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Executive Summary

It is known that reduced sulfur compounds (such as thiocyanate and thiosulfate) can
accelerate active corrosion of austenitic stainless steel in acid solutions, but before we
started this project the mechanism of acceleration was largely unclear. This work combined
electrochemical measurements and analysis using scanning electron microscopy (SEM) and
X-ray photo-electron spectroscopy (XPS), which provided a comprehensive understanding
of the catalytic effect of reduced sulfur species on the active corrosion of stainless steel.
Both the behavior of the pure elements and the steel were studied and the work focused on
the interaction between the pure elements of the steel, which is the least understood area.
Upon completion of this work, several aspects are now much clearer.

The main results from this work can be summarized as follows: The presence of low
concentrations (around 0.1 mM) of thiocyanate or tetrathionate in dilute sulfuric acid
greatly accelerates the anodic dissolution of chromium and nickel, but has an even stronger
effect on stainless steels (iron-chromium-nickel alloys). Electrochemical measurements
and surface analyses are in agreement with the suggestion that accelerated dissolution
really results from suppressed passivation. Even well below the passivation potential, the
electrochemical signature of passivation is evident in the electrode impedance; the
electrode impedance shows clearly that this pre-passivation is suppressed in the presence
of thiocyanate. For the stainless steels, remarkable changes in the morphology of the
corroded metal surface and in the surface concentration of chromium support the
suggestion that pre-passivation of stainless steels is suppressed because dissolution of
chromium is accelerated. Surface analysis confirmed that adsorbed sulfur / sulfide forms on
the metal surfaces upon exposure to solutions containing thiocyanate or thiosulfate. For
pure nickel, and steels containing nickel (and residual copper), bulk sulfide (visible as a
black corrosion product) forms during anodic dissolution. The sulfide is electronically
conductive, and gives an increase of several orders of magnitude in the electrode
capacitance; the sulfide also causes anodic activation to persist after the pure metals and
steels were removed from the thiocyanate-containing electrolyte and transferred to a
thiocyanate-free electrolyte.

The main practical implications of this work are that low concentrations of reduced
sulfur compounds strongly affect anodic dissolution of stainless steels, and that selecting
steels with elevated concentrations of chromium, nickel or molybdenum would serve to
limit the anodic dissolution rate in the presence of reduced sulfur compounds.



Actual accomplishments compared with established goals and objectives

Goal

Actual accomplishment

Pure iron: Electrochemical measurements
compared with literature model

Measurements completed and compared
with Keddam model

Fe-Cr and Fe-Cr-Ni alloys: Electrochemical
measurements (potentiostatic and
impedance)

Measurements completed; all impedance
data fitted; measurements on pure Fe, Cr
and Ni added.

Data set on effects of thiocyanate
concentration and mass transfer conditions
on anodic dissolution rate

Detailed measurements completed for Type
304 (Fe-Cr-Ni) stainless steel; surveys
completed to show trends for Type 316 and
Type 430 steels

Test proposed fundamental mechanism of
acceleration

Completed for Fe and Cr, Ni and Type 304
and 430 stainless steels.

X-ray photoelectron spectroscopy used to
measure predicted change in surface
composition, for these metals (excluding Fe).

Project Activity Summary

The presence of reduced sulfur compounds in acidic solutions can make such solutions
very aggressive to corrosion resistance of stainless steel. Several parts per million of
reduced sulfur compounds can greatly increase the active dissolution rate of stainless steel,
sometimes by almost one order of magnitude.

This study focused on the effect of thiocyanate on the dissolution rate of stainless steel
(Type 430 and Type 304) in sulfuric acid. The dissolution behavior of pure components of
stainless steel (Fe, Cr and Ni) was studied in the same environment for better
understanding of alloy behavior. Effects of thiocyanate concentration and mass transfer
conditions on anodic dissolution rate were also studied.

Hypotheses

Thiocyanate is expected to decompose to elemental sulfur on the metal surface during
active dissolution of stainless steel. Adsorbed sulfur catalyzes the active dissolution of the
metal and the desorption rate of adsorbed sulfur is not zero during the active dissolution of
the metal. The catalytic effect of thiocyanate on Type 430 stainless steel is due to the
increased dissolution rate of chromium, counteracting the formation of the Cr-O-Cr
passivating network at the ledges. The mechanism of the catalytic effect of thiocyanate on
Type 304 stainless steel is similar to what was found for Type 430 stainless steel, but nickel
is beneficial to the corrosion resistance of Type 304 stainless steel, in that nickel lowers the
percolation limit of chromium to passivate the surface.

Approach used

Potentiodynamic and potentiostatic measurement were performed to investigate the
effect of thiocyanate on steady-state dissolution behavior of the electrode. Electrochemical
impedance measurements were also applied to study the mechanisms of anodic dissolution.
Impedance spectra were fitted using equivalent circuits to quantitatively understand the
corrosion mechanism. The surface of corroded samples was characterized using SEM, AFM
and XPS.




Departure from planned methodology

Measurements on pure Cr and pure Ni were added (in addition to measurements on
pure iron) to better understand the behavior of stainless steels, and extensive X-ray
photoelectron spectroscopy was performed to measure changes in surface composition.
Both of these additional areas of study significantly increased our confidence in the
conclusions. Notably, the thiocyanate accelerates the dissolution of the stainless steels to a
greater extent than it does the dissolution of any of the main metals (Fe, Cr and Ni) in
stainless steel.

Project details
Please see Wen Li's PhD thesis, included as the Appendix, for detailed discussion of the
experimental approach and results.
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Abstract

This study focuses on the effect of thiocyanate on the dissolution rate of stainless steel
(type 430 and type 304) in sulfuric acid. The dissolution behavior of pure components (Fe, Cr,
Ni) is also studied in the same environment.

Potentiodynamic and potentiostatic measurement were performed to investigate the
effect of thiocyanate on steady-state dissolution behavior of the electrode. Impedance
measurements were applied to study the anodic dissolution mechanisms. Impedance spectra
were fitted using equivalent circuits to quantitatively understand the corrosion mechanism.
The surface of corroded samples was characterized using SEM, AFM and XPS.

The results show that the catalytic effect of thiocyanate on the dissolution rate of the alloy
is more apparent than the effect on the dissolution of any pure element. Thiocyanate did change
the anodic dissolution mechanism to some extent. However, the main origin of the catalytic
effect is that all the dissolution steps are accelerated. The surface morphology of corroded
samples was also changed by thiocyanate. Strong crystal facet etching of the electrode was
observed with thiocyanate present, while grain boundary etching was more apparent in
thiocyanate free solutions.

For Type 430 stainless steel, more prominent crystallographic etching and the strong effect
of thiocyanate on dissolution indicate that thiocyanate suppresses the passivating effect of Cr-
O-Cr networks on crystal ledges. The catalytic effect of thiocyanate on anodic dissolution of
Type 304 stainless steel also appears to be primarily caused by the increased dissolution rate of
chromium, counteracting the formation of the Cr-O-Cr passivating network at ledges. Nickel
does contribute to the corrosion resistance of Type 304 stainless steel in the presence of

thiocyanate, but its beneficial effect appears to be secondary to that of chromium.
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Surface analysis of the Fe-20wt% Cr alloy and stainless steels (Types 430 and 304)
confirmed that chromium enriched on the metal surface during anodic dissolution in
thiocyanate-free solution and that the surface enrichment of chromium was smaller in
thiocyanate-containing solution. Surface analysis also confirmed the formation of sulfide or

adsorbed sulfur on the Fe-20wt% Cr alloy in thiocyanate-containing solution.
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1. Introduction

It is known that stainless steel has good corrosion resistance and mechanical properties
combined with a relatively low price, which makes it the preferred material for a wide range of
applications. However, in some severe corrosive environments the corrosion resistance of
stainless steel can be lost and corrosion failure can happen.

One example of such a corrosive environment is that caused by the presence of reduced
sulfur compounds in the corrosion electrolyte. There are several reasons why environments
containing reduced sulfur are worth studying. First of all, reduced sulfur compounds can be
found in several industrial environments such as paper and pulp mill industry. Besides, reduced
sulfur compounds can form by oxidation of sulfide, which is wide-spread in many
environments. A very low concentration of reduced sulfur compounds (even several parts per
million) in dilute acid solution causes a large increase of the corrosion rate[1].

However, the mechanism of the acceleration effect of reduced sulfur compound on the
dissolution of stainless steel remains unclear, so a detailed study of the mechanism is required.

Adsorbed sulfur, and reduced sulfur compounds in acid solution, have been shown to
have strong effects on the active dissolution of several pure metals (Fe, Ni, Cr) and
alloys[2][3][4][5][6]- "Reduced sulfur compounds" here refer to dissolved sulfur-bearing
anions, in which the oxidation state of sulfur is lower than in sulfate. Examples are sulfide,
tetrathionate and thiocyanate. The reduced sulfur compounds can react with the surfaces of
metals to form adsorbed sulfur[7][8][9][10][11].

Thiocyanate was chosen as the reduced sulfur compound to be studied because
preliminary measurements showed its effects on Type 304 stainless steel in dilute sulfuric acid
to be similar to that of thiosulfate (the other commonly studied reduced sulfur compound), but

without the danger of disproportionation in solution (which would render uncertain the actual



concentration of the reduced sulfur compound in solution). Also, thiocyanate is employed in the
electrochemical potentiostatic reactivation (EPR) test for sensitization[12][13], and hence the
specific effects of thiocyanate are of interest, in addition to offering insight into the effects of

reduced sulfur compounds generally. Thiocyanate produces adsorbed sulfur by the

disproportionation reaction[11]:

SCN~™— CN™+ Sads (D

Elemental sulfur is predicted to be stable on the metal surface over a wide potential range.
For example, the blue area in Figure 1 indicates the stable range of adsorbed sulfur on pure
chromium surface. At more negative potentials sulfide is the stable product, and sulfate at more

positive potentials[9]. The red arrows and lines indicate the potential range and pH values of

interest in this research.
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Figure 1. Equilibrium Potential-pH diagram for the system S.us-Cr-H:0 at 25 <C; lines marked

—give stability range of adsorbed sulfur with relative surface coverage 6[9].



For acidic solutions containing thiocyanate, adsorbed sulfur is predicted to be the stable
species at the metal surface in the potential range of active dissolution of the metals and alloys
considered here[11]. Hence the mechanism by which reduced sulfur compounds in solution,
and sulfur adsorbed onto the metal surface before exposure to the corrosive environment,
affect dissolution is expected to be fundamentally the same. Surface analysis (by X-ray
photoelectron spectroscopy) of electrodes after exposure to acidified sodium sulfate solution
with thiocyanate at the active corrosion potential supported the assumption that elemental
sulfur is stable on the metal surface. As shown in Figure 2, there are XPS peaks at 162eV and
169eV (sulfur 2p peaks) in the spectra of Fe20Cr exposed to sulfuric acid with thiocyanate. The
peak with a binding energy around 162 eV is characteristic of adsorbed sulfur or sulfide, and
the peak at 169 eV corresponds to sulfate. Surface analyses (by X-ray photoelectron
spectroscopy) performed by previous workers also provide support for the suggestion that
adsorbed sulfur forms on metals corroding in solutions containing thiosulfate[14] and in
solutions containing sulfide[15] (although identification of adsorbed sulfur is ambiguous since

its binding energy overlaps with that of bulk sulfide[16]).



a) with KSCN
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Figure 2. Sulfur 2p peak in XPS measurements on Fe20Cr alloy after dissolution in a) 1 M NazS0,,
0.01 M Hz504, 0.14mM KSCN, and b) KSCN-containing solution followed by transfer to KSCN-free

solution; E=-0.41V g a9ci (Smooth lines are fitted Gaussian peaks.)

The main envisaged difference between corrosion of metals with pre-adsorbed sulfur and
metals corroding in solutions containing reduced sulfur compounds is that the latter can
replenish sulfur which is lost from the surface during corrosion; the sulfur coverage of metal
surfaces, onto which sulfur had been adsorbed before corrosion, was shown to decrease during
corrosion[6]. Replenishment of adsorbed sulfur appears to be the likely reason for the
observation that, in the presence of low concentrations of thiocyanate in solution, the current
density during active dissolution is higher if the mass transfer coefficient to the electrode
surface is higher; an example is shown in Figure 3. (These polarization curves were also

measured in preliminary work for this project.)
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Figure 3. A small concentration of SCN- (added as KSCN) in solution has a large effect on the
anodic dissolution rate of Type 304 stainless steel in 1M H,SO4 at 30°C (potentiodynamic tests,
scan rate 1 mV/s). The increase in anodic current density in the presence of SCN- is larger if the

disc electrode is rotated, whereas rotation has no effect in the absence of SCN-.

Here, results are presented on the effect of thiocyanate on iron, chromium, nickel and Type
430 and 304 stainless steels; the effects of thiocyanate on type 304, 316, 444 and 434 are also
presented to show the roles of mass transfer coefficient, thiocyanate concentration and alloy
composition in the catalytic effect of thiocyanate.

In this research, thiocyanate was chosen as a source of sulfur rather than pre-adsorbed
sulfur on the metal surface, to gave a continuous supply of sulfur. The mass transfer effect was
eliminated using rotating electrode so the surface reaction was studied without interference of

mass transfer effect.



Both the behavior of the pure elements and the steel were studied and the work was
focused on the interaction between the pure elements of the steel, which is the least understood
area.

This work combined the electrochemical measurements and surface analysis using SEM and
XPS, which provided a comprehensive understanding of the catalytic effect of reduced sulfur

species on the active corrosion of stainless steel.



2. Current Stage of Knowledge

As background to the project, the relevant information on active dissolution is briefly

summarized in this section.

2.1 Increase of active dissolution rate of stainless steel in acid solutions by

reduced sulfur species

2.1.1 Role of KSCN in Electrochemical Potentiodynamic Reactivation (EPR) Test

The Electrochemical Potentiodynamic Reactivation (EPR) Test is used to detect the degree
of sensitization of austenitic stainless steels. When these steels are exposed to heat treatment
(like welding) between 450°C and 870°C, chromium carbides can precipitate along grain
boundaries, causing the grains next to chromium carbides to be depleted in Cr[12]. If the
chromium content drops too low, those Cr-depleted zones are very easily corroded away first
when exposed to aggressive environments, sometimes resulting in severe problems. One
example is the intergranular stress corrosion cracking of welded piping, made of AISI 304 and
304L stainless steel, for boiling water nuclear reactor power plants[17]. The EPR test provides a
nondestructive method to measure the sensitization at grain boundaries[13].

The EPR method consists of potentiodynamic polarization measurement. There are two
types of the EPR test, the single-loop EPR test and the double-loop EPR test[12][13][18][19].
For the single-loop EPR test, a reactivation scan is applied from the passive region to the active
region and a reactivation loop is generated during the scan, shown in Figure 4[19]. The area
under the loop gives the amount of charge associated with the dissolution of Cr-depleted area.
The charge density normalized by the area of grain boundaries shows the degree of

sensitization[13]. The double-loop EPR test consists of a forward scan (from active region to



passive region) and a reverse scan (from passive region to active region) and an active loop and
a reactivation loop are generated during the cyclic polarization measurement, shown in Figure
5[12]. The ratio of the peak current densities of the two loops (I:/l.) is used to indicate the

degree of sensitization.
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Figure 4. Schematic diagram for the single-loop EPR test of AISI 304 and 304L stainless steel[19].
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Figure 5. Schematic diagram of the double-loop EPR test for AISI 304 stainless steel [12].

The composition of the most commonly used solutions for the EPR test is 0.5M H,S04 +
0.01M KSCN[13][20][21] and it varies slightly for different kinds of samples[22]. KSCN is stated
to work as an activator or depassivator[12] because of the catalytic effect of KSCN on the
dissolution of metals. During the double loop test, both the general corrosion during the
forward scan and reactivated dissolution of Cr-depleted areas during the reverse scan are
promoted by KSCN[12]. KSCN likely promotes dissolution of the passive film on Cr-depleted
zones first and Cr-depleted areas along grain boundaries are reactivated preferentially[12].
Majidi and Streicher[12] did test the effect of thiocyanate concentration (from 0 to 50mM), but
reported the results in terms of the reactivation current ratio rather than the actual current

densities.



2.1.2 Effect of reduced sulfur compounds on the pitting corrosion of stainless steel

Thiosulfate ions can be found in fluids of many industrial systems, such as the paper and
pulp industry. Pitting corrosion of paper machines, mainly made of type 304 and 316 stainless
steel[23], in water with very low chloride concentration has been reported. This is believed to
be caused by thiosulfate[24]. Newman and his coworkers[24] studied pitting of stainless steel
by thiosulfate ions. They proposed that chloride is not necessary for thiosulfate pitting of 304
stainless steel and that pitting tends to occur when {[SO42-]+[Cl-]}/[S2032-] (molar ratio) is in the
range of 10-30. However, thiosulfate pitting of type 316 stainless steel cannot happen without
the assistance of chloride and pitting tends to happen at higher temperature and when chloride
is the major anion in the solution.

Except for thiosulfate ions, other sulfur species can also affect pitting corrosion of
stainless steel. The effects of several sulfur compounds on the pitting of type 304 stainless steel
in chloride solutions have been studied by Newman and his coworkers[25]. It was shown that
very low concentrations of Na;S;03 (0.01M-0.02M) can lower the pitting potential substantially
and KSCN has similar but less strong effect. The pitting potential was also decreased when the
concentration of H,S increased. It was proposed that black metal sulfide covers on pits in
thiosulfate, sulfide and tetrathionate-containing solutions help to form large pits, promoting

pitting in sulfur-containing solutions.

2.1.3 Effect of reduced sulfur species on the stress corrosion cracking of sensitized stainless steels
Sensitized stainless steel is subject to stress corrosion cracking (SCC) in some

environments because of the poor corrosion resistance of chromium depleted grain boundaries.

One type of aggressive environment for SCC is solutions that contain sulfur species[26][27][28].

