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RESUMO

A microestrutura do aco inoxidavel duplex foi analisada utilizando microscopia de forca
magnética (MFM) e microscopia de sondagem Kelvin de varredura (SKPFM). O SKPFM foi
aplicado para avaliar a variacdo do potencial de Volta entre austenita (y) e ferrita (a). O MFM foi
usado para distinguir as fases austenita e ferrite, devido as caracteristicas magnéticas (ferrita &
ferromagnética e austenita € paramagnética). Além disso, as técnicas MFM/SKPFM mostraram
ser uma ferramenta poderosa para estudar as fases em agos inoxidaveis duplex sem ataque

quimico.

Neste estudo, a difracdo de raios-X (DRX) e o refinamento de Rietveld foram realizados para
identificar e quantificar a fase de ferrita e austenita nos acos duplex laminados a frio e a quente
(UNS S31803) e acos inoxidaveis lean duplex (UNS S32304). A espectroscopia de impedancia
eletroquimica (EIE) foi utilizada para avaliar o comportamento quimico dos acgos inoxidaveis
duplex e o lean duplex em licores branco, verde e negro da industria de papel e celulose. Os
resultados da analise de Rietveld mostraram um maior teor de austenita do que o limite padrao
para os acos duplex na condi¢cdo de laminados & quente. A condicao de laminagdo a quente
mostrou uma melhoria da resisténcia a corrosdo no licor branco, principalmente para o lean

duplex.

O comportamento de polarizacdo potenciodindmica ciclica do ago inoxidavel duplex (DSS) e
lean duplex (LDSS) foram estudados em licores branco e verde fornecidos por uma fabrica
americana de papel e celulose e comparada com licores sintéticos. As curvas de polarizacdo
dos acos duplex em licor branco sintético foram deslocadas para potenciais mais baixos e
maiores densidades de corrente em relagdo ao licor branco industrial, que se mostrou menos
agressivo ao a¢o duplex. Os acos duplex também apresentaram os maiores valores de
potencial transpassiva¢do em licor branco industrial. Os acgos duplex e o lean duplex em licor
verde em ambos os processos de laminagdo, apresentaram os menores valores de potencial

transpassivacéo.

As amostras de aco inoxidavel duplex (DSS) foram expostas a alta temperatura (200 ° C) em
licor branco industrial de uma fabrica brasileira usando uma autoclave para simular as mesmas

condicdes de processamento de um digestor. O método de extrapolacao de Tafel e a perda de



massa foram utilizados para avaliar o comportamento de corrosdo dos acos. Os resultados
mostraram que as taxas de corrosdo dos DSSs aumentam com o aumento de temperatura.

Além disso, foi observada uma dissolucdo seletiva da fase ferrita.



ABSTRACT

Duplex stainless steel (DSS) was employed to distinguish between two phases: austenite and
ferrite. The microstructure was analyzed using magnetic force microscope (MFM) and scanning
Kelvin probe microscopy (SKPFM). MFM was used to distinguish the phases austenite and
ferrite, due to magnetic features (ferrite is ferromagnetic and austenite is paramagnetic).
SKPFM was applied to evaluate the variation of Volta potential between austenite (y) and ferrite
(a). Also, MFM/SKPFM technique showed to be a powerful tool in studying the phases in duplex

stainless steels without surface etching necessarily.

In this study, X-Ray Diffraction (XRD) and Rietveld Refinement were performed to identify and
quantify the ferrite and austenite phase of cold and hot rolled duplex stainless steels (UNS
S31803) and lean duplex stainless steels (UNS S32304). Electrochemical impedance
spectroscopy (EIS) was applied to evaluate the chemical behavior of duplex and lean duplex
stainless steels in white, green, and black liquors of paper and pulp industry. Rietveld analysis
results showed a higher austenite content than the standard limit for duplex steels in the hot
rolled condition. The hot rolling condition plays a major role in improving corrosion resistance in

white liquor mainly for the lean duplex steel.

The cyclic potentiodynamic polarization behavior of duplex stainless steel (DSS) and lean
duplex stainless steel (LDSS) was studied in white and green liquors from a pulp and paper
processing plant. The corrosion behavior in industrial and also synthetic liquors was compared.
The polarization curves of the duplex steels in synthetic white liquor were shifted to lower
potentials and higher current densities in relation to the steel in industrial white liquor, which
proved to be less aggressive to the duplex steel. The duplex steels also showed the highest
values of transpassive potential in industrial white liquor. Cold and hot rolled duplex and lean

duplex steels in green liquor showed the lowest values of transpassive potential.

Specimens of duplex stainless steel (DSS) were exposed at high temperature (200 °C) in
industrial white liquor from a Brazilian kraft mill using an autoclave to simulate the same
conditions as a digester processing. Tafel extrapolation method and weight loss were used to
evaluate corrosion behavior of steels. The results showed that the corrosion rates of DSSs

increase with temperature increases. As well as selective dissolution of the ferrite phase.



1 INTRODUCTION

This present study is aimed to investigate the influence of microstructure on the electrochemical
properties of standard and lean duplex stainless steels (DSS) in white, green, and black liquors of pulp
and paper mill. This study has also investigated the influence of microstructure of cold and hot rolled
duplex steels on electrochemical properties of the duplex and lean duplex steels in white, green, and
black liquors from Pine and southern hardwood mix of an American pulp and paper industry, and also

from a Brazilian company.

The work in this thesis was carried out at Fontana Corrosion Center (FCC) at Ohio State University
(OSU), USA and also at Corrosion and Surface Engineering Laboratory — Chemical Engineering at
Belo Horizonte (UFMG), Brazil. The first section consists of a review of literature about DSS and pulp
and paper mill and electrochemical techniques in Chapter 3. The following parts consist of chapter 4,

56,7,8,9, 10, 11 and 12.

Chapter 4: Rietveld and impedance analysis of cold and hot rolled duplex and lean duplex

steels for application in paper and pulp industry;

Chapter 5: Scanning Kelvin probe force and magnetic force microscopy and impedance

characterization of standard and lean duplex stainless steel,

Chapter 6: Electrochemical behavior of Duplex stainless steels in liquor from paper mill;

Chapter 7: Corrosion Behavior of duplex and lean duplex stainless steels in industrial and

synthetic liquors;

Chapter 8: Corrosion behavior of duplex and lean duplex stainless steels in black liquors;

Chapter 9: High-Temperature and High-Pressure Corrosion Behavior of Duplex Stainless

Steel in White Liquor from Brazilian Paper and Pulp Mill;

Chapter 10: Microelectrochemical Testing: Microcell Technique;

Chapter 11: Characterization of Passive Film on Duplex Stainless Steel in White Liquor;

Chapter 12: Future works.
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2 GOALS

Evaluate the corrosion behavior of standard stainless duplex (UNS 31803) and lean duplex stainless

steels (UNS S32304) in environments of pulp and paper mill.

2.1 Specific Goals

Evaluate the effect of microstructure on corrosion resistance of UNS S31803 and UNS

S32304 steel with different processing: cold and hot rolling in black, white and green liquors of
pulp and paper industry;

- Evaluate the passivation and repassivation using cyclic potentiodynamic polarization and
electrochemical behavior using electrochemical impedance spectroscopy in different solution
supplied by North American and Brazilian industry;

- Evaluate the influence of industrial and synthetic liquors;

- Evaluate the effect of high temperature and high pressure on duplex steels in white liquor
using autoclave to simulate the same conditions of a digester processing;

- Perform laboratory characterization of microstructure duplex stainless steel and corrosion
products using techniques such as optical microscopy, scanning electron microscopy (SEM),

X-Ray Diffraction and energy dispersive spectroscopy (EDS).
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3 LITERATURE REVIEW

3.1 Duplex Stainless Steels (DSS)

Duplex stainless steels (DSS) have increasing applications as a structural material in critical
components of nuclear power plants, chemical industries, oil and gas sectors, pulp and paper
digesters (Shulz et al., 2014), liquor tanks and paper machines, transportation (Sahu et al.,2009),
biofuel power, solar power (Baddoo, 2008), corrosive chemical containment pressure vessels (Farina,
2000) and other general engineering applications because of their high strength, superior resistance to

stress, corrosion, cracking and weldability.

Duplex grades have been used for structural applications, which offer a combination of higher
mechanical strength compared with the austenitic (and also the great majority of carbon steels) with

similar or superior corrosion resistance (Baddoo, 2008; Schweitzer, 2006).

The uses of lean duplex are mostly considered for the less aggressive environments due to economic

reasons such as the use of lean duplex in liquor tanks and suction roll (Charles, 2008).

DSS contain roughly 22 to 25%wt.Cr, 5 to 7%wt. Ni, up to 4%wt. Mo, as well as additions of copper
(Cu) and nitrogen (N) (ASM, 2000) and exhibit good properties such as high mechanical strength,
corrosion resistance and good weldability (Kawaguchi et al., 1997). DSS have lower amounts of nickel
than the austenitic grades, with the result that some of the austenite transforms to ferrite (Jones,
2001). DSS have a dual phase microstructure with equal amounts of austenite and ferrite (Krauss,

2005; Marcus, 2006).

A comparative study among AISI 304L, 316L stainless steels and duplex stainless were performed by
Senatore (2007) that showed that the duplex stainless are alternatives to austenite stainless steel in
3% NacCl solution (Senatore et al., 2007). However, the lower raw material costs for duplex steels
compared to austenitic steels are make up for by higher hot-working costs conducted to avoid

deleterious phase such as sigma due to high chromium/molybdenum contents (Talbot, 1998).

The use of DSS has increased drastically as shown in Figure 3.1 (Gagnepain, 2008; Tuomi et al.,
2000, Schulz et al., 2014). Nickel ore and other raw elements, such as chromium and molybdenum

are subject to market variations, making DSS a more competitive cost (Schulz et al., 2014).

21



DSS are known best for the following performance characteristics such as: lower life-cycle cost, high
resistance to stress corrosion cracking (SCC), excellent resistance to pitting and crevice corrosion,
high resistance to erosion and general corrosion in many environments, high mechanical strength, low

thermal expansion, and good weldability (Schweitzer,2006).

The corrosion resistance of duplex steels is comparable to the austenitic steels: lean duplex (S32304)

as type 316 and duplex (S31803) as type 317 (Sastri et al., 2012; Schweitzer, 2006).

® UNS31803/32205 O Other duplex
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Figure 3.1: Crude productions of DSS according to Global markets (metric tons). Source: Gagnepain,

2008, Schulz et al., 2014).

Schaeffler diagram (Figure 3.2) shows the three plotted classical families of Duplex grades: the UNS
S32304 Mo free grades, standard Duplex type UNS S32205 and super duplex grades of UNS S32507
type, with (Charles, 2008; Talbot, 1998). The Cr (ferrite former) and Ni (austenite former) equivalents

that form the two axes of the Schaeffler diagram (Pierre, 1999).
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Figure 3.2: The Schaeffler diagram for estimating the constitutions of stainless steels. Ni equivalent =
wt-% Ni + 30 wt-% C + 25 wt-% N + 0.5 wt-% Mn. Cr equivalent = wt-% Cr + wt-% Mo + 1.5 wt- % Si +
0.5 wt-% Nb + 1.5 wt-% Ti. a = F= Ferrite; a’ = M = martensite; and y = A = austenite (Charles, 2008,
Talbot, 1998).

3.1.1 Hot Working

Hot working occurs when deformation is achieved at a temperature above where recrystallization can
occur (Callister, 2001). UNS S32205 DSS can be readily forged, upset and hot headed. Uniform
heating of the steel in the range from 1150°C to 1250°C is required. Initial hot working should be
performed without large reductions or change of shape. The finishing temperature should not be below
950°C. If the temperature after forging is still above 1000°C, rapid cooling (water quenching) can be
carried out directly at working temperature. Otherwise, all hot-working operations should be followed
by annealing, pickling and passivating to restore the mechanical properties and corrosion resistance

(NAS, 2010).
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3.1.2 Cold Working

When a metal is plastically deformed at temperatures that are low relative to its melting point it is
referred to as is called cold worked. Cold working is known greatly to increase the number of
dislocations in a metal (Reed-Hill, 2009). The UNS S32205 DSS has good formability, due to the
increase in strength (Callister, 2001) and the fact that more power is required for most cold-forming

operations than for austenitic stainless steels (NAS, 2010).

3.2 Dss: Composition and Microstructure

DSS, means those with a mixed microstructure of about equal proportions of y-austenite (face
centered cubic - FCC) and a-ferrite (body centered cubic - BCC), have existed for more than 70 years.

Both constituent phases contain at least about 11wt% chromium (Lai et al., 2012).

Chromium, molybdenum, tungsten and nitrogen contents are responsible for the pitting resistance and
crevice corrosion resistance (IMOA, 2009; Sastri et. al., 2012; Gunn, 1997).The high localized
corrosion resistance of these alloys could be observed by Pitting Resistance Equivalent Number
(PREN), which was developed to associate the amount of these elements with the potential corrosion
of the alloy shown in Equation 1. The higher the PREN, the better the pitting resistance is (Deng et al.,

2008).
PREN = %Cr +3.3 X (%Mo) + 16 x (%N) Equation 1

The duplex grade is given by the Unified Numbering System (UNS) from United States of
America and is given by their chromium and nickel contents. For instance, UNS S32304 (SAF 2304)
contains 23% Cr and 4% Ni and UNS S32205 (2205) contains 22% Cr and 5% Ni (ASM, 2000). The

PREN of S32205 steel is 35 and of S32304 is 24 (Shulz et al., 2014).

During the 1980s, the development of the S32304 occurred, that is a lean alloy grade with lesser Mo
than the UNS S32205 steel, with a lower cost, but a lower pitting resistance (Gunn, 1997; Westin,

2010). The corrosion resistance of the lean duplex is compared with the 304 L (Schulz et al., 2014).

The microstructure depends on the chemical composition of the alloy and the heat treatment

conditions (Itman et al., 2014). Three main types of microstructure exist in stainless steels: ferritic,
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austenitic and martensitic (Lo et al., 2009). There are two types of alloy elements: ferrite stabilizers
(chromium, silicon, molybdenum, titanium and niobium) and austenite stabilizers (nickel, carbon,

copper, nitrogen, manganese) (Yonekubo, 2010).

The optimal phase balance for modern products can be in a range between 45% and 60% austenite.
The microstructure is obtained by a simultaneous control of the chemical composition and annealing
temperature (manufacturing process). A microstructure of rolled duplex steels is shown in Figure 3.3

(Gunn, 1997; Jones, 2001).

Figure 3.3: 3D composed micrograph of rolled DSS. Optical microscopy. Ferrite is the darker phase.

Etched with Behara Il (Armas, 2009).

Microstructural evaluation of DSSs must be performed with the proper etching techniques in order to
use an optical light microscope (OLM) or scanning electron microscope (SEM). Numerous etchants
and electro-chemical etching techniques have been identified for the revelation of the microstructures
in DSS. The following etching techniques 10% KOH electrolytical etchant, 5 V; Kallings reagent; 10%

Oxalic Acid, 40% NaOH, and Glyceregia electrolytical etching and Behara reagent (Russell, 2005).

Jimenez studied the microstructural features of DSS in the as-received after the annealing at a
temperature range between 850 to 1100 °C. The chemical etching used was a solution of 15 mL HNO3

and 30 mL HCI to evaluate the microstructure. DSS in the as-received sheet showed a microstructure
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of austenitic grains elongated along the rolling direction in a ferrite matrix and after annealing (Jimenez

et al., 2000).

In DSSs, Cr, Mo, Ni and N are not uniformly distributed between ferrite and austenite phase and this
heterogeneity may lead to galvanic interactions, which may result in difference in corrosion behavior

between these phases (Femenia, 2004).

Sigma phase is a hard, brittle intermetallic phase compound of Fe, Cr and, to a smaller extent of Mo
(Sopousek and Kruml, 1996; Michalska, 2006) and can influence mechanical and corrosion properties
(Pohl, 2004). Additional secondary phases can be represented by the different precipitates that have
been found in DSSs such as phase, Chi (x) phase, R-phase, T-phase, secondary austenite (y2), CrzN,
carbides M23C and M7C3 and Cu-rich epsilon (€) phase that are mainly found in hot processing steels

(Russell, 2005).

