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Abstract

Thiosulfate pitting corrosion of austenitic stainless steels of types UNS S30403
(AISI 304L) and UNS S31603 (AISI 316L), and duplex stainless steel of type
UNS S31803 (22Cr DSS) was studied in simulated paper machine environments
containing chloride, sulfate and thiosulfate by cyclic polarization scans, scratch
tests, Contact Electric Resistance (CER) technique and by corrosion coupon
tests performed in a real paper machine. The formed pits and crevice corrosion
were examined by Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS). The surface films were also analyzed by Electron
Spectroscopy for Chemical Analysis (ESCA) and Secondary lon Mass
Spectrometry (SIMS).

Thiosulfate and chloride clearly have a synergistic effect in inducing localized
corrosion. Thiosulfate is able to prevent passivation of an active stainless steel
surface and able to stabilize metastable pits initiated below the actual pitting
corrosion potential. The role of chloride is to initiate corrosion pits. Thiosulfate
increases the possible potential range of corrosion pits to grow by lowering the
repassivation potential. Hydrogen sulfide originating from thiosulfate is
proposed to accelerate the anodic dissolution inside corrosion pits and crevices
by forming sparingly soluble metal sulfides and by acidifying the local
environment. The compositions of the black deposit enriched inside thiosulfate
pits and corrosion crevices were similar to the compositions of the low-
resistance surface films.

Pitting Resistance Indices (PRE) of the test materials increased in the order of
UNS S30403 (PRE 19 - 21), UNS S31603 (PRE 24 - 25) and UNS S31803
(PRE 35) in accordance with the observed localized corrosion resistance in both
the laboratory and field tests. All the materials corroded technically significantly
in corrosion coupon tests performed in a paper machine. The bulk environment
of the paper machine was very mild, but the chloride and thiosulfate ions
concentrating up to high levels created favourable conditions for corrosion.
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EDS
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SCE
SIMS
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Nomenclature
Saturated Silver - Silver Chloride Electrode
Contact Electric Resistance technique
Corrosion potential, open-circuit potential
Crevice potential
Pitting potential
Repassivation potential
Energy Dispersive X-ray Spectroscopy
Electron Spectroscopy for Chemical Analysis
Pitting Resistance Equivalent
PRE = wt% Cr + 3.3 x wt% Mo + 13 x wt% N
Saturated Calomel Electrode
Secondary lon Mass Spectrometry
Scanning Electron Microscopy

Sulfate-Reducing Bacteria



Original features

The following features of this thesis are believed to be original:

. Thiosulfate decreases the pitting potential of stainless steels in addition to
repassivation potential. The effects of thiosulfate were determined by cyclic
polarization scans with a slow scan rate, 0.1 mV/s.

. The compositions of the black deposit inside the thiosulfate pits and the
compositions of the low-resistance surface films (indicating a weak surface
film) were similar. The deposits inside the pits and the surface films were
both enriched with chromium and sulfur and depleted in iron, when
compared to the base material.

. Thiosulfate assists the initiation of pitting corrosion on stainless steels by
preventing passivation of an active surface and by stabilizing metastable pits
initiated below the pitting corrosion potential. Chloride actually initiates the
corrosion pits.

. The results from the Contact Electric Resistance technique were verified
with corresponding results by cyclic polarization scans, scratch tests and
corrosion coupon tests performed in a paper machine. The results of the
different methods complemented each other and gave a wider view of
thiosulfate pitting corrosion.

. A large series of corrosion coupon tests with several materials was
conducted in five different locations in a paper machine. The duration of the
corrosion coupon tests varied from 1 to 13 months.

. Dithionite or its decomposition products increased the corrosion potential of
stainless steels exposed in a real paper machine.
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1. Introduction

At the wet end of paper machines and especially at the splash zones, pitting and
crevice corrosion of stainless steels caused by chloride and thiosulfate ions is a
common phenomenon. Chloride originates from the wood floated in seawater,
from the supplied water and from the chemicals added to the pulp mix.
Thiosulfate originates mainly from hydrosulfite (dithionite) (Garner 1982),
which is a brightening chemical of mechanical pulp. Thiosulfate formation is
also possible through activities of Sulfate Reducing Bacteria (SRB) (Newman et
al. 1986).