The presence of very low concentrations of thiosulfate in the solution makes type 304 stainless
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steel highly susceptible to stress corrosion cracking[28]. A sufficient amount of sulfate ions

added to dilute thiosulfate solutions can inhibit SCC[29].

2.2 Thermodynamic stability regions of reduced sulfur species in acid solutions on

metal surface

It was proposed[25][24] that adsorbed sulfur is produced on the surface of stainless steel
in solutions containing sulfur species; the adsorbed sulfur enhances active dissolution of
stainless steel. So it is very important to predict the thermodynamic stability region of reduced
sulfur on metal surface.

Marcus and his coworkers[7][8][9] constructed pH-potential diagrams for adsorbed sulfur
on pure Fe, Cr and Ni surfaces in solutions containing sulfur species, which are shown in the

following figures (Figure 6, Figure 7, Figure 8).
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Figure 6. Equilibrium Potential-pH diagram for the system Sas-Fe-H;0 at 25 C; lines marked --give

stability range of adsorbed sulfur with relative surface coverage 6[8].
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Figure 7. Equilibrium Potential-pH diagram for the system Suus-Cr-H>0 at 25 C; lines marked

—give stability range of adsorbed sulfur with relative surface coverage 6[9].
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Figure 8. Equilibrium Potential-pH diagram for the system Sqas-Ni-Hz0 at 25 °C; lines marked -

give stability range of adsorbed sulfur with relative surface coverage 6[7].
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It can be seen that in acid solutions, adsorbed sulfur on Fe, Cr and Ni surfaces remains
stable over a wide potential range, which spans the active corrosion potentials of Fe, Cr and Ni
in acid solutions (as will be shown later in the Results section).

It was proposed that thiocyanate could decompose to elemental sulfur on the metal surface

[11] according to the reaction SCN™— CN™+ S,4s. XPS analysis confirmed elemental sulfur could

form by decomposition of thiosulfate on the metal surface[14]; the effect of thiocyanate is
expected to be similar to thiosulfate, and this was confirmed by the XPS results such as those

shown in Figure 2.

2.3 Catalytic effects of adsorbed sulfur on the active dissolution of stainless steel

and its pure components

2.3.1 Effect of reduced sulfur species on pure Fe in acid solutions

In order to achieve a better understanding of the alloy behavior, it is necessary to
understand the corrosion behavior of the pure components (Fe, Cr, Ni) in the same
environment.

It is known that hydrogen sulfide can catalyze the dissolution of pure Fe in acid
solutions[30][31][32]. With a small amount of H>S in sulfuric acid, the anodic current density

was increased by more than one order of magnitude, as shown in Figure 9[2].
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Figure 9. Polarization curves of iron in 0.2mol/L sulfuric acid with/ without H,S at different pH

values[2]; (M) without HS, pH=0.75; (A) with 0.4mmol/L H,S, pH=0.75; (0) with 0.4mmol/L

HzS, pHZZ

Interestingly, H2S can also inhibit the dissolution of Fe under specific conditions[33]. It
was observed that H,S acted as a strong inhibitor when its concentration was below
0.04mmol/L, pH of the solution was between 3 and 5 and the immersion time was over 2

hours[33].

2.3.2 Effect of reduced sulfur species on pure Cr in acid solutions

The corrosion behavior of Cr in sulfuric acid with H,S was studied [4]. H.S accelerates
both cathodic reaction and anodic dissolution of Cr, as shown in the polarization curve in Figure

10[4]. The critical current density was increased by more than one order of magnitude with
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1.5mmol/L H;S present in the solution. No obvious shift of passivation potential was observed

when H;S is present.
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Figure 10. Potentiodynamic polarization curves of Cr in 0.5mol/L sulfuric acid with/without

H>S[4].

Both hydrogen evolution reaction rate and active current density increased as the
concentration of H,S increased, shown in Figure 11 for pH=2[4], although these results show

the effect on the cathodic reaction rate to be weak.
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Figure 11. Potentiostatic polarization curves of Cr in 0.5mol/L Na;S04/H:S0, (pH=2) with various

concentrations of H,S[4].

2.3.3 Effect of reduced sulfur species on pure Ni in acid solutions

Marcus and his coworkers extensively investigated the effect of adsorbed sulfur on the
dissolution and passivation of Ni and Ni alloys[34][35][5][36]. Elemental sulfur was adsorbed
on the metal surface in a gaseous H:-H,S mixture prior to corrosion. With radiochemical
methods, the coverage of sulfur on the metal surface could be measured[34]. It is shown in
Figure 12 that a monolayer of adsorbed sulfur on Ni significantly accelerated the anodic
dissolution of Ni and inhibited the passivation of Ni by extending the anodic dissolution

potential range[34].
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Figure 12. Polarization curves of pure Ni (110) in 0.1N sulfuric acid. a. Ni annealed in Hz; b, Ni + S

adsorbed[34].

The effect of crystallographic orientation was also investigated[34]. As seen from table 1,

the catalytic effect of adsorbed sulfur is most striking on Ni (100) planes compared with Ni

(111) and Ni (110) planes, with a much larger increase in the critical current density.

Table 1. Critical current density and passivation potentials of Ni with various crystallographic

orientations in sulfuric acid with/without adsorbed sulfur[34]

Orientation | Critical current density | Critical current density | Passivation E Passivation E
(No sulfur) (adsorbed S) (No S) (adsorbed S)
mA (cm?2) mA (cm?2) mV (SHE) mV (SHE)
(111) 5.4 7.6 396 450
(100) 5.7 115 420 440
(110) 8 13.25 430 530
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2.4 Anodic dissolution mechanisms of stainless steel and pure components in acid

solutions without sulfur species

Electrochemical Impedance results give insight into the reactions at the corroding metal
surfaces, because the different reactions - and the associated reaction products - may be
reflected in different circuit elements. For example, for the active dissolution of pure iron,
Keddam et al. observed both pseudo-inductive and pseudo-capacitive behavior[37][38]. For
anodic reactions, pseudo-inductive behavior is recognized by the current density continuing to
increase following a positive potential step, by a positive phase angle, and by the reactance
being proportional to frequency; in contrast pseudo-capacitive behavior is reflected in a current
decay following a positive potential step, a negative phase angle, and inverse proportionality
between reactance and frequency (Figure 13).

Observation of pseudo-capacitive or pseudo-inductive behavior was first related to reaction
mechanisms by Gerischer and Mehl (for hydrogen evolution on mercury, silver and
copper)[39]. For active dissolution of metals which can passivate, pseudo-inductive behavior is
generally associated with formation - by an oxidation reaction - of an intermediate species
which catalyzes dissolution; pseudo-capacitive behavior is generally associated with initial
stages of passivation (and is distinguished from interfacial capacitance by the much larger

capacitance and hence larger time constant associated with pseudo-capacitance)[37].
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Figure 13. Typical equivalent circuits for electrodes which display (a) pseudo-capacitive and (b)
pseudo-inductive behavior, with the corresponding Nyquist diagrams and schematic current-time
behavior upon a step change in potential in the positive direction. Nyquist diagrams are for
Rs=2002cm2, R1=200£2cm?, R;=12002cm?, Cq=50uF/cm2, Cps=300 uF/cm? and L=1/(3*10*) H.cm?

(values chosen to be similar to some of the circuit elements found in this study)

2.4.1 Anodic dissolution mechanism of pure Fe

Keddam et al. [37][38]illustrated the relationship between the mechanism of pure iron
dissolution and the impedance of dissolving metals. A model[37] for pure iron dissolution was
suggested by them, as illustrated in Figure 14. According to this mechanism, anodic dissolution
of Fe to form Fe?* in solution (denoted by Fe[ll]sn in the reaction diagram) occurs via a number
of adsorbed intermediates, namely two adsorbed monovalent iron species, and two adsorbed
divalent iron species. Of these, Fe (I).q is the passivating species. The rate of transformation of
one species to another is described by the rate constant k;, which depends exponentially on

potential (Tafel relationship).
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Figure 14. Proposed dissolution mechanism of pure iron in sulfate solutions[37]. The rate

constants are given by k;, and the surface coverage by adsorbed intermediates by 6.

2.4.2 Anodic dissolution mechanism of pure Cr

Using steady state and AC impedance techniques, Dobbelaar and de Wit studied the
corrosion behavior of Cr in acid solutions and a reaction model was proposed[40][41]. The

schematic illustration for the model of corrosion process is shown in Figure 15.

Crtt ot

Figure 15. Schematic illustration of corrosion process at the chromium-electrolyte interface[41].
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The active dissolution path of chromium shown in Fig. 13 can be interpreted using the

following reaction equations [41],

Pathl: @k _xprad g yp2rsol o

Path I1: C L)Cr +'ad+eiwgfgdt er r#oﬁszz I+ e (2)

The passive film starts forming in the active dissolution region and chromium continues to
dissolve under the passive film. The hydrogen evolution reaction occurs on both bare metal
surface and passive film and the reaction rate is different from each other[41].

Based on the reaction model, an equivalent circuit was proposed[41] to fit the measured

impedance data, shown in Figure 16.
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Figure 16. Equivalent circuit representing the reaction model used to fit measured impedance
data. Cq, double layer capacitance; R., charge transfer resistance; Rpass Cpass resistance and
capacitance associated with passivation; Raa, Laa resistance and inductance due to the change of
surface coverage of adsorbed catalytic species, Craq*; Rgon, Cgox represent the resistance and
capacitance due to the change of the character of passive film; Rq and O are the resistance and

the finite boundary diffusion element associated with path 11{41].
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Equivalent circuits can be used to help estimate the time constant associated with one
specific process. The mechanistic change of dissolution process can be recognized by the change

of time constant of the process.

2.4.3 Anodic dissolution mechanism of pure Ni

Jouanneau, Keddam and Petit [42] studied the anodic behavior of Ni in several acidic
solutions by applying DC and AC impedance techniques. A general model was proposed to
explain active dissolution and passivity, shown in the following reaction steps. Dissolution of Ni
proceeds through the first adsorbed intermediates and passivation occurs when the second

layer adsorbs on the surface to block dissolution.

Ni+ A —K 5Ni— 4, +e
Ni-A4,—* sNi— 4" +e

Ni—Al, > Ni** +e 3)

The anodic dissolution mechanism of Ni in acid solution was also examined by Gregori
and co-workers[43] using an electrochemical quartz crystal microbalance and electrochemical
impedance spectroscopy techniques. They used a similar model to the above one, which
involves several consecutive electron transfer reactions via adsorbed surface intermediates. An
equivalent circuit was used to fit the impedance data, which helped to characterize the anodic
dissolution.

Sato and Okamoto[44] also studied the kinetics of anodic dissolution of Ni in sulfuric acid
and the effect of pH was investigated in detail. They came up with the following anodic

dissolution model of Ni.
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Ni+OH —> NiOH,, +e
NiOH,,, - NiOH' +e

NiOH" — Ni** + OH (4)
According to the model, OH- plays a very important role in the dissolution of Ni. The
activation energy of dissolution is lowered by forming adsorbed complex metal ion

intermediates, which makes it easier for Ni to transfer from metal phase to solution[44].

2.4.4 Anodic dissolution mechanism of stainless steel

Stainless steel is known for its good corrosion resistance, which is mainly due to Cr in the
steel. Itis known that at least 12-13% Cr is needed to give the required corrosion resistance of
stainless steel[45][46]. Passivity is imparted by chromium in acid solutions[45][47]. Passivity is
relevant to active dissolution because passivation terminates active dissolution above the
passivation potential, and also because available active dissolution models assume that initial
stages of passivation are present on the actively dissolving surface. In one of these models,
Newman, Sieradzki and coworkers[46][48][49] modeled the passivity of stainless steel in acid
solutions based on percolation theory. Different dissolution probabilities were assigned to Fe
atoms and Cr atoms. It was assumed that if a surface Cr atom has two or more nearest or next
nearest neighbors, it would stay on the surface and contribute to passivity. For the case where
the dissolution probability of Fe (qre)=1 and dissolution probability of Cr (qcr)=0 (total selective
dissolution of Fe) complete passivity is achieved when the Cr content is larger than 17%, which
is the site percolation threshold for interaction up to second-nearest neighbors. When the ratio
gre/qcr decreases, passive to active transition was observed for Cr contents well above 17%. In

this model, the transition from active to passive dissolution with increased potential is due to
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changed dissolution probabilities. Specifically, the effect of potential on the dissolution rate of
Cr is weaker than on that of Fe[48], hence qc/qre decreases as the potential increases.
Davenport[50] and coworkers applied synchrotron X-ray microprobe measurement to confirm
that the threshold of passivity for Fe-Cr alloys is around 17% in pH=4.5 buffer solutions, which
is consistent with the percolation model.

Kirchheim[51] and his coworkers studied the corrosion behavior of several iron-
chromium alloys in sulfuric acid using steady-state measurement and XPS analysis. The
passivation potential decreases with an increase of Cr content in the alloy, shown in Figure 17.
XPS analysis confirmed Cr enrichment in the active dissolution region and in the passive film,

shown in Figure 18.
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Figure 17. Steady-state current density of Fe-xCr alloys in 1N sulfuric acid at 25°C, x in weight

percentage[51].
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Figure 18. Average chromium content in passive film as a function of passivating time for Fe-18 at.

% Crin 1N sulfuric acid[51].

By applying electrochemistry impedance spectroscopy, Keddam and his
coworkers[52][53] investigated the mechanism of active dissolution of Fe-Cr alloys and a model
was proposed, shown in Figure 19. The essence of the model is that several reaction
intermediates can form. The presence of adsorbed chromium intermediates, especially the

passivating species Cr(1)aq, lowers the dissolution rate of Fe.

25



ks
Fe*(l);(TFe*(ll)ad

6, > 0
k|
k2
> FE(”)SOM
1
cr(il), g
ds O
ds q
o T (i), 2 (i,

0,

Figure 19. Reaction steps in active dissolution of Fe-Cr alloy according to Keddam's model[53].

Based on the Keddam et al. model and rate constants, the model was tested for steels
containing 22% Cr and 17% Cr (detailed calculation is shown in Appendix 9.2.2). According to
the calculations, the surface concentration of iron would be larger than 0.9999 at most
potentials, which means that the surface is nearly pure iron. This conflicts with the
experimental data observed by Knote and coworkers[54], which indicated Cr enrichment on the
surface because of the preferential dissolution of Fe. Since the model fails to predict a
reasonable Cr content on the surface, the model does not capture the quantitative nature of Fe-
Cr interaction well. However, the qualitative features of the model might still be helpful in

understanding the dissolution mechanism of stainless steel.
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2.5 Anodic dissolution mechanisms of stainless steel and pure components in acid

solutions with sulfur species present

2.5.1 Anodic dissolution mechanism of Fe in sulfur species containing solutions
The mechanisms of the catalytic effect of H»S on dissolution of Fe were studied by lofa
and coworkers[30]. It was proposed by them that the mechanism of H;S catalysis is due to the
formation of a surface catalyst (Fe (HS-) a)[30]. The mechanisms are shown in the following
steps[30]
H,S+H,0=H,0" + HS
Fe+ HS =Fe(HS),
Fe(HS"), = Fe(HS), +e
Fe(HS), > FeHS" +e
FeHS* + H,O" — Fe** + H,S+ H,0 5)
It was proposed by Sury[32] that the catalytic effect of sulfide may be also be due to the
lowered Me-Me bond strength or destabilized Me.q by enhanced H absorption into the metallic
lattice.
The inhibiting effect of H,S under certain conditions (H.S concentration< 0.04mmol/L, pH3-
5 and long immersion time>2hrs) was explained by the formation of a protective FeS film on

the surface[33]. When the FeS film is destroyed, the catalytic effect of H»S returns, as shown in

Figure 20[33].
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Figure 20. Polarization curves of iron in 0.5mol/L sulfuric acid + 0.02mol/L H:S, pH=3[33].
1. Immersed for 5mins; 2. Immersed for 3hrs. 3. After immersion for 3hrs, the electrode was

polarized at point A for 1min, and then a reverse scan was applied.

2.5.2 Anodic dissolution mechanism of Cr in sulfur species containing solutions.

The mechanisms of anodic dissolution of Cr in acid solutions containing H,S were
investigated using electrochemical impedance[4]. The mechanism proposed is similar to the
anodic dissolution mechanism of iron in acid solution containing H>S. Dissolution of Cr occurs

via two catalytic adsorbed intermediates, (CrHS-).q and (CrHS)a.q, when H,S is present, shown in

the following reaction steps[4].
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Cr+H,S+H,0=(CrHS"), ,+ H,0'
Cr+H,S+H,0=(CrHS),,+ H,O" +¢
(CrHS),,=(CrHS), ,+ €
(CrHS),,=CrSH +e
CrSH +H' =Cr** + H,0 )
2.5.3 Anodic dissolution mechanism of Ni in sulfur species containing solutions
A mechanism for the catalytic effect of adsorbed sulfur on the dissolution of Ni was
suggested by Marcus[55]. It was proposed that, due to the strong interaction between nickel

atoms and adsorbed sulfur, nickel-nickel bonds are weakened. Hence the activation energy for

dissolution of metal is decreased, as shown in Figure 21[55].
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Figure 21. Weakening of the metal-metal bond by adsorbed sulfur and acceleration of

dissolution[55]

Another factor mentioned is that adsorbed sulfur changes the electric field of the surface
by creating a surface dipole, which facilitates metal passing through the interface into
solution[34].

By applying in situ scanning tunneling microscopy (STM) dissolution of sulfur-modified
Ni electrodes was observed directly and a model of Ni dissolution was proposed[3]. It was

observed that dissolution of Ni primarily occurred at step edges, accompanied by movement of
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S atoms from the upper terrace to the lower terrace[3]. The structure model is shown below
(Figure 22); dissolution of nickel atoms a and b is accompanied by movement of a sulfur atom
from the upper terrace to the lower terrace. In this way sulfur stays adsorbed on the surface

while metal dissolution continues.