Quantitative image analysis was employed to evaluate intermetallic phase precipitation in UNS
S32205 DSS after aging at 750 °C condition. 20% NaOH solution was particularly useful in selective
etching austenite—ferrite phase boundaries, grain boundaries in ferrite, intermetallic o, and x phases.
The precipitation of o and x phases was primarily affected by the volume fractions of matrix phases

and corresponding portioning of alloying elements (Michalska, 2006).

Sigma and Chi phases form in high chromium, high molybdenum stainless steels and ferrite is the
preferential precipitate (IMOA, 2009). The UR 52N DSS was aged at 475°C for various periods to
evaluate the effect of alpha prime on mechanical and chemical resistance (Fontes, 2009). Alpha prime

phase leads to decreased corrosion resistance and mechanical properties losses of DSS.

X-ray diffraction (XRD) analysis evaluates microstructural parameters easily, reliable, quicker and in a
non-destructive way (Feng et al., 2013). Garin (2012) quantified the cast super duplex steel fraction
using the Rietveld method together with conventional X-ray powder diffraction techniques after having
realized on a series of heat-treated weldments that permitted an accurate quantification of the
microstructural components such as austenite, ferrite, and sigma-phase in all studied samples. Figure
3.4 shows the XRD patterns of the parent allow and the sample annealed weldments at 1133 K for 3

h. Formation of sigma all detected in all heat-treated samples (Garin, 2012, Dubiel, 2011).
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Figure 3.4: (a) XRD pattern of parent alloy (y: austenite; a: ferrite); and (b) XRD pattern of weldment

(HAZ) annealed at 1133 K, 3h (o: sigma phase). Source: Garin, 2012).

3.3 Pulp and Paper Mill

Carbon steel and 300 series austenitic stainless steels are also used in pulp mill equipment (Wensley,

2005). DSS are also being used in new pulp mill equipment; however, these materials have not yet

been studied (Hazlewood, 2006).

The main processes in pulp and paper manufacturing are raw material preparation and handling, pulp

manufacturing, pulp washing and screening, chemical recovery, bleaching, stock preparation, and

papermaking (Bajpai, 2012; Sheffield, 1993). The UNS S32205 DSS is typically applied in the pulp

and paper industry in digester and liquor tanks (NAS, 2010; Wensley, 2004).

Most of the DSS digesters have been constructed using the UNS S32205 stainless steel due to the

greater availability of this material compared with other DSS alloys, the current trend is to construct

both batch and continuous digesters with this material (Wensley, 2005). UNS S32304 DSS has a

slightly superior corrosion resistance than the UNS S32205 and is also a good candidate material of

construction for new Kraft digesters. Wensley (2004) studied the application of these materials in

batch and continuous process and observed that DSS have excellent corrosion resistance in both

digester liquors and that cold formed heads are problematic for large DSS pressure vessels (Wensley,

2004).
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DSS for the non-pressurized vessel (pulp storage tower) were evaluated. The calculation covering
costs of material and work showed that UNS S32304 might yield cost savings of 8% compared to a
tower of carbon steel lined with austenitic stainless steel. Field tests have also shown that the S31803
has a higher corrosion resistance in sulfite digester environments than AISI 316L and 317L

(Nordstrém, 1994).

Chemical pulps are made by cooking (digesting) the raw materials, using the Kraft process (sulfate)
and sulfite processes. The Kraft process is the most dominating chemical pulping process worldwide.
In the Kraft pulp process, the active cooking chemicals (white liquor) are sodium hydroxide (NaOH)
and sodium sulfide (Naz2S) (Bajpai, 2012; Bajpai, 2015), the operation is at high temperature (about
170 °C) and the pressure of 5 to 8.5 bar (72 to 123 psi) is used in delignification during the chip
cooking cycle (Russel, 1999; Hazlewood, 2006; Nava, 2008). The sulfide and hydroxide groups are
strong nucleophiles and break the polymeric lignin into smaller species (Kannan, 1996).The wood
chips are treated with the white liquor at elevated temperature and pressure and form the pulp (Bajpai,
2008). Moreover, the white liquor is considered to be the most aggressive of the alkaline pulping

liquors (Bhattacharya, 2011; Wensley, 2005).

Pulp mills can be divided into two major processing steps: fiber and chemical recovery as shown in
Figure 3.5. The main goal of the fiber processing line is to remove lignin from wood and to achieve
high brightness pulp in the end bleaching sequence. The chemical recovery cycle generated the sub-
product, extracted from pulping wood in the digester, called the black liquor, with smaller amounts of

wood extractives and residual inorganic pulping salt (Demirbas, 2002, Wensley,
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Figure 3.5: Schematic representation of the pulp mill plan (Cardoso et al., 2009).

The black liquor chemical composition depends on the type of the raw material processed and can be
considered as a complex aqueous solution constituted by organic materials from wood or fibrous
plants (lignin, polysaccharides and resinous compounds of a low molar mass) and inorganic

compounds (mainly soluble salt ions) (Cardoso et al., 2009; Singh, 2007).

Black liquor is the waste from the Kraft process and consists of residual inorganic chemicals (sodium
sulfide, sulfate, sodium thiosulfate, sodium carbonate, and sodium hydroxide) after pulping process,
numerous organic extracts in the wood such as organic acids and aliphatic sulfur, and other
constituents are produced due to fragmentation reactions of lignin and its products during the pulping
process (Frederick, 1997). The corrosion rate of the equipment in contact with black liquor depends on
changes in pulping parameter or wood species (Singh, 2007; Anaya, 2001), for example, hardwoods

result in lower corrosion rates than softwoods (Bauer, 1997).

The presence of non-processing elements (NPE) in black liquors (as potassium, chlorine, calcium,
aluminum, silicon and iron ions) could cause incrustation on equipment walls, corroding these

surfaces (Cardoso et al., 2009).

Black liquor is concentrated by multi-effect evaporation system and burned in the recovery boiler
where the combustion of organics provide energy to produce high pressure steam and to carry out the

reduction reactions to recover sodium sulfide (NazS) and sodium carbonate (Na2COs). The inorganic
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product of the boiler recovery is used to regenerate the sodium hydroxide and sodium sulfide needed

for pulping (Cardoso et al., 2009).

The combustion of the strong black liquor converts the recovered inorganic chemicals to smelt which
is dissolved in water to give the green liquor (which are sodium carbonate (Na2COz) and sodium
sulfide (Naz2S) generated during the liquor recovery cycle (Kannan, 1996; Bajpai, 2008). The green
liquor is causticized to produce the white liquor (Tuthill, 2002) as showed in Figure 3.6 and is
processed in two steps. The recovery boiler is used to burn black liquor from sulfate pulping for

recovery of inorganic chemicals as well as for energy production (Bajpai, 2008).

CaO + H20 > Ca(OH)2 (1)
Ca(OH)2 + Na2CO3 - CaCOs(s) + 2NaOH (2)

The cyclic recovery processes of inorganic chemical recover the white liquor used to cook or digest
the wood chips. The first step is that, the black liquor is evaporated to remove the excess water to be
burned. In the second stage, the reduced molten smelt (sodium sulfide and sodium carbonate)
produced in the recovery boiler is quenched with water producing the green liquor (Wensley,
2005).The sodium carbonate is transformed in sodium hydroxide by calcium hydroxide to recover the
inorganic chemical from white liquor. Organic chemicals dissolved out of the wood are the fuel portion
of the black liquor fired in the recovery furnace. This combustion also raises steam for energy
generation and for use in the process. The Kraft pulping is economically successful because the used
cooking liquor can be recovered and reused in the chemical recovery process (Tuthill, 2002; Ecy,

1998).

Carbon steels and standard austenitic grades of stainless steel were the dominant metals for many
years in the pulp and paper industry. However, the use of UNS S32205 duplex and other duplex
stainless steels are increasing in the production of new equipment (Wensley, 2001). The reason for
the focus on duplex steel is due to cost savings and better corrosion properties than carbon steel

(Penn Stainless Products, 2012).

The DSS provide a wide range of corrosion resistance in various environments applications as pulp,

pulp digesters, liquor tanks and paper machines. DSSs are an optimum materials choice due to the
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competitive price. DSSs have a high resistance to stress corrosion cracking (SCC) and high
mechanical strength due to microstructure, and these material are used in the sulfate (Kraft process)
pulp digesters that work under highly alkaline and hot conditions. The UNS S32205 steel has mainly
been used in continuous digester. Other duplex applications are associated with cooking process are
black and white liquors tanks, and circulation systems such as heat exchangers, piping, pumps and

valves (Armas, 2009).

Austenitics are still the most commonly used alloys in the pulp and paper industry, but this could
change if the price of nickel and molybdenum remains high. A high-strength duplex steel (ferritic-
austenitic) was used primarily in the industry in 1988 in Kraft digesters in a New Zealand plant. Duplex
production and applications have increased during the last decade and today they are being used in
digesters for cooking chips and reactors used in the oxygen delignification and bleaching processes.
For example, in the sulfate process, the 316L stainless steel is widely used; however, UNS S32205
duplex, UNS S32101 and UNS S32304 Lean Duplex (LDX) provide a higher corrosion resistance than
the 316L steel. In the washing and screening processes, the superior surface hardness of 2304, 2205
and 2101 duplex steels can reduce maintenance costs. Duplex UNS S32205 and LDX 2304 are the
most popular material for oxygen reactors because of the protection provided against external stress
corrosion cracking (SCC). Duplex grades are also finding increasing use in chemical recovery,
mechanical and recycled pulp processing and in the head boxes and suction roll shells of paper
machines. The UNS S32205 is common for batch and continuous digesters and also available for

oxygen delignification and pressurized peroxide reactors (Chaeter, 2007).
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Figure 3.6: Flow Diagram of Black Liquor Recovery Boiler Liquor Tanks—Lime Kiln. Source: Tuthill,

2002.

DSS have several advantages such as superior corrosion resistance in pulping liquors, high
mechanical strength, wear and erosion-corrosion resistance and excellent resistance to stress
corrosion cracking when related to the austenitic grades (304L, 316L, and 317L) and these materials

are less sensitive to price fluctuations of raw materials due to the lower nickel content than austenitic
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grades. Bergquist reported two examples of failure cases of duplex stainless steels in the application
in paper services such as cracks in a lamellar heat exchanger using UNS S32205 and corrosion

damage in heavy black liquor due to cracking (Bergquist, 2009).

Paoliello (2011) studied the influence of cooking process in the continuous digester on steel corrosion
and observed that cooking method considerably affects electrochemical potentials, passivation range

and the corrosion behavior of continuous digesters (Paoliello et al., 2011).

Bauer (1997) showed the corrosion rates of steels tested at seven different plants in Sweden (Figure
3.7) and observed that carbon steel is not reliable in the digester environment and on the other hand
the DSS (SAF 2304 and UNS S32205) showed lower corrosion rates and an excellent resistance to
stress corrosion. DSS are mainly used nowadays for building new digesters in the pulp and paper
industry. The SAF 2205 (UNS S32205) is a high-alloy austenitic-ferritic stainless steel containing
3%wt. molybdenum, showing resistant to stress corrosion, and the content of molybdenum and
nitrogen mean that it is highly resistant to local corrosion attacks, such as pitting (Bauer, 1997; Tuthill,
2002).

Corrosion rate, mm/year
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Figure 3.7: Corrosion rates for steel test pieces exposed in a digester of pre-heaters. Observe that the

vertical axis has a logarithmic scale. Source: Bauer, 1997.
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In the pulp and paper industry, carbon steel pulp mill equipment, like digesters, storage vessels, have
shown general corrosion and stress corrosion cracking. The DSS have better resistance to corrosion
and stress corrosion cracking in high pH environments in relation to carbon steel and austenitic
stainless steels. Therefore these machines are being replaced by DSS (Bhattacharya, 2007; Wang,

2015).

Stress corrosion cracking of three austenitic (S31603, ASTM F138, N08904) and DSS (S31803) was
tested at high temperature in caustic solutions under active conditions both in the absence and in
presence of sulfide ions. The SCC susceptibility was dramatically increased by the additions of sulfide
ions, in this study all the materials tested were subjected to severe SCC even at the highest strain rate
(Rondelli, 1997). DSS was evaluated in sulfide-containing caustic solution to simulate the
environmental of white liquor (NaOH + NazS). Austenite showed more susceptible to SCC than ferrite.

However, SCC susceptibility depends on the alloy and environmental conditions (Bhattacharya, 2008).

3.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a powerful technique to study the coated metals in

corrosive environments and provides information about corrosion resistance and mechanisms.

Constant phase elements (CPE) are most often used to describe the frequency dependence of
non-ideal capacitive behavior and have become common in fitting procedures of electrochemical
impedance to study corroding systems. The dimension of CPE is s"/Q, while that of an ideal capacitor
(C) is s/Q (Mansfeld, 2001). And the n exponent 0 < n < 1 indicates the capacitor-like nature of the
CPE: n = 1 for a perfect capacitor and n = 0 for a perfect resistor (Orazem, 2008; Fajardo, 2014).

Sn A2, s® . Kg ™t m2.s"
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Impedance representation in terms of magnitude and phase angle as functions of frequency on
a logarithmic scale are called bode plots (Orazem, 2008). When the impedance data are plotted in the

complex plane (imaginary component versus real component) they are called Nyquist plot.

The Kramers-Kroning relationships are applied to evaluate the validity of experimental results,
which must satisfy the priori conditions of linearity, stability, causality, continuity and finiteness (Zheng

et al., 2014; MacDonald, 2005).
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duplex stainless steels (UNS S32304). Electrochemical impedance spectroscopy (EIS) was applied to
evaluate the chemical behavior of duplex and lean duplex stainless steels in white, green, and black
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role in improving corrosion resistance in white liquor mainly for the lean duplex steel.
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4.1 |Introduction

Duplex stainless steels (DSSs) presents a mixed microstructure of about equal proportions of y-
austenite (face-centered cubic, FCC) and a-ferrite (body-centered cubic, BCC)?, and have existed for
more than 70 years. DSSs can be readily hot rolled or cold-rolled. The microstructure depends on the
chemical composition of the alloy and thermomechanical treatment2. The alloy elements can act as
ferrite stabilizers (chromium, silicon, molybdenum, titanium and niobium) or austenite stabilizers
(nickel, carbon, copper, nitrogen and manganese)3. Hence, the chemical composition of austenite and
ferrite are different, resulting in different corrosion resistance in a given environment®. Phase fractions
and phase chemical compositions associated to the pitting resistance equivalent number
(PREN=wt.%Cr+ 3.3 wt.%Mo+ 16 wt.%N)* of DSSs are affected significantly by solution-treatment
parameters (temperature and time)*5. Tan et al.* reported that the pitting corrosion resistance of a
super duplex stainless steel was determined by the pitting resistance equivalent number of weaker
phase. On the other hand, improper heat treatment temperature can result in deleterious secondary

phases®. Also, DSSs, plastic deformation may induce austenite to martensite transformation®”.

The optimal phase balance in order to improve mechanical properties and corrosion resistance can be
a range between 45% and 60% austenite. The microstructure is obtained by simultaneous control of

the chemical composition and thermomechanical history (manufacturing process)&°.

The Rietveld method together with conventional X-ray diffraction (XRD) techniques was used to
quantify the microstructural formation such as austenite; ferrite and sigma-phase in the cast super
duplex steel after having been submitted to a series of heat-treated weldments?®. The Rietveld method
is a technique for refinement of crystal structures that uses data from X-ray or neutron diffraction??.
This method is based on a mathematical fit for a real standard (experimental data) with a calculated
standard (theoretical model) by minimizing the difference between measured and calculated points,
through the method of least squares. The calculated standard is obtained from crystallographic
databases such as Inorganic Crystal Structure Database (ICSD), Linus Pauling File (LPF), NIST
Atomic Spectra Database, and Cambridge Structural Database (CSD). These databases provide the

symmetry of the space group, atomic positions, occupation positions, and network parameters. To
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implement the method, XRD data are used exactly as obtained using the diffractometer, without any

treatment1.12,

A major advantage of this method of quantification is that it uses all the points of an XRD spectrum
and considers overlapping peaks, which usually make other methods of XRD quantification unfeasible.
The parameters related to the diffractogram scanned data, which vary and are calculated during
refinement, are as follows: scale factor, baseline (background), peak profile, cell parameters, structure

factor, displacement and preferred orientation'?.