Hydrosulfite brightening of mechanical pulps is performed for brightness gains
1 - 8 ISO points (Bond et al. 1990), the maximum being 10 points (Daneault et
al. 1994). The reaction products of hydrosulfite decomposing in anaerobic
conditions, bisulfite and thiosulfate, correspond to 95% of the original amount
of hydrosulfite (Rinker et al. 1965). Hydrosulfite decomposition products in
aerobic conditions are bisulfite and bisulfate (Jouan 1959). Hydrosulfite
decomposition has a certain induction period, during which the concentration of
hydrosulfite slowly decreases followed by an abrupt increase in the rate of
decomposition suggesting an autocatalytic mechanism (Rinker et al. 1965). The
decomposition rate of hydrosulfite is a function of temperature and pH,
hydrosulfite concentration, bisulfite and sulfite concentrations (Lem & Wayman
1970, Danehy & Zubritsky 1974). The optimum pH value for reductive
hydrosulfite brightening is 5 - 6 (Ingruber & Kopadinis 1967). The most
common causes of thiosulfate formation during the hydrosulfite brightening are
too low a pH, an overdose of hydrosulfite, poor mixing and insufficient
retention time (Bond et al. 1990).

White water circulating at the wet end of a paper machine consists of dissolved
and colloidal material originating from wood, lignin, extractives, ash and
different chemicals added to the pulp mix. Residuals of chemicals like paper-
making chemicals (e.g., starch, opacifiers, pigments), chemicals used for pH
control (hydrogen peroxide (H,O,) or sodium hydroxide (NaOH)), wire and felt
washing chemicals, white water cleaning chemicals, and mechanical pulp
brightening chemicals (dithionite (Na,S,04) or H,O,) can be found in white
water. The wet-end environment and chemistry are specific for each paper
machine depending on manufactured paper grade, the quality of the fresh water
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used, the brightening chemicals used, the closing level of the water system and
operation temperature, but the common features are shared when manufacturing
similar paper grades. A typical concentration of paper machine white water in
an acid paper-making procedure using hydrosulfite-brightened mechanical pulps
is presented in Table 1 (Thompson & Garner 1995).

Table 1. Typical paper machine white water composition in an acid paper-
making process using hydrosulfite-brightened mechanical pulps (Thompson &
Garner 1995).

Chloride Sulfate Thiosulfate Sulfite Temperature pH
cr Slo¥y [S:05°] [SO:”1 | [°C]

[mal/l] [mal/l] [ma/l] [ma/l]

50 - 300 200 -1600 | 0-50 0-75 45 - 55 4-6

The localized corrosion of stainless steels in thiosulfate-containing
environments has been studied extensively. Thiosulfate pitting is known to
occur in a limited potential range (Newman 1985a) and molar ratio ([CI]+
[SO4]) / [S205%] (Newman et al. 1989). The most sensitive area for thiosulfate
pitting is in the potential range of 0... -400 MV agagci (Garner 1985) and at a
molar ratio of 10 - 30 (Newman et al. 1989). The role of thiosulfate in localized
corrosion has been explained in two different ways: 1) thiosulfate is reduced to
elemental sulfur (S°, which adsorbs on a bare metal surface preventing
passivation (Newman et al. 1982); or 2) thiosulfate is reduced to hydrogen
sulfide (H,S), and H,S catalyzes the anodic dissolution of stainless steel
(Tromans & Frederick 1984).

Type UNS S31603 stainless steel is the most common stainless steel used in
new paper machines, typically in constructions like headbox flow surfaces,
lining plates, piping, ventilation systems, tanks and hoods. Occasionally in
severe environments type UNS S31603 is replaced by more corrosion resistant
stainless steel UNS S31703. Secondary targets such as catwalks are usually
made of type UNS S30400 or UNS S30403 stainless steels. Type UNS S31803
stainless steel is used in, e.g., suction rolls and special parts in the head boxes.
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The aim of the thesis was to study thiosulfate pitting corrosion occurring at the
wet end of the paper machines, especially with type UNS S30403, but also with
type UNS S31603 and S31803 stainless steels. Thiosulfate pitting corrosion was
studied in both the laboratory and the field. The mechanism of thiosulfate
pitting corrosion and the effects that thiosulfate has on stainless steels were
investigated with different electrochemical corrosion-testing methods. The
results gained in laboratory were verified with corrosion coupon tests performed
in a real paper machine.

12



2. Materials and test methods

2.1 Materials

Several austenitic stainless steels and one ferritic-austenitic stainless steel
typically used in paper machine constructions were included in this study. The
major part of the studies was performed with UNS S30403 stainless steel. All
the CER tests and ESCA and SIMS analyses were performed only with material
UNS S30403. The pitting corrosion behaviour of UNS S30403, S31603 and
S$31803 was determined by cyclic polarization scans and scratch tests. All the
test materials were exposed to a real paper machine environment in the
corrosion coupon tests.

