
before and after being in contact with the liquid and gel electrolytes.

[ =Ecr() hyd ECr(ll) ox @ Fe(lll) e Fe(ll) |

100 |
£ gk
= 8ot
] C
c r
3 60T
£ C
© C
g w0t
5 C
E =
g 204

0 f , , , |

Initial NaCl KClO, NaCl Glycerol Glycerol

steel + NaCl + KCIO,

Liquid
electrolytes Gel electrolytes

Figure 5. Relative amounts of cations detected using XPS for the passive layer formed on stainless
steels in air and after being exposed to the liquid and gel electrolytes.

Figure 4 shows the atomic ratio of the oxidized and elemental metals obtained from the areas of the
Fe 2p and Cr 2p photoemission peaks from the passive layer. From this ratio, qualitative information
related to the thickness of the passive layer can be worked out [2]. Obtained results suggest that the
passive layers on surfaces in contact with the gel electrolytes presented relatively similar thicknesses,
and were slightly thinner than the passive film corresponding to the initial steel. On the contrary,
surfaces in contact with liquid electrolytes exhibited the thickest passive films. The thickness of the
passive layer was especially high after being in contact with the NaCl liquid electrolyte. It seems that
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the oxide/hydroxide formation reactions were better promoted in liquid media when compared with
the gels. This result could be related to the lower oxygen concentrations in the gels (Figure 2) that
could limit the process of oxide formation on their surfaces.

The ratio between the oxides and hydroxides contained in the studied passive layers was
calculated from the deconvolution of the oxygen peaks, and they are plotted in Figure 4. For all
studied surfaces, the amounts of hydroxides detected were higher than those corresponding to the
oxides. These ratios between hydroxides/oxides are often found for XPS studies of passive stainless
steels [35], and they are clearly related to the higher sensitivity of the technique to the compounds
comprising the outermost layers of the material. From the ratio of hydroxides to oxides, it can be
deduced that gel electrolytes promoted the presence of hydroxides in the passive film. This could be
related to the fact that the gels had a lower ability of dissolving oxygen, thus causing oxide formation
(Figure 2).

Moreover, the amounts of Fe and Cr species in the passive layers are usually considered a good
indicator of their protective nature [2]. In Figure 5, the relative amounts of Fe and Cr compounds in
the oxide layer are plotted. The air-formed passive layer on the initial steel mainly comprised iron
compounds. The Fe(III) /Fe(Il) ratio was about 1, being compatible with the fact that the iron cations
were mainly in the form of magnetite. Fe3Oy is traditionally assumed to be the most common iron
oxide in the passive layers of stainless steels [34,36]. Exposure to the various tested electrolytes tended
to decrease the Fe(Il) percentage in the passive layer. This fact could perhaps suggest the presence of
Fe,Os in the passive layer [37]. However, in the case of the passive layer exposed to gel electrolytes,
the formation of Fe(Ill) hydroxides was also highly probable, due to the high amount of hydroxyl
anions detected (Figure 4). The Fe(III) /Fe(II) ratio that can be deduced from the results in Figure 5 was
higher after gel exposure than after liquid exposure, which was coherent with a meaningful presence
of Fe(Ill) hydroxides in the outer region of the passive layer after gel exposure. On the other hand,
the Fe(IlI)/Fe(Il) ratios that can be calculated from the results in Figure 5 were higher in electrolytes
with NaCl than in electrolytes with KCIO4, with the difference being more noticeable after liquid
exposure. These results suggest that the higher aggression of the NaCl promoted a higher oxidation
level of the iron cations.

The exposure to the studied electrolytes increased the chromium cation percentage in the passive
layer. The increase in Cr(IlI) was related both to oxide and hydroxide compounds. The Cr(III)
percentage did not differ significantly when considering gel and liquid electrolytes.

A relevant conclusion that can be drawn from the comparison of results in Figures 4 and 5
corresponding to samples exposed to gels with NaCl (without glycerol and with 50% glycerol) is that
the presence of glycerol in the gel did not change either the thickness or the chemical composition
of the passive layer. Moreover, although the results showed that the contact of the metal with gel
electrolytes produced a modification of passive layer, it needed to be very fast to be in accordance with
the previously reported fast stabilization of OCP in gel electrolytes [28].