In the pulp and paper industry, carbon steel pulp mill equipment such as digesters and storage
vessels have shown general corrosion and stress corrosion cracking. The duplex stainless steels have
a higher corrosion and stress corrosion cracking resistance in high pH environments at severe
conditions of pressure and temperature in relation to carbon steel and austenitic stainless steel.
Therefore, digesters and storage vessels are being replaced by duplex stainless steels!®. The lean
duplex steel is a cheaper alternative to duplex steels due to the lower contents of nickel and

molybdenum?4,

The Kraft process used in the paper and pulp industry is divided into three steps: firstly, the
decomposition of the wood is performed by using active cooking chemicals (white liquor) constituted
by sodium hydroxide and sodium sulfide!®. Secondly, the black liquors consisting of residual inorganic
chemicals such as sodium sulfide, sulfate, sodium thiosulfate, sodium carbonate, and sodium
hydroxide, and organic extractives in wood are formed due to the fragmentation reactions of ligninZ6,
Lastly, there is a chemical recovery by combustion of strong black liquor which converts the recovered
inorganic chemicals in melting which is dissolved in water, and the green liquor (sodium carbonate
(Na2CO3) and sodium sulfide (Na2S))!” are produced. Furthermore, the white liquor is the most

aggressive of pulping liquors?e.

The application of the Rietveld method of quantitative analysis for UNS S31803 and UNS
S32304 is not found in the literature. This study has also investigated the influence of microstructure of
cold and hot rolled duplex steels on electrochemical properties of duplex and lean duplex steels in
white, green, and black liquors from Pine and southern hardwood mix of an American pulp and paper

industry.
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4.2 Materials and Methods

4.2.1 Material and Sample Preparation

The duplex stainless steels, designated by Unified Numbering System (UNS) are UNS 31803 and
UNS S32304 (lean Duplex), were supplied by APERAM South America (Brazil) in hot-rolled and cold-
rolled conditions. The steels were examined as-received: hot rolled coils, annealed at 1075 + 25°C
with 4 mm of thickness and cold rolled coils, annealed at 1070 + 25 °C, with a thickness of 1.8 mm.
The steel sheets were cut in dimensions of 1 cm x 1 cm and the lengths were maintained parallel to

the rolling direction. The chemical composition of these DSSs used in this work is shown in Table 4.1.

Table 4.1: Chemical composition of the DSSs investigated (wt%).

Steel Rolling Cr Ni Mo N C Si Mn S

S31803  Cold 22.43 5.34 2.67 0.11 0.012 0.29 1.85 0.0004

S31803  Hot 22.45 531 2.63 0.11 0.013 0.38 1.81 0.0005

S32304  Cold 22.40 4.10 0.29 0.14 0.015 0.46 1.55 0.0002

S32304  Hot 22.87 4.20 0.27 0.15 0.011 0.20 1.45 0.0004

4.2.2 Metallographic Analysis

The samples were immersed in a modified Behara reagent, which consists of 80 mL distilled and
deionized water, 20 mL of hydrochloric acid (HCI), and 1 g potassium metabisulphite (K2S20s); 2 g of
ammonium difluoride (NHsH HF) was added to this stock solution just before the etching'®. The

microstructure analyses were carried out using a Leitz Metalloplan optical microscope (OM).

4.2.3 X-Ray Diffraction (XRD)

XRD analyses were performed to identify the phases present in the samples, using a Shimadzu 7000

equipment under the following operating conditions: CuKa radiation (35 KV/40 mA), goniometer speed
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of 0.02° per step 20, with counting time of 5 seconds per step and collected from 30° to 100° 26.
Spectra interpretation was carried out by comparing standards contained in the database (PDF 02

International Centre for Diffraction Data, ICDD, 2003).

The Rietveld refinement was performed using the GSAS and interface EXPGUI program?20.
The Thompson-Cox-Hastings pseudo-Voigt profile function was used, and the background was
adjusted by Chebyschev polynomial. Scale factor, unit cell, background radiation, profile asymmetry,
the full width at half height from the instrumental broadening parameters obtained with a standard,
atomic position, isotropic atomic displacements, and cations occupational factors were refined. The
values for Rp (profile factor), Reragg (Bragg’s index), Rwp (weighed profile factor), 2 and the graphs
obtained at every 3 cycles of refinement were measured to check the quality of refinement and to

better monitoring the results.

4.2.4 Electrochemical Analysis

Electrochemical impedance spectroscopy (EIS) was performed using a Gamry potentiostat. A three-
electrode electrochemical cell was used with a saturated calomel electrode (SCE) as the reference
with Luggin capillary and platinum (Pt) wire as a counter electrode, and the duplex stainless steel as
the working electrode. The open circuit potential measurements were performed for 1 h or until to
obtain a stable open circuit potential value. The amplitude sine-wave of the applied potential is 10 mV
from 100 kHz to 5 mHz with 7 points per decade. The measurements were performed in triplicate to
ensure the reproducibility. The experimental impedance spectra were fitted using Z-View software
version 3.4d. The electrochemical tests were performed in white, green and black liquors, supplied by
Mead Westvaco Corporation - MWV. Parameters were white liquor (WL): 88 g/L effective alkali (EA)
as NazO, green liquor (GL): 117 g/L total titratable alkali (TTA) as Na2O and weak black liquor (BL):
15% solids. These electrolytes, such as BL, were originated by southern hardwood mix and GL and

WL were originated by Pine mix and hardwood mix.
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4.3 Results and Discussion

4.3.1 Microstructure Characterization

Figure 4.1 shows typical microstructures found in as-received duplex stainless (a) UNS 31803 steel
cold rolled, (b) UNS 31803 steel hot rolled. Figure 4.2 shows (a) 2304 steel cold rolled and (b) 2304
steel hot rolled, respectively, containing only austenite (lighter) and ferrite phases (dark). Furthermore,
secondary phases, such as sigma and chi were not observed. The phases observed are elongated in

the rolling direction as reported in literature?!.

-

Figure 4.1: Typical microstructures found in the (a) UNS 31803 cold and (b) UNS 31803 hot rolling

containing only austenite (clear) and ferrite (dark). Modified Behara Etching.

50 pm

Figure 4.2: Typical microstructures found in the (a) 2304 cold and (b) 2304 hot rolling containing only

austenite (clear) and ferrite (dark). Modified Behara Etching.
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4.3.2 Quantitative XRD analysis

Austenite and ferrite phases were identified in duplex and lean duplex steels, and secondary phases
such as sigma (o) or chi (x) phase were not observed in the steel microstructure. Visual evaluation of
the graphic setting for both observed and calculated diffractograms is extremely important in
assessing quality of refinement as shown in Figures 4.3 and 4.4. For refinement to be considered
accurate, the line representing the calculated diffractogram should overlap the line that represents the
observed diffractogram, and the difference line should be equal to a straight line??. Quality of the
Rietveld refinement is verified through statistical numerical parameters (indicators) which are used
during and after refinement in order to verify if it is occurring satisfactorily2. The most commonly used
statistical parameters for the GSAS program are Rp (profile factor), Rwp weighed profile factor), Reraggs

(Bragg’s index: this index compares the peaks’ integrated intensities) and y2 (Goodness of Fit = GOF

=s).
T T a
z —v—CObsznved (08 1 —~—Cnzened (D05
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Figure 4.3: Observed (pluses) and calculated (line) diffraction pattern for the (a) UNS 31803 Cold and
(b) UNS 31803 Hot rolling. The lower curve shows the difference between observed and calculated

patterns.
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Figure 4.4: Observed (pluses) and calculated (line) diffraction pattern for the (a) 2304 cold and (b)

2304 hot rolling. The lower curve shows the difference between observed and calculated patterns.

The %2 parameter values found for the UNS 31803 cold and hot rolled steels and the lean duplex cold

and hot rolled steels were 3.5%, 3.4%, 3.6% and 2.4%, respectively (Table 4.2). The 2 parameter

value should be equivalent to 1.0% in a perfect refinement. In practice, values below 5.0% refer to an

optimized refinement?2. The Raraggs, Rp and Rup (Table 4.2) for the samples are somewhat higher than

those normally obtained for refinement of simple phases!2. This mismatch is due to the displacement

of 26 and peaks’symmetry?3.

Table 4.2: Rietveld quantitative analysis results for DSSs samples.

Weight percent
Austenite Ferrite Reraag Rup Re Xe
(v) (a)
S31803 Cold 49.9 50.1 5.9% 8.7% 8.7% 3.5%
S31803 Hot 62.7 37.3 3.0% 9.3% 6.1% 3.4%
S32304 Cold 54.3 457 4.0% 10.7% 8.2% 3.6%
S32304 Hot 57.2 42.8 2.1% 8.6% 6.3% 2.4%
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According to the XRD results shown in Table 4.2, the hot rolled steels exhibited a higher difference
between the austenite and ferrite content. Consequently, amounts of ferrite and austenite formed
during hot working or annealing are dependent on temperature. Thus, the hot working temperature
must be controlled to obtain the balance between the phases in the duplex stainless steel?*. The hot
rolled duplex stainless steel showed a high content of austenite than the standard limit for duplex
steels, which can be associated with a limitation of Rietveld refinement, because this technique is
usually applied for powder diffraction data?3. Data collection might have promoted errors to justify the
higher content of austenite than the standard limit of concentration. In the other hand, Table 4.3 shows
the contents of austenite and ferrite obtained using a conventional technique, the Image pro software
by an optical microscope. In summary, the conventional method after etching with a modified Behara
reagent was more reliable to quantify the content of austenite in duplex stainless steels. The main
weakness of the Rietveld refinement is that it is usually performed for powder measurements and
strengths of this technique are the lower time for analysis than the image analysis and the possibility
of phase quantification if the lattice parameters are well defined and the diffraction peaks are not

overlapping.

Table 4.3: Austenite and ferrite contents obtained using Image pro software.

Weight percent
Samples
Austenite (y) Ferrite (Fe-a)
UNS S31803 Cold Rolled 48 52
UNS S31803 Hot Rolled 50 50
UNS S32304 Cold Rolled 47 53
UNS S32304 Hot Rolled 46 54

4.3.3 Electrochemical Measurements

Figures 4.5, 4.6 and 4.7 show the (a) Nyquist and (b) Bode diagrams of cold and hot rolled duplex
stainless steels in white, green, and black liquors. Electrochemical impedance spectroscopy was used
to evaluate the polarization resistance (Rp) of steels in liquors of pulp and paper industry. The EIS
spectra were fitted using a simplified Randles circuit as an equivalent electrical circuit (EEC), which

consisted of an electrolyte resistance (Re) in series with a parallel combination of a constant phase

51



element and a polarization resistance as shown in Figure 4.8. Furthermore, Bode diagrams (Figures

4.5h, 4.6b, and 4.7b) suggest the presence of one time constant. A second maximum identified in

Bode curves of hot rolled UNS 31803 steel in white and green liquors occurred at higher frequencies

above 10* Hz and was not associated with a corrosive process. Constant phase elements (CPE) are

used to describe the frequency dependence of non-ideal capacitive behavior (Table 4.4). The

dimension of CPE is s"/Q, while that of an ideal capacitor (C) is s/Q. When n is equal to 1, a CPE

simplifies to a capacitor; when n equals 0 a CPE represents a pure resistor?. Low x? values were

considered. The average of polarization resistance between the measurements in each solution is

shown in Figure 4.9.
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Figure 4.5: (a) Nyquist plot, (b) Bode plot of impedance spectra of UNS 31803 Cold, UNS 31803 Hot,

2304 Cold, and 2304 Hot rolling in white liquor.
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Figure 4.8: Electrical equivalent circuit (EEC) used for EIS experimental data fitting for the DSS 1803

and the DSS 2304 in pulp mill liquor.

53



Table 4.4:; Fitting results EIS Experimental Data in green liquor (GL), white liquor (WL), and black

liquor (BL).
DSS OCP (mVSCE) SD (mVSCE) CPE (F.s".cm'z) n
31803 Cold Rolled GL -701.4 13.5 5.93x10° 0.93
31803 Hot Rolled GL -714.9 46.3 6.79 x10° 0.91
32304 Cold Rolled GL -727.0 16.3 4.89 x10° 0.93
32304 Hot Rolled GL -693.0 27.9 6.73 x10° 0.92
31803 Cold Rolled WL -345.0 27.6 2.53 x10° 0.95
31803 Hot Rolled WL -339.4 8.3 2.18 x10° 0.95
2304 Cold Rolled WL -345.0 23.6 2.76 x10° 0.95
2304 Hot Rolled WL -338.6 7.7 2.68 x10° 0.94
31803 Cold Rolled BL -673.2 21.7 5.77 x10° 0.93
31803 Hot Rolled BL -678.1 19.5 4.52 x10°° 0.90
32304 Cold Rolled BL -675.2 19.5 6.41 x10° 0.92
32304 Hot Rolled BL -658.2 50.9 6.18 x10° 0.91
Rp Green Liquor
8x10° 4 | SN Rp White Liquor
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Figure 4.9: Experimental data for UNS 31803 Cold, UNS 31803 Hot, UNS 32304 Cold, UNS 32304

Hot in green liquor, white liquor, and black liquor.

Furthermore, the steels in black liguor showed a similar electrochemical behavior and exhibited the
lowest polarization resistance compared to other environments. This effect could be associated with

the presence of solid particles in black liquor which contains 15% of solids and, during the test, the
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solid particles can deposit on the steel surface generating regions of different potentials, and creating
anodic and cathodic areas (and electrochemical cells). The deposition of solids on the steel surface
should generate aeration cells where the region under the deposit is the anodic region (lower oxygen
concentration). The solid particles deposited on the steel surface also can act as a cathodic region,
reducing the active area and enhancing corrosion of steel. In addition, an industrial solution was used
with a heterogeneous composition dependent of the type of wood and process conditions, which
contributes to the variability during the measurements. Literature reports that the organic compounds
in black liquor can act as steel corrosion inhibitors6. However, in this work, in the black liquor, the

steels showed the lowest values of corrosion potential and polarization resistance.

The medium of green liquor contains sodium sulfide and sodium carbonate, which precipitated on the
steel surface. The carbonate deposits generated aeration electrochemical cells and potential gradients
on the steel surface. The surface area under the carbonate can act as an anodic region due to the
lowest oxygen concentration. The carbonate precipitation can also reduce the anodic region on the
steel surface and acts as a cathodic region where the cathodic reaction occurs. This condition
contributes to enhance the corrosion of steels. The values of polarization resistance of steels in green
liquor were similar and higher than in black liquor but lower than in white liquor. In summary, particles
in solution that allowed deposition on the surface of the working electrode showed more influence on

the polarization resistance than microstructure of duplex.

The hot rolled steels showed a higher corrosion resistance in white liquor than the cold rolled steels.
The cold rolled steel presented a more heterogeneous surface with elongated phases?¢ (Figures 5.1
and 5.2), and a higher dislocation concentration generating several active sites to process corrosion.
In white liquor, the standard duplex steels, which showed the highest PREN number and highest
contents of nickel and molybdenum, showed a higher corrosion resistance than the lean duplex steels®
for cold working. However, the effect of molybdenum in caustic environments is not significant to
improve the corrosion resistance of duplex steels'®. The hot rolling condition plays a major role in
improving corrosion resistance in white liquor mainly for the lean duplex steel. The microstructure
containing lower dislocation concentration contributes to enhance corrosion resistance of hot-rolled

steels in relation to the cold rolled condition.
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The medium of white liquor was the less aggressive medium for both steels. In medium of white liquor,
no precipitation of solids or compounds occurred on the steel surface. The white liquor contains
sodium hydroxide, which is beneficial to steel passivation, but contains sodium sulfide, which is

detrimental on the passivation behavior?s.