Chromium, molybdenum and nitrogen are alloyed into steels for corrosion
resistance. Table 2 presents the chemical composition of the test materials
together with Pitting Resistance Equivalent (PRE) index, PRE = wt% Cr + 3.3 X
wt% Mo + 13 * wit% N (Suutala & Kurkela 1984, Renner et al. 1986). The
ferritic-austenitic microstructure is considered more corrosion resistant than the
plain austenitic microstructure. The main reason is that the ferrite phase protects
cathodically the austenite phase (Magnin et al. 1987). The ferrite phase is more
corrosion resistant than the austenite phase because of higher Cr and Mo
contents. Cr and Mo are ferrite-stabilizing elements. N is an austenite-stabilizing
element and N increases the corrosion resistance of the austenite phase.

The UNS S30403 stainless steels used for the CER tests had a slightly higher
carbon content than the maximum carbon content (< 0.030 wt%) of grade UNS
S30403. The corrosion coupon tests were performed with materials
manufactured according to the Finnish SFS standards. Grade SFS 725 (UNS
S30400) with a maximum carbon content of 0.050 wt% was assumed to
correspond with the corrosion behaviour of type UNS S30403.

The UNS S31603 stainless steel studied by cyclic polarization scans and scratch
tests contained about 0.50 wt% less molybdenum than grade SFS 757
(corresponding with UNS S31603) exposed in the corrosion coupon tests. The
cyclic polarization scans and scratch tests were performed at Paprican with
materials manufactured according to the North American AISI standards.
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2.2 Test methods

The main material evaluation methods used in this study were cyclic
polarization scans, scratch tests, the Contact Electric Resistance (CER)
technique, and corrosion coupon tests. The chemical compositions of the surface
films on the CER samples were analyzed by Electron Spectroscopy for
Chemical Analysis (ESCA) Perkin Elmer 5400 and Secondary lon Mass
Spectrometry (SIMS) VG lonex IX70S. The cyclic polarization samples and
corrosion coupons exposed in the paper machine were studied with a Scanning
Electron Microscopy (SEM) Jeol 6400 together with an Energy Dispersive X-
ray Spectrometry (EDS) Link Analytical QX2000. The scratch test samples
were examined with an optical microscope.

2.2.1 Cyclic polarization scans

The test arrangement for the cyclic polarization scans included creviced
samples. Pitting corrosion potential (E,,) and crevice corrosion potential (Ex)
are different from each other. In practice, localized corrosion in paper machines,
however, includes both types of corrosion, often simultaneously. Localized
corrosion may start as crevice corrosion under pulp deposits and later on
continue as pitting corrosion on the free surface (Publication V). In the cyclic
polarization scans corrosion started under the o-rings, often as pits, and
proceeded as pitting corrosion on the free surface. It was assumed that this kind
of test arrangement would best correspond to the real conditions in paper
machines.

Cylindrical samples for the cyclic polarization scans were machined from a
thick plate, ground to a 600 grit finish, ultrasonically cleaned, rinsed with
ethanol and dried. Two rubber o-rings were placed around the samples to create
a tight, reproducible crevice. The test solutions were prepared from analytical
grade chemicals and deionized water. The test solutions were bubbled with
purified N, for 45 min and heated simultaneously to test temperature before the
samples were immersed into the solution. About 80% of the sample area was
immersed into the solution in order to avoid crevice corrosion in the connection
between the sample and the wire. The pH was adjusted with dilute H,SO,
solution. N, bubbling was continued during the whole test period. The potentials
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were measured against the saturated calomel electrode (SCE) and a graphite rod
was used as a counter electrode. The samples were first polarized to a cathodic
potential -1.0 Vsce for 15 min in order to reduce existing films on the sample
surfaces. Cyclic polarization scans from -0.5 to 1.0 and back to -0.5 Vsce were
performed with a scan rate of 0.1 mV/s. No IR-drop compensation was used.
After completing the scan, the sample was left in the solution at open circuit
potential, with the total immersion time being approximately 24 h.

The pitting potential was determined to be the potential where the current
density exceeded 7.0 E-6 A/cm®. If no sign of corrosion on the sample surface
was observed and the forward scan was smooth, it was concluded that the
pitting potential did not exist at least below the turning point of the scan,
1.0 Vsce, even though the current density may have exceeded 7.0 E-6 A/cm?. In
the cases of severe corrosion, the current density was constantly higher and the
pitting potential was determined to be the potential at the current density of 1.0
E-5 A/lcm®. The two current densities corresponding pitting potentials were
determined based on this study. The repassivation potential was determined to
be the point where the hysteresis loop was completed and the reversed scan
crossed the forward scan.