The protective ability of the passive films formed on stainless steels does not only depend on the
chemical nature of the film, but also on their stoichiometry. The dopant density of the compounds
forming the passive film plays an important role in corrosion resistance [1], and can help achieve
a better understanding of the eventual performance of stainless steels in corrosive environments.
The Mott-Schottky method is a valid tool to determine the dopant density (N) in the surface oxides.
This approach assumes that the charge distribution at the semiconductor/solution interface is usually
determined by measuring electrode capacitance (C), as a function of electrode potential [1,34]. N can
be calculated from the slope of the plots of experimental C~2 versus E, using the following expression:

1 2 kT
C2 "~ eeoN (E —Erp = e)' M

where e is the electron charge (1.602 x 107! C), ¢ is the dielectric constant of the passive film
(usually taken as 15.6 for oxides formed on stainless steel [13,16,17]), gy is the vacuum permittivity
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(8.854 x 10~ F/cm), k is the Boltzmann constant (1.38 x 10723 J/K), T is the absolute temperature,
and Egp is the flat-band potential. This expression can be used for the calculation of donor densities
(Ngq), as well as of acceptor densities (N,).

Representative results from the curves obtained for the Mott-Schottky analysis of the studied gel
electrolytes are shown in Figure 6. A curve obtained for the KCIOy4 liquid electrolyte was also included
in the figure for comparison. The values of the C~2 parameter for a given E were clearly higher for
surfaces exposed to the gel electrolytes than for those exposed to liquid ones. Moreover, these values
tended to increase with increasing glycerol content of the gels.

0.05
a-Liquid = 30%Glycerol =40%Glycerol - 50%Glycerol
0.04 p -type n-type
semiconductors semiconductors
£ 003
(& ]
o
3 0.02
[9)
g 0.01
-
0
_O-OI T I I Ll I L} 1
-1.6 -1.2 -0.8 -0.4 0 0.4 0.8
E (V vs SCE)

Figure 6. Examples of the Mott-Schottky curves obtained in the liquid and gel electrolytes with
1% KClOy.

For all results obtained in the gel electrolytes, three mean slope regions can be identified (Figure 6).
The negative slope corresponds to compounds in the passive film with p-type semiconductivity,
while the positive slopes found for potentials higher than —0.6 V vs. SCE correspond to compounds
with n-type semiconductivity. The XPS results (Figures 4 and 5) showed that the passive film comprised
chromium and iron oxides, as well as chromium and iron hydroxides. Cr,O3 and Cr-rich Fe-Cr spinels
behave as p-type semiconductors [37]. Hence, the negative slopes in curves, such as those in Figure 6,
are used to calculate the doping density of chromium or chromium-rich oxides [38], that is to say, N.

On the other hand, iron oxides assumed to be present in the passive layers (Figure 5) usually
behave as n-type semiconductors due to the presence of Fe(Il) cations in Fe(Ill) positions due to oxygen
vacancies [39]. Thus, the doping density of the iron oxides in the passive layers of stainless steels
was calculated from the positive slope defined at high values of E [38]. These values are hereafter
termed Ny».

The existence of another positive slope clearly defined at medium potentials for passive layers
exposed to gels allows Ng; to be calculated. The existence of two positive slopes in the Mott-Schottky
curves was already reported in the literature by other authors studying stainless-steel surfaces [40].
The existence of a double slope reflects the existence of two donor levels in the passive layer [41].
Some authors attempted relating the origin of an additional donor level to various factors such as a
non-homogenous doping distribution over the semiconductor [42] or the electrochemical behavior of
spinels [40]. The contribution of hydroxides to the semiconductivity was often neglected in many of the
previously published studies, but some authors reported results that seemed to prove that hydroxides
have n-type semiconductivity [43,44]. Hence, bearing in mind that the presence of hydroxides in the
passive layers is favored in gel electrolytes (Figure 4), and that the donor level at medium values of E is
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not well defined in the Mott-Schottky curves performed in liquid electrolyte (Figure 6), the hypothesis
that hydroxides are related to N4; becomes feasible.

The N, and N4 values estimated from the slope of the straight lines of C~2 vs. E of the passive
films formed in various electrolytes are shown in Figure 7. As the positive slope at medium values
of E was not clearly defined for measurements carried out in liquid electrolytes, perhaps due to the
lower amount of hydroxides in their surface (Figure 4), no value corresponding to N4; was included
in the figure.
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Figure 7. Effect of liquid and gel electrolytes with 1% KCIO4 on acceptor densities (N,) and donor
densities (Ng) for the compounds comprising the passive layer.