4.4 Conclusions

Rietveld analysis was not efficient to determine the amount of austenite and ferrite in duplex and lean

duplex steels and the influence of the rolling condition on the phase contents was identified.

The medium of white liquor was the less aggressive medium for both steels. The hot rolling condition

plays a major role in improving corrosion resistance in white liquor mainly for the lean duplex steel.

The steels showed the lowest values of corrosion potential and polarization resistance in black liquor.
Depositions of solids and carbonates on the steel surface in black and green liquors, respectively,

contributed to reduce the corrosion resistance of duplex and lean duplex steels.
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ABSTRACT

This work aimed at characterizing the duplex stainless steel (DSS) relating to microstructure and
electrochemical behavior in industrial white liquor (WL) from a pulp and paper mill. Microstructure was
analyzed using magnetic force microscopy (MFM) and scanning Kelvin probe microscopy (SKPFM).
MFM/SKPFM technique showed to be a powerful tool to study the phases in DSS without surface
etching. Austenite phase exhibits the highest Volta Potential. MFM was used to distinguish the phases
in the DSS due to magnetic features (ferrite is ferromagnetic and austenite is paramagnetic).
Difference of chemical composition of austenite and ferrite causes selective dissolution in industrial

WL.

Keywords: Duplex stainless steels; SKPFM/MFM; Electrochemical impedance spectroscopy; Pulp

and paper industry.
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5.1 Introduction

Duplex stainless steel (DSS) is a dual phase, containing equal proportions of y-austenite (face
centered cubic - FCC) and a-ferrite (body centered cubic - BCC); have existed for more than 70 years
[1, 2]. Both constituent phases contain at least about 11wt% chromium [3]. The ferrite phase has been
known by a lower content of nickel and a higher content of molybdenum compared to the austenite
phase [4]. In DSSs, Cr, Mo, Ni and N are not uniformly distributed between ferrite and austenite phase
and this heterogeneity may lead to galvanic interactions, which may result in a difference in corrosion

behavior between these phases [5].

Gheno (2008) differentiated by magnetic force microscopy (MFM) the ferromagnetic phase (ferrite)
and paramagnetic phase (austenite) in annealed and aged UNS 32205 DSS and obtained images of
the phase distribution in DSS without requiring the surface etching. These images were obtained using

the principle of force gradient detection [6].

The Electrochemical Scanning Probe Microscopy (ECSPM) has been used to observe, in situ and in
real time, the early stages of corrosion [7]. Scanning Probe Microscopy (SPM) techniques such as
Magnetic Force Microscopy (MFM), Scanning Kelvin Probe Force Microscopy (SKPFM) and current-
sensing atomic force microscopy (CSAFM) measurements were used to distinguish and identify the
ferrite and austenite phases in electrochemical polished (HNOz:H20 = 1:1 for 20 s at 1.2 V applied
voltage) DSS and in the conventional UNS 32507. The analysis is related as a result of high nickel
content in austenite, which has a higher Volta potential, compared with ferrite enriched with chromium
and the difference in topography heights between the phases can be attributed to the different etching
rating in electrochemical polishing. This difference could be explained by the hardness difference of

the two phases [8].

The furnace-cooled UNS 32205 DSS was employed to distinguish between the two phases. To
analyze the microstructure, the MFM was used to study magnetic domain distribution and SKPFM was
applied to evaluate the variation of Volta potential between austenite (y) and ferrite (a). The
MFM/SKPFM technique showed to be a powerful tool to study the phases in DSS without surface

etching [4].
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DSS 2205 in acidic chloride solutions was studied in situ by electrochemical scanning tunneling
microscopy (STM) to evaluate selective dissolution of phases. The ferrite dissolution rate decreased
with the distance to austenite and ferrite dissolves preferentially than austenite phase.
Potentiodynamic measurement was carried out in the mild solution (0.05 M H2SO4+ 1 M NaCl) and in
aggressive solution (4 M H2SO4 + 1 M HCL). In the mild solution, a wide passive region and a sharp
increase in current at high anodic potentials could be explained due to localized corrosion, oxidation of
Cr3* in the passive film into Cré* species, oxygen evolution, or combination of these factors and the

potential difference can be due a pH-dependence of the reaction [9].

The UNS S32750, UNS 32304 and UNS 32205 DSSs were characterized using SKFM and MFM, the
ferrite phase was associated with regions of lower potential indicating a higher tendency to corrosion.
Due to the high lateral resolution of SKFM, this technique can be compared with other localized

technigues to study local corrosion process [10].

Atomic and magnetic force microscopy, AFM and MFM, were simultaneously employed to study the
topographic and magnetic properties in DSS. Different tip—surface separations were studied and
values up 30 nm cannot see more evidence of topography, and only magnetic domains can be
visualized; also, magnetic tips coated with high coercivity and low magnetization films were employed
to the characterization of the magnetic domains in the DSS samples studied, which the low

magnetization tips demonstrated to be more appropriate [11].

Femenia (2002) investigated local dissolution behavior of three DSSs (UNS S32304, UNS S32205,
and UNS S32750) in a solution of 1M H2SO4 plus 1 M NacCl by using in situ electrochemical scanning
tunnelling microscopy (STM). The UNS S32205 has a higher content of Mo and N compared to UNS
S32304, and therefore a better resistance to localized corrosion. It has as well a better resistance
against general corrosion and is resistant to an aqueous solution of 1 M sulfuric acid at room
temperature. The UNS S32304 showed severe local dissolution in the form of both pitting-like
dissolution occurring at the active potential region, and selective dissolution of ferrite phase that
already started at the corrosion potential. No pitting-like corrosion was observed on UNS 31802, but a
small amount of selective dissolution occurred at anodic potentials in the active region. No local
dissolution was observed on UNS S32750 surface in this solution in active and passive potential
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regions. It was possible to observe multi-peaks in the active region for the UNS S32304 and analysis

of UNS S32205 DSS suggests certain heterogeneity in their dissolution behavior [12].

Secondary phases in DSS were identified by magnetic force microscopy and Scanning Kelvin probe
force microscope [13]. Volta potential indicated that nitride and sigma phase were more active than

ferrite, while austenite showed a nobler potential [13].

In this work, standard DSS (UNS 31803) and LDSS lean (UNS 32304) DSS was studied using
MFM/SKPFM to correlate the difference of Volta potential and corrosion behavior. The electrolyte
used was industrial white liquors (WL) supplied by a Brazilian pulp and paper mill, aiming application

of DSS in digester equipment of pulp and paper industries.

5.2 Materials and Methods

5.2.1 Material and Sample Preparation

The DSSs, designated by Unified Numbering System (UNS) are UNS S31803 and UNS S32304 (lean
Duplex), were supplied by APERAM South America (Brazil) in cold-rolled conditions. The steels were
examined as received: cold rolled coils, annealed at 1070 £+ 25 °C, with a thickness of 1.8 mm. The

chemical composition of these DSSs used in this work is shown in Table 5.1.

Table 5.1: Chemical composition of the investigated DSS ((wt. (%)).

Steel Rolling Cr Ni Mo N C Si Mn S
31803 Cold 22.43 5.34 2.67 0.11 0.012 0.29 1.85 0.0004
32304 Cold 22.40 4.10 0.29 0.14 0.015 0.46 1.55 0.0002

5.2.2 Metallographic Analysis

The samples were immersed in a modified Behara reagent, which consists of 80 mL distilled and
deionized water, 20 mL of hydrochloric acid (HCI), and 1 g potassium metabisulfite (K2S20s); 2 g of
ammonium difluoride (NH4sH HF) was added to this stock solution just before the etching [14]. The

microstructure analyses were carried out using a Leitz Metalloplan light optical microscope (LOM).
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5.2.3 MFM and SKPFM measurements

SKPFM provides a map of Volta Potential (AW) with high spatial resolution [4-6, 11, 15; 16, 17] Atomic
force microscope (AFM) from MFP-3D-SA Asylum Research was used; and. the tip was a
nonmagnetic probe with standard silicon cantilevers (type AC240TM) with Ti/Pt (5/20) coating (2 N/m
force constant). The resonant frequency of 45 - 95 kHz was employed for Volta potential (Ay)
measurements. The MFM/SKPFM scan size was 80 x 80 ym?2. The topography of the sample surface
was obtained in the first pass in tapping mode (contact mode). In the second pass, the cantilever was
lifted up from the surface between 50 and 100 nm where the Volta potential was independent of the
tip-sample distance. Prior to MFM measurements, the CoCr-coated cantilever was magnetized in the
direction perpendicular to the DSS surface (2 N/m constant force, 40-100 kHz resonant frequency).
Data analysis was performed with the software Gwyddion. Data acquisition was carried out with 512 x

512 pixel resolution.

5.2.4 Electrochemical Analysis

Electrochemical impedance spectroscopy (EIS) was performed using an Autolab PGSTAT 100
potentiostat. A three-electrode electrochemical cell was used with a saturated calomel electrode
(SCE) as the reference using a salt bridge, platinum (Pt) wire as a counter electrode, and the DSS as
the working electrode. The open circuit potential measurements were performed for 1 h or until
stabilization. The amplitude sine-wave of the applied potential is 10 mV from 100 kHz to 5 mHz with
10 points per decade. The measurements were performed in triplicate to ensure the reproducibility.
The experimental impedance spectra were fitted using Z-View software version 3.4d. The
electrochemical tests were performed in white liquors supplied by a Brazilian pulp and paper mill.
According to Brazilian standards to white liquor: TTA (total titratable alkali): 140 £ 10 g/L (as NaOH),
EA (effective alkali): 110 + 10 g/L (as NaOH), sulfidity: 25 + 2%, causticizing efficiency: 82 + 2%, total
suspended solids <100 mg/L, and pH > 13. Subsequently, potentiodynamic polarization was carried
out using an Autolab PGSTAT 100 N potentiostat. The polarization curves were collected by scanning

to the anodic direction at 0.167 mV/s from the corrosion potential (Ecorr). Transpassivity was observed
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in all cases, and the scan was until the current reached 3 mA/cm2. All the electrochemical

measurements were repeated at least three times to ensure the reproducibility.

5.3 Results and Discussion

5.3.1 Microstructure Characterization

Figure 5.1 shows typical microstructure found in the DSS as received. Lighter austenite (y) islands are
embedded in the darker etched ferrite (a). In a previous work [18], the contents of austenite and ferrite
were evaluated by using image analysis and the contents of ferrite were 52% and 53%, for the cold-
rolled UNS 31803 and UNS 32304. Secondary phases such as sigma (o) or chi (x) phases were not

observed in the steel microstructure [18].

s31803  $32304

Figure 5.1: Typical microstructures of a) hot rolled UNS S31803 DSS and b) hot rolled UNS 32304,

showing ferrite (darker) and austenite (lighter).

5.3.2 SKPFM/MFM

Figure 5.2 shows the Volta potential map (Fig. 5.2a), and Volta potential profile (Fig. 5.2b) for the
S32304 steel. Figure 5.3 shows, for the S31803 steel, the Volta potential map (Fig. 5.3a), and Volta
potential profile (Fig. 5.3b). The austenite exhibits the highest Volta Potential between austenite and
ferrite phases [4, 8, 10] This difference of potential between the phases can promote galvanic
interaction and also predict corrosion behavior [9, 10, 15]. Moreover, results may help to explain

selective dissolution behavior of the two DSSs in caustic sulfide containing solution [9, 12].
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Figure 5.2: Cold rolled UNS 32304 steel, scanned area 80 x 80 um. (a) Volta potential distribution and

(b) Volta potential profile along the section marked.
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Figure 5.3: Cold rolled UNS 31803 sample, scanned area 80 x 80 ym. (a) Volta potential distribution

and (b) Volta potential profile along the section marked.
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Ferromagnetic ferrite shows a striped appearance due to magnetic domains, while austenite is
paramagnetic showing a uniform structure (non-magnetic) as shown for the S32304 steel in Figure 5.4

and for the S31803 steel in Figure 5.5.

359V

Figure 5.5: Cold rolled UNS 31803 steel, scanned area 80 x 80 um. Magnetic domain distribution.

5.3.3 Electrochemical Measurements

The Nyquist diagrams of the two DSSs are illustrated in Figure 5.6, which presented similarly
incomplete capacitive reactance arcs. In a Bode plot, log |Z| and @ are both plotted against log w [19].
It seems the two DSS showed similar corrosion resistance, which also was observed in Bode plots
(Figure 5.7) showing equal modulus of impedance (|Z]). In this case, as a substitute of the non-ideal
capacitor, constant phase element (CPE) was used to describe the deviation from actual capacitive

behavior. Its impedance is expressed as:

1

Zoww =—— (1)
Y (je)”
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Where Yo is the capacitance (Fs a*m-2), w is the angular frequency (in rad/s), j? =

-1 is the imaginary

number and a is the CPE exponent that represents the degree of deviation from a pure capacitor. CPE

magnitude is Qlcm=2s® and the alpha exponent, 0 <a< 1, indicates the capacitor-like nature of the

CPE: a =1 for a perfect capacitor and a = 0 for a perfect resistor [20].

Figure 5.6: Nyquist diagram for S31803 and S32304 steels in

the fitting results.
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Figure 5.7: Bode plots for DSS S31803 and S32304 in industrial white liquor at room temperature.

From Bode plots, the maximum phase angles are lower than 90 degrees, indicating a deviation as

mentioned before from an ideal capacitive behavior. It is well known that impedance modulus at high

frequency represents the Rs. Instead, low frequency is related to the polarization resistance, which is
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related to the phenomenon that occurs on the metal surface. There are two-time constants that
suggest the following equivalent circuit (EC), solution resistance (Rs), porous resistance (Ri) and
charger transfer (R2) [21] for the bilayer oxide film on DSS in industrial WL. The pore electrical

resistance is associated to the ionic conduction paths through the passive layer [22].

An important result is that the polarization resistance was higher for the S31803 steel than to the
S32304 steel (Figure 5.8), which can be correlated with the higher content of Cr and Ni of the UNS

31803 than of the lean duplex steel (UNS 32304).

1.0x10°

Rp (ohm.cmz)

$32304

Figure 5.8: Polarization resistance (Rp) of EIS experimental data of S31803 and S32304 in industrial

white liquor.

Figure 5.9 shows the polarization curves for the two duplex steel in industrial white liquor at room
temperature. It was possible to observe that S31803 steel showed lower current density compared to
S32304 steel, there are a wide passive region (-800 mVsce to 0 mVsce) for both steels. For the most
part of the polarization curve, the electrochemical behavior between the 31803 and 32304 are very
similar. However, there is a difference in the Volta Potential between ferrite and austenite phases for
UNS 31803 and UNS 32304. This potential difference might result in selective corrosion on the DSS in
white liquor after polarization tests (Figure 5.9), revealing the boundaries between austenite and ferrite
[9, 23-26] as shown in Figure 5.10. Chromium, silicon, molybdenum, titanium and niobium are ferrite
stabilizers and nickel, carbon, copper, nitrogen, and manganese are austenite stabilizers [27, 28]; this
heterogeneity may cause a selective corrosion of the less noble areas, which could explain the
selective etching shown in Figure 5.10. The heterogeneity in phase composition plays an important

role in corrosion behavior of the DSS [12, 29-31]. The WL used in Kraft pulping process are mainly
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sodium hydroxide (NaOH) and sodium sulfide (Na2S) [32, 33], the selective corrosion can be attributed
to higher concentration of caustic and sulfur species that could generate a preferential dissolution of
the weaker phase. In this medium the cathodic reaction is the reduction of oxygen generating hydroxyl
anions, contributing to increase the alkalinity near the steel surface. Hence, due to a highly caustic
medium and the presence of S% ions [34-36], WL is considered the most aggressive among the

pulping liquors [37].
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Figure 5.9: Polarization curve of S31803 DSS and S32304 LDSS in industrial white liqguor at room

temperature.
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Figure 5.10: SEM micrographs of DSSs after electrochemical tests in industrial white liquor.
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5.4 Conclusions

The MFM/SKPFM technique showed to be a powerful tool to study the phases in duplex

stainless steels without the need of surface etching;

The paramagnetic austenite exhibits the highest Volta Potential between austenite and ferrite

phases;

The difference of the chemical composition of the DSS phases causes selective dissolution of
less noble regions, revealing the phases, after electrochemical testing in industrial white

liquor.
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6 ELECTROCHEMICAL BEHAVIOR OF DUPLEX STAINLESS STEELS IN LIQUOR FROM

PAPER MILL

Potentiostatic polarization behavior of mild steel was investigated in alkaline electrolytes with additions
of sulfur containing compounds to determine the effect of the different species of sulfur in white liquor.
Sulfide and thiosulfate ions were corrosion activators. Sulfite and sulfate ions had no effect. Corrosion

potential was controlled by polysulfide (Wensley, 1980).