2.2.2 Scratch testing

The scratch test samples (5 mm by 5 mm) were prepared from thick stainless
steel plates by sawing. Wires were attached to the scratch test samples with
mechanical joints and the samples were moulded in epoxy. The samples were
ground to an 800 grit finish, cleaned with ethanol and dried. The test solutions
were prepared from analytical grade chemicals and deionized water and the pH
was adjusted with dilute H,SO, solution. The test solutions were bubbled with
purified N, for 45 min and heated before the test. N, bubbling was also carried
out during the test. The potentials were measured against the saturated calomel
electrode (SCE) and a graphite rod was used as a counter electrode. A maximum
of three sequential tests was performed in the same solution. The potential level
was set and then the samples were scratched manually with a diamond pen
(usually two scratches per sample). After scratching the current density was
measured for 15 min.
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The results of the scratch tests were divided into three categories (pits, minor
pits, no pits). If the current density during the test grew steadily after scratching,
and pits were visible under optical microscopy inspection, the environment was
considered corrosive and marked as ‘pits’. The mark ‘minor pits’ indicated
cases where small spikes in current density were observed after scratching, and
one or few small pits were visible under optical microscopy inspection. When
current density remained steady after the scratching and no pits were observed
with optical microscopy, the environment was characterized by the mark ‘no
pits’.

2.2.3 Contact Electric Resistance

The CER technique is a novel in-situ method based on an accurate measurement
of the electric resistance of surface films. The surface film resistance can be
determined in the very initial stages of water and anion adsorption, in the
formation and destruction of oxide and hydride films and in electrochemical
incorporation of cations (Marichev 1991). The CER technique has a wide
measurement capacity that ranges from 10° to 10° Q (Saario 1995). A detailed
description of the CER technique has been presented earlier (Saario & Marichev
1993). The principle of the CER technique is to feed direct current through two
surfaces, for example the surfaces of a fatigue crack or two separate samples,
which at a constant frequency are moved into contact and out of contact. The
voltage is continuously measured over the moving surfaces. During the formation
of surface films, which are insulators or semiconductors, a voltage drop
proportional to the resistance appears, according to Ohm's law. The development
work of the CER technique was directed towards achieving a tool for solving
practical corrosion problems (Saario 1995).

The samples used in the CER tests were cylindrical and had a diameter of 2 mm.
The samples were periodically taken into contact and out of contact at a frequency
of about 0.3 Hz. The accuracy of the displacement, produced by a piezoelement,
was better than 3 x 10° m, and the repeatability of the contact position was
estimated to be better than 1 x 10° m. The potentials were measured against the
saturated calomel electrode (SCE) and a platinum plate was used as a counter
electrode. Before starting the measurement, the samples were polarized to a
cathodic potential (-1.0 Vsce) for 30 min in order to reduce the existing films.
After the cathodic polarization, the surfaces were assumed to be clean, which was
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agreed to be the initial stage. When the measured voltage signal had stabilized, the
potential was changed stepwise in 100 mV steps towards anodic potentials. The
electrolytes were prepared from deionized water and from analytical grade
chemicals.

The change in the surface film resistance by about an order of magnitude or more
was considered to result from real modification in the surface film. Negligible
surface film resistance is assumed to correlate with a surface film of easy
dissolution of the material creating conditions for initiation of corrosion. High
surface film resistance is considered to correlate with a passive surface film.

2.2.4 Corrosion coupon tests

Corrosion coupons (100 mm by 50 mm) were prepared from stainless steel
plates in as-received condition by sawing and drilling two mounting holes per
coupon. The edges of the mounting holes and the edges of the coupons were
ground to a 600 grit finish, and the coupons were numbered. The coupons were
cleaned in acetone and ethanol baths with ultrasonics. The ground edges were
etched with pickling solution (5 wt% HF + 22 wt% HNO3) for an hour and
cleaned with water and acetone. The corrosion coupons were installed
horizontally in different parts of the paper machine in such a way that there was
about 80 mm free space between the coupon and the paper machine
construction, thus allowing the free entrance of white water and pulp mix on the
coupon surfaces. The coupons were insulated from the paper machine.

After the field exposure, the corrosion coupons were divided into three
categories according to the severity of the corrosion. The coupons marked ‘no
corrosion’ were in as-received condition, and no corrosion could be detected.
The second category marked ‘minor corrosion’, included corrosion coupons
with small pits (O < 100 um) and some crevice corrosion. It was assumed that
such small corrosion pits and crevices were metastable and would passivate.
The third category marked ‘major corrosion’, included pits over 100 um in
diameter and large areas of crevice corrosion, which were considered to
continue their growth and to be technically significant.