Figure 22. Schematic illustration of the anodic dissolution process at a ledge in a sulfur-covered
(100) nickel plane. Smaller circles are nickel atoms (darker circles are in the upper terrace), and

larger circles are adsorbed sulfur atoms/[3].

2.5.4 Anodic dissolution mechanism of stainless steel in sulfur species containing solutions

For pitting of stainless steel in thiosulfate solutions, it was proposed by Newman and
coworkers[24][25] that thiosulfate is not stable in acid solutions and generates elemental sulfur
or sulfide ions by disproportionation. Dissolution in the acidic environment of pits is activated
by sulfur or sulfide ions and repassivation of the metal surface is also retarded by sulfur or
sulfide ions[24][25][26]. Within certain concentration and potential ranges, pitting corrosion
remains active with continuous delivery of sulfur to the pit by thiosulfate[24]. It was also
confirmed by XPS analysis[14] that thiosulfate reduced to sulfur or sulfide on the bare metal
surface but it did not reduce on the passive metal surface.

The mechanism proposed for the effect of thiosulfate on stress corrosion cracking is

similar to the mechanism of the effect of thiosulfate on pitting corrosion of stainless steels.
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Sulfur is generated by disproportionation of thiosulfate at the crack tip to assist the active

dissolution of the crack and inhibit repassivation of the crack tip[27][28].
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3. Objective

The objectives of the current research work are to investigate the effect of thiocyanate on
the anodic dissolution behavior of Type 304 stainless steel in acid solutions and to study the
mechanisms of the catalytic effect of thiocyanate on the anodic dissolution of stainless steels.
Specific objectives are as follows:

(1) Investigate the effect of thiocyanate on the anodic dissolution behavior of pure elements
(Fe, Cr and Ni) of stainless steel in acid solutions.

(2) Study the mechanisms of the effect of thiocyanate on pure elements.

(3) Investigate the effect of thiocyanate on a simpler stainless steel, Type 430 stainless steel
(Fe-Cr alloy), and relate this to the behavior of pure elements.

(4) Study the effect of thiocyanate on the anodic dissolution of Type 304 stainless steel. Use the
knowledge of behavior of pure elements and the simpler alloy system to understand the

mechanisms of the thiocyanate effect.
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4. Hypothesis

1. Thiocyanate is expected to decompose to elemental sulfur on the metal surface during
active dissolution of stainless steel. Adsorbed sulfur catalyzes the active dissolution of the metal
and the desorption rate of adsorbed sulfur is not zero during the active dissolution of the metal.

2. The catalytic effect of thiocyanate on 430 stainless steel is due to the increased
dissolution rate of chromium, counteracting the formation of the Cr-O-Cr passivating network
at the ledges.

3. The mechanism of the catalytic effect of thiocyanate on 304 stainless steel is similar to
what was found for 430 stainless steel, but nickel is beneficial to the corrosion resistance of 304

stainless steel, in that nickel lowers the percolation limit of chromium to passivate the surface.
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5. Methodology

5.1 Materials

The corrosion behavior of pure Fe, Cr, Ni and type 430 & 304 stainless steel was studied in
dilute sulfuric acid and acidified sodium sulfate with/without KSCN. The pure metal electrodes
were prepared from polycrystalline electrolytic metal; the chemical compositions of Types 430
& 304 stainless steel are given in Table 2&3 and the microstructures of the steels are shown in
Figure 23. Rods with an approximately square cross-section (side length 2-3 mm) were cut with
a diamond saw, and sealed (with epoxy resin) into acrylic rods (diameter 12.5 mm) to prepare
rotating electrodes with areas of approximately 0.05 cm2. The exposed area of the Type 304
stainless steel electrode was approximately 0.3cm2. The relatively small electrode area was

used to minimize IR effects.

Table 2: Composition of Type 430 stainless steel

Element Mass %
Cr 16.75
Mn 0.46
Si 0.32
Ni 0.20
Cu 0.085
Mo 0.034

C 0.043
N 0.042
P 0.025
S 0.003
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Table 3: Composition of Type 304 stainless steel

Element Mass%
Cr 18.46
Ni 7.94
Mn 1.66
Cu 0.38
Si 0.26
N 0.089
C 0.024
S 0.019

<

WD [T Y I — |11 — HV  |spotmag O| WD | tilt ‘mode
0.0 mm|-0 SE Quanta FEG 20.00kV| 50 |1664x(99mm|[-0°| SE

Figure 23. Microstructure of Types 430 (left) & 304 (right) stainless steels (scanning electron
microscopy; secondary electron images); etchant used for 430 stainless steel was Kalling's no. 2
solution and was oxalic acid electrolytic for 304 stainless steel[56]. White dots in Type 430 image

are chromium-rich carbies; white dots in Type 304 image are etch pits.

The samples used for XPS measurement were different in shape from the samples used for
electrochemical measurements. The steel electrodes (chemical compositions in Table 4) were
cut from cold-rolled sheet into strips approximately 0.5 mm thick, 1-2 cm wide and 2-3 cm long;
the immersed length was approximately 1 cm. Microstructures of the steels are shown in
Figure 24. Chromium and nickel electrodes, with similar dimensions to the steel sheet

electrodes, were cut from electrolytic metal using a diamond saw. Residual elements, notably
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copper (and nickel in Type 430 stainless steel) were found to affect the development of sulfide
product. To eliminate the effect of such residual elements, vacuum arc melting was used to

prepare a high-purity Fe-20 weight % Cr alloy (Fe20Cr) from electrolytic metal.

Table 4. Compositions of Type 430 and Type 304 stainless steels for XPS measurements (mass

percentages; balance Fe)

Element Type 430 Type 304
Cr 16.7 18.3
Mn 0.46 1.09
Si 0.4 0.48
Ni 0.16 8.41
Cu 0.12 0.56
C 0.049 0.056
N 0.033 0.067
Mo 0.024 0.37
S 0.002 <0.002

» - o I LISV N S ¥ 2 o A
tilt ‘mode HV spotmag o WD tilt mode
0

SE Quanta FEG 20.00kV 5.0 2170x 11.2mm0° SE

4223 x [10.3 mm | -
Figure 24. Microstructure of Types 430 (left) and 304 (right) stainless steels used for XPS
measurements (scanning electron microscopy; secondary electron images). White dots in Type 430
image are carbides; etchant used for 430 stainless steel was Kalling's no. 2 solution and was oxalic

acid electrolytic for 304 stainless steel[56].
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The electrolytes (containing 0.01 M H,SO4 and 1M Na,SO. with pH=2.5 or 1 M H,S04 with
pH=0; zero or 14 mg/dm3 [0.14 mM] KSCN; volume 0.35 dm3) were prepared using analytical-

grade reagents and deionized water.

5.2 Experiment setup

A Gamry Reference 3000 Potentiostat was used to perform electrochemical
measurements, including steady-state measurements and AC impedance measurements.

A three-electrode system was used during the measurement. The working electrode was
rotated by an electrode rotator (Gamry RDE 710 Rotating Electrode). A mercury contact was
used for the rotating electrode to lower the noise coming from the contact system (see
Appendix). Two graphite rods served as counter electrode. A KCl-saturated Ag/AgCl reference
electrode (E=0.20 Vsug) was used and all the potentials are given with respect to this reference
electrode. A length of platinum wire was used for capacitive coupling of the reference electrode
to lower the noise of impedance data at high frequencies[57]. A glass cell with double wall was
used and connected to a water bath to keep the cell temperature constant.

Potentiodynamic curves of 430 stainless steel at 1M Na;SO4 + 0.01M H:SO4 with reference
electrode connected via a sodium sulfate salt bridge and with reference electrode in the test
electrolyte are shown in Figure 25. It can be seen that the polarization curves measured
with/without salt bridge are very similar to each other. There is no indication that the reference

electrode filling solution affected the results.
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Figure 25. Potentiodynamic polarization curves of 430 stainless steel 1M Na;S04 + 0.01M H>S0,
measured with reference electrode connected via salt bridge and with reference electrode in the

test electrolyte; scan rate ImV/s

It was shown (Figure 26) that the polarization curves of 430 stainless steel in thiocyanate-
containing solutions measured with two different counter electrode are nearly the same, which

indicated that possible impurities in the graphite electrode did not affect the measurements.

1.8-01 7 - =-Platinum counter electrode
—Graphite counter electrode
1.E-02 A
~
£ 1.E-03 A
O
e
<
1.E-04 A
1.E-05 T T )
-0.6 -0.4 -0.2 0

E(VAg/AgCI)
Figure 26. Potentiodynamic polarization curves of 430 stainless steel in 1M H;S04 + 0.14mM KSCN

measured with two different counter electrodes: platinum and graphite; scan rate 1ImV/s

38



5.3 Experiment procedure

Electrode surfaces were wet ground on silicon carbide paper (600 grit) before
measurements. The electrolyte was deoxygenated by bubbling pure N for half an hour prior to
measurements and during the measurement. The flow rate of N, was 10ml/second. The
temperature of the electrolyte was kept at 25°C. Some measurements were also performed at
35°C. The rotation speed of working electrode was 1000rpm during measurement, unless
stated otherwise.

As shown in Figure 27, there is no obvious difference in the polarization curves of 430
stainless steel for two different surface preparations, which suggested that surface finish did

not affect the result much.

1.E-01 —Polished surface 0.3um
Pl = = Wet ground 600 grit
1.E-02 A
t
S 1.E03 A
<
<
1.E-04 A -
1.E-05 '
0.6 0.4 0.2 0

E(VAg/AgCI)

Figure 27. Potentiodynamic polarization curves of 430 stainless steel with different surface

finishes (diamond polished surface vs. 600 grit wet ground surface) in 1 M HzSO,; scan rate ImV/s
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The general procedure for electrochemical measurements was as follows. First a
potentiostatic scan was performed to measure the polarization curve of anodic dissolution
with/without KSCN. Starting from a lower potential the electrode was kept at the potential for
at least 5 min to allow the current to stabilize. Then the electrode was stepped to a higher
potential, waiting until the current stabilized, repeating the process to obtain a complete
steady-state polarization curve of the sample. The effect of KSCN on the steady state dissolution
behavior of metals was obtained by comparing the steady state polarization curves of metal
with/without KSCN. The size of potential steps ranged from 10mV to 50mV. Measured
potentials were corrected for IR errors, by using the measured current density and solution
resistance (from impedance measurement).

AC impedance measurements were then performed at selected potentials. The potentials for
impedance measurements were selected based on the following principles:

1. The potential should be in the active range.

2. The potential should not be too close to the open circuit potential to avoid interference by the
cathodic reaction.

3. The corrosion current density at the chosen potential should not be too high, since this would
make the impedance results noisy, also corrosion product might precipitate on the surface at
high current density.

4. The current density at the chosen potential can reach steady state in a reasonable time.

Prior to the impedance measurement, the electrode was held at the same potential as the
impedance measurement for sufficient time to stabilize the current. If the sample surface did
not reach steady state, sometimes the impedance result obtained was not reasonable. For
example, the impedance curve shown in Figure 28 was measured while the DC current was still
decreasing. A tail in the low frequency region was obtained. That is because the charge transfer

resistance was increasing during the measurement and hence the diameter of the capacitive

40



loop was increasing. So the true diameter of the steady state capacitive loop would be larger

than measured and the tail should be part of the inductive loop at the low frequency, shown in

Figure 29.
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Figure 28. Impedance curve obtained at E=-0.75V of Cr in sulfuric acid at pH 2.5 when the current

density was not stable yet; holding time=300s.
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Figure 29. Impedance curve obtained at E=-0.75V of Cr in sulfuric acid at pHZ2.5 after current
stabilized; holding time=1500s.
Additional information about dissolution mechanisms, which is not evident in steady state

measurements, can be obtained from impedance spectra[37]. By comparing the impedance
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spectra obtained with/without KSCN, it can be deduced how KSCN affects the dissolution
mechanism of metals.

Equivalent circuits were used to fit impedance spectra using Zview™ software (Scribner
Associates). The parameters of each element of the equivalent circuit were estimated by finding
the best fit of impedance curves. Equivalent circuits can help to get better understanding of the
mechanistic character of the dissolution process. Physical meanings were assigned to each
circuit element and the parameter of the element can help to understand the dissolution
process quantitatively, such as the estimation of time constants of reaction steps. In most cases,
constant-phase elements (CPEs)[58], rather than pure capacitors or inductors, were used to fit
the reactive circuit elements. The impedance of such a constant-phase element is defined as

follows:

Z= 1 = 1 ex (—zaij
Aoy Ao” "\ 2

(7)
Hence the size of the impedance of a CPE is 1/(A®") and its phase angle is (-90«) degrees; a
pure capacitor corresponds to a=1, and a pure inductor to a=-1. In general, || was smaller
than 1, which implies that, in addition to a pure reactive component, the CPE impedance also
included a frequency-dependent real component. For comparison with ideal circuit elements,
the impedance at a given frequency was calculated (equation [8); the real component was taken
to correspond to a frequency-dependent series resistance, and the imaginary component to a
reactive component (capacitor or inductor) with an "effective" size which also depends on

frequency.

Zre: 1 co _za :Rseries
Ao” 2

Zin= 1 sir{—zaj
Ao” 2 (8)

The effective capacitance or inductance is then given by:
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the impedance results are as follows:

Each impedance measurement was repeated at least once and if was is not reproducible the

measurement was repeated several times until a reproducible result was obtained. In general

the experimental results

were very reproducible, for example, as shown in Figure 30.
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Figure 30. Impedance results of pure chromium at 1M Na,S04 + 0.01M H,SO. with two repeats;

E='0.75VAg/AgC1

Fitting error: The Fitting error of most parameters was within 10% of the size of the parameter;

a few were around 20%. According to the Zview help file, "the error estimates are calculated by

testing several solutions near the best fit. For example, if the best value for a particular resistor
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is 100 Ohms, the value is increased until the goodness of fit starts to decrease. If 98 and 102
Ohms produces a very similar goodness of fit, but 97 and 103 Ohms produces a poorer fit, the

error is reported as 2 Ohms."

Scanning Electron Microscopy and Atomic Force Microscopy were applied to characterize
the surface morphology of corroded samples. The surface morphology of corroded surfaces can
provide useful information about the dissolution process. Microanalysis by energy-dispersive
spectroscopy (EDS) was used to analyze the composition of corrosion product. While EDS can
give no information on products that are only a few atomic layers thick, EDS was useful in
indentifying corrosion debris (such as carbides on the surface of corroded type 430 stainless
steel).

Surface analysis (X-ray photoelectron spectroscopy) was performed on pure chromium and
nickel, a high-purity Fe-20wt% Cr alloy and Type 430 and Type 304 stainless steel to test

mechanisms proposed on the basis of electrochemical measurements.
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6. Results and Discussion

6.1 Mass transfer and alloy effects

6.1.1 Role of mass transfer in the catalytic effect of thiocyanate

As mentioned in the Introduction, the anodic current density of the electrode was
increased by increasing the mass transfer coefficient to the electrode surface. The role of mass
transfer rate was examined by measuring the anodic current densities at various rotation

speeds of the electrode, as shown in Figure 31.
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Figure 31. Potentiostatic polarization curve of type 304 stainless steel in 1M H2S0, and 0.086mM

SCN™ at different rotation speeds; E=-0.25Vag/agci; T=25°C;

During the measurement the potential was kept constant in the active loop and the rotation

speed of electrode was adjusted to change the mass transfer rate. The results show that at
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different mass transfer rates the current density is different and the current density has a fast
response to a change of rotation speed of electrode. At the same rotation speed the current
density became stable over time. The relationship between steady-state current density and
rotation rate can be seen from Figure 32. A similar effect of mass transfer conditions on the
anodic dissolution rate was also observed by Horowitz in the case of carbon steel dissolution in
phosphate buffer solution with tetrathionate and thiosulfate[59]. The anodic dissolution rate of
carbon steel was accelerated by tetrathionate and thiosulfate and the anodic peak current

density was proportional to the mass transfer rate[59].
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Figure 32. Relationship between steady state current density of type 304 stainless steel and

rotation speed of the electrode in 1M H2504 and 0.086mM SCN~; E=-0.25Vag/agc1.

As mentioned before, it is proposed that the elemental sulfur remains on the surface
during the active dissolution of metal, even if a large amount of metal has been dissolved
away|3]. If this is the case, then once there is enough sulfur on the metal surface the sulfur will
remain there and keep catalyzing dissolution of metals. Further transportation of thiocyanate to

the metal surface would not change the dissolution rate. However, this cannot explain what we
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found here, namely that the mass transfer rate does increase the anodic current density. One
probable explanation suggested by Betts and Newman [60] is that the sulfur desorption rate
from the metal surface is not zero and a continuous supply of sulfur is needed to the metal
surface to sustain the effect of sulfur on dissolution.

In contrast, the mass transfer coefficient did not affect anodic current density of the
electrode in thiocyanate-free sulfuric acid solutions. As shown in Figure 33, there is no obvious
change of the anodic current densities of type 304 stainless steel when the rotation speed of the

electrode was adjusted from O rpm to 1672 rpm.
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Figure 33. Effect of mass transfer rate on the polarization curve of type 304 stainless steel in
deaerated 1M H>S0, without thiocyanate at 35 °C; scan rate was 1mV/s.
The Reynolds numbers of the rotating disc electrode at different rotating speeds were
calculated to estimate the boundary condition.

Re=ar’/v
r=0.0032/v=1x10m"/s (10)
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Re is Reynolds number; r is the radius of the electrode; v is the kinematic viscosity

For rotating speeds 172rpm, 500rpm, 1000rpm and 1672rpm, the Reynolds numbers are as
follows: 190, 552, 1106 and 1838. It was noted[61][62] that the flow over the rotating disc is
laminar when Reynolds number is less than 4.5x104. The Reynolds numbers of the rotating
electrodes used here were much smaller than 4.5x104 so the flow over the rotating electrodes
was laminar.