The corrosion of carbon steel was investigated in simulated kraft liquor via polarization testing, mass
loss, and corrosion potential measurements to determine the effects of liquor components.
Accelerated corrosion was attributed to the occurrence of alternative cathodic reactions involving

direct reduction of thiosulfate ions (Peterman and Yeske, 1986).

Some researchers have investigated the effect of organic species including the addition of catechol
may play an important role in general corrosion (Wensley, 2005; Anaya, 2001; Singh, 2007;
Hazlewood, 2006; Kannan, 1996; Hazlewood et al., 2006). Singh evaluated the corrosion behavior of
carbon steel (A 516-Gr 70) and two stainless steels (316, 304), and two duplex stainless steels (DSS)
(532304, S32205) in contact with black liquor produced by pulping five wood species (hardwood and
softwood). The potentiodynamic polarization tests were conducted in synthetic liquors at room
temperature, with and without the addition of catechol. Moreover, the results of electrochemical tests
demonstrated that the organic compounds in the black liquor play the major role in steel corrosion and

DSS have shown a good corrosion behavior in all tested black liquors (Anaya, 2001, Singh, 2007).

Bhattacharya (2011) investigated the corrosion properties and electrochemical behavior of different
DSS such as S32304, S32205 and S32101 in high pH caustic and alkaline sulfide solutions at
different temperatures. The reference electrode used was a saturated calomel saturated (SCE) with
luggin capillary, the counter electrode was used was a platinum foil. Tests carried out at higher
temperature (170°C) was used the pressure balanced Ag/AgCl external reference electrode as
reference electrode. In addition, the role of alloying elements in DSS in these environmental was
studied analyzing the polarization measurements of pure Fe, Cr, Ni and Mo and DSS S32205. The

increase in corrosion rates of DSS with sulfide addition could be related to the presence of sulfur on
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the passivation layer and corrosion susceptibility due to the formation of metal—sulfur compounds,
which are less protective than the oxide film. S32205 was found to be most susceptible to general
corrosion and S32304 had the lowest corrosion rates in sulfide caustic environmental. Magnetite and
awaruite (FeNis) detected by XRD can develop a more stable passive film in S32304 resulting in lower

corrosion rates (Bhattacharya, 2011).

The effect of five type wood species (softwood and hardwood) on the corrosiveness of black liquors
was studied selecting one carbon steel (A516-G70), two austenitic stainless steels (SS316, SS304),
and two DSS (S32304, S32205). The metal coupons were placed in a S32205 stainless steel 3 L
autoclave and submerged in the black liquor. The autoclaves were closed and heated with electric
jackets and the specimens were exposed in the black liquor at 170°C for 2 weeks, after which the
coupons were removed, weighed, and examined for general and localized corrosion under the
microscope. Results from this study shown that corrosion rate is not correlated with their inorganic
composition. On the other hand, the organic constituents have very important role in the corrosivity of
black liquors. In addition, DSS specimens, in general, have performed very well in all tested black

liquors (Anaya, 2001).

Steel tanks are used to store synthetic black liquor at various stages of the process pulp, and show a
range of corrosivity for the steel and to elucidate the corrosion mechanisms of steel in black liquor.
Kannan (1996) evaluate the effects of substituted phenols on the electrochemical behavior of A-283
Gr C steel in alkaline solutions at 65°C to determine the corrosion of steel storage tanks in the pulp
and paper industry. The results indicated that sodium sulfite, dimethyl sulfide, pinene, sodium
thiosulfate, and pyrogallol are the chemicals that most contributed to the corrosion of A283 carbon

steel in synthetic liquor (Kannan, 1996; Singh, 2007).

Crevice occurs when small quantities of stagnant solutions inside crevices and under shielded areas
on a passivated metal surface are selectively depleted of dissolved oxygen. If the oxygen content
reaches a critical concentration in this area, the passivity will not support, establishing an
active/passive cell, promoting an intense attack due to the high difference of area between the anode

(very small) and cathode (Talbot, 1998).
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6.1 Experimental procedure

6.1.1 Preparation of the working electrode

The samples were embedded in epoxy resin. The electrical connections necessary for the tests were
made by welding a copper wire on the sample surface. The surface samples were wet ground
consecutively using 320, 600, 80 and 1200 grit on abrasive papers (silicon carbide papers (SiC)),
polished using 3 um, 1 and 0.25 ym diamond paste, and ultrasonically cleaned in ethanol. In orders to
avoid crevices, the samples were masked with black wax (Apiezon Wax W) (Frankel et al., 1992) at
least 12 h before the measurements as shown in Figure 6.1 and stored in desiccators. The black wax
was previously dissolved in trichloroethylene. Sample preparation was carried out in the Corrosion and
Surface Engineering Laboratory at the Department of Chemical Engineering, Federal University of

Minas Gerais, Brazil and Department of Materials Science and Engineering at Ohio State University.

Black Wax

Figure 6.1: Specimens for the electrochemical measurements masked in black wax to avoid crevice.

6.1.2 Conductivity

Conductivity was measured using a LUCADEMA Model mCA 150 conductivity meter.

6.1.3 Electrochemical tests - North American Liquors (White, Weak Black,

and Green Liguors)

Mead Westvaco Corporation - MWV (Covington, VA), supplied the white, green and black liquors. In
detail the active cooking chemical the white liquor contain sodium hydroxide (NaOH) and sodium
sulfide (Naz2S) with high pH (pH > 13), the green liquor Sodium Carbonate (Na2COs) and Sodium

Sulfide (Na2S) with pH >10, and black liquor (residual inorganic chemicals (sodium sulfide, sulfate,
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sodium thiosulfate, sodium carbonate, and sodium hydroxide) and organic extractives in wood, and

other constituents due to fragmentation reactions of lignin) with pH >13.

In North America, all sodium components based on the equivalent amount of sodium oxide (Naz0).
The concentration unit used is grams per liter (g/L). Some definitions based on TAPPI (United States)
as effective alkali (EA) (NaOH +1/2 NazS, expressed as Naz0), total alkali (NaOH + NazS + Na2COs +
% NasCOs, all expressed as Na:0O (Wensley, 2004). The sulphide-containing caustic solution used
were White liquor (WL): 88g/L Effective alkali (EA) as Na20, Green liquor (GL): 117g/L total titratable
alkali (TTA) as Na2O and Weak Black liquor (BL): 15% solids. And the BL was originated by southern
hardwood mix and GL and WL was originated by Pine mix and hardwood mix. The solutions were

filtrated as shown in Figure 6.2.

Figure 6.2: Filtration of Liquors (a) White Liquor, (b) Green Liquor and (c) Black Liquor inside the

hood.

6.2 Results and Discussion

6.2.1 Cyclic Anodic Potentiodynamic Polarization — North American

Liquors

In this study, different set ups to the probe such as flat cell were tested and features like crevice were
observed (Figure 6.3), due to different oxygen concentration below the O-ring, which could promote
more active area susceptible to corrosion phenomenon. Furthermore, the set up by flat cell has the
disadvantage solids deposition above the electrode surface increasing interferences for the

measurements, especially because in this study a solution supplied by paper and pulp industry was
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used, even though the solutions were filtered before the electrochemical tests. The black wax was
applied around the O-ring to avoid crevices, but the upper support of the flat cell pressed the O-ring
promoting some defects causing crevice. Consequently, the polarization curve was similar to the
previous, for this reason, a conventional cell of three electrodes: working electrode (embedded in

epoxy), a counter electrode, and a reference electrode) inside a becher (Figure 6.3).

Figure 6.3: Set up of the flat cell and the aspect of the sample after of the polarization measurement

in white liquor.

Figure 6.4 shows the different approaches were used to carry out the electrochemical tests in white
liquor at room temperature, 60°C, and green liquor for example; the reference electrode was used in
the electrolyte. On the other hand, the Luggin capillary was used in green liquor to get closer steel
surface and to avoid the contamination of chloride from RE. In black liquor was used a salt bridge, due

to the difficult visibility of steel surface.
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Green Liquor Black Liquor

Figure 6.4: Set up for cyclic polarization in: (a) WL at RT, (b) WL at 60 °C, (c) GL, and (d) BL.
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6.2.2 Electrochemical Tests — Brazilian Liquors

Cenibra (Belo Oriente, MG) supplied the white and green liquors. According to Brazilian standards to
green Liquor: TTA (total titratable alkali):150 + 10 g/L (as NaOH), reduction efficiency > 93%
(Naz2S/(NazS + Na2S0sa), total suspended solids <200 mg/L, and pH >13. In addition, characterization
of white liquor: TTA (total titratable alkali): 140 + 10 g/L (as NaOH), EA (effective alkali): 110 + 10 g/L
(as NaOH), sulfidity: 25 + 2%, causticizing efficiency: 82 + 2%, total suspended solids <100 mg/L, and

pH > 13. Table 6.1 shows the conductivity to white and green liquors.

Table 6.1: Conductivity measurements in Brazilian liquors.

Measured Conductivity (mS/cm) at 25°C

White Liquor 360.4
Green Liquor 196.4
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Abstract

The cyclic potentiodynamic polarization behavior of duplex stainless steel (DSS) and lean duplex
stainless steel (LDSS) was studied in white and green liquors from a pulp processing plant. The
corrosion behavior in industrial and synthetic liquor was compared. The polarization curves of the
duplex steels in synthetic white liguor were shifted to lower potentials and higher current densities in
relation to the steel in industrial white liquor, which proved to be less aggressive to the duplex steel.
The duplex steels also showed the highest values of transpassive potential in industrial white liquor
compared to synthetic liquor. Cold and hot rolled duplex and lean duplex steels in green liquor showed

the lowest values of transpassive potential.

Keywords: Duplex stainless steels; Polarization, Alkaline corrosion; Pulp and paper industry
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7.1 Introduction

Chemical pulps are made by cooking (digesting) the raw materials, using the Kraft process (sulfate)
and sulfite processes. The Kraft process is the most dominating chemical pulping process worldwide.
In the Kraft pulp process, the active cooking chemicals (white liquor) are mainly sodium hydroxide
(NaOH) and sodium sulfide (Na2S)* 2, the operation is at high temperature (about 170 °C) and the
pressure of 6.5 to 8.5 bar is used in delignification during the chip cooking cycle®5. The chemical
recovery cycle is generated the sub-product, extracted from pulping wood in the digester, called the
black liquor, with smaller amounts of wood extractives and residual inorganic pulping salt® 7. The
combustion of the strong black liquor converts the recovered inorganic chemicals to smelt which is
dissolved in water to give the green liquor, which are mainly sodium carbonate (Na2COs3), and sodium
sulfide (Na2S) generated during the liquor recovery cycle. The green liquor is causticized to regenerate
the white liquor®13. The scheme of the main operation of the chemical recovery cycle is shown in
Figure 7.1. Moreover, the white liquor is considered the most aggressive of the alkaline pulping

liquors®.

Weak black Strong black
liquor ; liquor
Evaporation

CTOZ
i CaCoO Ca0
Cf)okmg g o Limekiln F -"=- - Recovery
Digester) I 1 boiler
1
: |
” 1
| 1
— l Recausticizing —y
White liquor Green liquor

(NaOH + Na,S) (Na,CO, + Na,S)

Figure 7.1: Schematic representation of the paper and pulp mill (Kraft process).

Duplex stainless steel (DSS) has been used as a material of construction in the pulp and paper
industry for the past 35 years due to its excellent corrosion resistance and high mechanical strength
allowing for thickness reduction in equipment. Lean DSS (LDSS) is a DSS with a lower content of
molybdenum and nickel and thus a lower cost. Nitrogen addition is used in LDSS to provide the

austenite content in alloys with a lower nickel concentration®7. Currently, the materials commonly
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selected for the construction of pulp digesters are lean duplex (UNS S32304) or standard duplex (UNS
S32205). Older facilities were constructed from AISI 316 austenitic stainless steel coupled to an
anodic protection system8-22, DSSs combine low nickel content with high mechanical strength, which

makes them an efficient and cost alternative to austenitic stainless steel grades.

In the pulp and paper industry, carbon steel pulp mill equipment, like digesters, storage vessels, have
been showed general corrosion and stress corrosion cracking'# 2% 25, Singh and Anaya evaluated the
corrosion behavior of carbon steel (A 516-Gr 70), AlSI 304 and 316 stainless steels, and two DSSs
(UNS S32304, UNS S32205) in black liquor produced by pulping five wood species in a synthetic
liquor. The potentiodynamic polarization tests were performed at room temperature, with and without
the addition of catechols. The organic compounds in the black liguor were found to play a major role in

steel corrosion, and the DSSs showed a high corrosion resistance in all tested black liquors?2.

Corrosion resistance of DSS in white liquor has been widely studied# 21-23, Bhattacharya and Singh!4
investigated the corrosion properties and electrochemical behavior of different DSSs (UNS S32304,
UNS S32205, and UNS S32101) in high pH caustic and alkaline sulfide solutions at different
temperatures. They studied the role of alloying elements in DSS in these environments by analyzing
the polarization behavior of pure Fe, Cr, Ni and Mo, and DSS UNS S32205. The increase in corrosion
rates of DSS with sulfide addition can be related to the presence of sulfur in the passive layer and the
formation of metal-sulfur compounds that are less protective than the oxide film?4. The S32205 steel
was found to be most susceptible to general corrosion and the S32304 steel had the lowest corrosion
rates in a sulfide caustic environment. A more stable passive film containing magnetite and awaruite

(FeNis) developed on UNS S32304 steel, resulting in lower corrosion rates'4.

Wensley and Champagne evaluated the effect of sulfide concentration on the corrosion resistance of
carbon steel specimens with different silicon contents (low-silicon A285-Grade C and medium-silicon
A516-Grade 70), austenitic stainless steel (ASI04) and two DSS (UNS S32304 and UNS S32205) in
white, green, weak black, strong black, and flash tank liquors. All of the stainless steels (UNS S30403,
UNS S32304, and UNS S32205) were highly resistant to corrosion in all the liquors tested, regardless

of sulfide content23. 26. 27,
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The aim of this work is to evaluate the corrosion behavior of DSS with two processing conditions, hot
and cold rolling is assessed in liquors provided by a pulp and paper producer. In addition, the
corrosion resistance of DSS and LDSS in synthetic and industrial white liquor (WL) is compared. To
the best of our knowledge, literature on corrosion behavior of LDSS and DSS in industrial liquors from

pulp and paper industry is not reported and the mechanisms involved are not fully understood.

7.2 Materials and Methods

7.2.1 Steel characterization

Aperam South America (Brazil) supplied the duplex stainless steels in hot rolled and cold rolled
conditions and the chemical compositions of the steels are shown in Table 7.1. The DSS studied is
31803 with 5%wt. Ni and 2.6%wt. Mo and the LDSS is 32304 with a lower content of Ni (4%wt.) and
Mo (0.3%wt.). The steels were examined as-received: hot rolled coils annealed at 1075 + 25°C with a
thickness of 4 mm, and cold rolled coils annealed at 1070 + 25 °C, with a thickness of 1.8 mm. Table
7.2 shows the mechanical properties of the cold rolled and hot rolled steels provided by the

manufacturer2s,

Table 7.1: Chemical composition of the DSSs investigated (wt%).

