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Abstract

Corrosion is a global problem which leads to both economical losses, negative impact on the
environment as well as other negative social and ethical aspects. S6dra Cell Monsterés, one of
the largest producer of pulp in the world, suffers from corrosion problems in their evaporation
plant.

Problems with corrosion can be handled with an effective material selection process, where
suitable materials for specific conditions is discovered. The purpose with this report is to
investigate the evaporation plant at Sodra Cell and its specific conditions, including
environment and temperature. Also to investigate different types of corrosions common in
pulp mills and how these can be prevented, as well as how materials behave under corrosive
circumstances. The information is later to be used in a detailed material selection process,
which is handled in this report but also should work as a foundation for Sodra Cell Monsteras
for future material selections.

The material selection process in this report is performed according to Ashby’s method, with
CES Edupack as a supporting tool. The duplex steels, especially EN 1.4485 and EN 1.4362,
showed to be the best suitable materials. However, to do a fair judgment and to choose one
material, one should do a complete cost efficiency analysis, as well as decide a specific
required pitting resistance equivalent number (PREN).



Sammanfattning

Korrosion ér ett globalt problem som leder till bade ekonomiska forluster, negativ
miljopéverkan samt andra negativa sociala och etiska aspekter. S6dra Cell Ménsterds, en av
viarldens storsta producenter av massa, lider av korrosionsproblem 1 deras
indunstningsanldggning.

Korrosionsproblem kan l6sas genom att ha en effektiv materialvals process dér rétt material
for specifika forhallanden och @ndamal uppticks. Syftet med den hér rapporten ar att
undersoka vilka specifika forhdllanden som rdder i Sodra Cells indunstningsanldggning,
diribland miljd och temperatur. Aven att undersoka olika korrosionstyper som vanligen
forekommer 1 massaindustrin, samt hur dessa kan forhindras och hur olika material beter sig
under korrosiva forhdllanden. Informationen skall sedan kunna anvéndas for en utforlig
materialvals process, som bade behandlas hdar men dven skall kunna fungera som underlag for
Sodra Cell Monsteras infor framtida materialval.

Materialvals processen i denna rapport dr utford enligt Ashbys metod, med CES Edupack som
ett hjdlpmedel. Det visar sig att Duplexa stél, speciellt EN 1.4485 samt EN 1.4362 &r material
som lampar sig bést for anvindning 1 den korrosiva miljon i indunstningsanldggningen. For
att kunna gora en rittvis bedomning och vilja ut ett material, bor en fullstindig
kostnadsanalys utforas, samt klargora ett specifikt viarde for vilket pitting resistance
equivalence number (PREN) som krévs.



Table of Contents

1.Introduction
1.1 Background
1.2 Formulation of Goal
1.3 Purpose

2. The Evaporation Plant
2.1 Kraft Pulp Mills
2.1.1 Falling Film Evaporator
2.2 The Evaporation Plant at Sodra Cell Monsteras
2.2.1 Materials Used in the Evaporation Plant at Sodra Cell
2.3 Additives
2.4 Black Liquor

3. Corrosion
3.1 Passivity
3.2 Alkaline Environment
3.3 Uniform Corrosion
3.4 Stress Corrosion Cracking
3.4.1 How to Prevent Stress Corrosion Cracking
3.5 Crevice Corrosion
3.5.1 How to Prevent Crevice Corrosion
3.6 Pitting Corrosion
3.6.1 How to Prevent Pitting Corrosion
3.7 Alloying Elements to Prevent Corrosion

4. Material Choice

4.1 Material Selection Process and Tools
4.1.1 Welding Perspective

4.2 Microstructures in Stainless Steels
4.2.1 Austenitic Steels
4.2.2 Ferritic Steels
4.2.3 Microstructure Stabilizers
4.2.4 Duplex Steels

4.3 Alloying Elements in Stainless Steels
4.3.1 Carbon
4.3.2 Chromium
4.3.3 Copper
4.3.4 Nickel
4.3.5 Nitrogen
4.3.6 Molybdenum

0 N N B bW W N N =

O &

10
10
11
12
12
13
14
15
15

17
17
18
19
19
20
20
21
21
21
22
22
22
22
22



4.3.7 Manganese
4.4 Cost Efficiency

5. Case Studies on Different Steels
5.1 Evaluation of Corrosion Behavior of Different Steels in Black Liquor
5.2 Investigations of Different Duplex Stainless Steels in Alkaline Environment
5.3 Analysis of a Pipe Used in the Evaporation Plant
5.4 Study on Steels in Hot Alkaline Environment
5.5 Study on Different Steels in a Sulfate Environment
5.6 Investigation of Carbon Steels When Increasing Sulfidity Content

6. Method
6.1 Ashbys
6.1.1 CES Edupack

7. Results

7.1 Evaporation Plant

7.2 Corrosion

7.3 Material Choice
7.3.1 Material Selection for the Evaporation Plant at S6dra Cell Monsteras
7.3.2 Calculations of Phases in the Welding Sites
7.3.3 Material Selection by Ashby’s
7.3.4 Result from Edupack

8. Discussion
8.1 The Materials Used in the Evaporation Plant
8.2 Social and Ethical Aspects
8.3 Comparison Between Recommended Materials
8.3.1 EN 1.4162
8.3.2 EN 1.4362
8.3.3 EN 1.4307
8.3.4 Ranking of the Three Materials
8.3.5 Comments on the Comparison
8.4 Material Choice by CES Edupack
8.4.1 Comments on the Comparison

8.5 Error Sources
9. Conclusion
10. Acknowledgement
11. References

Appendix A: Composition of different liquors

23
23

25
25
25
25
26
26
27

28
28
28

29
29
31
33
34
36
37
39

44
44
45
45
45
46
47
47
48
48
49
49

51
52
53
58



1.Introduction

1.1 Background

To control the corrosion is of great importance since it has a negative impact on the
environment when the technical lifespan of the material shortens, which also affects the
economic life span. By controlling corrosion, one can minimize material loss as well as
material waste, which is both efficient in an environmental and an economic perspective. To
produce 1 ton of steel from iron ore, the energy required will cover a family’s usage for three
months. Corrosion can also lead to catastrophic failure without any notice and thereby cause
accidents among workers. If the corrosion is controlled, the work environment can become
safer. This is why the material selection process is of importance and needs to be done
carefully. By finding the right material for a specific application, one can maximize the usage
of the material, and thereby decrease the negative impact on the environment and economy

[1].