The observed effect of mass transfer conditions on the anodic dissolution rate is
qualitatively in agreement with the suggestion that transport of thiocyanate to the dissolving
surface serves to replace adsorbed sulfur that is lost during dissolution. However, the
dissolution rate is not a linear function of the square root of the rotation rate (Figure 33),
showing that the increase in dissolution rate by thiocyanate is not fully mass transfer
controlled. Quantitative comparison of the thiocyanate transport rate to the surface also
indicates mixed control. For freely corroding Type 304 and Type 316 stainless steel in 0.05 M
H>S0y4, the rate of removal of sulfur from the electrode surface was shown as 0.3 ng/cm2min for
Type 304, and 0.8 ng/cm?min for Type 316, for the first 30 minutes of exposure to the solution
[6]. If replenishment of adsorbed sulfur is fully controlled by thiocyanate transport, the
thiocyanate concentration at the electrode surface is much smaller than the bulk concentration;
the thiocyanate flux to the surface is then given by J=kCpur, where | is the flux, k the mass
transfer constant, and Chuk the bulk concentration of thiocyanate. Using the relationship for a
rotating disc electrode (Sh = 0.6205Re%55¢033)[63], where Sh is the Sherwood number, Re the
Reynolds number, and Sc the Schmidt number, the mass transfer constant is calculated to be
2.6x10-> m/s for a rotation rate of 172 rpm, corresponding to a thiocyanate flux of
2.3x10-6 mol/m?2s (bulk concentration of 5 mg SCN- per dm3), or 436 ng/cm2?min of sulfur. This
is more than 3 orders of magnitude as large as the rates of sulfur loss reported by Elbiache and

Marcus[6]. Possible reasons for the difference include mixed control of dissolution (not just
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limited by thiocyanate mass transfer), and a higher anodic dissolution rate in the present work
(resulting from polarizing the electrode to a potential more positive than the corrosion
potential, but still in the active loop, and the higher acid concentration of 1 M H,SO4 compared
with 0.05 M HSO4 for the measurements reported by Elbiache and Marcus).

The effect of the higher dissolution rate on the sulfur removal rate can be estimated for the
case of type 316 steel, using the approach of Elbiache & Marcus. In their approach, sulfur is
removed during dissolution through the effect of molybdenum at the dissolving surface; if no
sulfur replenishment occurs, the fraction coverage of sulfur remaining after one atom layer of

alloy has been removed is given by:
-+ 1)=0r)~ {80 (G| a
where @is the fractional surface coverage by sulfur, Cwv, is the mole fraction of molybdenum
at the alloy surface, m is a kinetic constant (found by Elbiache & Marcus to be approximately 1),
and n is the number of atomic layers of steel removed by dissolution.

The rate of decrease of surface coverage is hence given by

do dn
o, )"
dt ( Mo) dt (12)

where dn/dt is the rate of corrosion, expressed as the number of atomic layers removed per
unit time (which is proportional to the anodic current density).

This analysis assumes that only molybdenum causes sulfur removal from the surface. The
measured effect of mass transfer on the anodic current density (Figure 32) is for Type 304, so
cannot be compared directly. However, taking the anodic dissolution rate of Type 316 to be 0.2
times that of Type 304 allows an approximate comparison to be made. Based on the unit cell
size of austenite of 3.6A and an average charge of dissolved cations of 2.2, the relationship
between the rate of removal of (100) planes and the current density is as follows:

dn/dt = 1.8x103 |, (13)
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where dn/dt is in layers per second, and i is in A/cmzZ.

Table 5 compares the limiting rate of sulfur transport (as SCN-) to the electrode surface, and
the estimated rate of sulfur removal by dissolution. The values for sulfur removal were based
on complete coverage of sulfur (#=1, corresponding to 40 ng sulfur per cm2). The results
confirm that the estimated thiocyanate flux to the surface is much larger than the sulfur
desorption rate; the conclusion is that the desorption data of Elbiache & Marcus cannot be used

to explain the thiocyanate mass transfer effect quantitatively.

Table 5. Comparison of limiting rate of thiocyanate transport to the electrode surface (Js) with the

estimated rate of removal of sulfur by dissolution (d6s/dt), for Type 316

) k i Js dos/dt
(rpm) (m/s) (Alcm?) (ng Sfcm’min) (ng Sfcm’min)
172 2.6E-05 1.4E-04 436 8.1
500 4.5E-05 1.7E-04 743 9.9
1000 6.3E-05 1.9E-04 1051 11.0

6.1.2 Role of concentrations of thiocyanate in its catalytic effect

The presence of very low concentrations of thiocyanate can greatly increase the anodic
dissolution current of stainless steel, as shown in the Introduction. Also, by increasing the
concentration of thiocyanate, the anodic current density of stainless steel was increased, which

can be seen from Figure 34 and Figure 35.
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Figure 34. Potentiodynamic polarization curves of type 304 stainless steel in deaerated 1M H;S0q

at 35 with different concentrations of thiocyanate; a static electrode was used during the

measurements; scan rate was 1mV/s.
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Figure 35. Polarization curves of type 316 stainless steel in deaerated 1M H;SO; at 35 C with

different concentrations of thiocyanate; a static electrode was used during the measurements;

scan rate was 1mV/s.
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As discussed previously, thiocyanate decomposed to elemental sulfur adsorbed on the
metal surface. At the same time desorption rate of sulfur was not zero. The effect of thiocyanate
concentration is qualitatively consistent with an effect of mass transfer conditions on the rate at
which thiocyanate is transported to the electrode surface to replenish adsorbed sulfur. The
stronger effect of thiocyanate concentration for Type 316 (Figure 35) is consistent with the

higher sulfur desorption rate from Mo-containing steels[6].

6.1.3 Role of alloy composition in the catalytic effect of thiocyanate

In general, the anodic dissolution rate of stainless steels is increased by thiocyanate.
However, the catalytic effect of thiocyanate is different on different types of stainless steels with
different compositions.

As seen in Figure 36, the dissolution rate of 316 stainless steel is much lower than the
dissolution rate of 304 stainless steel in thiocyanate-free sulfuric acid, which is because of the
inhibiting effect of molybdenum on the active dissolution rate of the alloy. It was suggested by
Newman[64] that Mo most likely accumulates at the kink and step sites during the active
dissolution, giving a significant inhibiting effect at a very low surface coverage of molybdenum.
In thiocyanate-containing sulfuric acid, it is shown that the critical current density of type 304 is
much higher than type 316 stainless steel at the same concentration of thiocyanate. When
[SCN-]=0.01g/L, the critical current density of 304 stainless steel is almost one order of
magnitude higher than for type 316 stainless steel. However, the ratio of the critical current
density in the presence of thiocyanate to that in the absence of thiocyanate (which defines the

accelerating effect of thiocyanate) is nearly the same for types 304 and 316 stainless steel.
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Figure 36. Potentiodynamic polarization curves of type 304ss and type 316ss in 1M sulfuric acid

with different concentrations of thiocyanate; scan rate was 1mV/s.

Similar results were obtained from a set of ferritic stainless steels (type 430, 434 and 444).
The compositions of types 444 and 434 stainless steel are shown in Table 6. Stainless steel with
a lower molybdenum content has a higher active dissolution rate whether thiocyanate is
present or not, as shown in Figure 37. However the relative accelerating effect of thiocyanate

was not necessarily lowered by molybdenum, which can be more directly seen from Figure 38.
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Table 6. Compositions of Type 434 and 444 stainless steel (mass percentages)

Element Type 434 Type 444
Cr 16.44 17.58
Mo 1.037 1.9
Mn 0.496 0.35
Si 0.386 0.44
Ni 0.146 0.23
Ti 0.004 0.2
Cb 0.027 0.169
Cu 0.076 0.09
Vv 0.066 0.066
N 0.062 0.0114
C 0.054 0.0096
P 0.021 0.022
Al 0.0012 0.009
Sn 0.012 0.009
B 0.0001 0.006
S 0.0012 0.0005
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Figure 37. Potentiodynamic polarization curves of 430, 434 and 444 stainless steel in sulfuric acid

with/without thiocyanate at pHZ2.5; scan rate was 1mV/s.
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Figure 38. The relationship between the critical current density of ~17% Cr ferritic stainless steels

and molybdenum content. The electrolyte was Na;S04 +H;S0, with/without thiocyanate at pHZ2.5.

It was shown by Marcus and co-workers[35] that the desorption rate of sulfur from the
metal surface increases in the presence of Mo and it was also confirmed by Betts and Newman
[60] that Mo would decrease the residence time of sulfur on metal surface (so a higher
concentration of sulfur is needed to achieve the same catalytic effect). However, the
experimental results presented here do not fully support this argument. If it were the case, one
would expect a smaller relative catalytic effect of thiocyanate on steels with a higher content of

Mo.
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6.2 The effect of thiocyanate on type 430 stainless steel and its pure components

(Fe, Cr)

6.2.1 Steady State Results

The potentiostatic polarization results for pure iron, pure chromium and Type 430 stainless
steel (Figure 39) show that the presence of KSCN had little effect on the anodic dissolution rate
of pure iron, increased the dissolution rate of chromium by approximately one order of
magnitude, and had an even stronger effect on Type 430. The result for chromium is similar to
previous work, which showed that a small concentration of H,S accelerated anodic dissolution

(and hydrogen evolution; not studied in this work) of chromium in sulfuric acid [4].
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Figure 39. Potentiostatic polarization curves of pure Cr, pure Fe and Type 430 stainless steel in
deaerated 1 M Na:S04 0.01 M H:S0, (pH=2.5) at 25°C. Open symbols: electrolyte without KSCN;

filled symbols: electrolyte containing KSCN (0.14mM).
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For pure iron, there is evidence of precipitation of a salt film on the metal surface at the
highest potentials: as Figure 39 shows, the current density was weakly dependent on potential
at the highest potentials and current densities; for measurements on iron in the KSCN-free
solution, it was also found that the ohmic resistance was larger than expected (by about
0.3 Q2.cm?) for potentials higher than -0.42 Vag/agec, after allowing for the increased solution
resistance arising from dissolution of the electrode. This difference was not observed in the
KSCN-containing solution, indicating a possible effect of adsorbed sulfur in preventing
nucleation of the salt film. Evidence for a salt film forming on the dissolving Fe surface is even
more obvious for measurements in 1M Na»SO4 adjusted to pH=5. Figure 40 shows the current-
time curves as the potential was stepped, for Fe in Na,SO4 adjusted to pH=5. The sample was
kept at one potential for 300s and the current was recorded during the time. Then the potential
was stepped to a more positive value and the current was recorded. It can be seen (circled area
in the figure) that the current dropped dramatically to a minimum from the peak, which
indicated a salt film precipitating on the metal surface. Then the current recovered to a lower
maximum and was controlled by diffusion, which is evidence of a steady state salt film formed
on the Fe surface. This current density transient (marked by the circle) is consistent to the
current transient observed when salt layer precipitated on 304 stainless steel in NaCl
solution[65] and is also similar to the current transient when there was salt forming on pure Fe
in 1N Na,S04 during polarization[66].

To support this conclusion, the limiting current needed for saturation of FeSO. in the
solution at the electrode surface was estimated using the following equations[63]:

For rotating disc electrode,
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Sh=0.6205Re"’ Sc***

Re=rv/v
Sc=v/D
Sh:KI"/D (14_)

Sh, Sherwood number; Sc, Schmidt number; Re, Reynolds number; D, diffusivity of relevant
species; v, Kinematic viscosity of water; r, radius of metal surface; v, relevant viscosity; K, mass
transfer coefficient; F, Faraday constant; AC, concentration difference;

Values of parameters: D=1x10- m2/s, r=0.001m, v=1x10-6 m2/s, F=96485 C/mol,

AC=(Csaturated)Feso =(Cbulk) Feso4=1571.7mol/m3[67].

The recessed depth of the electrode was included in the total resistance to mass transfer, drec

=0.22mm with KSCN; defr= drec + D/K; Kefr = D/ der =4.24x10-6 m/s;

This gives the limiting current density i, =0.1286A/cm?; I, =i A = 4.04mA.

It can be seen from Figure 40 that the peak current was higher than 4mA before the sharp
current decrease (circled area); this is in line with the suggestion that the solution was

supersaturated with FeSO4 at the electrode surface before the salt film precipitated.
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Figure 40. Current versus time at various stepped potentials, for Fe in Na:SO4 + H:SO4 with
different concentrations of thiocyanate (0, 0.14mM) at pH5; E, -0.71V~0.2V (No KSCN), -

0.65V~0.2V (with KSCN). Current transients showing salt film formation circled.

As has been observed for other stainless steels, the anodic behavior of even this relatively
simple steel is no simple combination of the anodic response of its constituent elements:
interaction between the elements affects the polarization behavior of the steel. This is even
more apparent in the presence of thiocyanate: the ratio by which the anodic current density of
Type 430 is higher in the presence of thiocyanate (relative to the SCN--free case) is much larger
than for either of the pure elements; it appears that thiocyanate diminishes the interaction
between chromium and iron at the surface of Type 430, rendering the behavior of the steel

more like that of iron.
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The dissolution and passivation of Fe-Cr alloys in KSCN-free dilute sulfuric acid have been
well studied[68][52][48][69][70]. Prominent features are a slight shift of polarization curves
towards negative potentials with increasing bulk chromium contents, and progressive changes
in passivation behavior for alloy contents up to 17 at.% chromium (which level corresponds to
the second-neighbor Cr percolation limit[48]). Primary passivation in Fe-Cr alloys was ascribed
to suppression of dissolution at ledges by formation of Cr-O-Cr networks[68][70]. In this work,
the large effect of thiocyanate on dissolution of Type 430 stainless steel was observed in the
active loop before the onset of passivation. However, as demonstrated by Keddam et al.
[37](and confirmed in this work, as discussed below) the electrode impedance in this potential
range shows evidence of initial stages of passivation. Hence the effect of thiocyanate may
simply be to increase the dissolution rate of chromium (making the dissolution of iron less
specific[48]) and counteracting the formation of passivating Cr-O-Cr networks. A difference in
the appearance of the etched surface (as discussed in the next section), for dissolution of Type
430 stainless steel in KSCN-containing and KSCN-free solutions, is in line with suppression of

passivation of ledges by KSCN.

6.2.2 Morphology of corroded surface

Etched electrodes surface were characterized using SEM and AFM to investigate the effect
of thiocyanate on the surface morphology. Electrodes were held at the same potential but for
different times to ensure that the anodic charge passed was the same for the solutions with and
without thiocyanate. Figure 41 gives one example of the current and charge passed through the

surface of an Fe electrode.
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Figure 41. Total charge and current passed through Fe surface in Na;SO. solution adjusted to

pHZ2.5, with/without KSCN, E=-0.5V.

6.2.2.1 Scanning Electron Microscopy images

For pure iron, the lack of a strong effect of thiocyanate on the current density is paralleled

by the absence of any large change in the appearance of the corroded surface (Figure 42).

Crystallographic etching, characteristic of slower dissolution on terraces than at edges, was

observed in both cases; the grain boundary etching was more obvious for the thiocyanate-free

solution.
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No KSCN With KSCN

Figure 42. Fe: etched electrode surfaces after potentiostatic polarization in deaerated 1 M Na;S0,,
0.01 M H;S0, (pH=2.5) at 25°C, for solutions without (left) and with (right) KSCN (E=-0.5Vag/agci;
anodic charge passed 1.3 C/cm2). Scanning electron micrographs (secondary electron images), at

lower magnification (upper images) and higher magnification (lower images).

For chromium, stronger grain boundary etching was also observed for the electrode after
dissolution in the solution without thiocyanate (Figure 43); crystallographic etching was more
evident for the thiocyanate-containing solution. This may reflect an effect of adsorbed sulfur
similar to that noted by Ando et al. [3] for dissolution of sulfur-modified nickel; in that case, in

situ atomic force microscopy indicated that dissolution at the step edges involved movement of
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adsorbed sulfur atoms from the upper (receding) terrace to the lower terrace as the step edge

receded.

No KSCN With KSCN

Figure 43. Cr: etched electrode surfaces after potentiostatic polarization in deaerated 1 M NazSO,,
0.01 M H:50, (pH=2.5) at 25°C, for solutions without (left) and with (right) KSCN (E=-0.75Vg/agci;
anodic charge passed 0.33 C/cm?). Scanning electron micrographs (secondary electron images), at

lower magnification (upper images) and higher magnification (lower images).

This difference in etching response was much more evident for the Type 430 stainless steel
(Figure 44), with very strong etching of crystal facets in the thiocyanate-containing solution, but
none in the thiocyanate-free solution. (The particulate debris on the etched surfaces was

identified - based on energy dispersive X-ray microanalysis - as carbides, probably Cri7FesCs)
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Note that the anodic charge passed for the Type 430 electrodes (shown in Figure 44) was much
larger than for iron and chromium (Figures 42 and 43); the charge is that passed in the
thiocyanate-containing solution during the holding time of 3600 s which was employed before
all impedance measurements on Type 430 (see Table 7). The potential at which the Type 430
electrodes of Figure 44 were held (-0.5 Vag/agc1) was the lowest potential at which a large
difference in dissolution behavior (with and without KSCN) was found (see Figure 39). As noted
in the previous section, the large difference in the etching response is consistent with loss of Cr-

0-Cr passivation of ledges in the KSCN-containing solution.
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No KSCN With KSCN

Figure 44. Type 430 stainless steel: etched electrode surfaces after potentiostatic polarization in
deaerated 1 M NazS04, 0.01 M H;S0, (pH=2.5) at 25°C, for solutions without (left) and with (right)
KSCN (E=-0.5Vag/a4c; anodic charge passed 31 C/cm? [with KSCN] and 43 C/cm? [no KSCN]).
Scanning electron micrographs (secondary electron images), at lower magnification (upper

images) and higher magnification (lower images).
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6.2.2.2. Atomic Force Microscopy images

AFM images and height profiles of etched Fe surfaces after dissolution in pH=2.5 sulfate
solutions with/without KSCN are shown in Figure 45. From the height profile, the depth of
features on Fe corroded with and without KSCN are very similar (20nm~40nm). The surface

finish (presence of scratches) did affect the AFM measurement results.
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Figure 45. AFM images and height profile of corroded Fe surface (1.3C/cm? charge passed) in 1M

Na;S04+H:S0,4 (pH=2.5) with 0.14mM (right side)/without (left) KSCN.
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Similar measurements for Cr corroded in pH=2.5 sulfate solution with/without thiocyanate
(0.33 C/cm?charge passed) are shown in Figure 46. From the height profile it can be seen that
there are many small bumps on the surface and the size of the bumps is in the range 20nm to
30nm when thiocyanate is absent in the solution. When thiocyanate is present the surface was

mainly etched along the ledges and the depth of the ledges is around 40nm-50nm.
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Figure 46. AFM images and height profile of corroded Cr surface (0.33 C/cm? charge passed) in 1M

Na;S04+H:S0,4 (pH=2.5) with 0.14mM (right side)/without (left) KSCN.