Steel Rolling Cr Ni Mo N C Si Mn S Fe

31803 Cold 22.43 5.34 2.67 0.11 0.012 0.29 1.85 0.0004 Balance
31803 Hot 22.45 5.31 2.63 0.11 0.013 0.38 1.81 0.0005 Balance
32304 Cold 22.40 4.10 0.29 0.14 0.015 0.46 155 0.0002 Balance
32304 Hot 22.87 4.20 0.27 0.15 0.011 0.20 145 0.0004 Balance
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Table 7.2: Mechanical properties of duplex steels.

Tensile
Hardness Elongation Yield Strength
Steel samples strength
(Rockwell C) (%) (MPa)
(MPa)

DSS Cold rolled S31803 23 28 700 855
DSS Hot rolled S31803 22 30 648 784
LDSS Cold rolled S32304 19 31 604 764
LDSS Hot rolled S32304 18 33 557 691

The metallographic analysis was performed after etching the steel samples in modified Behara
reagent [80 mL distilled and deionized water, 20 mL hydrochloric acid (HCI), and 1 g of potassium
metabisulfite (K2S205)]; 2 g of ammonium bifluoride (NHsH HF) were added to this stock solution just
before the etching?®. The microstructure analyses were carried out using an optical light microscope

(LOM, Leitz Metalloplan) with Image Pro software.

7.2.2 Electrochemical Tests

The steel sheets were cut in dimensions of 1 cm x 1 cm with the exposed surface being the rolling
surface. The samples were embedded in epoxy resin and electrical connections necessary for the
tests were made by welding a copper wire to the back of the sample, which was not in contact with the
electrolyte. The samples were wet ground to 1200 grit SiC abrasive papers, and then polished using 3
pm, 1 uym, and 0.25 ym diamond paste, and ultrasonically cleaned in ethanol. In order to avoid
crevices, the samples were masked with black wax (Apiezon Wax W)30 at least 12 h before testing

and were stored in a desiccator. The black wax was dissolved in trichloroethylene to assist application.

A North American pulp and paper company supplied the white and green liquors. The WL contained
sodium hydroxide (NaOH) and sodium sulfide (Na2S) at pH > 13, the green liquor (GL) aqueous

solution contained sodium carbonate (Na2COs) and sodium sulfide (NazS) at pH >10. The
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electrochemical tests were also performed in synthetic white liquor (SWL) composed of 150 g/L of

NaOH and 153.8 g/L of Na2S.9H20 (3.75 mol/L NaOH + 0.64 mol/L Na2S)* 31,

All sodium components were considered based on the equivalent amount of sodium oxide (Naz0).
The definitions used were based on the Technical Association of Pulp and Paper industries (TAPPI).
The effective alkali (EA) is: NaOH +1/2 NazS, expressed as Na:z0; the total alkali is NaOH + NazS +
Na2COs + % Na2COs, all expressed as Na20?2. The sulphide-containing caustic solutions used were:
WL consisting of 88 g/L EA as Na20 and GL consisting of 117 g/L total titratable alkali (TTA) as NazO.

The GL and WL were originated by pulping of pine mix and hardwood mix.

A Reference 600 Gamry potentiostat was used for the electrochemical tests. The polarization curves
were collected by scanning to the anodic direction at 0.167 mV/s from the corrosion potential (Ecor).
Transpassivity was observed in all cases, and the scan was reversed when the current reached 3
mA/cm?2. All the electrochemical measurements were repeated at least three times to ensure the

reproducibility.

Potentiostatic polarization was performed in GL to evaluate the efficiency of the protective layer. Three
potential values were chosen for the potentiostatic tests: -500 mVsce at the first passivation (around
106 A/cm?), -150 mVsce at the second passivation (around 10° A/cm?), and 0 mVsce in the

transpassive region.

7.3 Results and Discussion

7.3.1 Steel characterization

The microstructure of the two steels, DSS and LDSS are shown in Figure 7.2. Lighter austenite (y)
islands are embedded in the darker etched ferrite (a) matrix with no other secondary precipitates32 33,
The cold rolled condition of the steels showed higher yield strength, a higher tensile strength, and a
lower elongation than the hot rolled condition of the steels, even though the steels were annealed at
1070 + 25°C after rolling. Table 7.3 shows the contents of austenite and ferrite obtained using Image

Pro Software.
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Table 7.3: Austenite and ferrite contents obtained using Image Pro Software.

Samples Weight percent
Austenite (y) Ferrite (Fe-a)
DSS 31803 Cold Rolled 48 52
DSS 31803 Hot Rolled 50 50
LDSS 32304 Cold Rolled 47 53
LDSS 32304 Hot Rolled 46 54

UNS31803 Hot Rolled

UNS32304 Cold Rolled UNS32304 Hot Rolled

Figure 7.2: Microstructure of lean duplex and duplex stainless steels.
7.3.2 Cyclic polarization of DSS S31803 and S32304 steels in
synthetic and in industrial white liquor

Studies of steel corrosion in SWL have been extensively reported in the literature12, 14, 34-35, but
reports of corrosion resistance of duplex steels in industrial liquors of pulp and mill industry are not

available.
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The cyclic polarization curves of the S31803 duplex steel and the S32304 lean duplex steel were
similar in industrial WL at room temperature as shown in Figure 7.3. Polarization curves started at
open circuit potentials in the range from -500 mVsce to -300 mVsce. The current density increased
slightly with potential until about —100 mVsce, was almost constant until about +100 mVsce and then
increased slightly again at higher potentials. A slight but reproducible hysteresis was observed during
the reverse scan for all samples. This electrochemical test was not able to distinguish differences in

corrosion behavior of DSS and LDSS or any effect of the two processing conditions.
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Figure 7.3: Cyclic polarization curves of S31803 and S32304 steels in industrial WL at room

temperature.

Figure 7.4 shows polarization curves of S31803 steel in synthetic and industrial WL. The corrosion
potential of cold rolled S31803 DSS in SWL was -1.137 + 0.005 Vsce and in the real industrial WL it
was -0.459 + 0.014 Vsce. Much higher values of current density were observed in the synthetic liquor.
The differences in behavior indicate that testing of steels in synthetic liquor may predict a shorter life of
the material than what would be achieved in service. The industrial WL is a final product from the
causticizing system and it has more chemical compounds than the synthetic solution. The WL was
regenerated in the process, as the green liquor was made caustic to produce WL, which has a

complex chemical composition?6. These extra components seem to inhibit the corrosion of DSS.
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Figure 7.4: Cyclic potentiodynamic polarization curves for cold rolled S31803 steels in SWL and

industrial WL at room temperature.

The S31803 DSS in SWL showed two regions of almost constant current density. In contrast, in
industrial WL, only one passivation region was obtained. Bhattacharya and Singh!4 have reported a
similar kind of behavior for S32205 DSS in SWL. They suggested that the current density increased in
the beginning due to the dissolution of iron, and then the primary passivation was formed by the
formation of nickel sulfide (Ni2S), with Ni and Cr also contributing to the first passivation layer!4. The
current density above the primary passivation increased due to oxidation of sulfur species
corresponding to the S2/S04?" oxidation reaction, and to the dissolution of Cr in the form of CrOs?
ions. A region of constant current density of 102 A/cm? was observed. Finally, the current density
increased due to the oxygen evolution reaction?2. It is reasonable to assume that this explanation is

also valid for the results obtained in this study.

The corrosion potential of DSS in industrial WL at 60°C was less noble than the value at room
temperature (RT) as shown in Figure 7.5, which presents the cyclic potentiodynamic polarization
curves of cold and hot rolled S31803 DSS at the two temperatures. The passive current density was
higher at 60°C (10° A/lcm?) than at RT (10® A/cm?), indicating a less protective passive film in sulfide-

containing caustic solution at the higher temperature. At about -150 mVsce for each alloy at 60°C, the
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current density increased above 105 A/cm2. Temperature plays an important role in corrosion of
duplex steels in WL and causes an increase of current densities and a decrease of open circuit

potential.
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Figure 7.5: Cyclic potentiodynamic polarization curves of UNS 31803 DSS in industrial WL at room

temperature and 60 °C.

7.3.3 Cyclic polarization of S31803, S3230 DSS in green liquor

The polarization curves of the DSSs tested in GL containing sodium carbonate and sodium sulfide at
pH > 10 indicate a similar behavior for the lean and duplex stainless steels as shown in Figure 7.6.
Two passivation regions were identified with the first one exhibiting a range of current densities
between 106 to 10 A/cm?. The duplex and lean stainless steels showed positive hysteresis in the
reverse scans indicating a possibility of localized corrosion. SEM and EDS analyses identified
inclusions enriched in aluminum, magnesium, oxygen, manganese and sulfur on the surface of steels.
It has been reported that MgO, Al203 and MnS inclusions on the surface of S32750 super duplex steel
are the preferred sites for pit initiation3!. In this case, pits were not observed on the surface steels but
these inclusions are cathodic regions and the steel near inclusions can act as anodes, generating

corrosion at inclusion/matrix interface (Figure 7.7). Figure 7.6 shows repassivation occurring at a lower
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potential. Corrosion behavior of the standard duplex S31803 steel and lean duplex steel was similar in

GL.
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Figure 7.6: Cyclic potentiodynamic polarization curves of cold and hot rolled S31803 and S32304

steels, and Pt wire in green liquor at room temperature.
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Figure 7.7: DSS surfaces after cyclic potentiodynamic polarization in GL: (a) 31803 CR, EDS analysis

(b) inclusion spot, and (c) steel surface.

The behavior of platinum was compared with the DSS in these electrolytes as shown in Figure 7.5.
The current densities associated with platinum are higher than the current densities exhibited by DSS,
indicating that platinum surface acts as a catalyst for the redox reactions. On the other hand, the
results of the DSSs were completely different from that of the platinum, and a corrosive process

occurred on the surface of DSS as shown in Figure 7.5.

Potentiostatic polarization was performed to evaluate the behavior of the current density with time and

thus the efficiency of the protective layer in GL. Three regions were chosen for the potentiostatic tests:
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-500 mVsce at the first passivation (around 106 A/cm?), -150 mVsce at second passivation (around 105

Alcm?), and 0 mVsce in the transpassive region.

As is evident in Figure 7.8, the current density increased with time when the potential of 0 mVsce was
applied for all steels studied, which indicates that a corrosive process occurs at a current density on

the order of 103 A/cm?2.
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Figure 7.8: (a) Potentiostatic curves at 0 mVsce of cold and hot rolled S31803 and S32304 steels in

GL at room temperature, (b) 32304 Cold Rolled surface after potentiostatic test at 0 mVsce.

The potential of -0.5 Vsce was chosen to investigate the passivation region in Figure 7.6. At the
applied potential of -0.5 Vsce, the current density remained constant and low with time for the steels in
the cold-rolled condition and showed a slight increasing trend for the steels in the hot-rolled condition
as shown in Figure 7.9. The cold rolled steels showed the lowest current density in green liquor. The
hot rolled S31803 steel showed the highest current density in green liquor, using the potentiostatic
test. The cold and hot rolled steels were annealed at 1070°C and 1075°C, respectively. Besides the
difference in mechanical properties, there is a difference in interlayer space of ferrite and austenite. In
the cold rolled steel, the microstructure is finer as shown in Figure 7.10. The hot-rolled S31803 steel
showed a passivation current density one order of magnitude higher (10> A/cm?) than the current of
the cold rolled S31803, and cold and hot rolled S32304 steels (10-® A/cm?). The hot-rolled S31803

steel exhibited a less protective layer than the other DSSs in GL.
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Figure 7.9: (a) Potentiostatic curves at -500 mVsce of cold and hot rolled S31803 and S32304 steels

in green liquor at room temperature, (b) S31803 cold rolled surface after potentiostatic test at -500

mVsce.

In order to reveal the grain boundaries in austenite and ferrite in DSS, electrolytic etching was used
with 60% HNO3 solution at an etching potential of 2.2 V for 3 minutes. The cold rolled steels exhibited
finer grains than the hot rolled steels (Figure 7.10). This finding can explain a higher tensile strength of
the cold rolled steels than the hot rolled steels as shown in Table 7.2. Grain boundaries are barriers to
the movement of dislocations and steels with finest grains have a higher density of grain boundaries
that inhibits the dislocation movement and contributes to enhance the tensile strength of steel. The
result obtained that the hot-rolled S31803 steel exhibited a less protective layer than the lower density
of grain boundaries in hot rolled S31803 steel than the steel in cold rolled condition can also explain
the other DSSs in GL. Finer grains contribute to improve the protective ability of the passive layer of

stainless steels3¢,
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Figure 7.10: Grain boundaries of lean duplex and duplex stainless steels. (a) S31803 CR, (b) S31803

HR, (c) S32304 CR, and (d) $32304 HR.

Cyclic polarization curves (Figure 7.6) showed a possible second passivation region at current density
of 104 A/lcm?. At the applied potential of -150 mVsce, the current density remained almost constant for
the hot-rolled S31803 and the cold-rolled S32304 steels (Figure 7.11). The second passivation layer of
hot-rolled S32304 and cold-rolled S31803 was less protective than the layer of the hot-rolled S31803

and cold rolled S32304.
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Figure 7.11: Potentiostatic curves at -150 mVsce of cold and hot rolled S31803 and S32304 steels in

green liquor at room temperature.

Temperature plays an important role for steel corrosion in WL by decreasing the transpassive potential
as temperature increases (Figure 7.12). The WL was the less aggressive liquor for the duplex steels,

which showed the highest values of transpassive potential in this medium.

4| C—J White Liquor
0.6 —/| = White liquor at 60°C
I Green Liquor

04 -1 — —

-0.4 T
1803 Cold 1803 Hot 2304 Cold 2304 Hot

Figure 7.12: Average of the transpassive potential for all duplex stainless steels in industrial white,

green liquors.
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In addition, cold and hot rolled duplex and lean duplex steels in green liquor showed the lowest values
of transpassive potential. Precipitation of carbonate on the steel surface in green liquor, as shown in
Figure 7.13 contributed to increase of corrosion process and to decrease the transpassive potential,

due to the reduction of effective anodic area.

Figure 7.13: SEM micrographs after the cyclic potentiodynamic polarization showing carbonate

precipitates on the hot 31803 duplex in green liquor.

Considering the passivation current density as a parameter to evaluate the corrosion behavior of
steels, the GL was the most aggressive medium. It is well known that WL is more aggressive liquor
due to the alkalinity. However, in this work, the carbonate precipitation plays the main role in the
corrosive process, increasing corrosion, and decreasing the transpassive potential. As shown in
Figure 7.14, the precipitate was not corrosion product of the steel due to the absence of Fe, Cr, and Ni
in its chemical composition. Sodium, sulfur, and oxygen were found in the chemical composition of the

precipitate, which is probably a carbonate or sulfide!?.
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Figure 7.14: SEM micrographs after the cyclic potentiodynamic polarization showing carbonate

precipitates on the hot 31803 duplex in green liquor.

7.4 Conclusions

The polarization curves of the S31803 steels in SWL were shifted to lower potentials and higher
current densities in relation to the steel in industrial WL, which proved to be less aggressive to the

duplex steel.

The average of transpassive potential showed that temperature plays an important role for DSS

corrosion in WL decreasing the ETranspassive as temperature increases.
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WL was the less aggressive liquor for the duplex steels, which showed the highest values of

transpassive potential in this medium.
Cold and hot rolled duplex and lean duplex steels in green liquor showed the lowest values of

transpassive potential.
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Abstract

Corrosion behavior of standard (UNS S31803) and lean (S32304) duplex stainless steels was studied
using cyclic potentiodynamic polarization (CPP) in 15% solids weak black liqguor from an American
pulp and paper mill. The duplex steels were studied in cold-rolled and hot-rolled conditions. Results of

electrochemical tests showed that cold rolled S32304 steel exhibited the best corrosion behavior in

weak black liquor.

Keywords: Duplex stainless steels; Polarization, Alkaline corrosion; Pulp and paper industry
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8.1 Introduction

Duplex stainless steel has been an important discovery in the pulp & paper industry over the past 35
years, due to its excellent corrosion resistance, high mechanical strength, and the thickness
reductions. Duplex combines a low nickel content (ranging from about 1.5 to 7 wt% nickel) with a high
mechanical strength, which makes it an efficient and cost alternative to the austenitic stainless steel

grades [1-6].