One of the world's largest producer of pulp is Sodra Cell Monsteras. They have a year-round
production and are a high-tech process industry, which puts high demands on the material
selection. One of the more complex parts of the industry is called the evaporation plant, where
the black liquor is dried in different steps to achieve a higher dry solid content. To enable
combustion in the recovery boiler and thereby recover the chemicals, a higher heating value
needs to be obtained by increasing the dry solid content. The black liquor is an alkaline
solution and is highly corrosive when the concentration increases. This has led to great
material loss in the final step, where the highest dry solid content is obtained.

There are different kinds of corrosion and it has been shown that stress corrosion cracking,
uniform corrosion as well as crevice and pitting corrosion are the most common ones in the
cellulosa industry. Uniform corrosion may occur due to the presence of alkaline solutions and
molten salts. When uniform corrosion occurs, the passive layer that works as a protection of
the metal, is broken down. The surface is then active and the removal of metal starts with an
uniform propagation. While pitting and crevice corrosion are only localized attacks. Stress
corrosion cracking occurs due to the combination of a susceptible material, mechanical
stresses and a corrosive environment. Cracks are initiated and then propagates through the
material, causing catastrophic failure under the tensile strength.

This report investigates which material that can be most suitable in the environment with
current conditions in the evaporation plant at Sodra Cell Monsterds. The current used
materials are evaluated, recommended materials are investigated and other possible materials
are discovered. The evaporation plant has a complex structure and this report is therefore
limited to the final step in the evaporation plant, our focus lies specifically on the last effect
1D.



1.2 Formulation of Goal

The aim of this report is to increase the knowledge of usable materials that are able to
withstand corrosion in the evaporation plant at S6dra Cell Monsteras.

1.3 Purpose

The purpose of this report is to provide a better understanding of the material behavior in the
environment in the evaporation plant and find a suitable material. This will hopefully provide
Sodra Cell Monsteras with a better insight of the material selection process and the usage of

materials in their specific environment.



2. The Evaporation Plant

2.1 Kraft Pulp Mills

There are different kinds of pulping methods used and the most common one is kraft pulping.
Pulp is used when producing paper and it can be seen as a two-step process. First the fibrous
raw material has to be converted into pulp, and then the pulp can be converted into paper. The
main steps are wood yard preparation, pulp manufacturing, pulp bleaching and paper
manufacturing. The wood used consists primary of 41-46 % cellulose, 25-32 % hemicellulose
and 26-31 % lignin. It is desirable to dissolve and separate most of the lignin and
hemicellulose from the harvested wood, while the cellulose fibre should be converted into
pulp. This can be achieved by adding white liquor, also called cooking liquor and vapor to the
wood chips in the digester. From the digester black liquor is obtained, which undergoes a
chemical recovery. The pulp is bleached and further processed, depending on type and grade
of paper that is to be produced [2] [3].

In the chemical pulping process the recovery is a vital component. It is important due to the
environmental and economic benefits it creates for pulp and paper mills. The first step in
chemical recovery is the evaporation plant, followed by the recovery boiler. From the
recovery boiler green liquor continues to the causticizing where white liquor is obtained
which goes back to the digestion unit, and a closed cycle is created. In the evaporation
process, black liquor with high dry solid content is produced with minimum losses of
chemicals. By washing solid pulp in the digester, the pulp and black liquor is separated, and
the result is weak black liquor with a 15 % dry solid content. Burning black liquor with this
low content of dry solids, would require more heat than produced [2].

Weak black liquor gives a negative effective heating value as it lacks enough latent heat in the
organic material to evaporate all of the water. To be able to combust the liquor in the recovery
boiler, and thereby recover the chemicals, the dry solid content needs to be increased for
higher heating value. This can be done in the evaporation plant where heavy black liquor
with 70-80 % dry solid content is obtained [2][3].

Some organic compounds are evaporated, but the major component to be evaporated is water.
Evaporation of water requires high heat and therefore it is of utmost importance to perform it
as efficient as possible by using indirect heating with steam in a multiple evaporation plant,
where the final step usually is performed separately. A multiple evaporation plant contains of
several units, also called effects, connected in sequence [2][3]. It enables the process to work
as a heat transfer. In the first effect, fresh steam is used to heat the black liquor to boiling
point [4]. The vapor boiled off from the black liquor in one effect is then used as heating



vapor in the following effects, until the last effect where the vapor is condensed by using
cooling water in a condenser [2]. The black liquor flows in the opposite direction to the vapor
flow, this enables the black liquor to be pumpable since the viscosity is decreased by keeping
the driest liquor as warm as possible with fresh steam. When concentrating the black liquor up
to 75 % dry solid content, a low pressure (LP) steam is used, whereas a medium pressure
(MP) steam is used to concentrate the liquor above 75 % dry solid content [2].

2.1.1 Falling Film Evaporator

As the desired amount of dry solid content has increased over the years, the evaporator system
had to undergo a significant development to withstand the demands. The use of operations
including indirect, steam-heated evaporator systems, have lately advanced and some new
types have developed. In pulp mills it is most common to find old rising-film (RF)
evaporators mixed with modern falling-film (FF) types. The FF evaporator has significantly
higher heat transfer rates than RF, since the liquor falls turbulently over the heating surface
and is also therefore capable of deliver higher dry solid content [2][3].