The order of magnitude obtained for the charge-carrier densities (Figure 7) is close to that reported
in the literature for stainless steel in alkaline electrolytes (102°~10%! at/cm?) [36,45]. Obtained N, and
Ny values were higher in liquid electrolytes than in gel electrolytes. Hence, the thicker passive layers
formed in liquid electrolytes (Figure 4) were more disordered than the thinner ones formed in gels.
It was demonstrated that the more ordered, less defective passive layers are related to higher corrosion
resistance [10]. As chromia acts as main barrier for ion diffusion, the decrease in N, value for gel
electrolytes can be considered relevant and related to the lower amount of iron oxides formed in the
passive layer (Figures 4 and 5). It is logical that less conductive, passive layers tend to grow less
and become thinner than more conductive, passive layers when exposed to similar environments.
However, the possible influence of the lower O; content of the medium on the thickness of the oxide
layer cannot be forgotten.

In Figure 7, a slight decrease in N, and Ny of the passive layers is also visible with increasing
glycerol content, but it can be considered almost negligible.

3.3. Non-Destructive Electrochemical Measurements in Gel Electrolytes with Various Compositions

Measurements of OCP are relatively simple, but at the same time, they provide useful information
about the passive or active states of the studied systems. The stable values obtained for flat surfaces
using various electrolytes are summarized in Table 2. When the OCP of the systems with liquid
electrolytes were compared to that obtained with gels with the lowest glycerol content, it can be seen
that the values were higher (less negative) for liquids. This fact can be related to the smaller oxygen
concentration caused by the agar presence in the electrolyte (Figure 2). The lower oxygen content in
agar electrolytes tended to shift the cathodic reaction to lower (more negative) potentials, also lowering
the E value at which the anodic and cathodic processes reached equilibrium, that is to say, decreasing
OCP [46]. As the glycerol content increased in the gels, the OCP also tended to increase (became less
negative). This trend can be related to the effects that the changes in the conductivity of the media
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(Table 1) can have on the OCP, as a less conductive media increases the ohmic drop between the
working electrode and the CE, shifting the measured OCP to higher values [47].

Table 2. Open-circuit potential (OCP) values obtained for AISI 304 stainless steel in various electrolytes
with 0.5% NaCl and 1% KClOy.

Gel (0.5%Agar)

Headin Salt Liquid
& a 1 30% Glycerol 40% Glycerol 50% Glycerol
OoCP NaCl —40 £ 18 —108 £5 -21+5 9+5
mV vs. saturated calomel electrode (SCE)  KClO4 39+9 —56+6 —62+t4 33+9

EIS is a more complex non-destructive electrochemical technique that can also be used for
corrosion monitoring. EIS measurements were carried out in electrolytes with NaCl, as well as those
with KClOy. Figure 8a shows some examples of Bode diagrams obtained using electrolytes with NaCl.
An equivalent circuit generated through frequency fitting from all studied spectra is shown in Figure 8b.
The validity of this equivalent circuit to simulate the electrochemical behavior of passive stainless
steels was previously demonstrated [34,48]. Processes having various time scales are commonly
represented in equivalent diagrams by the resistive—capacitive (R-C) delay sections with various
values of R and C. Constant phase elements (CPEs) are used to simulate the capacitive behavior of
elements in the circuit in a more realistic way. Re is the resistance of the electrolyte used to perform
the measurement. The resistance, R, and the constant phase element, CPE;, dominating at medium
frequencies, are commonly associated with the electrochemical behavior of the passive layer [2,49].
The resistance, Ry, and the constant phase element, CPE,, dominating at low frequencies, are attributed
to resistance of the charge-transfer process and to the double-layer capacitive effect.
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Figure 8. (a) Electrochemical impedance spectroscopy (EIS) spectra obtained for electrolytes with 0.5%
NaCl, and (b) equivalent circuit generated by fitting the experimental spectra.