18



3. Summary of the main results

3.1 Comparison of the test methods

Potentiodynamic methods have been postulated to be not sensitive enough to
detect pitting corrosion at low (< 10 ppm) thiosulfate concentrations because of
the slow diffusion rate of thiosulfate (Garner 1985). In an earlier study, a scan
rate of 0.2 mV/s was used by Newman et al. (1982). Usually, thiosulfate pitting
corrosion is investigated by weight loss or scratch tests. The slow scan rate, 0.1
mV/s, used in this study was, however, able to reveal the strong effect of
thiosulfate on pitting and repassivation potentials on UNS S30403 and UNS
$31603 stainless steels (Publications 1l & 1V).

Cyclic polarization scans and the CER technique are somewhat similar test
methods. In both methods, the aggressive ions of the solution have to locally
break the passive film as a function of potential in order to induce localized
corrosion. The cyclic polarization scans and the CER tests were both started by
cleaning the samples at a reductive potential in order to remove the protecting
passive film (Publications | & Il & Il & IV). The development and the possible
rupture of a passive film was detected in cyclic polarization scans as changes in
the current density and in the CER tests as relative changes in the surface film
resistance. The CER technique reveals the state of the surface film and, thus, the
susceptibility to corrosion, but is not able to directly determine the initiation of
pitting corrosion (Publications | & I1). The CER technique was able to detect the
enhanced anodic dissolution of stainless steel caused by thiosulfate (Publication
1.

Thiosulfate pits nucleate rather in mechanical defects in the passive film than in
sulfide inclusions (Newman et al. 1982). In the scratch tests, the passive film
protecting the metal is broken only from a small area. The small area turns
anodic compared to the large, passive remaining surface area and possible
localized corrosion is expected in the scratched area. The scratch tests do not
reveal the actual pitting potential, but merely the possibility of pitting in a
certain environment (Publications Il & V).
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3.2 Corrosion resistance of test materials
in the paper machine environment

The PRE indices of the test materials increased in the order of UNS S30403
(PRE 19-21), UNS S31603 (PRE 24 - 25) and UNS S31803 (PRE 35) in
accordance with the observed localized corrosion resistance in both the
laboratory and field tests (Publications IV & V). For UNS S30403 the critical
chloride concentration where E,, values start to decrease and localized corrosion
is induced was about 100 mg/l (Publications 1l & IV). Sulfate inhibited the
initiation of pitting in chloride and thiosulfate-containing environments at the
molar ratio [CI'/[SO4*] < 0.5 (Publications 11l & V). The inhibiting effect of
sulfate has been proposed to be based on the competitive adsorption with
chloride ions (Leckie & Uhlig 1966). In the CER tests, the detrimental effect of
thiosulfate was observed already at the molar ratio ([CI1+[SO.*1)/[S,05%] < 130
(Marichev et al. 1993). In the corrosion coupon tests, technically significant
corrosion, both pitting and crevice corrosion was observed during one month’s
exposure time on UNS S30403 corrosion coupons, which were located in the
wire section of the paper machine, in the splash zone (Publication V).

In the case of type UNS S31603 stainless steel the critical chloride
concentration where E,, values start to decrease and localized corrosion is
induced was about 200 mg/l (Publication 1V). Sulfate slightly enhanced the
pitting (Publication 1V). In the corrosion coupon tests, technically significant
corrosion, both pitting and crevice corrosion, was observed during two months’
exposure time on UNS S31603 corrosion coupons located in the wire section of
the paper machine, in the splash zone (Publication V).

For UNS S31803, the chloride concentration had to be at least 500 mg/l before
any localized corrosion could be observed (Publication I1V). The sulfate
concentration or the molar ratio [CI')/[SO.*] of the solution had no effect on
pitting on UNS S31803 (Publication 1V). In addition, material UNS S31803
suffered from technically significant crevice corrosion and some minor pitting
when exposed for 13 months to the pick-up section of the paper machine, in the
splash zone (Publication V).

Pit initiation on higher-alloyed materials demanded a more aggressive
environment, which took a longer time to concentrate from the bulk
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environment (Publications IV & V). The more corrosion resistant alloys
contained molybdenum, which is known to cause a 5- to 10-fold decrease in the
active dissolution rate occuring inside the pits after the dissolution of a few
atom layers of the alloy (Newman 1985b). On the other hand, a porous, thick
layer of molybdenum-rich oxide precipitating on the pit walls at an early stage
of pitting decreases corrosion rate and favours repassivation of the pits
(Qvarfort 1998). A higher potential in general is required to maintain a localized
corrosive solution causing stable pitting on the more corrosion resistant Mo-
containing alloys.

The location of the corrosion coupons in the paper machine seemed to be a very
important factor in determining the severity of the localized corrosion that
occurs. The corrosion conditions were most aggressive at locations where the
corrosion coupons were occasionally wet and dry during the paper machine
running time, thus enabling chloride and thiosulfate ions to concentrate from the
bulk environment. The determined molar ratios in the bulk environment were
not at the most aggressive range of thiosulfate pitting, but the concentrated
deposit on the corrosion coupons provided an aggressive corrosion environment.
Temperature was not the most determining factor for the observed corrosion
phenomena.