The FF evaporation can either be of plate-type or of tubular-type, which both have common
use in the evaporation plant. The first mentioned design has a liquor distribution system
which spreads the liquor evenly on the heating surfaces. Steam or vapor works as heating
medium and can be found inside the lamella heat transfer surface. In the second design the
liquor can either flow inside or outside the vertical tubes. These different types of flow are not
much alike, and the later one is actually more similar to a plate-type than to a tubular with
liquor flowing on the inside. Also, the later flow type limits the cross-section area of the vapor
side, which can be a disadvantage due to the insufficient room for the vapor to pass through

[2].

From a liquor sump, a defined volume is continuously recirculated, which both maintains a
fixed level of liquor on the bottom and prevents the surface from going dry. A circulating
pump is used to raise the liquor to the top, and by gravity it then flows back down to the
sump. This occurs like a thin film on the heating surface while it is being partially evaporated.
The flow of liquor has to be distributed even over the heating surface which can be done by
either a tray or a spray nozzle [2][4].

2.2 The Evaporation Plant at S6dra Cell Monsterés

Sodra Cell Monsteras has a multiple evaporation plant with a complex structure, see figure 1.
In the falling film evaporators at Sodra Cell the black liquor flows on the outside of the tubes
while the steam and vapor flows on the inside. It consists of two lines including different
effects, which are joined together before the final step, consisting of four different effects
1A,1B,1C and 1D, called “ones”. The environment in the evaporation plant is alkaline with a



pH between 11-12, measured in the beginning and it will increase with increasing
concentration [5]. Line one includes effects 4-5-6-3-1-2 and line two 4-5-6-7-3B-3A-2B-2A,
where 2B and 2A are parallel going. Both lines include the ones, 1B-1C-1A-1D, which results
in the heavy black liquor (HBL) that is able to undergo combustion in the recovery boiler, see
table 1 [5].
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Figure 1: A schematic figure of the evaporation plant at Sédra Cell Monsterds [5].

Table 1: Shows different forms of black liquor depending on dry solid content [2][3].

The name of the black liquor Dry solid content
Weak liquor, WL 215 %

Mixed liquor, ML 20 %
Intermediate liquor, IML 30-35%
Intermediate thick liquor, IMTHL 250 %

Heavy black liquor, HBL 70-80 %

In the beginning of the process, intermediate thick liquor is added to acquire a dry solid
content of 20 % in form of mixed liquor. At line one, intermediate liquor (IML) is added
between effect 6 and 3 which results in intermediate thick liquor (IMTHL). At the same time
IMTHL is obtained at line two, by adding IML between effect 7 and 3B. Before entering the
ones, ash, biosludge and tall oil plant brine are added. The ash is obtained in the recovery
boiler and has a composition of 75 % sodium carbonate and 25 % sodium sulfate. Earlier the
ash was added in 1C, which resulted in more coatings in form of dried black liquor on 1B. It
is therefore of utmost importance to add the ash before the ones begin since the coatings
affect the corrosion rates negatively. There is a possibility to regulate the concentration by



examine the black liquor before moving on to the recovery boiler. If the dry solid content
differs from desired, more steam is added, and more laps are run in the process [5].

As aforementioned, the steam is used as a heating medium in the evaporation plant. It travels
between the effects in numerical order, while the liquor flows in the opposite direction. The
temperature differs between the heating medium, steam/vapor, and the liquor which will work
as a driving force in the evaporation plant. To ease the possibility to pump the black liquor, it
needs to have a temperature of at least 130°C [5].

The presence of black liquor in the effects results in coatings on the surfaces, which needs to
be washed off. Usually a thinner liquor is used, i.e. water or mixed liquor, with low
concentration to be able to dissolve the salts, which enter the system in the digester and
follow the black liquor into the evaporation plant. The effects 1D and 1A are washed every
third or second day, compared to 1B and 1C which almost never are washed because of the
lower concentration of the black liquor. If the dry solid content is increased, so is also the
coatings which then grow more rapidly. When the heat transfer coefficient, k is low, coatings
have formed, and it is time to wash. During washing, the temperature is relatively stable, with
a maximum decrease of 10°C [5].

In effect 1D, the dry solid content is supposed to be around 75-78 %. To facilitate the
maintenance of constant dry solid content, the concentrations is lowered to 75 % instead of 78
%. At the moment of writing, the heat pack in effect 1D is about to be changed, which can
result in possibilities to increase the dry solid content. Though a content of 78-83 % obscures
the process in the recovery boiler due to unknown reasons [5].

2.2.1 Materials Used in the Evaporation Plant at S6dra Cell

Sodra Cell Monsterds have different types of materials in their various evaporation plants.
The sequences for the effects 1A-1D include materials such as austenitic stainless steels and
duplex steels. In previous years the material used for 1C has been stainless steel until being
replaced to duplex steel about 1,5 years ago. The material for their effect 1D is duplex steel,
EN 1.4462. The loose flanges for the plant have the material (EN 1.0425), which is simple
carbon steel. The feet have (EN 10 025), which also is a carbon steel for construction. The

economic life span for the materials in the effects is expected to be 40 years [5].

However, the duplex steel in the effect 1D has existed for eighteen years, and much corrosion
has still occurred. The corrosions Sodra Cell Monsteras struggle with are primarily uniform
corrosion on the lateral surface on the effect 1D. However, they also have problems with

pitting, crevice corrosion, and some stress corrosion cracking (SCC) around the welding areas

[5].