AFM images of corroded Type 430ss surface (0.41 C/cm? charge passed) and height

profile are shown in Figure 47. It can be seen the depth of etched surface is similar to each
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other in sulfuric acid with/without KSCN. The surface roughness is much smaller than that
shown in Figure 44, simply because much less charge was passed through the surface for these

samples.
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Figure 47. AFM images and height profile of corroded 430 stainless steel surface (0.41 C/cm?

charge passed) in 1M Na;S04++H,504 (pH=2.5) with 0.14mM (right side)/without (left) KSCN.
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6.2.3 Electrode Impedance

R
J\Sf 1/CPE, |
_/\R; _ 2CPE

Figure 48. Equivalent circuit used when fitting impedance results. "CPE" indicates constant-phase

elements, which could be either inductive or capacitive in nature.

The impedance results were fitted to the equivalent circuit shown in Figure 48, which is
similar to that used by Dobbelaar and de Wit to fit the impedance behavior of pure
chromium[41]. As this figure indicates, the equivalent circuit contained the solution resistance,
interfacial (double layer) capacitance, a charge transfer resistance, and up to two series
combinations of a resistance and a constant-phase element (which could be capacitive or
inductive in nature). In general, R, and CPE; were associated with pseudo-inductive behavior
(negative value of o) and Rz and CPE3 with pseudo-capacitive behavior (positive value of o; the
single exception to this is Fe in KSCN-free solution at -0.5 Vag/agc;, see the first entry in the table
of results, Table 7). The impedance results (data points) and fitted behavior (lines) are shown
in Figures 49-51, for the three materials, and fitted values are summarized in Table 7 (where an

entry in the table is blank, that circuit element was not required to fit the data). Selected
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frequencies are noted on the impedance curves; these are at the top (or bottom) of semi-circles

corresponding to capacitive (or inductive) behavior.
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Figure 49. Fe: impedance results in deaerated 1 M Na;SO4, 0.01 M H,S04 (pH=2.5) at 25°C, for
solutions without (left) and with (right) KSCN; potentials as indicated on figures. Symbols:

measured data; lines: fitted equivalent circuits.

In a few cases (examples are the results for Fe in solution with KSCN at -0.5 Vag/agci, Figure
49, and for Cr in solution with KSCN at -0.67 Vag/agci, Figure 50) the impedance results showed
some evidence that the electrode surface had not fully reached steady state before the
impedance was measured, despite extended holding times; changes in current density with
time (upon applying potential steps) did show large differences in the time required to reach

steady state (see Figure 52 for examples). However, the few instances of failure to reach steady
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state do not appear to affect the overall trends of the electrode impedance. (Holding times
before impedance measurements were started are noted in Table 7.)

It is worth noting that the results for Fe in the KSCN-solution are similar to those
reported by Keddam et al[37][38]. For pure iron, the small difference in potentiostatic behavior
(in solutions with and without KSCN) is paralleled by little difference in impedance (Figure 49).
For the lower potential, the impedance is somewhat larger for the KSCN-containing solution
(echoing the lower current density); in both cases pseudo-inductive behavior shows the
presence of a catalytic intermediate reaction product on the electrode surface, whereas pseudo-
capacitive behavior reflects early stages of passivation at the higher potential[37][38], again for
both solutions.

For pure chromium (Figure 50), pseudo-capacitive behavior was evident at all three
potentials studied, including the negative-resistance region beyond the passivation potential
(E=-0.67 Vag/agc1); in addition, pseudo-inductive behavior was observed at the more negative
potentials. While the impedance is much lower in the presence of thiocyanate, the shapes of the
impedance plots are similar, reflecting similar reaction steps. It hence appears that the
presence of thiocyanate does not have any specific effect on the dissolution mechanism, but
simply increases the rates of the dissolution steps. The frequencies noted on the impedance
plots do show the longer time constants associated with the processes on the chromium
electrode in the absence of thiocyanate, as also evident in the current-time examples in Figure

52.
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Figure 50. Cr: impedance results in deaerated 1 M Na;S04, 0.01 M H,S04 (pH=2.5) at 25°C, for
solutions without (left) and with (right) KSCN; potentials as indicated on figures. Symbols:

measured data; lines: fitted equivalent circuits.
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Figure 51. Type 430: impedance results in deaerated 1 M Na;S0,, 0.01 M H2S0,4 (pH=2.5) at 25°C,
for solutions without (left) and with (right) KSCN; potentials as indicated on figures. Symbols:

measured data; lines: fitted equivalent circuits.
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Figure 52. Current-time curves for chromium in 1 M NazS04 0.01 M H2S04 (pH=2.5) at 25°C, as
examples of differences in the time required to reach steady state; result for solution without KSCN
at left, and with KSCN at right. The potential was stepped from -0.75 Vagagci to -0.70 Vagsagar at
time zero (current densities before the potential step were 0.37 mA/cm? for the solution without

KSCN, and 2.2 mA/cm? for the solution with KSCN). (Time and current density scales are

different.)

In the case of Type 430 (Figure 51), the same circuit elements (reflecting both pseudo-
capacitive and pseudo-inductive behavior) were found at the two more negative potentials
considered (with and without thiocyanate), with the much lower impedance in the presence of
thiocyanate evident. However, at the most positive potential, strong pseudo-capacitive
behavior (indicative of the start of passivation) was evident for the KSCN-free solution, whereas
in the KSCN-containing solution only weak pseudo-capacitive behavior was found, and pseudo-
inductive behavior persisted. This does suggest a change in the dissolution mechanism, in
contrast with what was found for the pure metals. It is also noticeable in Figure 51 that the

time constant of the part of the circuit associated with pseudo-inductive behavior was
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significantly larger for Type 430 electrodes in the KSCN-free solution (for the two potentials
where pseudo-inductive behavior is observed in both the KSCN-free and KSCN-containing
solutions). That is, the increase in current density associated with formation of a presumed
catalytic intermediate product would take a longer time to be observed in the KSCN-free

solution

Table 7. Fitted equivalent circuit element values of impedance result for Fe, Cr and type 430

stainless steel in sulfuric acid with/without thiocyanate at pH=2.5.

Matl KSCN E thold Rs Ry CPE; R, CPE; Rs CPE;
A o A o A o
(Vagiage) |(s) ©@.cm® |©@.cm? [(Flem?s™) |(-) (©@.cm® |(Fiem®s™ |() (©Q.cm? |(Flem?*s"™) |(-)
Fe Absent |-0.50 100 1.04 2.74 5.8E-04 0.798 [8.21 8.5E-02 -0.948 |4.51 5.5E+00 -0.777
-0.45 100 1.07 0.37 7.3E-04 0.821 |2.24 4.3E+01 -1 2.76 4.1E-02 1
Present [-0.50 100 1.21 7.31 5.0E-05 0.943 |34.0 1.7E+00 -1
-0.45 100 0.90 0.28 1.8E-04 0.9 1.81 5.6E+02 -1 0.46 2.2E-01 0.95
Cr Absent |-0.75 1500 ]0.83 265 6.6E-05 0.961 |835 1.3E-03 -1 127 4.1E-04 0.486
-0.70 1500 ]0.80 8.2E-05 0.937 |77.0 2.3E-04 -1 130 3.2E-03 0.507
-0.67 1200 ]0.82 -11.8 6.9E-05 0.945 10.7 8.5E-01 0.285
Present |-0.75 100 0.83 33.7 3.3E-05 1 43.0 8.4E-03 -1 11.0 1.2E-02 0.268
-0.70 100 0.68 1.2E-04 0.873 |21.5 1.6E-02 -1 13.8 1.1E-02 0.735
-0.67 100 0.65 -15.9 1.7E-04 0.843 8.22 2.9E-02 0.782
430ss |Absent [-0.52 3600 |1.55 125 5.2E-04 0.943 |75.9 8.7E-04 -1 98.0 3.6E-02 1
-0.50 3600 |1.65 6.9E-04 0.951 |86.5 1.2E-03 -1 59.0 6.3E-02 0.975
-0.48 3600 1.61 429 8.3E-04 0.947 102 4.5E-02 1
Present |-0.52 3600 |[1.42 20.7 1.7E-03 0.919 |232 5.2E-03 -1 69.9 1.4E-01 1
-0.50 3600 2.21 1.9E-03 0.715 |4.54 1.2E-01 -1 3.16 8.7E-01 1
-0.48 3600 |2.20 4.03 2.4E-04 0.876 |9.78 1.4E+00 -0.65 |10.8 3.0E-01 1

Direct comparison of the fitted circuit values in Table 7 is complicated by frequency
dispersion (that is, the presence of constant phase elements with values of |a| significantly
smaller than 1). As one form of comparison, Figure 53 gives the effective capacitance of CPE3
(calculated with equation 9) and the total real part of the resistance in that branch of the circuit
(that is, the sum of R3; and the real part of CPEj3, calculated with equation 8), for those cases

where pseudo-capacitive behavior was observed. (In each case, the frequency used in the
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calculation was that at the maximum of the semi-circle associated with pseudo-capacitive
behavior.) The reason for focusing on the pseudo-capacitive behavior is that this is associated
with the early stages of passivation; given that one proposed mechanism of the effect of
thiocyanate is that it impedes passivation, an effect of thiocyanate on this pseudo-capacitive
behavior is expected. As the results in Figure 53 show, with a single exception (Cr at the highest
potential tested, -0.67 Vg/agc) the same trend was found, namely that in the presence of
thiocyanate the series resistance in the pseudo-capacitive leg was smaller and the pseudo-
capacitance was larger (with the result that in general - except for Cr - the frequency at the
apex of the pseudo-capacitive semicircle was similar in solutions with and without thiocyanate
at a given potential, as inspection of Figures 49 and 51 also shows). The implication of the
larger pseudo-capacitance is that, upon an increase in potential, the transient charge associated
with growth of precursors of the passive film would be larger in the presence of thiocyanate.
This is qualitatively in agreement with the suggested effect of thiocyanate, namely that it
suppresses passivation: that is, more dissolution occurs before partial passivation of the
electrode surface is achieved, which is what was shown previously for dissolution of nickel - see

Figure 54[71].
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Figure 53. Fitted impedance values associated with pseudo-capacitive part of circuit (R3-CPE3

combination), for Fe, Cr and Type 430. The effective series resistance (a) and the effective pseudo-

capacitance (b) are shown, both evaluated at the frequency corresponding to the apex of the

semicircle associated with pseudo-capacitive behavior.
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Figure 54. The effect of adsorbed sulfur on the passivation of Ni in 0.05M sulfuric acid;

E:054V5HE[71]
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6.3 The effect of thiocyanate on type 304 stainless steel and its pure components
(Fe, Cr, Ni)

In the previous section the effect of thiocyanate on the dissolution of ferritic Type 430
stainless steel in acidified (pH=2.5) sodium sulfate was reported. For service in dilute sulfuric
acid, nickel-containing stainless steels are of greater practical importance than ferritic steels,
hence this work was extended to Type 304 stainless steel in 1M SO42- solutions, at both pH=2.5
(for comparison with the measurements on Type 430 stainless steel) and at the practically
more relevant pH=0.

The proposed effect of thiocyanate on 430 stainless steel is that dissolution of chromium
from the surface is accelerated, which hampers the early stages of passivation and hence
increases the critical current density. This work sought to test whether this mechanism also
holds for 304 stainless steel and whether accelerated dissolution of chromium would be

sufficient to explain the effect of thiocyanate on active dissolution of Type 304 stainless steel.

6.3.1 Steady State Results

Potentiostatic polarization results for pH=2.5 show that, while dissolution of pure nickel is
accelerated in the presence of thiocyanate at this pH, there is little effect on the active
dissolution of Type 304 stainless steel (Figure 55). In contrast, as shown earlier (Figure 39)
dissolution of Type 430 stainless steel is strong accelerated by the thiocyanate at pH=2.5.
Clearly, the presence of nickel diminishes the active dissolution rate of the austenitic (Type
304) stainless steel, whether thiocyanate is present or not. Although there is up to 2% more Cr
in 304 stainless steel than 430 stainless steel, the critical current density of the steel (in 1 M
sulfuric acid) is not affected strongly by the content of Cr when the Cr content in the steel is

above 10%[51].
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Figure 55. Potentiostatic polarization curves of pure Cr, pure Fe, pure Ni and Type 304 stainless
steel in deaerated 1 M NazSO4, 0.01 M H2504 (pH=2.5) at 25°C. Open symbols: electrolyte without

KSCN,; filled symbols: electrolyte containing KSCN (0.14mM).

However, this is not an effect of nickel alone; it arises from the joint action of nickel and
chromium, as shown by the results for pH=0 (Figure 56). At pH=0, the active dissolution rate
(polarization behavior) of nickel in the presence of thiocyanate is very similar to that at pH=2.5,
yet unlike at pH=2.5, at pH=0 the presence of thiocyanate strongly accelerates the dissolution
rate of Type 304 stainless steel (giving an increase in critical current density of more than two
orders of magnitude). The important difference between the solutions with these two pH values
appears to be in the proximity of the passivation potential of pure chromium to the active loop
of the steel: at pH=0, the difference between the passivation potential of pure chromium and
measurable start of the active loop of Type 304 stainless steel is smaller than at pH=2.5. It is

worth noting that the effect of pH on the passive potential range of chromium, as found in this
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work, is similar to what was obtained by Drazi¢ et al,[72] namely that the passivation potential

is more positive at the lower pH.
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Figure 56. Potentiostatic polarization curves of pure Cr, pure Fe, pure Ni and Type 304 stainless
steel in deaerated 1 M H;SO; (pH=0) at 25°C. Open symbols: electrolyte without KSCN; filled

symbols: electrolyte containing KSCN (0.14mM).

The potentiostatic polarization results for pure Fe, Cr, Ni and Type 304 stainless steel at
pH=0 (Figure 56) show that the presence of KSCN increased the dissolution rate of Cr by 3-5
times, shifted the active dissolution curve of nickel and iron to more negative potentials, and
had a strong catalytic effect on the dissolution rate of Type 304 stainless steel.

It is concluded that the effect of thiocyanate on the active dissolution rate of Type 304
stainless steel may be due to a similar reason to that proposed for Type 430 stainless steel,
namely increased chromium dissolution rate counteracting the formation of a Cr-O-Cr

passivating networkat the ledges of the etched surface. Nickel, as a relatively noble element

82



which enriches on the electrode surface during dissolution, modifies this effect, but does not
change the underlying mechanism. This conclusion is supported by surface composition
analyses by XPS (reported in section 6.4) and the morphology of corroded surfaces as studied
by scanning electron microscopy (SEM) (reported later in section 6.3.2). It is proposed that
surface enrichment of nickel on the actively dissolving surface makes it easier for chromium
atoms to link with oxygen (giving incipient passivation): the effect of nickel would hence be that
the percolation limit for passivation by chromium would decrease, which means that nickel-
containing Type 304 stainless steel tends to passivate more easily (at a lower critical current
density) than Type 430 stainless steel. In the computer simulation of the percolation model for
passivation of Fe-Cr alloy by Qian and his coworkers, different probabilities for dissolution of
surface Fe and Cr (qre and qcr) were tested to model the active-passive transition of the
alloy[48][49]. For a fixed value of qc, lower greresults in a lower critical current density at the
active-passive transition and a lower percolation limit of Cr is needed for the passivity of the
alloy. Since Ni has much lower dissolution rate than Fe, the average dissolution probability for
the elements which do not contribute to the passive layer in acid solution (Fe and Ni) is lower
for 304 stainless steel than 430 stainless steel (where the base element is only Fe). This is a
plausible reason why the critical current density for 304 stainless steel is lower than 430
stainless steel and why it is easier for 304 stainless steel to passivate. Although there is no
nickel in the passive layer of stainless steel, nickel does promote passivation by retaining

chromium on the surface of the steel.
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6.3.2 Morphology of Corroded Surfaces

For chromium, grain boundary etching was observed after active dissolution in solutions
with and without thiocyanate, but crystallographic etching (with steps on the surface) was
more evident in the thiocyanate-containing solution (Figure 57). This supports the idea that
sulfur adsorbs at the step edges or ledges on the chromium surface and that faster dissolution
occurs at the edges than from terrace sites. The surface morphology of chromium after
dissolution at pH=0 is similar to pH=2.5, but with less obvious differences between the
thiocyanate-containing and thiocyanate-free solution for pH=0. This is consistent with the

potentiostatic polarization results: the catalytic effect of thiocyanate on chromium dissolution is

smaller at pH=0 than at pH=2.5 (see Figures 55 and 56).

s -
‘ m I

er potentiosaic Iarization n deaerated 1 M H250;
(pH=0) at 25°C, for solutions without (left) and with (right) KSCN (E=-0.63Vag/a4c;; anodic charge

passed 1C/cm?). Scanning electron micrographs (secondary electron images).

For pure nickel, crystallographic etching (fine-scale steps) was much more obvious for the
thiocyanate-containing solution (Figure 58), which may have contributed to a larger specific
area after dissolution in the thiocyanate-containing solution (compared with the thiocyanate-

free solution). However, as discussed later, the effect of surface morphology on double-layer

84



capacitance was small compared with that of growth of a porous, electronically conductive

nickel sulfide product on the electrode surface.