Wensley and Champagne [6] evaluated the effect of sulfide concentration on the corrosion resistance
of carbon steel specimens with different silicon contents (low-silicon A285-Grade C and medium-
silicon A516-Grade 70), austenitic stainless steel (UNS S30403) and two DSS (UNS S32304 and
S32205) in white, green, weak black, strong black, and flash tank liquors. Stainless steels (UNS
S30403, S32304, and S32205) were all highly resistant to corrosion in all the liquors tested,

regardless of sulfide content [7, 8].

Black liquor (BL) is the waste from the Kraft process and consists of residual inorganic chemicals
(sodium sulfide, sulfate, sodium thiosulfate, sodium carbonate, and sodium hydroxide) after pulping
process, numerous organic extractives originated from the specific wood such as organic acids and
aliphatic sulfur and other constituents produced due to fragmentation reactions of lignin and its
products during the pulping process [9]. The corrosion rate of the equipment in contact with BL
depends on changes in pulping parameters or wood species [10, 11], for example, hardwoods result in

lower corrosion rates than softwoods [12].

Cardoso et al. [13] reported that presence of non-processing elements (NPE) in BL (as potassium,
chlorine, calcium, aluminum, silicon and iron ions) could cause incrustation on equipment walls,

corroding these surfaces [13].

In this study, the corrosion behavior of DSS with two processing conditions, hot and cold rolled, in a
complex solution of inorganic and organic chemicals as BL was investigated. The BL was provided by
an America pulp and paper industry which is a novelty of this work as literature usually reports the
corrosion behavior of DSS in synthetic liquor [10, 11, 14-15]. Nowadays, DSS and LDSS are primarily

considered when selecting materials for the manufacture of digesters. To the best of our knowledge,
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literature on corrosion behavior of LDSS and DSS in industrial liquors from pulp and paper industry is
scarce and mechanisms involved are not fully understood. LDSS is a DSS with a lower content of
molybdenum and nickel providing duplex steel with a lower cost. Nitrogen addition was used in LDSS

to obtain the austenite content at a lower nickel concentration [16].

8.2 Materials And Methods

Aperam South America (Brazil) supplied the duplex stainless steels in hot rolled and cold rolled
conditions and the chemical composition of steels is shown in Table 8.1. The DSS studied is the UNS
S31803 with 5%wt. of nickel and 2.6%wt. of molybdenum and the LDSS is the UNS S32304 with a
lower content of nickel (4%wt.) and molybdenum (0.3%wt.). The steels were examined as received:
hot rolled coils, annealed at 1075 + 25°C with 4 mm of thickness and cold rolled coils, annealed at

1070 % 25 °C, with a thickness of 1.8 mm.

The steel sheets were cut in dimensions of 1 cm x 1 ¢cm in the rolling direction. The samples were
embedded in epoxy resin. The electrical connections necessary for the tests were made by welding a
copper wire on the sample surface, which was not in contact with the electrolyte. The surface samples
were wet ground consecutively to 1200 grit SiC abrasive papers and ultrasonically cleaned in ethanol.

In orders to avoid crevices, the samples were masked with black wax.

A North American pulp and paper company supplied the BL. The BL consisted of residual inorganic
chemicals (sodium sulfide, sulfate, sodium thiosulfate, sodium carbonate, and sodium hydroxide) and
organic extractives originated from wood, and other constituents due to fragmentation reactions of
lignin, at pH 13. Weak black liquor (BL) containing 15% of solids. The BL was originated by southern

hardwood mix supplied by a North American company.

The metallographic analysis was performed after etching the steel samples in modified Behara
reagent [80 mL distilled and deionized water, 20 mL hydrochloric acid (HCI), and 1 g of potassium
metabisulfite (K2S205)]; 2 g of ammonium difluoride (NH4H HF) were added to this stock solution just

before the etching [17].

Reference 600 Gamry potentiostats were used for the electrochemical tests. An electrochemical cell of

three electrodes was used. The DSS and LDSS are the working electrodes; the counter electrode was
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platinum and the reference electrode was saturated calomel electrode (SCE). The polarization curves
were collected at a scan rate of 0.60 V/h, from the corrosion potential (Ecorr) and scanned to the
anodic direction until a transpassive potential. When the current reached 3 mA/cm? the scan was
reversed. All the electrochemical measurements were repeated at least three times to ensure the

reproducibility.

Table 8.1: Chemical composition of the DSSs investigated (wt%).

Steel Rolling Cr Ni Mo N C Si Mn S

31803 Cold 22.43 5.34 2.67 0.11 0.012 0.29 1.85 0.0004

31803 Hot 22.45 531 2.63 0.11 0.013 0.38 1.81 0.0005

32304 Cold 22.40 4.10 0.29 0.14 0.015 0.46 1.55 0.0002

32304 Hot 22.87 4.20 0.27 0.15 0.011 0.20 1.45 0.0004
8.3 Results

Figure 8.1 shows typical microstructures found in as-received duplex stainless (a) hot rolled UNS
S31803 steel, (b) cold rolled UNS S31803 steel, (c) hot rolled UNS S32304 steel and (d) cold rolled

UNS S32304 steel, respectively, containing only austenite (lighter) and ferrite phases (dark).

Figure 8.1: Microstructures in duplex stainless (a) hot rolled UNS S31803 steel, (b) hot rolled UNS
S31803 steel, (c) hot rolled UNS S32304 steel, and (d) cold rolled UNS S32304 steel (austenite

(lighter) and ferrite phases (darker)).
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Corrosion resistance of duplex steels in white liquor has been widely studied; however, there is little
information of steel corrosion in BL [3]. Figure 8.2 shows the polarization behavior of DSSs (S31803
cold rolled, S31803 hot rolled, S32304 cold rolled, S32304 hot rolled) in BL, pH 13, at room

temperature.
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Figure 8.2: Cyclic potentiodynamic polarization curve of cold and hot rolled UNS S31803 and UNS

S32304 steels in black liquor at room temperature.

Figure 8.3 shows the transpassive potential for the cold and hot rolled steels in BL provided by a pulp

and paper industry.
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Figure 8.3: Average of the transpassive potential for all duplex stainless steels in industrial BL.

8.4 Discussions

BL is a complex solution that contains inorganic ions (Na*, OH-, S%-, SO4%, S203%, CO3?") and organic
substances originated from the decomposition of wood (lignin, catechol, cellulose) [9]. This is the

source of the complexity shape of the polarization curves. It should be noted that these curves are
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reproducible. A region associated with the oxidation of water with oxygen evolution, with a constant
current density of 104 A/cm? was observed above 200 mVsce. At increasing pH, the limit potential

where the water oxidation starts decreases. A negative hysteresis was observed for all curves.

Considering the passivation current density as a parameter to evaluate the corrosion behavior of
steels, the BL was an aggressive medium. The duplex steels in BL showed a high passivation current
density (104 A/cm?). The characteristic passive current density values are in the range of 10-7- 10
A/cm? [18-20]. This high passivation current density can be produced by the reduction of anode area

due to precipitation of solids on the steel surface.

In BL, the cold rolled S32304 steel showed the best corrosion behavior, exhibiting the highest
transpassive potential among the duplex steels studied. Besides the DSS and LDSS steels in cold
rolled condition were submitted to an annealing treatment after rolling, their microstructure makes the
steel surface more active than the surface of steels in hot rolled condition. A more active surface
contributes to a more efficient passivation. The less noble steel (S32304) in BL electrolyte showed the
highest corrosion resistance because its surface is more active and the passivation layer is more
protective than the layer of DSS. This is the principle of the high protective character of a titanium
oxide layer. Titanium is an active element, with a high oxidation potential, and produces a highly

efficient passive layer with a great trend of repassivation [19].

8.5 Conclusions

Corrosion behavior of standard (UNS S31803) and lean (UNS S32304) duplex stainless steels was
studied using cyclic potentiodynamic polarization (CPP) in 15% solids weak black liquor from an
American pulp and paper mill. The duplex steels were studied in cold-rolled and hot-rolled conditions.

Cold rolled S32304 steel showed the best corrosion behavior in black liquor.
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Abstract

Specimens of duplex stainless steel (DSS) were exposed at high temperature (200 °C) in industrial
white liquor from a Brazilian kraft mill using an autoclave to simulate the same conditions of a digester
processing. Tafel extrapolation method and weight loss were used to evaluate corrosion behavior of
duplex steel in white liquor. The corrosion rates of DSSs increase as the temperature increases.

Moreover, selective dissolution of the ferrite phase occurred.

Keywords: Duplex stainless steels; Polarization, Alkaline corrosion; Pulp and paper industry
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9.1 Introduction

Duplex stainless steel (DSS) has been an important discovery in the pulp & paper industry over the
past 35 years, due to its excellent corrosion resistance, and high mechanical strength that allows
thickness reductions. Duplex combines a low nickel content (ranging from about 1.5 to 7wt% nickel)
with a high mechanical strength, which makes it an efficient and cost alternative to the austenitic

stainless steel grades [1-4].

DSS have a dual phase microstructure with equal amounts of austenite and ferrite [5, 6]. Laboratory
autoclaves are used to investigate the effect of organic species on steel corrosion in digester liquors

[7-15].

The effect of high (40%) sulfidity and low (30%) sulfidity on the steel corrosion was studied in white
(98°C), green (96°C), weak black (92°C), strong black (102°C), and flash tank liquors (170°C) using
carbon steel specimens with different silicon contents (low-silicon A285-Grade C and medium-silicon
A516-Grade 70), austenitic stainless steel (UNS S30403) and two DSS (UNS S32304 and S31803)
[9]. The corrosion tests were carried out in stainless steels autoclaves and a reference electrode of
pure molybdenum (Mo) was used due to compatibility with sulfides in these liquors. Stainless steels
(UNS S30403, S32304, and S31803) were all highly resistant to corrosion in all the liquors tested,
regardless of sulfidity [9, 10]. Another study evaluated the electrochemical behavior of carbon steel at
150°C in alkaline sulfide solutions using an autoclave; counter electrode was a graphite rod and an
external silver/silver sulfide as a reference electrode was used, they developed potential-pH (E-pH)
diagrams indicating thermodynamically stable compounds at given potentials and pH that were used
to interpret the observed corrosion behavior. The polarization behavior indicated increased anodic
currents resulted from sulfide interfering with passivation. Dissolution, which increased in the presence
of sulfide, was associated with formation of iron sulfides, producing a less protective film composed of
iron oxides and iron sulfides. Thus, higher corrosion rates and difficulty to generate the passive layer

on the surface of the steel in liquor with higher sulfide concentration occur [16].

In the pulp and paper mill industry, corrosion in digesters is a relevant problem due to the presence of

sulfate, sulfide, and chloride in liquors. Sharma et al., (2013) developed a study in-plant of six months
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duration of a bottom part of a batch digester, made of mild steel of 85 m? in volume. The wood chips
are filled in the digester and cooking liquor is then charged keeping liquor to the wood ratio as 1:2.8.
The volume of cooking liguor inside the digester was kept between 37 and 42 m3. The cooking liquor
consists of mainly sodium hydroxide (NaOH) (92 gpl as NaOH) and sodium sulfide (Na2S) (22.4 gpl as
NaOH) having pH ~13.2. Maximum temperature attained during the pulping process is 168°C and it
operates at a pressure of 6.2 kgf.cm2. The materials studied in-plant test are mild steel, austenitic
(stainless steel) SS 304L and SS 316L, DSS32205 and lean duplex stainless steel (LDSS). The
results showed that mild steel (MS) experienced the highest corrosion rate while DSS showed the
lowest corrosion rate. The bottom part of the digester can be constructed of DSS without severe risk of

corrosion [17].

The current manuscript aims at evaluating the corrosion behavior of duplex steels in industrial white
liquor. The study was developed by using an autoclave for electrochemical measurements and weight
loss comparing the standard DSS (UNS 31803) and lean duplex (LDSS) (UNS 32304) in industrial

white liquor (WL) provided by a Brazilian paper and pulp mill.

9.2 Materials and Methods

The UNS S31803 and UNS S32304 duplex steels had the chemical composition given in Table 9.1
and were received as a 3.85 mm thickness sheet, annealed at 1075 + 25°C. The length described was

maintained parallel to the rolling direction.

Table 9.1: Chemical composition of the investigated DSS (wt. (%)).

Steel Cr Ni Mo Mn Si N c Fe
S31803  22.45 5.31 2.63 1.81 0.38 0.11 0.013  Balance
S32304 22.87 4.20 0.27 1.45 0.20 0.15 0.011  Balance

9.2.1 Steel characterization

Metallographic samples were prepared with conventional polishing and electrolytic etching in 10% acid

oxalic solution at 1.5 V for 30 s. Austenite and ferrite volume fractions were estimated by using the
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Image pro software. The microstructure analyses were carried out using an optical light microscope

(LOM, LeitzMetalloplan).

9.2.1 Electrolyte

Tests performed in industrial white liquor (WL) provided by Cenibra - Belo Oriente, MG — Brazil (the
liquor was shipped in full container and stored cold to minimize decomposition or oxidation). According
to Brazilian standards WL: TTA (total titratable alkali): 140 + 10 g.L! (as NaOH), EA (effective alkali):
110 £ 10 g.L* (as NaOH), sulfidity: 25 + 2%, causticizing efficiency: 82 + 2%, total suspended solids

<100 mg.L?, and pH > 12.

9.2.2 Electrochemical tests

An Autolab PGSTAT 100 potentiostat was used for the electrochemical tests at room temperature
(RT). The polarization curves were collected by scanning to the anodic direction at 0.167 mV/s from
the corrosion potential (Ecorr). Transpassivity was observed in all cases, and the scan was reversed

when the current reached 5 mA/cm?Z.

In order to simulate the cooking process inside the digester an autoclave made of a 316 L stainless
steel (1 L) was used at 200°C and at 18 bars (1.8 Mpa). Precautions were taken to avoid any contact
between the test samples and the autoclave to eliminate any galvanic effect. The samples were
placed on a polytetrafluoroethylene (PTFE) plate [18] to isolate from the autoclave. Samples for the
Tafel extrapolation tests had a dimension of 10 mm in length and 10 mm in width. The samples were
ground with SiC up to 1200 grit, cleaned with acetone, and the surface was measured. Tafel tests
were carried out using the DSS as a working electrode, a platinum foil as a counter electrode and a
yttrium-stabilized zirconia (YSZ) electrode filled with a mixture of Ni/NiO powder as the reference
electrode (YSZ(Ni/NiO) (Figure 9.1). A conversion factor of -1.32 V for the temperature and pH
conditions of the test was used to convert the measured values to saturated calomel electrode (Vsce)
according to the Boch’s work [19-22]. The scan rate was 0.167 mV.s1. Open circuit potential (OCP)
data were collected for 15 min; this time was optimized after a study of OCP for 24 h. All

electrochemical measurements were repeated at least three times to ensure the reproducibility.
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Figure 9.1: (a) Electrodes in an autoclave and (b) details of electrochemical measurements, A: work

electrode, B: platinum counter electrode, C: YSZ(Ni/NiO) as reference electrode.

9.2.3 Weight loss

The corrosion rate was measured by using the weight loss method. Samples for the corrosion rate
tests had a dimension of 15 mm in length and 10 mm in width. The samples were scraped with SiC
paper up to 2000 grit. Then, the samples were cleaned, degreased, dried and weighed using an
analytical balance and their area was measured before mounting. Precautions were taken to avoid
any contact between the test samples (Teflon rods) and the autoclave (PTFE jacket) to avoid any
galvanic effects. Autoclave with a volume of 0.3 L type was constructed using type 316 L stainless
steel. Up to 3 samples were tested simultaneously (Figure 9.2). They were immersed in the autoclave
at 170 + 5°C for 15 days. There was no agitation. After the experiment, the samples were rinsed with
distilled water and acetone, dried, and then corrosion products on the metal surface were removed
using Clarke’s solution. The final weight of each sample was measured and was used to calculate the
rate of general corrosion for each sample. It was confirmed that Clarke’s solution (a combination of
hydrochloric acid and inhibitors) [23] neither attacked the base DSS metal during the cleaning time nor
affected the final weight measurements [18]. A Jeol JXA-840 microscope was used. EDS analyses

were made using a Jeol JXA-8900 RL WD/ED combined with a microanalyser.
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Figure 9.2: (a) Autoclave set up, and (b) Electrodes disposition in autoclave used to evaluate weight

loss.