Table 3 displays the average values obtained from the EIS spectra for the electrochemical parameters
of the systems, with the corresponding variations resulting from experimental measurements also included.
A trend of increasing R with increasing glycerol content can be observed. A slight increase in Ry, which
is related to the corrosion rate of the stainless steel, is also quite clear. The evolution in R, with glycerol
content agrees with the icor evolution results obtained from polarization curves [28].
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Table 3. Electrochemical parameters obtained from electrochemical impedance spectroscopy (EIS)
measurements after fitting to an equivalent circuit, in electrolytes with 0.5% NaCl and 1% KClOy.
CPE—constant phase elements.

Ry CPE;-T R, CPE,-T

Electrolyte (Q-cm?) (uF-cm—2.s"—1) m MQ-cm?)  (uF-cm—2.s"—1) "2
Liquid 135 +7 17 +4 0.94 + 0.05 7+2 8+4 0.84 +0.05
NaCl 30% Glycerol 36+12 7+5 0.86 £+ 0.06 7+5 35+ 15 0.82 + 0.04
a 40% Glycerol 118+ 6 21 +15 0.82 + 0.05 10+5 14+4 0.89 + 0.08
50% Glycerol 271 + 63 14+5 0.85 £+ 0.01 15+2 9+1 0.87 £ 0.01
Liquid 171 £ 27 2447 0.92 £+ 0.04 5+2 7+2 0.83 £ 0.08
KCIO 30% Glycerol 289 + 10 20+ 1 0.85 + 0.01 44+01 22 +1 0.84 +0.01
4 40% Glycerol 313+ 12 28+6 0.81£0.01 46+04 20+1 0.88 + 0.02
50% Glycerol 373 +10 14 +2 0.86 + 0.02 53 + 20 10+2 0.86 + 0.03

The obtained results prove that the three studied gels with various glycerol contents can be
used for the non-destructive electrochemical monitoring of stainless steels. Gels with 50% glycerol
can easily lead to corrosion rates slightly lower than those obtained in liquid electrolytes for passive
stainless steels; as such, electrolytes with lower plasticizer content seem more adequate for accurate
monitoring. Gels with 30% glycerol exhibit an adequate mechanical stability for their comfortable
use in a portable cell, and their EIS results are very similar to those obtained in liquid electrolytes.
However, 40%-glycerol gels offer better adaptability [28], and seem to be the better option for the
testing of very complex-shaped parts.

The performance of electrochemical gels with KClO, addition proved to be as adequate as that
of gels with NaCl for portable cells. These results highlight the possibility of selecting the desired
aggression of the medium for corrosion studies.

3.4. Measurements in a Complex-Shaped Stainless-Steel Part

In order to validate the use of the gel cell for the corrosion monitoring of stainless-steel surfaces
with complex geometry by means of non-destructive techniques, OCP and EIS measurements were
carried out on the stainless-steel part shown in Figure 1. An electrolyte with 40% glycerol was selected
because of the high complexity of the part in several regions, and measurements with NaCl, as well
as those with KClO4, were performed to obtain comparable information about the differences in
sensitivity that gels with both salts exhibited. The measured values of OCP for the five studied surfaces
defined for the part in Figure 1 are given in Table 4. The results are the mean of two measurements
carried out in the two close areas of each surface. The repeatability of the measurements proved to be
very good.

Table 4. OCP measurements performed in the various regions under study for the piece in Figure 1,
using gels with 1% NaCl or with 0.5% KClOy.

OCP (mV vs. SCE)
Outer Inner Heat-Affected Zone (HAZ) Weld  Crevice

NaCl -7 27 -32 —-192 —63
KClOy4 5 —6 23 —85 —44

Salt in the Gel

All measured OCP values (Table 4) can be considered as typical of stainless steels in a passive state
for the studied media (Table 2). The lowest OCP value, the only one that cannot be clearly referred to
as typical of passive stainless steels, was found in measurements carried out on the weld. However,
though the OCP is a very easily obtained parameter, its reliability for monitoring the corrosion
performance of out-of-laboratory structures is limited, as several factors can affect its value [47].

Examples of the EIS spectra corresponding to some of the studied surfaces of the part in Figure 1
are plotted in Figure 9a. The equivalent circuit shown in Figure 8b also proved adequate for the
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fitting of all obtained spectra, except those corresponding to the measurements carried out inside the
crevice. For these cases, a different equivalent circuit was needed to simulate the experimental results
(Figure 9b). This more complex impedance behavior can be related to the fact that the thin passive layer
covering the surface of the metals was replaced by a thicker oxide layer. Fitting the electrochemical
response of this layer required an additional R-CPE pair in the equivalent circuit, which could be
related to electrochemical reactions taking place between the oxide and the medium [48], also causing
an ohmic drop and a capacitive effect. Additional components in the new equivalent circuit are labeled
as CPE{_, and Rq_,.