(pH=0) at 25°C, for solutions without (left) and with (right) KSCN (E=-0.1Vag/a4c;; anodic charge

passed 1C/cm2). Scanning electron micrographs (secondary electron images).

Similar to what was found for Type 430 stainless steel at pH=2.5, the difference in surface
morphology is more evident for Type 304 stainless steel than any of the pure elements (Figure
59): clear etching of crystal facets occurred in thiocyanate-containing solution resulting in steps
of various heights, with finer steps on larger steps appearing on the surface; in contrast, no
obvious crystallographic etching occurred in the thiocyanate-free solution. As mentioned in the
previous section, the strong crystallographic etching is consistent with the loss of Cr-O-Cr
passivation of ledges when thiocyanate is present, as was also found for Type 430 stainless steel

at pH=2.5.

85



- T e
[T - b . ~ . e
Figure 59. 304: etched electrode surfaces after potentiostatic polarization in deaerated 1 M H;S0,
(pH=0) at 25°C, for solutions without (left) and with (right) KSCN (E=-0.28Vag/a4c;; anodic charge

passed 4.7C/cmZ). Scanning electron micrographs (secondary electron images)

6.3.3 Electrochemical Impedance Spectroscopy

6.3.3.1 Dissolution mechanism

The impedance results were fitted to the equivalent circuit shown in Figure 60, which is
similar to that used to fit the impedance behavior of pure Fe, Cr and Type 430 stainless steel at
pH=2.5, but with one extra series combination of resistance R4 and a constant-phase element
CPEs. R; is the solution resistance, R; is the charge transfer resistance and CPE: was associated
with double-layer capacitance. Rz and CPE; are associated with pseudo-inductive behavior and
both R3-CPEszand R4-CPEsare associated with pseudo-capacitive behavior. The measured and
fitted impedance results are shown in Figure 61-63 and the fitted parameters are summarized

in Table 8.
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Figure 60. Equivalent circuit used when fitting impedance results. "CPE" indicates constant-phase

elements, which could be either inductive or capacitive in nature.

As in the previous section for 430 stainless steel, the minimum number of circuit elements
necessary to fit the measured impedance data was used. Blanks in Table 8 indicate that a
particular branch of the circuit was not necessary to fit the data.

For pure chromium, the total real resistance at low frequency in the thiocyanate-containing
solution is close to the resistance in thiocyanate-free solution, which is in line with the small
difference in the steady-state polarization current (Figure 56). Nevertheless, in the presence of
thiocyanate, the dissolution rate of the bare metal was significantly increased (smaller charge
transfer resistance Ry, see Table 8). Despite this, the overall dissolution rate was similar (to that
in the absence of thiocyanate), apparently because of two extra passivating intermediates
formed on the surface, slowing down the dissolution rate. The occurrence of two extra pre-
passivation steps is deduced from the presence of additional pseudo-capacitive elements in the

thiocyanate-containing solution (Figure 61).
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Figure 61. Cr: impedance results in deaerated 1M H,S04 (pH=0) at 25°C, for solutions without
(left) and with (right) KSCN; potentials as indicated on figures. Symbols: measured data; lines:

fitted equivalent circuits.

Hence the differences in the shapes of the impedance plots between measurements in
solutions with and without thiocyanate (for potentials more negative than the passivation

potential) indicate a change in the dissolution mechanism of chromium in the thiocyanate-
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containing solution. While the dissolution mechanism is different, there is no big difference in
the dissolution rates. In the passive range (E=-0.48V), the shapes of the impedance plots are

similar.

For pure nickel (Figure 62), the dissolution rate of the underlying metal was significantly
increased by thiocyanate (with a much smaller charge transfer resistance, Ri), which also
dominates the total dissolution rate even though one extra pseudo-capacitive loop appeared
(indicative of an additional incipient passivation step). Similar to what was observed for pure
chromium, differences in the shapes of impedance plots do suggest changes in the dissolution
mechanism, namely one extra passivating intermediate involved in the dissolution of nickel in
the presence of thiocyanate.

For Type 304 stainless steel, one extra pseudo-inductive loop was observed in the presence
of thiocyanate (Figure 63) indicating involvement of a catalytic intermediate in the dissolution
of this steel in the thiocyanate-containing solution. However, as for nickel the catalytic effect of
thiocyanate is mainly due to the greatly increased dissolution rate of underlying metal

(reflected in the much smaller charge transfer resistance R1).
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Figure 62. Ni: impedance results in deaerated 1M H:504 (pH=0) at 25°C, for solutions without

(left) and with (right) KSCN; potentials as indicated on figures. Symbols: measured data; lines:

fitted equivalent circuits.
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Material

Ni

Cr

304ss

Table 8. Summary of experimental conditions for impedance testing, showing holding potential, holding time before start of testing, and

values of fitted circuit elements.

KSCN

E(VAg/AgCI)

thota(S)

R, R; CPE; R, CPE, Rs CPE; Rq CPE,
A o A o A o A o
(©.cm?)  (Q.cm?)  F/em?s'™ (o) (Q.cm?)  F/cm?’s'™ ) (Q.cm?)  F/em?s'™ (o) (Q.cm?)  F/em?'™ (o)
Absent -0.13 7200 0.34 156 4.8E-05  0.94 421 2.6E-03 -0.80
-0.08 7200 0.35 19.4 5.8E-05  0.94 41.1 1.5E-01 -0.66 42.9 1.5E-05  0.85
Present -0.137 300 0.39 33.7 2.5E-03 1 0.4 6.8E+00 -0.83 0.52 2.6E-01 095
-0.156 700 0.41 3.9E-03 0.9 0.26 1.9E+01 -0.82 0.28 3.2E-01  0.89
-0.63 1200 0.26 11 2.7E-04  0.93 74 7.8E-03 0.71
Absent -0.58 1200 0.26 14.9 3.1E-04  0.92 61.9 3.6E-02 -1 53.1 1.3E-01 1
-0.48 1200 0.23 -15.0 1.9E-04  0.87 417 7.9E-03 0.80  19.36 2.2E-01 1
-0.63 1800 0.35 6.8 1.5E-04 0.1 55.0 7.6E-02 1 14.95 7.0E-03 038
Present -0.58 1200 0.64 9.23 2.0E-04  0.89 133 1.2E-03 -1 9.9 1.3E-02 085  23.93 1.5E-04 1
-0.48 1200 0.59 -3.0 3.2E-04  0.82 7.03 1.7E-02  0.80  4.122 1.9E-01 1
-0.31 1200 2.73 1398 3.3E-04  0.94 410 1.5E-02 1
Absent -0.28 1200 2.73 -580 3.5E-04  0.94 216 55E-02  0.85
-0.25 1200 2.73 -400 3.6E-04  0.95 222 8.6E-02 1
-0.28 600 1.28 3.1E-03  0.95 5.76 85E-01  -0.82543 75 3.8E-01 1
Present -0.24 600 1.45 6.6E-03 1 29.5 2.5E-01 -1 3.31 2.8E-01 1
-0.18 600 1.28 -4.58 3.2E-04  0.80 3.0 1.8E-01 1
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6.3.3.2 Effect of thiocyanate on double-layer capacitance

Less obvious than the change in (Nyquist) impedance curve shape is an effect of thiocyanate
on the double layer capacitance (calculated as the effective capacitance of CPE1); see Figure 64.
The double layer capacitance of pure chromium was similar for the KSCN-containing and KSCN-
free solutions, which is in line with the similar surface morphology and the absence of bulk
sulfide formation (to be discussed in the next section). However, for pure nickel and Type 304
stainless steel, the double layer capacitances after dissolution in the thiocyanate-containing
solution were 1-2 orders of magnitude higher than for the thiocyanate-free solution (except for
Type 304 stainless steel at the passive potential). One factor which likely contributed somewhat
to the increased double layer capacitance is the large surface roughness for the thiocyanate-
containing solution, which can be seen from the SEM images of the corroded surfaces of nickel
and Type 304 stainless steel after exposure to thiocyanate-containing solutions. While the fine
steps and edges on the surface would have increased the true electrode surface areas, the main
factor which contributed to the double-layer capacitance was electronically conductive sulfides
which formed on the nickel and Type 304 stainless steel surfaces during active dissolution in
the thiocyanate-containing solutions, as discussed below.

Evidence of sulfides formed on the Type 304 stainless steel in thiocyanate-containing
solution was found by SEM/EDX and XPS analysis (shown in section 6.4). Visually, the presence
of sulfides was detected as a black deposit on the electrodes. To test the effect, the double-layer
capacitance of Type 304 stainless steel in thiocyanate-containing solution was recorded during
potentiostatic polarization (Figure 65); manual removal of sulfides from the surface by wet
paper towel (Kimberly-Clark, Wypall L40) caused a sharp decrease in the double-layer
capacitance (Figure 65). As shown in Figure 65, the double-layer capacitance of Type 304
stainless steel increased from 63 pF/cm?to 530 pF/cm? during the initial 1-2 minutes of

polarization, perhaps caused by the surface roughening. Over the subsequent hour of
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polarization the capacitance increased by almost another one order of magnitude, likely by
sulfides developing on the surface; the capacitance dropped by almost one order of magnitude
after removing the sulfides from the surface but there was no obvious change of the current

density. Upon resumption of polarization, within approximately half an hour the capacitance

recovered to the value which it had before removal of sulfides.
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Figure 64. Double layer capacitance of pure Cr, pure Ni and 304 stainless steel at different
potentials in deaerated 1M H;S504 (pH=0) at 25°C (calculated from the fitted values given in Table

I1). Open symbols: electrolyte without KSCN; filled symbols: electrolyte containing KSCN (0.14mM)
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Figure 65. Double layer capacitance of 304 stainless steel in 1M H;S04 (pH=0) with 0.14mM KSCN

at 25°C; E=-0.23V; f=1kHz;

Development of sulfide product on the electrode surface was also evident in the results of
surface analysis, and affected electrode behavior upon interruption of polarization, as discussed

in section 6.4.

6.3.3.3 Effect of thiocyanate on passivation

For Type 304 steel, the electrochemical impedance in solutions with and without thiocyanate
showed one pesudocapacitive loop, which is generally taken to indicate early stages of
passivation. To test whether thiocyanate affects passivation, the effective capacitance of CPE;
(the pseudocapacitance from passivation) and total real part of the resistance of that branch of
304 stainless steel was calculated from the fitted values (using the same equation as before);
the results are plotted in Figure 66. The results show the same trend for Type 304 stainless
steel as for Fe, Cr and Type 430 stainless steel in the pH=2.5 solution, namely that in the

presence of thiocyanate the pseudo-capacitance was larger and the associated series resistance
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was smaller. This suggests that thiocyanate suppresses the passivation of Type 304 stainless
steel (in the presence of thiocyanate, more charge needs to be passed for a given decrease in
current density, than in the absence of thiocyanate) just like what was found for Fe, Cr and Type

430 stainless steel at pH=2.5.
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Figure 66. Fitted impedance values associated with pseudo-capacitive part of circuit (R3-CPE3
combination), for Type 304. The effective series resistance a) and the effective pseudo-capacitance
b) are shown, both evaluated at the frequency corresponding to the apex of the semicircle

associated with pseudo-capacitive behavior.
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6.4 Surface analysis using X-ray photoelectron Spectroscopy

In this work, the accelerating effect of thiocyanate on active dissolution of stainless steel in
acid sulfate solution has been proposed to occur by adsorption of sulfur on the steel surface,
causing accelerated dissolution of chromium from the steel surface[73]. Accelerated dissolution
of chromium would impede the early stages of passivation (which occur during active
dissolution[52]) and so would cause the active dissolution rate to increase. This section
presents the results of surface analysis (by X-ray photo electron spectroscopy; XPS) with
associated electrochemical measurements, which tested the following main aspects of the
proposed mechanism:

First, sulfur is proposed to adsorb - in the form of elemental sulfur or sulfide - on the steel
surface in the presence of reduced sulfur compounds in solution. Upon transfer of electrodes
from solutions containing reduced sulfur compounds, to solutions without these compounds,
the coverage of sulfide or elemental sulfur is expected to decrease. Sulfur as sulfide or
elemental sulfur would give a 2p XPS peak at a binding energy of around 162 eV, whereas
adsorbed sulfate (the main form of sulfur in the test electrolytes) would give a peak around
169 eV|[74]. (Because it was not possible to distinguish between adsorbed elemental sulfur and
sulfide in this work, but bulk sulfide was found to form during prolonged anodic dissolution of
nickel and nickel-bearing steels in the presence of reduced sulfur compounds, adsorbed sulfur -
or sulfur in reaction product — with a 2p binding energy around 162 eV is here termed "sulfide".)

Second, accelerated dissolution of chromium in the presence of adsorbed sulfur would
result in a lower Cr/Fe ratio on the surface of the steels. The proposed effect of adsorbed sulfur
on the dissolution rate of chromium from the steel surface is based on the following:
Dissolution of pure chromium is accelerated by the presence of thiocyanate[73]. The
electrochemical signature of passivation - pseudo-capacitance - is present in the impedance of

stainless-steel electrodes during active dissolution (at potentials more negative than the
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passivation potential)[52], [73]. Increased pseudo-capacitance indicates that passivation is
retarded in the presence of thiocyanate, as expected if passivation occurs by formation of
chromium-oxygen-chromium networks on the steel surface[48]. The proposed mechanism
hence implies that the surface concentration of chromium on stainless steels would be lower in
the presence of thiocyanate; this prediction was tested by XPS.

Electrodes used for surface analysis were pure (electrolytic) chromium and nickel, a high-
purity Fe-20wt% Cr alloy (prepared from electrolytic metals), and commercial cold-rolled Type
430 and Type 304 stainless steel.

The main method used to prepare samples for surface analysis was potentiostatic
polarization to give active dissolution in an electrolyte containing a reduced sulfur compound
(thiocyanate or tetrathionate), followed by removal of the electrode, rinsing with deionized
water, and then resuming potentiostatic polarization (at the same potential) in electrolyte with
no reduced sulfur compound. As anodic dissolution proceeds in the electrolyte without
reduced sulfur compounds, sulfide is expected to be removed from the electrode surface, with
an associated decrease in anodic current density[6]. This preparation procedure was found to
result in a transient increase in anodic current density when polarization was restarted upon
transferring Type 304 stainless steel and nickel electrodes to the electrolyte without reduced
sulfur compounds. As shown below, this unexpected current increase had a pseudo-capacitive
character (with exponentially decaying current density) and lasted for several tens of seconds.
Possible origins of the transient current increase were tested by surface analysis and

electrochemical tests.

6.4.1 Experimental
Static electrodes were used for electrochemical tests and subsequent surface analysis.

Electrodes were suspended vertically in the electrolyte, establishing electronic contact above
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the electrolyte surface with an alligator clip. Electrode were ground using 1200 grit silicon
carbide paper. IR correction was applied to the potentials after the tests, using the solution
resistance determined with a high-frequency (10 kHz) impedance measurement. The same
reference electrode and counter electrode were used as used as mentioned before; potentials
are given relative to the Ag/AgCl electrode filled with saturated KCI (E=0.20 Vsug).

Conditions for X-ray photo-electron spectroscopy were as follows: Incident X-rays were Al
Ky spot size 200pum; beam power 50W; area analyzed 1400 umx400 um. Survey scans were
performed (binding energy range 0-1100eV, 0.4eV step size, 25 ms per step, completing 16
repeat cycles for the survey scan; where sulfur and nitrogen peaks were small, 64 additional
measurement cycles were completed over the sulfur 2p and nitrogen 1s peaks). At least one
repeat measurement was performed on another part of the same electrode.

As before, the electrolyte used for Type 430 stainless steel, pure chromium and Fe20Cr
alloy was 1M sodium sulfate, acidified to pH=2.5, containing zero or 0.14mM KSCN. The
electrolyte was not deaerated and was kept at room temperature (25°C). Type 304 stainless
steel was tested in 1M H,S04 (pH=0) containing zero or 0.14mM KSCN (using the pH=0 solution
because the active loop is small and little affected by thiocyanate in the pH=2.5 solution). Nickel
was tested in 1M H,SO; (pH=0) containing 0.14mM KSCN or 0.035mM Na;S406 (sodium
tetrathionate). The tetrathionate-containing solution was used to test whether the transient
accelerated anodic dissolution - which occurs upon transferring the nickel electrode from the
thiocyanate-containing electrolyte to the electrolyte without thiocyanate — was related to the
possible presence of adsorbed cyanide as an inhibiting species, in the thiocyanate-containing
solution. No adsorbed cyanide would form in the tetrathionate solution. The concentration of
tetrathionate was one-quarter that of thiocyanate, to give the same molar amount of reduced
sulfur in solution; tetrathionate was used instead of thiosulfate, because thiosulfate

disproportionates in acid solutions[75].
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As noted above, samples for surface analysis were generally prepared by potentiostatic
polarization in an electrolyte containing a reduced sulfur compound, polarizing for sufficiently
long to allow the current to reach steady-state. In some cases, the electrode was subsequently
also polarized in a second electrolyte, identical to the first except for the absence of the reduced
sulfur compound. The duration of polarization in the second electrolyte was 1 minute to 10
minutes. For transfer, the electrode was rinsed with deionized water after removal from the
first electrolyte; the transfer process was completed within 1 minute. The electrodes were
exposed to laboratory air during transfer; to test whether oxidation of the electrode (especially
of adsorbed sulfur) may have affected subsequent anodic dissolution, some electrodes were
prepared in a glove box. The glove box was flushed with high-purity nitrogen for 16-20 hours
beforehand. Measurement of the oxygen concentration inside the glove box using a portable gas
monitor indicated that the decrease in oxygen concentration followed simple first-order
kinetics with a time constant of 1-1.5 hours. The oxygen depletion curve in the glove box is
shown in Figure 67.
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Figure 67. The oxygen depletion curve in the glove box during flushing with pure nitrogen gas.
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In preparation for surface analysis, each electrode was removed from the electrolyte, rinsed
with deionized water, dried in laboratory air (or nitrogen, in the case of glove box experiments),
and stored in a desiccator. Surface analysis was completed within one to three days after
removal from the electrolyte.