Dithionite or its decomposition products increased the corrosion potential (Ecq.)
of UNS S31603 up to 0.4 Vagagcr in a simulated paper machine environment
(Carpén 1999). Increasing the dosage of dithionite was also observed to increase
the corrosion potentials of stainless steels in the measurements performed in a
paper machine (Publication V). Once dithionite or its decomposition products
have raised the corrosion potential of stainless steels, the high chloride content
of the concentrated deposits can initiate pitting corrosion. Thiosulfate present in
the concentrate would further ease pitting corrosion by decreasing the pitting
potential and by enlarging the possible pit growth range towards negative
potentials (Publications 1l & IV & V).

3.3 Pits and surface films
The pits formed in solutions containing chloride and sulfate were typically deep,

partly closed and free of any visible deposit (Publications Il & V). Where
thiosulfate was present in the otherwise similar solutions, the pits were open,
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full of black deposit and 3 - 6 times larger in size (Publications Il & IV). The
black deposits inside the pits and crevices occur in the case of thiosulfate-
induced localized corrosion (Newman et al. 1982, Tromans & Frederick 1984,
Garner 1985, Varjonen et al. 1989).

All the pits formed on UNS S30403 and UNS S31603 were enriched in
chromium and copper and depleted in iron, when compared to the base material
(Publications Il & IV & V). Chromium enrichment has been observed in pits
initiated in MnS inclusions on type UNS S30403 steel (Ke & Alkire 1995) and
in the black deposit inside thiosulfite pits on type UNS S30403 and S31603
steels (Tromans & Frederick 1984, Varjonen et al. 1989, Varjonen et al. 1995,
Ehrnstén et al. 1996). Sparingly soluble copper sulfide has been proposed to
form during the corrosion process owing to the dissolution of traces of copper in
stainless steel (Wranglen 1974). Nickel enrichment was detected only in the
black deposit inside the pits developed on UNS S30403 steel (Publication 1V).

The difference between the two types of pits was the amount of sulfur detected.
When thiosulfate was present in the solution, the pits contained very high
amounts of sulfur and no chloride (Publications Il & IV & V). Without the
thiosulfate addition, the pits contained only small amounts of sulfur and traces
of chloride (Publications Il & 1V).

The surface films formed during the CER tests in solutions containing
thiosulfate were analyzed by ESCA and SIMS. The surface film with a low
electrical resistance contained more chromium and sulfur and less iron than the
surface film with a high electrical resistance (Publication Il). A similar kind of
enrichment and depletion of elements occurred inside the pits during active
corrosion as in the surface films in corrosive environments (Publications Il & Il
&IV &V).

3.4 Mechanism of thiosulfate pitting
Thiosulfate pitting corrosion was observed both in laboratory tests and in
corrosion coupon tests performed in a paper machine. The different test methods

used revealed several aspects of thiosulfate pitting corrosion. Thiosulfate
affected the phenomena of pitting corrosion by preventing the passivation of an
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active stainless steel surface and by accelerating corrosion in the pits already
initiated.

As observed in the CER tests, the surface film resistance of UNS S30403 was
negligible in the presence of thiosulfate, thus indicating an active surface or a
non-protective surface film (Publication I). On the other hand, in the presence of
chloride the surface film resistance of UNS S30403 was high, indicating
passivation in the potential range below E,, (Publication I). When the solution
included both thiosulfate and chloride, thiosulfate caused a negligible surface
film resistance despite the presence of chloride (Publications | & II). Severe
localized corrosion of stainless steels is not known to be caused by thiosulfate
alone. Therefore, thiosulfate is not able to initiate pits, but thiosulfate either
hinders passive film formation on an active surface or forms a very weak, non-
protective surface film on stainless steel. The role of chloride is to initiate the
pits.

Thiosulfate is able to reduce to sulfur on the metal surface in the pH and
potential range prevailing in an acid paper-making process according to the
reaction (1) (Pourbaix & Pourbaix 1990):

S0 +6H +4¢ - 25+3H,0 (1)

Sulfur is suggested to block the adsorption sites of hydroxyl ions, which are the
precursors in the formation of the passive layer (Marcus et al. 1984, Elbiache &
Marcus 1992). Above a critical coverage of the surface by sulfur, which was
found to be 0.7 - 0.8 monolayers, the formation of passive film is prevented
(Marcus et al. 1984). Molybdenum decelerates the formation of critical sulfur
coverage hindering passivation of the metal surface. Molybdenum is observed to
bond to and remove sulfur on the active stainless steel surface. It is suggested
that the presence of chromium enhances the molybdenum induced desorption of
sulfur. Two molybdenum atoms bond to and remove one adsorbed sulfur atom
on a stainless steel surface. (Elbiache & Marcus 1992, Marcus 1995)