2.3 Additives

Cooking liquor, which majorly consists of sodium sulfide (Na,S) and sodium hydroxide
(NaOH), is added in the digester before entering the evaporation plant. During the cooking
process, Na,S and NaOH oxidize and form Na,SO, and Na,CO, . These salts later enter
the evaporation plant together with weak black liquor. Before letting the intermediate thick
liquor pass through the sequence of “’ones’’, additives such as bio sludge, tall oil plant brine
(TOP brine), and ash are added [6]. TOP brine is a by-product of tall oil plants and is the
leftover residual when tall oil acidifies [7]. The residual is added due to its content of sulfur.
Bio sludge is produced in the biological wastewater treatment, followed by being burnt as
biofuel in the recovery boiler. As aforementioned, the ash has a 75 % sodium carbonate
composition and 25 % sodium sulfate and can be extracted in the recovery boiler. These
additives are added late in the evaporation process due to minimizing disturbance in the
process [6].

The inorganic content needed in the cooking process is primary sodium salts. When
increasing the dry solid content, the salts that pass through the evaporation plant crystalize. In
order for crystallization to occur, the concentration of the salt must be higher than its
solubility limit and have a surface for the crystals to grow on [6]. Inorganic salts like sodium
sulfate and sodium carbonate have a solubility limit in black liquor. When the dry solid
content increases to around 48-53 %, the solubility limit is exceeded. Therefore, these salts
will precipitate when increasing the dry solid content, which can coat the heat transfer
surface. Scaling depends on the surface temperature, and by keeping the condensing steam
below 135-143°C, the problems with scaling are reduced [8].

The ratio between salts such as sodium carbonate (Na,CO, ) and sodium sulfate (Na,SO,)
is an essential factor, which can affect the crystallization in black liquor since burkeite and
dicarbonate can be formed. Burkeite and dicarbonate may precipitate on the heat transfer
surface at high temperatures, due to their reversed solubility. To avoid this, ash from the
recovery boiler is mixed with black liquor to a crystallized liquor before entering the next
effect. This prevents the salts from crystalizing on the heat transfer surface. This occurs when
temperatures are higher at the end of the process and thereby a greater risk for scaling. It is
often suggested to add the ash when the dry solid content reaches 30 % and 45 %. However,
due to the black liquor having lower solubility than its solubility limit, it enhances the risk of
dissolving the ash in the black liquor. It is most appropriate to add the ash in the black liquor
when the dry solid content is above 55 % [6].



2.4 Black Liquor

The production of the pulp can be done in two different ways, chemically or mechanically.
Chemical pulp is produced by cooking wood chips in a digester together with added
chemicals, such as sodium hydroxide and sodium sulfite; this causes the fibres in the wood to
separate by dissolving the lignin. The cooked chemicals, together with the lignin, forms black
liquor [9].

When designing the evaporation plant, the properties of the black liquor, both the physical
and the chemical, are considered essential to take into account. The chemical properties, such
as the composition of the black liquor, have a significant influence since they decide the
heating value of the black liquor after evaporation. Also, due to its composition, the black
liquor works as a corrosive media. The raw material chosen for the pulping process
determines the composition of the black liquor; softwood, hardwood, or fibrous are some
examples of raw materials. The composition also affects the properties of the black liquor.
The raw material used in the pulp mill comes from nearby forests. Around Soédra Cell
Monsterds, there is much softwood, and their primary raw material is therefore, pine, see
composition in table 5, 6 and table A in appendix A [10].

Black liquor is a complex solution, and its solid-state composition consists of inorganic and
organic compounds. Approximately two-thirds of the liquor include organic materials; the rest
of the liquor is inorganic. Fragments of components such as magnesium, silicon manganese,
and aluminum also appear in the composition in lower concentrations. The organic
compounds consist of hemicellulose residue, degraded polysaccharide products, composed
lignin, a small fraction of sodium, and sulfur. The inorganic materials consist of different
cooking chemicals such as sodium sulfite, sodium sulfate, sodium carbonate, and sodium
polysulfides, and the inorganic salts come from the white liquor, see table B in appendix A
[10][11].

When increasing the dry solid content of black liquor during the evaporation process, it
becomes even more corrosive. One could see this as a result of increased concentrations of
hydroxide, sulfite and thiosulfate which are considered as corrosive compounds [12].

In the beginning of the evaporation process when the black liquor is called weak and consists
of around 15 % dry solids, carbon steel can be used due to its passive state is considered
stable and the corrosion rate is low. However, when the dry solid content is increased to
intermediate black liquor, the passive state gets unstable and even small increases in sulfidity,
temperature or velocity can remove the passive film. Such a removal will change the
corrosion state from passive to active and thereby increase the corrosion rate from low to
unacceptably high [12].



3. Corrosion

When metals are exposed to aggressive environments, they undergo a degradation through a
chemical reaction called corrosion. Corrosion can be defined as “destruction or degradation of
a material caused by a reaction to its environment” and also “the spontaneous tendency of a
metallic component to return to its original state as found in nature”. When producing steel,
Gibbs free energy is increased and one could say corrosion is metallurgy in reverse, since the
process enables the metals to return to their more thermodynamically stable state as oxides,
sulfides or other compounds, by decreasing the energy [13]. Corrosion can affect the
properties of materials, i.e. mechanical strength, appearance and permeability to liquids and
gases [14].

Aqueous corrosion, when the metal is exposed to waters, soil, chloride contaminated fluids or
other process fluids, that works as an electrolyte and high temperature corrosion, when the
metal is exposed to hot gas, are two different mechanism of metal corrosion. The first
mechanism involves the anode and cathode reactions, which is an electrochemical process
where electrons play the key role. It is two simultaneous and complementary reactions, which
occur at the same rate, the corrosion rate [13][15].