When interpreting the surface analysis results, it is necessary to recognize that all
electrodes developed significant surface roughness during active dissolution. In general, the
electrode surfaces were smoother after dissolution in the electrolyte without reduced sulfur
compounds, compared with the electrode appearance after the first step of active dissolution in

the electrolyte containing a reduced sulfur compound.

6.4.2 Mechanism test: Adsorbed sulfur and change in Cr/Fe ratio

With the exception of pure chromium (discussed below), all the tests confirmed that sulfide
(or adsorbed sulfur) does form on the metal surfaces during exposure to electrolytes containing
reduced sulfur compounds. As an example, the sulfide was observed on the Fe20Cr electrode
after anodic dissolution in the KSCN-containing solution; the sulfide coverage diminished
during subsequent dissolution in the KSCN-free solution (see Figure 68 and Figure 69). Clearly,
low concentrations of reduced sulfur compounds in the electrolyte can cause sulfide (or

adsorbed sulfur) to form on the metal surfaces.
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Figure 68. a) Current-time curve and b) Surface compositions of Fe20Cr after anodic dissolution in
1 M NazS04, 0.01 M H2SO4 (pH=2.5) with 0.14mM KSCN, and after transfer to a KSCN-free solution;

E:'0.41 VAg/AgC[

The format of Figure 68 is also used in several subsequent figures; the figures show the
measured apparent current density during anodic polarization (first in the electrolyte with
KSCN, and subsequently in the KSCN-free electrolyte), with the measured surface composition
of electrodes exposed to just the KSCN-containing electrolyte, or to both electrolytes. The error
bars give the range of values (of surface composition) found upon repeat measurements on

different areas of the same electrode.
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Figure 69. Sulfur 2p peak in XPS measurements on Fe20Cr alloy after dissolution in a) 1 M Na;SO0,,
0.01 M H;S04, 0.14mM KSCN, and b) KSCN-containing solution followed by transfer to KSCN-free
solution; E=-0.41V 4 a4c. The peak with a binding energy around 162 eV is characteristic of
adsorbed sulfur or sulfide, and the peak at 169 eV corresponds to sulfate. (Smooth lines are fitted

Gaussian peaks.)

The surface composition of the Fe20Cr alloy (Figure 68) confirmed the expected lower Cr
concentration on the alloy surface after dissolution in the KSCN-containing solution; the Cr
concentration was higher after subsequent dissolution in the KSCN-free solution. This supports
the proposed mechanism for the effect of thiocyanate on stainless steels: the increased rate of
chromium dissolution in the presence of adsorbed sulfur counteracts prepassivation (the

formation of a Cr-O-Cr network).

6.4.3 Sulfur coverage on pure chromium
The current-time curve and associated surface compositions of pure chromium after anodic

dissolution are shown in Figure 70. In contrast with the result for the Fe20Cr alloy, surface
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analysis of pure chromium did not show a relationship between sulfide coverage and anodic
activation. Anodic activation clearly occurred (as shown by the higher current density in the
KSCN-containing electrolyte; see Figure 70 a), but there was no change in the sulfide coverage
during subsequent (slower) dissolution in the KSCN-free electrolyte. (Note also that the sulfide
coverage on chromium was small compared with that on the Fe20Cr alloy; Figure 68) The

surface concentration of sulfate did increase with increased time that the electrode stayed in

the solution.

b) 0.005 T a)
0.08 T &50.003 4+ With KSN~€—| —> No KSCN
<
<
=0.001 T
0.06 + -0.001 ‘
0 t(s) 600
= mS/Cr
t5 0.04 +
pu N Sulfide/Cr
|-
L
)
0.02
] L
0 : :

wo 10min  with5min  with 10min with 10min with 10min
wo 3min wo 10min

Figure 70. a) Current-time curve and b) Surface compositions of pure chromium after anodic

dissolution in 1 M NazS0,, 0.01 M H,S04 (pH=2.5) with 0 or 0.14mM KSCN; E=-0.63V g a4ci

Clearly, it is not the total sulfur coverage as such which affects anodic activation of pure
chromium. The morphology of the corroded surface indicates that the presence of adsorbed
sulfur accelerates dissolution quite specifically, at crystallographic edges; the surface analysis
method used here does not resolve adsorption sites of sulfur. It is hence possible that only a

small portion of the adsorbed sulfur (that adsorbed at crystallographic edges) contributes to
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accelerated dissolution, and that loss of this sulfur (upon transfer to the KSCN-free solution)

would not cause a significant change in the total sulfide coverage.

6.4.4 Surface compositions of steels

The compositions of the commercial steels (Table 4) are much more complex than that of
the pure Fe20Cr alloy. This affected both anodic behavior and surface composition.
Comparison of Figure 68 (Fe20Cr alloy) and Figure 71 (Type 430 stainless steel) shows the
much lower dissolution rate of the Type 430 steel (despite its lower chromium content); Type
304 stainless steel (with higher contents of Ni, Cu and Mo) has an even lower dissolution rate.
While some intentionally added and residual alloying elements clearly have a beneficial effect in
lowering the dissolution rate, the presence of nickel and copper affected interpretation of

surface analyses: nickel and copper tended to form a bulk sulfide corrosion product.
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Figure 71. a) Current-time curve and b) Surface compositions of Type 430 stainless steel after
dissolution in 1 M Na;S0,, 0.01 M H;S04 (pH=2.5) with 0.14mM KSCN only, and in KSCN-containing

solution followed by transfer to KSCN-free solution; E=-0.41V ag/a4c1

The equilibrium potentials (Table 9; values calculated with FactSage[76]) give an indication
of the stability of the sulfides of Cr, Fe, Ni and Cu relative to that of their cations, in the presence
of elemental sulfur. Based on the equilibrium potentials, the ranking of the tendency of these

elements to form sulfides (rather than dissolving as cations) is as follows: Cr<<Fe<Ni<<Cu.
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Table 9. Standard reduction potentials, 298K (FactSage)

Reaction E° (Vshe)
Cr’* +3e + S = CrS -0.270
2Cr3* + 6e” + 3S = Cr,S; -0.164
Fe’* + 2e" + S = FeS 0.135
7Fe** + 14e + 8S = Fe;Sg 0.159
7Ni** + 14e” + 6S = Ni;Ss 0.180
Ni** + 2e" + S = NiS 0.206
2Cu?* +4e + S = Cu,S 0.595
Cu®* + 2"+ S = CuS 0.633

The strong tendency of Ni and Cu to form sulfides had the following effects in this
investigation:

First, after dissolution in the KSCN-containing electrolyte, surface concentrations of nickel,
copper and sulfur were high in the case of Type 430 stainless steel (Figure 71), despite the low
concentrations of copper and nickel in the steel (Table 4). Coverages of nickel, copper and
sulfur did not decrease upon transfer of the Type 430 stainless steel to the KSCN-free solution
(Figure 71); in fact, the surface concentration of sulfide increased. This is the opposite of that
found for the Fe20Cr alloy (Figure 68), and the opposite of what was expected, given that there
was no clear source of additional sulfide in the KSCN-free solution. The apparent increase in
sulfide coverage likely resulted from the large change in surface roughness which occurred
when the Type 430 electrode was transferred to the KSCN-free solution: the electrode surface
became much smoother during dissolution in the KSCN-free solution, and hence the surface
concentration of sulfide could increase without any additional source of sulfide, simply because
the true area of the electrode became smaller.

Second, the strong association between nickel, copper and sulfur prevented measurement
of the nickel, copper and adsorbed sulfur content of the metal surface itself - whereas nickel,

copper and sulfur were detected, the surface analyses did not allow distinction between nickel
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and copper present as sulfide corrosion product, or as enriched or adsorbed elements on the
metal surface itself. However, the analyses could be used to find the Cr/Fe ratio of the metal
surface, because the sulfide corrosion product did not contain Cr or Fe, based on the following
measurements:

The composition of bulk sulfide corrosion product was determined by recovering the black
product which formed after extended anodic dissolution of Type 304 stainless steel in KSCN-
containing solution (as mentioned in the previous section, formation of this black product was
associated with a large increase in the double-layer capacitance). The product was analyzed by
energy dispersive X-ray microanalysis in a scanning electron microscope; the results in Table
10 confirm that the product contained the elements Ni, Cu and S, and did not contain detectable

Fe or Cr.

Table 10. Composition of metal sulfides on 304 stainless steel (mole fractions); 9 analyses were

performed
Element Ni Cu S Fe Cr
Average 0.237 0.321 0.442 0 0
Standard deviation 0.016 0.023 0.027 0 0

For both Type 430 and Type 304 stainless steels, Cr enriched on the steel surface during
dissolution in the thiocyanate-free solution, and a lower Cr/Fe ratio was found on the steel

surface after dissolution in the thiocyanate-containing solution (Figure 71 and Figure 72).
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Figure 72. a) Current-time curve and b) Surface compositions of Type 304 stainless steel after
anodic dissolution in 1M H2S50,4 (pH=0) with 0.14mM KSCN only, and in KSCN-containing solution

followed by transfer to KSCN-free solution; E=-0.28Vag/agc1

However, the change in nickel content on the surface of Type 304 stainless was very
different from Type 430 stainless steel: Figure 71 indicates that the nickel coverage on Type
430 stainless steel remained approximately unchanged when the electrode was transferred to
the thiocyanate-free solution. In contrast, the Type 304 stainless steel showed an abrupt
decrease in the nickel coverage within the first minute of transfer to the KSCN-free solution
(with little change in the Cr, Cu or S coverage; Figure 72). The decrease in nickel appears to
reflect dissolution of nickel from the nickel sulfide product: Scanning electron micrographs
(Figure 73) of the Type 304 stainless steel samples used for XPS measurement show that the
metal surface was covered by a porous layer (presumably the sulfide corrosion product) after

corrosion in the KSCN-containing solution; the size of the pores increased greatly after
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subsequent exposure to the KSCN-free solution (giving an appearance similar to that of
materials which had undergone dealloying during corrosion) (Figure 73). The reason why
similar dissolution of nickel sulfide was not seen in the case of Type 430 stainless steel may
simply be the difference in pH: Type 304 stainless steel was tested at pH=0, whereas Type 430
stainless steel was tested at pH=2.5 (the higher pH was employed in the case of Type 430 to
limit the anodic current densities). pH values of zero of less are expected to favor dissolution of

nickel sulfide[77].

b : 1pm
AccV SpotMagn  Det WD  |eese— 1 (1 \
10.0kV 3.0 25000x SE 99 0 kv 3.0 +25000x SE 97

Figure 73. Scanning electron micrographs (secondary electron images) of Type 304 stainless steel
after anodic dissolution in a) 1M H2S04 (pH=0) with 0.14mM KSCN for 10mins, b) 1M H»S04

(pH=0) with 0.14mM KSCN for 10mins then 1M H>S0, for another 3mins; E=-0.28Vag/agci

The third effect ascribed to the sulfide corrosion product is the occurrence of unexpected
faster dissolution upon transfer of Type 304 stainless steel electrodes from the KSCN-free
electrolyte to the KSCN-containing electrolyte, visible as a current spike in Figure 72. A similar
current increase was observed in the case of nickel (Figure 74). This effect was examined in

greater detail, as discussed in the next section.
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Figure 74. Current-time curves for pure nickel in 1M H;SO4 (pH=0) with 0.14mM KSCN or

0.035mM Na3S40, followed by transfer to 1M H2504 E=-0.25Vag/a4c1

6.4.5 Increased anodic dissolution after interrupted polarization

Several different possible origins of the transient increased dissolution rate after transfer of
nickel and Type 304 electrodes from KSCN-containing to KSCN-free solutions were examined.
(It is worth noting that the current spike is not simply charging of the double-layer capacitance:
while the double-layer capacitance of the Type 304 electrode did increase greatly due to sulfide
formation, the charge associated with the current spike is orders of magnitude larger than that
due to double-layer charging.) The possibilities were the following:

1. Dissolution of the sulfide corrosion product

2. Loss of inhibitive cyanide when the electrode is transferred into the KSCN-free solution.

3. Oxidation of sulfide to more-aggressive species (such as polythionic species) upon

exposure of the electrode to air.
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4. Surface restructuring of the sulfide leading to greater anodic activity.

Each of these is discussed in turn.

6.4.5.1 Dissolution of sulfide corrosion product

Surface analysis (Figure 72) and scanning electron micrographs (Figure 73) indicate that
nickel sulfide dissolves from the electrode surface during the period of the current spike. To test
whether large-scale dissolution of the sulfide product could account for the current spike, the
double-layer capacitance was measured upon transfer of the electrode between electrolytes. As
shown in the previous section, the double-layer capacitance of the Type 304 electrodes
increases greatly when the (electronically conductive) sulfide product forms on the electrode
surface; hence changes in the amount of sulfide on the electrode would be detectable as changes
in the double-layer capacitance. Figure 75 confirms the large increase in double-layer
capacitance as the sulfide product grows during anodic polarization in the tetrathionate-
containing electrolyte. Upon transfer of the electrode to the tetrathionate-free electrolyte, the
expected current spike was observed, but the double-layer capacitance did not decrease - the
double-layer capacitance simply stopped increasing. This is as expected, since there is no

source of sulfide in the tetrathionate-free electrolyte, and hence the sulfide stops growing.
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Figure 75. Current density and double layer capacitance (measured at 1kHz) for Type 304
stainless steel in 1M H2504 (pH=0) with 0.035mM Na;S40s, transferred to 1M H;S04;

E=-0.28V a4/44c; measured in the glove box

This effect was confirmed by experiments in which the Type 304 electrode was transferred
from one tetrathionate-containing electrolyte to another container of nominally identical
electrolyte: the current spike was observed (Figure 75) and the double-layer capacitance

simply continued to increase as further dissolution occurred in the tetrathionate-containing

electrolyte.
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Figure 76. Current density and double layer capacitance (measured at 1kHz) for Type 304
stainless steel during anodic dissolution in 1M H;S04 (pH=0) with 0.035mM NaS.0¢, transferred to

another container of nominally identical solution; E=-0.28V ag/a4c;; measured in the glove box

6.4.5.2 Possible inhibitive effect of cyanide

The expected products when thiocyanate disproportionates on the electrode surface are
sulfur and cyanide[11]. Cyanide may itself adsorb on the electrode surface and can act as a
corrosion inhibitor. Upon transfer of the electrode to the thiocyanate-free solution, the source
of cyanide is eliminated (and cyanide may oxidize during exposure of the electrode to air during
the transfer process). Loss of cyanide might then lead to more rapid dissolution. To test this
suggestion, measurements were performed in electrolytes containing tetrathionate instead of
thiocyanate (Figure 74 to Figure 77). Surface analysis of nickel (after dissolution in these two
electrolytes) showed a small nitrogen concentration, which was slightly higher after dissolution

in the thiocyanate-containing electrolyte (Table 11), and no current spike was found when
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transferring nickel from the tetrathionate-containing solution to the tetrathionate-free solution
(Figure 74). However, a current spike was found when transferring Type 304 stainless steel
from tetrathionate-containing solution to tetrathionate-free solution (Figure 75, Figure 77),

which ruled out a general role of adsorbed cyanide in the observation of the current spike.

with 4m | m  without
0.005 T , —Na25406
L]
! ----KSCN
n
i
" 0.003 -
S '
~ \
< | = !
0.001 -
" T y T |
0 300 600 900 1200
20.001 +

Figure 77. Current-time curves for Type 304 stainless steel polarized in 1M H2504 with 0.14mM

KSCN or 0.035mM Na35406 followed by transfer to 1 MH2504; E=-0.28Vag/agc1

Table 11. Nitrogen content on nickel surface after dissolution in 1 M HzSO0y; i=1.5mA/cm?;

t=400s(results from two measurements in each case)

Electrolyte N/Ni (molar ratios)
with KSCN 0.48; 0.32
with Na»S40¢ 0.24; 0.16

6.4.5.3 Possible oxidation of electrode to form aggressive species
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Aggressive polythionic species are known to form when sulfide-covered steels are exposed
to air and moisture[59]. To test the possibility that oxidation of the electrode surfaces (upon
exposure to air when transferring the electrode from one electrolyte to another) contributed to
anodic activation, the same polarization measurements on Type 304 stainless steel were
performed in a glove box which had been flushed with high-purity nitrogen. The results (Figure
78) showed that the current spike persisted for measurements in a nitrogen atmosphere in the
glove box. Figure 78 also shows that a similar current spike was observed when Type 304
stainless steel was transferred between two different containers, containing nominally identical
thiocyanate-containing solutions. These results show that it is not oxidation of the electrode
during transfer from one electrolyte to another, nor the identity of the second electrolyte, that is
primarily responsible for the current spike. Rather, it is simply the interruption of anodic

dissolution that causes subsequent more rapid dissolution.
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Figure 78. Current-time curves of Type 304 stainless steel polarized in 1M H;S04 with 0.035mM

Na3zS406, then transferred to 1 M HzSO, (dashed line) or 1MH ;S04 with 0.035mM Na:540s (full line)

(glove box measurements); E=-0.28Vag/a4c1
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6.4.5.4 Interrupted anodic polarization and possible reconstruction of sulfide-covered electrode

surface

The effect of interrupted anodic dissolution is illustrated in Figure 79, which gives the
changes in anodic current density (for dissolution in the tetrathionate-containing solution,
measured under nitrogen in the glove box) upon initial potentiostatic polarization, and
following interruption of polarization for times ranging from 5s to 120s. The open-circuit
potential was similar, in the range -0.39Vag/agci t0-0.41 Vag/agaat the end of the open-circuit
period, for the different durations of interruption tested here. The large differences in the
current spike upon resumption of polarization hence do reflect fundamental changes in the
electrode (rather than simply resulting from differences in the size of the potential change upon

resumption of polarization).
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Figure 79. Current-time curves of Type 304 stainless steel polarized at -0.28V ag/agc1in 1M H2S04

with 0.035mM Na;S.0, interrupted by periods at the open-circuit potential as indicated.
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While there is no direct evidence for this, it appears possible that the change in anodic
activity following interrupted dissolution may result from a surface relaxation process, perhaps
related to adsorbate-induced restructuring. Adsorbate-induced restructuring has been
observed for several metals and adsorbates[78][79][80][81], for example, by carbon and sulfur
adsorbed on nickel, and sulfur adsorbed on Fe. Restructuring was found to occur at room
temperature on time scales ranging from milliseconds to hours, giving large changes in the
surface, such as changing the crystallographic orientation of the exposed metal surface[82][83].
[t can be seen from Figure 79 that the peak value of the subsequent current spike increases with
increased time at open circuit potential, which is as expected for a time-dependent

restructuring process.
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7. Conclusions

The results show that small concentrations of thiocyanate (in pH=2.5 sulfate solution) have
little effect on the dissolution rate of pure iron, significantly accelerates dissolution of pure
chromium, and has a far stronger effect on dissolution of Type 430 stainless steel. For the pure
metals, thiocyanate appears to affect the rates of the dissolution reactions without any change
in the dissolution steps. In contrast, the effect of thiocyanate on the alloy is different in several
respects: the increase in current density is much larger, the morphology of the corroded surface
is quite different, and - at the highest potential where the effect is strongest - there is an
indication of an effect of thiocyanate on the actual dissolution mechanism (and not just the rate
of dissolution). The origin of this effect is likely closely linked to the interaction between
chromium and iron (and their oxidation products) on the surface of the corroding alloy.