9.3 Results and Discussion

9.3.1 Steel characterization

Figure 9.3 shows the microstructure of the DSS as received. Lighter austenite (y) islands are
embedded in the darker etched ferrite (a) matrix with no other secondary precipitates [24]. The Image
pro software was used to determine the contents of austenite and ferrite in DSS as received. The hot
rolled S31803 contained 50% of austenite and 50% of ferrite and the hot rolled S32304 had 46% of

austenite and 54% of ferrite [25].

Figure 9.3: Typical microstructures found in the studied: a) hot rolled UNS S31803 DSS and b) UNS

32304, showing ferrite (darker) and austenite (lighter).
114



Figure 9.4 and Table 9.2 show the microstructure and microanalysis of austenite and ferrite phases in
hot rolled DSS S32304 as received. The chemical composition of austenite and ferrite phases was
different due to different contents of Cr, Ni, and Mo. The microstructure depends on the chemical
composition of the alloy and the heat treatment conditions [26]. The ferrite stabilizers are chromium,
silicon, molybdenum, titanium and niobium and the austenite stabilizers are nickel, carbon, copper,

nitrogen, manganese [27].

Figure 9.4: Typical microstructure of the hot rolled UNS S32304 DSS studied as received, showing

ferrite (dark phase) and austenite (light gray phase). Etching: Behara Modified used to EDS analysis.

Table 9.2: Chemical composition of austenite and ferrite in DSS using EDS analysis.

Content of Chemical Elements (wt%)

Material Phase Cr Ni Mo Mn Fe
Austenite 20.62 4.90 0.09 0.90 71.38
S32304
Ferrite 24.17 2.99 0.19 0.71 69.87
Austenite 20.22 6.43 1.59 1.48 67.72
S31803
Ferrite 23.71 3.83 2.76 1.21 66.15

9.3.2 Electrochemical tests at room temperature (RT)

Cyclic potentiodynamic polarization (CPP) shows positive hysteresis (Figure 9.5), but pits were not
obseved using an optical microscope (OM) analysis after linear polarization. However, as shown in
Figure 9.6, a corrosion attack at interfaces between ferrite and austenite was found. The phases were

also revealed after the linear polarization. Pits were not observed on the steel surfaces, in contrast,
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the phase boundaries were attacked in both DSSs. Hence, the curves for DSSs showed a wide
passivation region (around -800 mVsce to 0 mVsce) at room temperature in contrast what occurred in
high temperature. In conclusion, temperature plays an important role in attaining protective layers on
DSSs. An aggressive condition of high temperature and pressure inhibits the formation of a protective

layer on DSS surfaces as in the other severe conditions such as very low pH.
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Figure 9.5: Cyclic polarization curves of S31803 and S32304 in industrial white liquor at 200 °C.

Figure 9.6: Optical microscope (OM) after linear polarization: (a) S31803 and (b) S32304.
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9.3.3 Tafel tests of DSS S31803 and S32304 in industrial white liquor at

200°C

Figure 9.7 and 9.8 showed stabilized Open Circuit Potential (OCP). DSS 31803 had the noblest
corrosion potential which could be associated with the higher content of Cr and Ni, which might have
contributed to the corrosion resistance of the steel. In prior study is related that Mo can be detrimental
to the corrosion resistance of the steel at high temperatures [14]. The stabilization time of OCP was

studied in advanced for 24 h and the optimized time of 15 minutes was determined.
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Figure 9.7: Comparing OCP stabilized of S31803 and S32304 in industrial white liquor at 200 °C.
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Figure 9.8: Comparing corrosion rate of S31803 and S32304 in industrial white liquor at 200 °C.

117



Figure 9.9 shows the results of Tafel extrapolation of DSS in industrial WL at 200°C. The increase of
temperature and pressure in this caustic-sulfide medium may affect passive film formation. The current
density increased quickly and did not show any passive region. For this reason, Tafel extrapolation
method was used to evaluate the corrosion rate. On the other hand, a generalized corrosion did not
occur as previously expected, and ferrite and austenite phases did not corrode uniformly. In DSSs, Cr,
Mo, Ni and N are not uniformly distributed between ferrite and austenite phases and this heterogeneity
may lead to galvanic interactions, which result in a difference in corrosion behavior between these
phases [28]. And also, more corrosion products were visualized on the surface of austenite phase
(Figure 9.8a), which indicated that ferrite corroded preferentially. Selective dissolution was already
reported in literature [29-32]. This selective attack was more evident for the DSS S31803 than the
DSS S32304 (Figure 9.10). EDS (Figure 9.11) showed corrosion products concentrated in the
austenite phase, due to the formation of a film containing elements from electrolyte, such as Na, S, O,
and a higher content of Ni, an austenite stabilizer. Moreover, the steel showed a higher content of Cr
(ferrite former) in the local without corrosion products. The metal ions generated on the ferrite surface
probably had higher diffusion rates than the anions formed on the austenite region and the corrosion
products were found on the cathode area (austenite). The corrosion rate can be calculated using Tafel
analysis for general corrosion and using immersion tests to determine the corrosion rate for the DSS

at high temperature.
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Figure 9.9: Tafel plots: S31803 and S32304 in industrial white liquor at 200°C.
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Figure 9.10: SEM micrographs of (a) S31803 and (b) S32304 after Tafel extrapolation method in

industrial white liquor at 200°C.

(©) )

Figure 9.11: Mapping data obtained by EDS: (a) field of view in S31803, distribution maps of (b) Cr,

(c) Ni, (d) Na, (e) S, and (f) O, after Tafel extrapolation in industrial white liquor at 200°C.
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9.3.4 Weight loss

The corrosion rate was determined using immersion tests for 15 days at 170°C. The operation
temperature of a digester in paper and pulp mill is 170°C, and this temperature was used to simulate
industrial conditions. For the electrochemical tests, a higher temperature was used (200°C) due to the
characteristic of the reference electrode. Table 9.3 shows the corrosion rate obtained using weight

loss for three samples of DSSs.

Table 9.3: The weight loss measurements test results.

Corrosion rate (mm/year)

Sample 1 0.04
S31803 Sample 2 0.11
Sample 3 0.07
Sample 1 0.14
S32304 Sample 2 0.07
Sample 3 0.08

The average of corrosion rate for S31803 was 0.07 + 0.04 mm.year* and for S32304 was 0.09 + 0.04
mm.year!. As has been noted in Table 9.3, the heterogeneity of the DSSs probably affected the
corrosion behavior by using the weight loss method for 15 days. Assuming that the immersion test
could reproduce a similar process of the digester, this analysis is more reliable than the Tafel
extrapolation. The DSS S31803 and DSS 32304 had very low corrosion rates [33] in industrial white

liquor as already reported by Wensley (2004) for 2205 duplex stainless steel [10, 14].

The average corrosion rate obtained by using the immersion tests for S31803 was 1.61 + 1.06
mm.year! and by using Tafel analysis was 3.42 + 0.97 mm.year. It is important to be aware that
immersion tests were carried out at 170 £ 5°C and Tafel plots were performed at 200°C, the
temperature played an importante role in the corrosion process, and the weight loss method is more
similar to the service conditions than the Tafel extrapolation, an accelerating corrosion test. These
could explain the differences observed between the results of immersion tests and Tafel extrapolation.
Hence, the selective attack identified after Tafel measurements suggests that corrosion rate can not
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be calculated by Tafel extrapolation, it is known that this tecnique should be applied for uniform
corrosion. For this reason, immersion tests may be better tool to evaluate the corrosion rate for DSS in

sulfide-containing caustic enviroment.

9.4 Conclusions

The S31803 steel showed a selective corrosion attack on the ferrite regions after Tafel analysis at
200°C and high pressure. Corrosion product was identified mainly on the austenite islands. The
S31803 and S32304 did not show a passivation region in industrial white liquor at 200°C and high

pressure.
The corrosion rate of S31803 steel after immersion for 15 days in industrial white liquor was lower
than the corrosion rate of S32304 steel.
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10 MICROELECTROCHEMICAL TESTING: MICROCELL TECHNIQUE

The microcell technique could be applied to study the influence of the corrosion resistance of the

single-phase austenite and ferrite of duplex stainless steels (DSS) on the entire metal (Marcus, 2006).

Microelectrochemical techniques using microcapillaries as microcells are powerfull methods to study
local processes on metal surfaces (Suter, 1997). The cell setup for the microelectrochemical
investigations is shown in Figure 10.1 and consists of three electrodes (counter, reference and
working). The microcapillary replaces the objective in the microscope and is filled with the
electrolyte/solution studied (Suter, 1998). Suter and Bo6hni, (2001), have described capillary

preparation.

The microcell consists of a pulled microcapillary filled with solution. The tip diameter of the capillary
can be varied from about 1 to 1000 ym depending on the experimental requirements (Marcus, 2006;

Suter, 2001; Birbilis, 2005).

Suter (2001) evaluated the localized corrosion processes of stainless steel 304 in 1 M NaCl. The
setup for microelectrochemical investigations is shown in Figure 10.1. Different modifications of the
microcells allow evaluating additional parameters during a corrosion experiment or to perform
corrosion measurements under different conditions such as pH measurements, measurement with
temperature control, with mechanical stress, with friction, and with flow. Local potentiodynamic
polarization curves were measured at random sites on a low sulfur 304 plate (0.003%S) in 1 M NaCl.
The diameter used of the microcapillaries varied from 1 to 1000 ym. Usual large-area measurements
show a pitting potential of about 300 mV (SCE) and measurements performed with 1000 um
microcapillaries showed similar pitting potentials and measurements with a lower area, 50 um in
diameter, leads to an increase of the pitting potential to about 1200 mV (SCE). These
microelectrochemical experiments revealed that the pitting potential is an area-dependent value. The
study showed that the presence of MnS inclusions is of primary importance for pit initiation, whereas
the size and geometry, as well as the amount of chlorides and the temperature, are critical for the

transition from metastable to stable pit growth (Suter, 2001).
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Figure 10.1: Setup for microelectrochemical investigations. A glass microcapillary is used as an
electrochemical cell; (a) schematic drawing of microcell technique; (b) picture of the assembled

microcell. Source: Bohni, 1995; Suter, 1988; Suter, 2001.

The range of current for microelectrochemical polarization measurements is pA (10-1?) and fA (10-15)
due to small area, this way is necessary good shielding (Faraday cage), high-resolution potentiostat

(Perren et al., 2001; Suter and Bohni, 2001, Lohrengel, 2001; Lohrengel et al., 2004).

Microelectrochemical techniques allow performing local electrochemical investigations of single areas
of special interest (Pereda et al., 2011). The electrochemical microcell technique has been used to
measure the behavior of a microstructurally complex material on a phase-by-phase basis for the
evaluation of the electrochemical behavior that showed good correspondence between
electrochemical reaction rate maps for different environmental conditions and observations of

localized corrosion of 7075 samples after free corrosion exposures (Buchheit, 2010).

Corrosion resistance of super DSS in chloride ion containing environments using microcell was
studied with potentiodynamic polarization measurements in the area around 10 ym, which was
possible to evaluate the behavior of each single phase (ferrite and austenite) in hydrochloric acid. The
results showed a good relation between the pitting resistance equivalent number (PREN) of the each

phase and the corrosion behavior was measured (Perren et al., 2001).
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10.1 Experimental procedure

The Microelectrochemical set up used in these experiments is shown in Figure 10.2. The microcell is
formed of a microcapillary, which was fixed an objective and filled with the appropriate electrolyte. The
tip was sealed with a layer of silicon rubber between the front end of the microelectrode and working

electrode to avoid leaking of the electrolyte (Sanchez et. al., 2012).

Figure 10.2: Set up for the microcell to measure the diameter of the capillary.

Capillary preparation starts with small glass tubes with a length of some centimeters and a diameter of
around 1mm. Then they are heated in the middle and pulled in the special set- ups using a laboratory
capillary puller (World Precision Instruments) to create a capillary with a fine tip as shown in Figure
10.3. The tip was subsequently ground using 1200 grit to guarantee flatness tip (Lohrengel et al.,
2006). A silicone seal was applied to the front end of the capillary in order to avoid any solution
leakage and to allow an interference contact with the working electrode (Birbilis et al., 2005; Lohrengel

et al., 2006).The solution in the capillary was refreshed before each measurement.
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Figure 10.3: Manufacturing the capillaries.

The difficult to apply the rubber increases when the area the tip reduces. Nevertheless, the current is

smaller.

10.1.1 Cyclic Anodic Potentiodynamic Polarization

Tests were performed three times to ensure the reproducibility. The polarization curves were collected
at a scan rate of 1 mV/s (Perren et al., 2001; Birbilis, 2008, Buchheit, 2010; Cavanaugh et al,, 2007;
Li, 2015) using a GAMRY reference 600 potentiostat in a standard three-electrode set up. Saturated
calomel electrode (SCE) as reference electrode, platinum wire as counter electrode, and the working
electrode, which had the area controlled by tip size as shown in Figure 10.4. Scans were begun bellow
the corrosion potential (Ecorr), were stabilized for a period of 2 minutes and the anodic polarization
measurements were initiated from -0.01 V vs. OCP until a breakdown potential. When the current had
reached 5 mA/cm? the scan was reversed until the hysteresis loop is close or until the Ecor. TEStS were

performed at the Ohio State University (OSU) in the United States.
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Figure 10.4: Schematic representation of microcell test. Adapted: Birbillis, 2005.

10.2 Results and Discussion

The white liquor was selected as an electrolyte for the microelectrochemical analysis due to the
highest aggressiveness reported from pulp and paper mill and due to this medium does not contain
solids, which can obstruct capillary. Figure 10.5(a) shows the cyclic potentiodynamic polarization
curves of hot rolled DSS 32205 in white liquor at room temperature. In these measurements the area
of the tip was 3.5 x 10® cm?, the scan rate was 1 mV/s to avoid cell leakage, and also to avoid
corrosion products block the capillary mouth during cyclic polarization (Andreatta et al., 2003, Birbilis
et al., 2005), and it was reached a 5 mA/cm? before the reverse scan. Figure 10.5 (b) shows the
corroding area. The behavior of microelectrochemical measurements was similar to

macroelectrochemical.
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Figure 10.5: (a) Microelectrochemical cyclic potentiodynamic polarization curves in white liquor of hot

rolled DSS S31803, (b) measurement area.

Figure 10.6 (a) illustrated the corroding area which the sample was prepared by polishing until 0.25
pum to permit evaluate which phase the area of the tip is taking on the measurement. Without etching
was possible to distinguish the phase austenite and ferrite. Figure 10.6 (b) shows that the brighter
phases are austenite with diameter around 20 pm, for this reason, the tip must be reduced to reach

only one phase in each measurement.

100 pm

(a) (b)

Figure 10.6: (a) Corroding area after cyclic potentiodynamic polarization test in white liquor at room

temperature, (b) austenite size (around 20 pm).
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First, is necessary to find a way to reduce the area of the tip to allow the measurement of each phase
in DSS. For this improve the skill to seal a small area of the tip and figure out how to work white liquor
which has high viscosity and some particles precipitating inside of the microcell due to the high

concentration of salt in the composition of the electrolyte.

10.3 Conclusion

- Reduce the area of tip to allow the measurement of each phase in duplex stainless steel;

- Improve the skill to seal a small area of tip;

- Figure out how to work white liquor, which has high viscosity and some particles precipitating
inside of the microcell due to the high concentration of salt in the composition of the

electrolyte.
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11 FUTURE WORKS

- Increase the period of immersion test to formed the corrosion products and using X-ray
photoelectron spectroscopy (XPS) and DRX to study the chemical composition and oxides
morphology;

- Characterize the samples using Mott-Schottky technique after the potentiostat test to increase

the layer of the corrosion product.
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