Both the nature of the metal and the environment determine the susceptibility to corrosion. To
the nature of the metal, one can find factors such as the position of the metal in the galvanic
series, the relative areas of the anode and cathode, the purity and physical state of the metal,
its passivity, as well as the nature of its corrosion products and its oxide film formed on the
surface [15]. The metals that are more easily oxidized are called un-noble, or reactive metals,
and those most resistant are called noble or precious metals. The higher up in the galvanic
series, the more noble the metal [14]. To the environment, one can find factors such as the
temperature, pH, humidity level, dissolved oxygen concentration and the formation of oxygen
concentration cells [15].

3.1 Passivity

Noble metals can be seen as more or less inert to most environments. Un-noble metals,
however, can form a thin, invisible and insoluble layer called passive film or passive layer.
Even though the film is extremely thin, only a few nanometers, it will effectively keep the
material isolated from its surroundings and as a result, the corrosion rate will be slowed down.
Stainless steel can form a passive film of chromium or iron oxides and hydroxides, which will
form spontaneously in environments containing enough oxidants. To create and maintain the
passive film of stainless steel, the oxygen content of air and also most aqueous solutions will
be enough [14].



Factors such as the potential and the surroundings will affect the thickness and composition of
the passive film. Different environments form different passive films with different
composition. If the metal beneath the passive film is exposed by mechanical damage, i.e. by a
scratch or grinding, the film will immediate and spontaneously self-repair as well as forming a
barrier that protects the metal from the environment [14].

The passive layer can in some environments break down permanent and not be rebuilt, which
facilitates the corrosion on the unprotected surface. A total breakdown of the passive layer
requires exposure of the metal to strongly reducing conditions [14]. The corrosion could be
either generalized or localized corrosion. Generalized corrosion is when the whole surface is
exposed, while localized corrosion is more common and when the passive film is attacked
locally while the rest of the surface remains intact. Stainless steel can live almost forever if
the passive layer is maintained [13][14].

3.2 Alkaline Environment

As aforementioned, cooking liquor is added in the kraft pulp mills and it is an alkaline
substance with high pH [16]. The more alkaline a substance is, the more effective it will be as
a corrosive substance [15].

To define an alkaline environment, one could say it is a setting that contains alkali
components or is strongly basic. Usually it refers to a pH value between 7-14 and below 7 is
considered acidic. Acidic environments are more prone to cause corrosion than alkaline, but
corrosion do happen in alkaline environments as well, but could be seen as less dangerous
[17].

In alkaline environment the formation of a passive film works as a natural protection against
corrosion, i.e. iron oxides work as a passive film on steel. This thin film on the steel can be
destroyed either by carbonation or by chloride attack, and once broken down, the corrosion
will start when oxygen or moisture are present [18].

3.3 Uniform Corrosion

Uniform corrosion, sometimes called generalized corrosion, affect the whole surface of the
metal when exposed to the corrosive environment [13]. The passive layer is then destroyed on
the whole, or a large part, of the surface. During uniform corrosion the whole surface is
activated, and when the surface is unprotected it leads to more or less uniform thickness
reduction of the metal [14][15]. If the environmental conditions are known, the material
thinning is generated at a predictable rate and when the temperature and chemical
composition are constant, the rate of uniform corrosion is also constant. By this, one could by

10



knowing the surface area and measuring the weight loss over a period of time, determine the
corrosion rate, mm/year [13][14].

It is assumed to be the most common form of corrosion and should be seen as responsible for
most of the material loss. However, since it occurs uniformly over the exposed surface, it is
not considered very dangerous and leads to a predictable amount of metal thinning [15].
Uniform corrosion is unavoidable but preferable compared to the much less predictable
localized forms of corrosion. Equipment can actually be designed to allow a certain degree of
corrosion, and therefore some material thinning caused by uniform corrosion may be
tolerable. Uniform corrosion of stainless steel is most likely to occur in acids or hot alkaline
solutions, but also together with molten chloride and fluoride salts [14].

3.4 Stress Corrosion Cracking

The combined effect of mechanical stress and corrosive environment can cause stress
corrosion cracking (SCC). It is defined as formation of cracks, penetrating materials in a
direction which is perpendicular to its tensile stress. Depending on whether the tensile stress
is constant or varies cyclically it is called SCC or corrosion fatigue [13][14]. On stainless steel
it takes form of thin, branched cracks which can propagate both intergranular and
transgranular. If they are caused by chloride induced SCC, they are usually transgranular and
run straight through the grains [14][15].

SCC can be considered unpredictable since the cracks often propagates with high rates and
the failure happens abruptly without warning, within a few days or only hours in the most
severe cases. SCC is considered as an insidious form of corrosion, since it can contribute to
rapid loss of mechanical strength of the material and therefore, fractures and catastrophic
failures can occur in environments where other forms of corrosion, such as pitting, crevice or
uniform corrosion, are not expected. There has to be some fulfilled requirements for SCC to
occur:
1. There has to be a susceptible material
2. Also, the material has to be exposed to an environment in which it is sensitive to
SCC
3. It has to be affected by sufficient tensile stress
If all these do not coincide, SCC will not occur. There exist many different explanations of
the mechanism and phenomena behind SCC and some of stainless steel are worth pointing
out. The possibility of a pit transforming to stress corrosion cracks depends on:
e The geometry of the pit and the electrochemistry
e On the rate of strain or stress at the base of the pit
e The material chemistry [14]

11



In some specific environments at moderate stress levels, most alloys are susceptible to SCC.
When increasing the chloride concentration and temperature, and at the same time decreasing
pH, the greater the risk for SCC to occur [14][15].