These results for Type 430 stainless are broadly in agreement with the suggestions in the
literature that initial signs of passivation of Fe-Cr alloys can be recognized in impedance results
at potentials below the passivation potential[52], that passivation relies on inhibition - by Cr-O-
Cr networks - of dissolution at ledges[68][48], and that an increase in the dissolution rate of
chromium from the surface of the alloy would inhibit (or at least delay) passivation[48].

The steady-state polarization results in pH=0 solutions show that small concentrations of
thiocyanate shifted the active-dissolution polarization curve of nickel to more negative
potentials but had no obvious effect on the critical current density of nickel, increased the active
dissolution rate of chromium by 3~5 times and had a significantly stronger catalytic effect on
the dissolution of Type 304 stainless steel. The impedance results suggest that the catalytic
effects of the dissolution rate on the electrodes are mainly due to the increased dissolution rate

of the bare metal, although there are some mechanistic changes in the dissolution of chromium
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and nickel. Nickel and Type 304 stainless steel develop electronically conductive sulfide
corrosion products during active dissolution in the thiocyanate-containing solution.

As proposed for Type 430 stainless steel, the catalytic effect of thiocyanate on anodic
dissolution of Type 304 stainless steel also appears to be primarily caused by the increased
dissolution rate of chromium, counteracting the formation of the Cr-O-Cr passivating network
at ledges. This is in line with the SEM results of corroded surfaces and surface composition
analysis by XPS. Nickel, as a more slowly dissolving element than iron, does contribute to the
corrosion resistance of Type 304 stainless steel[84], but its beneficial effect appears to be
secondary to that of chromium: while the anodic polarization behavior of nickel in thiocyanate-
containing solutions is similar for pH=2.5 and pH=0, the active corrosion behavior of Type 304
stainless steel differs greatly between these two solutions.

Surface analysis of a Fe20Cr alloy and stainless steels (Types 430 and 304) confirmed that
chromium enriched on the metal surface during anodic dissolution in thiocyanate-free solution
and that the surface enrichment of chromium was smaller in thiocyanate-containing solution.
This is in line with the proposed fundamental effect of thiocyanate: thiocyanate increases the
dissolution rate of chromium, counteracting the formation of the passivating Cr-O-Cr network.
Surface analysis also confirmed the formation of sulfide or adsorbed sulfur on the Fe20Cr alloy,
when thiocyanate was present in the solution.

Due to the strong affinity of nickel and copper for sulfur, sulfides of these metals formed on
the Type 304 and Type 430 steel surfaces during anodic dissolution in thiocyanate-containing
electrolytes. The resulting sulfide product had several effects on these measurements. One of
these was the observation of increased anodic current density ("spike") lasting several tens of
seconds (for Type 304 stainless steel, and nickel); the spike occurred whenever polarization
was interrupted, even for only 5 seconds. The likely origin of the increased current density is

relaxation (restructuring) of the sulfide-covered metal surface when dissolution ceased.
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8. Possible Future work

Percolation Theory

As mentioned previously, nickel contributes significantly to the corrosion resistance of Type
304 stainless steel (with regards to active corrosion); the proposed mechanism is that nickel
lowers the percolation limit of chromium needed to passivate the steel. The proposed effect of
nickel on the percolation limit of chromium is just a conjecture at this stage. Also not known is
how the early stages of passivation - occurring during active dissolution - are affected by the
presence of nickel, and whether the same percolation ideas can be used to understand the
strong effect of nickel on the critical current density of stainless steels. This appears to be a
potentially fruitful area of study, which could be approached through a combination of
simulation and experimental work. Copper, as another relatively noble element, is expected to
have a similar effect to nickel. The dissolution of steel with different contents of nickel, copper
and chromium could be simulated using a percolation model.

Experimentally, dissolution behavior of steels with specific compositions (varying the
content of chromium, nickel or copper) could be investigated to test the simulation results. The
fundamental importance of such an investigation would be to understand how the active (or
pre-passive) corrosion of stainless steel is changed by alloying and by environmental effects
(such as temperature, and the presence of aggressive species such as reduced sulfur

compounds).
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9. Appendix

9.1 Discussion of Keddam's model for anodic dissolution of binary Fe-Cr alloys

9.1.1 Model description

Keddam and his coworkers[52] proposed a model for active dissolution of binary Fe-Cr

alloys, as already shown in Figure 19.

The individual reaction steps of the model are as follows:

Fe—sk),,+e (1)
(). —2—F(l),+e 2)
()« M.y (3)
(), +Fe—“ SR (), +Fe(D, , +26 ... (4)
N I (] ) T (5)
a—2->a),,+¢ . (Cr-1)
SN, g e e (Cr-2)
(1), g+ <L (1), +Q (D), +26 ... (Cr-3)

At steady state, surface coverages of adsorbed intermediates (6: to 0s) are constant. The

dissolution rate of Fe is equal to the sum of the rates of reaction (1) and (4) and the dissolution

rate of Cr is equal to rate of reaction (Cr-1). At steady state, the ratio in which the elements go

into solution must equal the elemental ratio in the bulk alloy, which gives the following

equation:

rate, + rate,

/4

rate., ,

1-y
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where v is the mole fraction of Fe in the bulk alloy. The rates of these reactions are given by:

rate, = ky, [1—(6’1 +6,+60,+ 0, + 6’5)]

(B)
N
rate, —k4t93(1—\/§5) (9]
mateg , =q(1= 7)1 - (8 + 6, + 6, + 6, + 6,)] (D)
where vy, is the mole fraction of Fe at the surface of the dissolving alloy;
[1-(6,+6,+0,+0,+6.)] gives the fraction of bare metal surface.
9.1.2 Model testing
This model was tested using steels with 2 different compositions (Fe-22%Cr and Fe-17%
Cr). The rate constants for Fe-22% Cr were given by Keddam et al. and rate constants for Fe-
17%Cr were estimated by interpolation; estimated values are given in Table 12.
Table 12. Estimated rate constants for 17% Cr alloy
i 1 2 3 3 5 -5 4 i 1 2 3 3
ke | 808E7 | 26-3 | 8.08E9 | 5.2E-20 | 2.73E+5 | 1.78E-11 | 522E-8 | qu | 2.32611 | 3E-3 | 24262 | 6.12E-15
b | 384 7 0 30 35.4 3 2 I 38.4 10 | 192 19.2

Calculated steady state results are shown in Figure 80a and the results obtained by

Keddam are shown in Figure 80b. The calculated result for Fe-22%Cr agrees with the result

reported by Keddam, and the calculated result for Fe-17% shows the right trend of a higher

critical current density and more positive passive potential at a lower Cr content.
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Figure 80. a) Calculated steady-stated current density for dissolution in pH=0 sulfuric acid,

compared with b) the simulated curves reported by Keddam et al.

Although this model gives reasonable steady state current density results, some of the
model predictions indicate some serious difficulties with the model: the prediction of the
surface concentration of iron (yo) is larger than 0.9999 over most of the active potential range.
This means the surface is nearly pure Fe, which contradicts the experimental data reported by
Knote et al.[54], which indicated that Cr enriched on the surface because of the preferential
dissolution of Fe.

To confirm the calculated surface composition, a simplified method was used to estimate
the surface composition. Calculation results show that the rate of reaction (4) is very small
compared with the rate of reaction (1) over the most of the potential range and the surface
coverages of adsorbed species are much smaller than 1 over most of the potential range upon

the passivation, as shown in Figure 81.
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Figure 81. Calculated potential dependence of the surface coverage by adsorbed species, for the Fe-

17% Cr alloy.

For the case where reaction (4) is negligible compared with reaction (1), equation (A) can
be simplified as follows:

rate + rate, % rate, ky, 1

= ~ = :}]/ I~
rateg , l-y rate,, q(1-7,) ' k|l-y +1
@\ 7

According to Table 6, g1 is much larger than ki and for Fe-17%Cr (1-y)/y=0.2. Based on

these simplifications, the result for yois approximately 1. Both the calculations based on the full
model and the simplified method give the same result: the surface of the dissolving alloy is
predicted to be essentially pure Fe.

The predicted near-zero Cr surface concentration is caused by the inherent features of
the model formulation and it also leads to the inevitable (wrong) conclusion that Cr could have
no effect on the dissolution of iron. To test the conclusion, the model-predicted current

densities of the alloy were calculated using only Fe reactions (reaction (1) to (5)) without
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involving Cr. The polarization curve is shown in Figure 80a, which is very close to the curve
calculated with all the reaction steps in the model.

Although the model can successfully describe the effect of Cr on the steady state
polarization behavior, it does not necessarily mean that it models the interactions between Cr
and Fe correctly. On the contrary, by allowing the reaction constant of Fe dissolution to depend
on Cr content, the model manages to model the right effect of Cr on the polarization behavior
(polarization curve is shifted to more negative potentials with larger Cr content). In this case,
the model needs different reaction constants of Fe dissolution for alloys with different contents
of Cr, which does not successfully indicate the nature of Fe-Cr interaction. The prediction of the
model contradicts its premise: it is assumed that Fe dissolution rate depends on Cr content even

thought the model predicts that there is no Cr on the alloy surface during active dissolution

(shown in Figure 82).
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Figure 82. Comparison of the predicted steady-state Cr concentration at the surface of the alloy, as

calculated with the full model, and with the approximate expression ("Equation D").
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9.2 Mercury Contact

The mercury contact was used to lower the noise in the impedance tests caused by using a
rotating electrode with a sliding silver-carbon contact. The sketch of the system is shown in
Figure 83. The mercury contact is connected to the shaft by the shaft connector and the working
electrode attached to the other end of the shaft. The motor of the standard electrode rotator
was used to rotate the electrode; a drive roller (placed where the rotating electrode would
normally be placed, at the end of the rotator), was used to transmit the rotation speed to
another drive roller immediately below the mercury contact. The mercury contact system was
attached with a Nylon bearing block to a specially manufactured aluminum holder. A

photograph of the system is shown in Figure 84.

Mercotac 110-T connector

Shaft connector (SDP/SI A 5C 9-0608)

Drive roller (McMaster-Carr 2481K45)

O - O Nylon bearing block (SDP/SI A 7Z 6-F2208E)

%" shaft, threaded %"-28

Figure 83. Sketch of parts of the mercury contact system of rotating electrode.
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Figure 84. Photograph of rotating electrode with mercury contact.

9.3 Current - time curves of the potentiostatic measurements of Fe, Cr and type

430ss in sulfuric acid at pH2.5

The potentiostatic polarization curves of Fe, Cr and Type 430ss are shown in Figure 39; the

corresponding current-time curves are shown in Figure 85, 86 and 87.
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Figure 85. The current-time curves of pure Fe in sulfate solution with/without thiocyanate at

pH=2.5.
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Figure 86. The current-time curves of pure Cr in sulfate solution with/without thiocyanate at

pH=2.5.
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Figure 87. The current-time curves of type 430ss in sulfate solution with/without thiocyanate at

pH=2.5.

131



9.4 The effect of thiocyanate on pure Fe at pH5

When pH=5, effect of thiocyanate on the dissolution of Fe is similar to the effect of
thiocyanate on the dissolution of Fe in the solution of pH2.5. Thiocyanate inhibited dissolution
of Fe at more negative potentials and promoted dissolution at less negative potentials. The
dissolution rate of Fe at potentials close to the peak was controlled by a salt film on the surface
and effect of thiocyanate was masked by the salt film. However, it can be seen that Fe dissolves

faster at higher pH in the low potential range (below -0.5V).

1.E+00 -
1.E-01 A
1.E-02 -
T —e— pH5 with KSCN
&
< L1E-03 - —o— pH5 no KSCN
- —6—pH2.5 no KSCN
1.E-04 - —e—pH2.5 with KSCN
1.E-05 -
1-E-06 T T T T T 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4

E(V), Ag/AgCl

Figure 88. Potentiostatic polarization curves of Fe in Na;SO4+ H:S0, with different concentrations

of thiocyanate (0, 0.14mM) at different pH values (1M SO4?- in all cases).
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9.5 XPS spectrum of electrodes

Examples of XPS spectra (survey scans and detail of sulfur 2p peak) of corroded electrodes are

shown in the following figures.
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Figure 89. XPS spectrum of Fe20Cr after anodic dissolution in 1 M Na;S04, 0.01 M H;SO, (pH=2.5)

with 0.14mM KSCN; E=-0.41Vag/agc1
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Figure 90. XPS spectrum of sulfur peak of Fe20Cr after anodic dissolution in 1 M Na;S04, 0.01 M

H2S04 (pH=2.5) with 0.14mM KSCN; E=-0.41Vas/ag
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Figure 91. XPS spectrum of Fe20Cr after anodic dissolution in 1 M NazS04, 0.01 M H2504 (pH=2.5)

with 0.14mM KSCN followed by transfer to KSCN-free solution; E=-0.41Vg/a4c
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Figure 92. Sulfur peaks of Fe20Cr after anodic dissolution in 1 M Na;S04, 0.01 M H:50, (pH=2.5)

with 0.14mM KSCN followed by transfer to KSCN-free solution; E=-0.41Vg/agci
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Figure 93. XPS spectrum of Cr after anodic dissolution in 1 M NazS0,4, 0.01 M H,S04 (pH=2.5) with

0.14mM KSCN; E=-0.7 Vagjagai
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Figure 94. Sulfur peaks of Cr after anodic dissolution in 1 M Na:S04, 0.01 M H,S0, (pH=2.5) with

0.14mM KSCN; E=-0.7 Vag agci
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Figure 95. XPS spectrum of Cr after anodic dissolution in 1 M NazS0,4, 0.01 M H,S04 (pH=2.5) with

0.14mM KSCN followed by transfer to KSCN-free solution; E=-0.7V ag/agc1
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Figure 96. Sulfur peaks of Cr after anodic dissolution in 1 M Na;S04, 0.01 M H:S04 (pH=2.5) with

0.14mM KSCN followed by transfer to KSCN-free solution; E=-0.7V ag/aqci
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Figure 97. XPS spectrum of Type 430 stainless steel after dissolution in 1 M NazS04, 0.01 M H2S04

(pH=2.5) with 0.14mM KSCN-containing solution followed by transfer to KSCN-free solution; E=-
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Figure 98. Sulfur peaks of Type 430 stainless steel after dissolution in 1 M NazS04, 0.01 M H>S04

(pH=2.5) with 0.14mM KSCN-containing solution followed by transfer to KSCN-free solution; E=

0.41Vag/aqc1
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Figure 99. XPS of Type 430 stainless steel after dissolution in 1 M Na;S04 0.01 M H>SO, (pH=2.5)

with 0.14mM KSCN only; E=-0.41Vg/a4ci
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Figure 100. Sulfur Peaks of Type 430 stainless steel after dissolution in 1 M NazS0,4, 0.01 M H;S0,

(pH=2.5) with 0.14mM KSCN only; E=-0.41Vag/a4c1
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Figure 101. XPS spectrum of Type 304 stainless steel after anodic dissolution in 1M H»S04 (pH=0)

with 0.14mM KSCN only; E=-0.28V g a4ci
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Figure 102. Sulfur peaks of Type 304 stainless steel after anodic dissolution in 1M H;S04 (pH=0)

with 0.14mM KSCN only; E=-0.28Vg/a4ci
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Figure 103. XPS spectrum of Type 304 stainless steel after anodic dissolution in 1M H>S04 (pH=0)

with 0.14mM KSCN solution followed by transfer to KSCN-free solution; E=-0.28V ag/agc1
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Figure 104. Sulfur peaks of Type 304 stainless steel after anodic dissolution in 1M H;S04 (pH=0)

with 0.14mM KSCN solution followed by transfer to KSCN-free solution; E=-0.28V ag/a4c1
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Figure 105. XPS spectrum of nickel surface after dissolution in 1 M H:50, with 0.14mM KSCN;

i=1.5mA/cm2; t=400s
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Figure 106. XPS spectrum of nickel surface after dissolution in 1 M H;SO4 with 0.035mM NazS40¢;

i=1.5mA/cm?; t=400s
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Figure 107. Nitrogen peak of nickel surface after dissolution in 1 M H;S04 with 0.035mM NazS40¢;

i=1.5mA/cm2; t=400s
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