Thiosulfate made it easier for chloride to initiate pits. Thiosulfate caused a
decrease in pitting potential on materials UNS S30403 and S31603 compared to
the corresponding Eg, in similar solutions without the thiosulfate addition
(Publications Il & IV). Thiosulfate and chloride clearly have a synergistic
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effect in inducing localized corrosion. Thiosulfate could assist chloride to
initiate pits by affecting the passive film on stainless steel or by affecting the
initiation and passivation of metastable pits below the actual pitting corrosion
potential. The CER results indicated that thiosulfate had no effect on the already
formed passive film on stainless steel (Publications | & II). Thiosulfate is also
suggested to be reduced only on the bare alloy surface, not on the passive film
(Duret-Thual et al. 1997). It seems more probable that thiosulfate stabilizes the
metastable pits formed below the actual pitting potential by accelerating the
anodic dissolution process inside the pits and, thus, lowering the pitting
potential.

Thiosulfate increased the hysteresis loop and the possible potential range of pits
to grow. The repassivation potentials on materials UNS S30403 and S31603
decreased remarkably in solutions containing thiosulfate compared to the
corresponding E,, values in similar solutions without thiosulfate (Publications
Il & V). Thiosulfate accelerated the corrosion rate in pits already initiated
(Publications 1l & V).

When thiosulfate is present in a solution, it is able to migrate into the growing
pits. The environment inside the pit is too acidic and too reducing to keep
thiosulfate stable. The formation of hydrogen sulfide through the reduction of
thiosulfate is possible according to reaction (2) (Pourbaix & Pourbaix 1990).
When no thiosulfate is present in a solution, sulfide inclusions initiating pits in
solutions containing chloride could be the source of the sulfur observed inside
the pits (Publications Il & 1V). Pits initiated in MnS inclusions have been
observed to show a high intensity of S (Ke & Alkire 1995). The growing pit
dissolves the inclusion and some sulfur (S%) is released. The conditions inside
the pit (acidic, reducing) reduce sulfur to hydrogen sulfide according to reaction
(3) (Pourbaix & Pourbaix 1990).

S,05” +10H" +8¢ - 2H,S+3H,0 ()
S*+2H" - H,S ©)

The calculated potential - pH diagrams reveal that hydrogen sulfide is stable at
potentials below -250 mVsce and pH < 3 (Pourbaix & Pourbaix 1990), i.e., in
conditions prevailing inside the pits and crevices. In a system containing nickel
and copper as well as sulfur and water, hydrogen sulfide can form stable
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sulfides with Ni** (NiS) and Cu (Cu,S) above -500 mVsce according to reactions
(4) and (5) (Chen et al. 1983).

Ni%* +H,S ~ NiS+2H",pH >3 (4)
2CuU+H,S - CuS+2H" +2¢ (5)

The main acidifying reaction in pitting corrosion is the hydrolysis of chromium
Cr® (Brown 1970, Suzuki et al. 1973). Additionally, in the above metal sulfide
forming reactions (4) and (5), hydrogen ions (H") are produced, which enhance
the acidity inside the pits. The formation of metal sulfides consumes metal
cations and, thus, accelerates the dissolution of stainless steels. Metal sulfides
precipitate and deposit in the order of their solubility. Iron probably migrates
out of the pits as cations or forms soluble ferrochloride (Varjonen et al. 1995,
Ehrnstén et al. 1996).
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4. Summary of the thesis

The main objective of this thesis was to investigate how thiosulfate affects
stainless steels of types UNS S30403, S31603 and S31803 in simulated paper
machine environments using several electrochemical laboratory test methods
and by corrosion coupon tests performed in a real paper machine. Thiosulfate is
a corrosive decomposition product of hydrosulfite, which is a brightening agent
of mechanical pulp. When the hydrosulfite brightening process is used,
thiosulfate ions are most probably present at the wet end of the paper machine.

The test methods that were employed, cyclic polarization scans, scratch tests,
the CER technique and corrosion coupon tests gave corresponding results for
thiosulfate pitting corrosion. The results of the test methods complemented each
other, which gave a wider view of thiosulfate pitting corrosion. In cyclic
polarization scans the slow scan rate of 0.1 mV/s that was used was able to
reveal the effect of thiosulfate on pitting and repassivation potentials. The
scratch tests merely determined the possibility of pitting in a certain
environment instead of the actual pitting potential. The CER technique detected
the enhanced anodic dissolution caused by thiosulfate. The corrosion coupon
tests revealed the effect of the concentration of corrosive ions, the aggressive
locations in a paper machine and the fact that hydrosulfite increases the
corrosion potential of stainless steels.