The mean values for the parameters obtained from the fitting of the EIS spectra are displayed in
Table 5. The kinetic value of the processes was always controlled by the slowest process, that is the one
defined at low frequencies, as R, was always much higher than other resistances. The obtained R, values
confirm the worst corrosion behavior for the crevice and weld regions. A good corrosion performance of
the surfaces defined as inner and outer surfaces was assured in the absence of very corrosive species in the
environment. Obviously, to obtain additional information about the corrosion probability for these regions,
destructive testing, which was already explored in another publication [28], would be necessary. On the
other hand, for the HAZ, the passivity seems to be less stable than in regions further away from the weld,
as the presence of small amounts of chlorides in the medium, for instance, can increase the corrosion rate.
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Figure 9. (a) EIS spectra obtained for three of the tested regions under study for the piece in Figure 1
(outer surface, weld, and crevice), using gels with 40% glycerol and KClOy; (b) equivalent circuit
required for an adequate simulation of the measurements carried out inside the crevice with gels with
NaCl and with KCIOy.

Table 5. Electrochemical parameters obtained from fitting EIS measurements carried out in various
regions of the part shown in Figure 1, using a gel electrolyte with 40% glycerol.

Electrochemical Parameters from the EIS Measurements

Salt in the Gel Surface Ry CPE;-T Ri_. CPE;_,-T Ry CPE,-T
(Q-cm?)  (uF-cm™—2.s"—1) e (kQ-cm?)  (uF-cm~2.s"~1) M-a MQ-cm?)  (uF-cm~2.s""1) "2
Outer 137 16 0.92 - - - 21 20 0.91
Inner 115 9 0.90 - - - 34 21 0.90
KClOy4 HAZ 47 5 0.90 - - - 17 25 0.88
Weld 127 14 0.79 - - - 15 35 0.77
Crevice 226 28 0.68 4.7 19 0.84 0.27 64 0.75
Outer 56 6 0.99 - - - 11 23 0.86
Inner 160 12 0.9 - - - 32 15 091
NaCl HAZ 91 9 0.95 - - - 3.5 19 0.80
Weld 206 78 0.68 - - - 0.20 32 0.86
Crevice 368 28 0.69 2.6 26 0.80 0.33 29 0.86

The results shown in this section suggest that gels with the addition of NaCl seem to be more
capable of detecting regions with higher susceptibility to corrosion failure than gels with KClOy.
On the other hand, gels with KClO, allow the monitoring of surfaces where the risk of contamination
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from depassivating ions needs to be completely eliminated. The use of NaCl or KClOy in the gels
should always be in agreement with the aggression of the environment that the components under
study are exposed to.

4. Conclusions

The results presented in this paper prove that non-destructive electrochemical measurements can
be carried out in various regions of complex-shaped stainless-steel components using the proposed gel
electrolytes. Relevant information about the corrosion performance for in-use industrial or structural
components can be obtained using the proposed approach.

Other relevant conclusions that can be drawn from the results presented in this work are listed as
follows:

e  The performance of the electrochemical gel cell with the addition of KCIO4 proved to be as
adequate as that with NaCl, though the presence of chlorides in the gel seems to be more capable
of detecting regions with a susceptibility to developing corrosive attack. These results open the
door for the selection of desired aggression for monitoring conditions.

e  For passive stainless steels analyzed with non-destructive techniques, 30%-glycerol gels offer
results closer to those obtained in liquid electrolytes, but 40%-glycerol electrolytes can become
especially advisable for testing on very complex surfaces. 50% glycerol can easily lead to corrosion
rates somewhat lower than those obtained in liquid electrolytes for passive stainless steels.

e  The cation distribution determined using XPS for the passive layers in contact with liquid and
gel electrolytes was relatively similar, although it could be considered slightly Fe-poorer after
exposure to gel electrolytes. Passive layers in contact with gel electrolytes were thinner and richer
in hydroxides than those formed in liquid electrolytes.

e  Mott-Schottky analyses carried out with gel electrolytes containing KClO, proved that less
defective, passive layers tended to be formed in gels rather than in liquid electrolytes.
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