The evaporation liquid can consist of very low concentration of chlorides, and seem harmless.
However, when the water evaporates the concentration increases, which then can cause SCC
to occur even in solutions with low chloride content. Very alkaline environments can also
contribute to SCC at conditions when pH>14 and temperature>120°C [14]. Due to hydroxide
such as NaOH and KOH and also H2S regular steels are exposed to SCC when the
temperature is above 100°C [15].

Normally metals can form a protective film on the surface to prevent further corrosion, but
while under stress they are unable to do this, and metals that are virtually inert in a corrosive
medium become susceptible for SCC. When metals and alloys are exposed to various
treatments, unevenly distributed stress can be introduced, and the electrode potential will vary
in the material. Stress might result from applied forces during manufacture, fabrication and
heat treatment, but can also be locked-in residual stress origins from rapid temperature
changes or uneven contraction, i.e. forming or welding. Significantly for SCC is that cracks
can be formed below the tensile strength. Therefore, low engineering loads are sometime
enough to provoke SCC, depending on the environment. Impurities can lead to internal
stresses in the material which can result in SCC [14][15].

3.4.1 How to Prevent Stress Corrosion Cracking

To prevent SCC one can, reduce the magnitude of the stress by heat treatments and thereby
anneal out any residual stresses, but this can be hard to achieve in large constructions. Heat
treatments can though result in unwanted effects, such as precipitations of damaging phases,
which can be considered more serious to the properties of stainless steel than residual stresses.
Another action against SCC can be to reduce the load, either by reducing the external load or
increasing the cross-sectional area perpendicular to the applied stress. To increase the
resistance to SCC, compressive stresses can be introduced in the surface which will hamper
crack growth. When none of the abovementioned can be done, one has to replace the alloy
susceptible to SCC with a resistant alloy [15] [14].

3.5 Crevice Corrosion

Crevice corrosion is common in almost all industries since it occurs in many engineer
structures. Crevice corrosion is a non-uniform corrosion form and is caused when the passive
layer is broken down locally in a crevice. This locally attack occurs as a galvanic couple is
formed locally on the surface due to change of environment in the crevice relative the bulk
solution [19].
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This change in environment is caused due to the difference in composition in the solution that
occurs since the metal surface is consuming oxygen in an aqueous environment, but in the
crevice, the solution is stationary and the oxygen level is restricted. A difference in
composition leads to that a corrosion cell is created and the crevice corrosion is initiated.
Inside the crevice a hydrolysis starts, the small amount of metal ions decreases the pH in the
solution. In order to balance the electronegativity, chloride ions migrate into the crevice and
the solution becomes more aggressive in aspect of corrosion, since the new environment can
break down the passive layer in the crevice [20].

The metal surface is bare where the passive layer is broken down and works as an anode
relative the unbroken and much larger passive layer surrounding the crevice. Then the crevice
propagates in the originate shape and is accelerated by the difference in oxygen content. The
corrosion rate is not of importance, since the material can be penetrated very quickly once
initiated [19].

Crevice corrosion is dependent on the environmental factors, corrosion resistance of the alloy
and the geometry of the crevice. Low pH and high chloride content increase the risk of
crevice corrosion. However, even very small amounts of chloride content, under 100 ppm can
lead to crevice corrosion. The influence of chlorides lowers the potential of corrosion to
occur, especially for crevice corrosion which makes it the most critical form of corrosion
[19][20].

A critical chloride ions concentration is already determined for many materials, below this
concentration crevice corrosion is not likely to occur, but over this concentration the
probability for crevice corrosion is increasing with increasing concentration, since the
potential is decreased [20].

3.5.1 How to Prevent Crevice Corrosion

The solubility of oxygen depends on the temperature and salt content of the solution but by
completely removing oxygen from the environment will inhibit the cathodic reaction to occur,
and therefore prevent crevice corrosion. However, there are other oxidants much stronger than
oxygen, such as chlorine, hypochlorite and hydrogen peroxide.

Impurities that will not oxidize, such as sulfates and nitrates are not harmful to the passive
layer, instead they can inhibit the corrosion by absorbing on the surface. In order for these
impurities to have an effect on inhibiting the corrosion, the amount must be much higher than
the chloride content.
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Smooth surfaces that are clean are more resistant to crevice corrosion, and if the environment
has high chloride content, one should avoid as many crevices as possible in the construction.
Instead of bolted joints and spot welds, sealing welds is more preferable. The welding sites at
potential crevice spots should be covered in a more corrosion resistant material. By painting
metal surfaces around the crevice areas prevents the cathodic reaction to occur, this is an
effective way in order to reduce the ratio of anode/cathode [19].

Deposit is a potential site for crevice corrosion, and suspended solids should be removed from
the surfaces. The crevice should have a uniform gap between 0.1-100 pum, the narrower a
crevice gets the more probability for crevice corrosion to occur because of the restricted mass
transport. The temperature plays a big role in corrosion, below the critical temperature it is not
likely for crevice corrosion to occur and the material is seen as resistant. Over the critical
temperature the corrosion rate increases with increased temperature [20].

3.6 Pitting Corrosion

Pitting corrosion is seen as the most damaging form of corrosion, as it can cause catastrophic
failure [21]. The initiation of pitting is a phenomenon that has not been fully grasped yet, as
pitting can occur due to inclusions or surface damage. However, it can also occur on perfect
surfaces. Even though the initiation is unclear, the propagation is a more understood aspect
[19]. The passive film becomes unstable when the metal surface is attacked by chloride ions,
an aggressive anion, which leads to small areas on the metal surface, which are exposed to the
environment due to it being unprotected [21]. When a bare metal acts as an anode, and the
environment acts as a cathode, a galvanic cell is formed [19].

In many cases, the corrosion stops due to the passive film reforming where the attack
occurred, called repassivate. When a pit initiates and repassivates, the pit is considered to be
metastable; however, the pit propagates further if repassivation does not occur, leading to the
high corrosion rate at the pit site [19].