The PRE-indices of the test materials increased in the order of UNS S30403
(PRE 19 - 21), UNS S31603 (PRE 24 - 25) and UNS S31803 (PRE 35) in
accordance with the observed localized corrosion resistance in both the
laboratory and field tests. Chloride was the most powerful element that affected
the corrosion resistance of the materials. For UNS S30403, the critical chloride
concentration inducing localized corrosion was about 100 mg/l, for UNS
S$31603 about 200 mg/l and for UNS S31803 about 500 mg/l. Sulfate slightly
inhibited the initiation of pitting on UNS S30403 steel with the molar ratio
[CI'/[SO*]<0.5.

All the materials corroded technically significantly in the corrosion coupon
tests, even though the bulk environment in the paper machine was very mild.
The corrosion conditions were most aggressive at locations where the samples
were occasionally wet and dry during the paper machine running time, thus
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enabling chloride and thiosulfate ions to concentrate from the bulk environment.
The brightening agent, hydrosulfite, increased the risk of corrosion not only by
being a source of thiosulfate, but also by increasing the corrosion potential of
stainless steels. Pit initiation on higher-alloyed materials demanded a more
aggressive environment, which took a longer time to concentrate from the bulk
environment. On materials with a higher PRE index, the observed corrosion was
crevice corrosion, on lower-alloyed materials both pitting corrosion on free
surfaces and crevice corrosion were present.

In the presence of thiosulfate, a passive surface film cannot be formed on an
active stainless steel surface, as demonstrated by the CER measurements.
Thiosulfate is proposed to reduce to sulfur, which prevents the passivation of a
stainless steel surface. Thiosulfate also stabilizes the metastable pits formed
below the actual pitting corrosion potential, which can be observed by the lower
pitting potentials of UNS S30403 and S31603 in solutions containing thiosulfate
and chloride, when compared to the E,, values in corresponding solutions
without thiosulfate. Thiosulfate increases the possible potential range of pits to
grow by lowering the repassivation potential to -400... -500 Vsce.

The environment inside the corrosion pits reduces thiosulfate migrating from the
solution to hydrogen sulfide according to the potential - pH diagram. Hydrogen
sulfide is proposed to accelerate the anodic dissolution of stainless steel by
forming sparingly soluble metal sulfides and by acidifying the local
environment. A black deposit enriched in chromium, sulfur and copper and
depleted in iron, when compared to the base material, was determined in all the
pits and crevices formed in thiosulfate-containing environments. The surface
films with low electrical resistance contained more chromium and sulfur and
less iron than the surface films with high resistance. A similar composition of
elements was observed inside the pits during active corrosion as in the surface
films in thiosulfate-containing corrosive environments.
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Summary of the appended papers

Publication I (Appendix 1) describes the Contact Electric Resistance (CER)
technique experiments performed on type UNS S30403 stainless steel in a
simulated paper machine environment containing chloride, sulfate and
thiosulfate. The surface films formed were analyzed by Secondary lon Mass
Spectrometry (SIMS).

In Publication 1l (Appendix Il), CER measurements were carried out on stainless
steel type UNS S30403 in a simulated paper machine environment containing
chloride, sulfate and thiosulfate. The analysis of surface films formed on UNS
S30403 was performed by SIMS and Electron Spectrocopy for Chemical
Analysis (ESCA). The analysis results were compared with the CER results.

Publication Il (Appendix 1lI) compares the results gained by different
electrochemical methods on thiosulfate pitting corrosion on type UNS S30403
stainless steel in a simulated paper machine environment containing chloride,
sulfate and thiosulfate. The test methods studied were cyclic polarization scans,
scratch tests and the CER technique. The pits and crevices formed were
investigated by SEM and analyzed by EDS.

Publication 1V (Appendix 1V) discusses the behaviour of stainless steels type
UNS S30403, UNS S31603 and UNS S31803 in a simulated paper machine
environment containing chloride, sulfate and thiosulfate. The susceptibility of
the materials to localized corrosion was estimated with cyclic polarization scans
and scratch tests. The corrosion pits and crevice corrosion formed were
investigated by SEM and analyzed by EDS.

Publication V (Appendix V) provides corrosion coupon test results for materials
UNS S30403, UNS S31603 and UNS S31803 exposed to different parts of a real
paper machine for a maximum 13 months. The paper machine environment
contained chloride, sulfate and thiosulfate. The corrosion pits and crevice
corrosion formed were investigated by SEM and analyzed by EDS.
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