The pH decreases as the pit continues to grow even further. This is due to the hydrolysis of
dissolved metal ions such as Cr>" and Fe*" . The positive metal ions are then balanced
out by chloride ions that have relocated into the pit, which results in an even more aggressive
environment inside. As an outcome, propagation of pitting occurs at a high rate and leads to

corrosion [19].

Since pits are tiny on the metal surfaces, it is easy for corrosion products to cover up the pits,
which makes them unnoticeable due to having a larger cross-sectional area under the surface.
The presence of pits can be of utmost damage because of the risk of leakage and cavities [19].
To detect pitting at an early stage, instruments that can measure microscopic scales are needed
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[22]. Pitting corrosion is affected by the same factors as crevice, low pH and high chloride
concentrations, which increase the initiation of the pit as well as high temperatures and

halides such as bromide and iodide [19].

The initiation and propagation of pitting corrosion are mainly affected by the cathodic
reaction. However, removing oxygen from the surrounding will limit such corrosion
reactions. The oxygens solubility is dependent on the concentration and temperature of the
salts in the solution [19]. The pits remain localized when both the anodic and cathodic
reactions take place on the same metal surface. The cathodic density is smaller inside the pits
due to the reduction of oxygen. Resulting in the presence of large cathodic areas allowing the
activity of the small anode to be balanced [21].

3.6.1 How to Prevent Pitting Corrosion

There are three different ways to prevent pitting corrosion:
1. By choosing an appropriate material with specific alloying elements which increase
resistance towards pitting
2. By controlling the anions concentration or by using inhibitors
3. By having control of the electrode potential. Pit propagation is only found over the
pitting potential [21]

By choosing an alloy with high PREN, pitting corrosion can be avoided. In order to compare
how various alloys can resist corrosion, the pitting equivalence number must be calculated.
This can be done using the PREN formula, see eqn. (1) [20].

Egn. (1): PREN = Cr +33(Mo+0.5W)+xN
When working with duplex stainless steels x=16 and when working with austenitic alloys
x=30. The critical crevice temperature (CCT) and the PREN is nearly equivalent, where CCT

is defined using eqn. (2), CCT is given in Celsius [20].

Eqn. (2): CCT = 2.5Cr + 7.6Mo +31.9N —41
3.7 Alloying Elements to Prevent Corrosion

The alloy composition will affect the resistance to corrosion and will vary significantly
between different environments and for different kinds of corrosion. The chromium content in
stainless steels needs to be more than 12 % to enable formation of a passive film, and due to
precipitations of Cr,,C,, a higher content may be needed [15]. The resistance to uniform
corrosion will be improved by higher content of alloying elements such as chromium and
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nickel. Chromium will be ensuring passivity and nickel will help reduce the corrosion rate of
depassivated steel. Another element of importance is molybdenum and a high content is
favorable in most environments since it often enhances passivity [14]. When adding
molybdenum, nitrogen and also silicon the resistance against SCC is increased, especially
when considering austenitic steels which are susceptible to SCC [15].

Chromium, molybdenum, nitrogen and nickel are alloys of great importance for the resistance
to crevice corrosion in many types of alloys. However, nickel has been shown to be beneficial
when added to austenitic stainless steels when the molybdenum content is 2.5 % but only
shows little effect when the molybdenum content is as high as 6.5 % in stainless steels.
Molybdenum and nitrogen have an interactive effect on the increased resistance to crevice
corrosion, alloys containing molybdenum show significant increased crevice corrosion
resistance once nitrogen is added [20].

Pitting corrosion can be avoided by having a material with a high PREN by containing
alloying elements with high resistance to localized attack such as chromium, molybdenum,
tungsten and nitrogen [21]. Molybdenum has shown to be beneficial for initiation and
repassivation of pits and also decreases chloride ions [19].
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4. Material Choice

4.1 Material Selection Process and Tools

The selection process of materials for an application is an important process and needs to be
handled carefully. The choice of material will affect the application in many ways, the
appearance, the texture, the cost, the manufacturing process, but most important: the end
products lifecycle will be affected. However, historically the material selection process has
only been a small part of the whole design process. Materials has been chosen by “trial and
error ““ or by choosing what has been used before with success. This could lead to that not
sustainable materials are being used, and that the most appropriate material is not even
considered. A bad material selection could be devastating and lead to failure and shorten the
end products lifecycle. When selecting a material for a specific application there is a lot of
aspects that needs to be considered, and it is a time-consuming and difficult process [23].

One tool that could be used in order to improve the selecting of material process is Cohen's
reciprocity. Morris Cohen described the reciprocity between science and engineering. The
science is based on cause and effect and describes how the processing of a material affect the
structure, which is affecting the properties which in turn will affect the performances of the
material. The engineering is based on goal-means and goes the other way, the desired
performances of a material depend on certain properties, these properties depend on the
structures which in turn are depending on the processing of the material. This helps to design
a material from requirements of the prestanda [24].

Another way in how to approach material selection is by Ashby’s method. The method starts
by identify which the required properties are and create a profile. This profile is then
compared with already existing materials and their properties to find a match. To identify the
important attributes for the certain application the next step is a translation step that is divided
into four actions:

Express functions

Label restrictions

Define the aim

b=

Express the free variables for the designer to decide

The restrictions are based on the properties that leads to the desired performances as well as
dimension requirements of the component. The properties are presented in charts called
Ashby charts or material properties charts. In these charts, two different properties can be
investigated at the same time which leads to that the performances of the material with respect
to the properties can immediately be evaluated. This analysis of the connection of properties
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is both quick and simple and makes these charts an effective tool in the material selection
process.

The third step is a screening of all the materials that are suitable according to the translation.
Here, the useful available materials have reduced significantly, simplifying the selection.

The candidates that passed the screening process is now moving onto the next step, which is
ranking. This step is ranking the screened materials by the aims.

As a final step, information about the top-ranked alternatives that can support the decision, is
collected. This supporting information could regard history of usage, availability and
recyclability [25].

When selecting a material, it is of utmost important to realise all the changes of the conditions
during the process. There will probably be changes in for example, temperature and chemical
composition along the way, which need to be taken into considerations. The condition during
start-ups, shutdowns and incidents might differ from during normal operations. Also, when a
process involves cleaning of equipment, chemicals can be used which also needs to be noted.
When choosing a stainless steel it is of importance to consider which kind of corrosion
environment the steel is going to endure, it is also important to consider the welding
properties of the material in order to ease the construction of the designed application [14]
[25].

4.1.1 Welding Perspective

When a construction is welded, a transformation in structure may occur due to the heat. The
knowledge of structure transformation is of importance in order to avoid corrosion.
Schaeffler diagrams shows which kind of structure a material is forming after welding, when
cooling, see figure 2. They are used in general to predict the new microstructure that is
formed during welding and by that the weldability of the steel and can be applied at many
different cooling rates [26].

Welding sites are crucial to local corrosion such as pitting and crevice corrosion, in order to
prevent this local corrosion to occur in the sites it is of importance to post-weld clean. When
welding, the passive layer is destroyed as well as a thicker heat tint or oxide scale are formed
which do not have the same protective effect as the passive layer has to corrosion. Therefore,
in applications where there is a risk for localized corrosion this must be removed. Under this,
the material is depleted of chromium which gives a lower resistance to corrosion as well, and
therefore this needs to be removed too [19]. A higher carbon content in the steel results in a
major risk when welding [27].
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Figure 2: Schaeffler diagram, used to calculate phase transformation in the welding sites [26].

4.2 Microstructures in Stainless Steels

Stainless steel has a chromium content over 11 % since the corrosion resistance is acceptable
in oxidizing environments, and in aqueous solutions at this content. By adding nickel, the
corrosion resistance is improved, and the material is corrosion resistant in reduced conditions
as well. Other additives could increase the resistance even more. However, the microstructure
differs in different steels which leads to different properties and performances [28].

4.2.1 Austenitic Steels

Austenitic steels show good resistance to corrosion generally. The austenitic steels are not
stable, unless a certain nickel content is added, which prevents the austenitic phase from
transform into, for example martensite. Due to the chromium being partly bounded in
carbides, martensitic steels can be more susceptible to corrosion [28].

The carbon content is profitable for stabilization of austenitic phase, but at the same time, the
carbon can during the welding process, form carbides in the grain boundaries. The
precipitation of chromium carbides can deplete the grain boundaries on chromium, which
decreases the corrosion resistance and can lead to intergranular corrosion. This can be
prevented if the carbon content is decreased, but it will affect the stability of the phase.

19



However, by adding another strong carbide former, the depleted chromium could also be
prevented, see figure 3 [28][29][30].

The austenitic phase is especially considered to be more susceptible to chloride induced SCC,
and even low concentrations of chlorides at high temperature can cause SCC. As a result, the
classic austenitic steels EN 1.4307 and EN 1.4404 are considered as some of the most
sensitive to SCC. However, with high nickel (above 10 %) it can be very resistant [14] [15].

Fe Ctr W Mo V Ta Nb Ti Zr
o
Increasing affinity to carbon

Figure 3: The tendency of alloying elements to form carbides increases from left to right [39].

4.2.2 Ferritic Steels

The lowest alloyed ferritic steels have relatively low corrosion resistance, however high
alloyed ferritic steels can show good resistance against crevice corrosion [31]. Ferritic steels
outstand austenitic steels regarding SCC. When the chromium content is 18-20 % and some
nickel and copper are added, the ferritic steels achieve a high resistance to chloride induced
SCC [14].

The chromium content is around 13-30 %, the carbon content is low, and the nickel content is
almost non existing, this makes the ferritic structure stable at all temperatures. The carbon
content has a high influence on the stability of the ferritic phase, a carbon content at 0.1 %
demands a chromium content at 21 % in order to prevent an austenitic transformation. The
corrosion resistance is good at 13 % chromium and increases with increased chromium
content. With new techniques the nitrogen and carbon content are easily controlled and very
low contents can be achieved, which increases the corrosion resistance [31]. During welding
there is a risk for the ferritic phase to transform into austenitic or martensitic phase [28].

The martensite could either contribute with positive residual stresses or by increasing the
mechanical strength, this could favor the resistance towards SCC. However, the martensite
could also contribute with an inhomogeneous structure with potential sensitive crack paths
[32].

4.2 .3 Microstructure Stabilizers

Alloys affect the microstructure in different ways, they can be austenite stabilizers or ferritic
stabilizers. If the solubility of an alloy is easier in one phase, the alloy is a stabilizer of that
phase.
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Austenite stabilizers: Ni, Mn, Pt, Ir, Pd, C, N, Cu, Au
Ferrite stabilizers: Be, Al, Si, P, Ti, V, As, Sn, Sb, W, Mo, Ge, Nb, Ta, Zr, Ce, O, S, B [28].

4.2.4 Duplex Steels

Duplex microstructure is a mix of around 50 % ferritic and 50 % austenitic microstructure.
The microstructure is combined with many of the beneficial properties from both austenitic
steels and ferritic steels. These steels are useful when there is high demands on the corrosion
resistance. This makes duplex steels profitable in the cellulosa industry. The welding process
is also better in duplex steels, comparing to ferritic and austenitic steels. However, with a
higher content of Mo and Cr, the welding process gets worse.

Duplex steels are especially resistant to stress corrosion cracking, and generally resistant to
crevice corrosion as well [33]. However, crevice corrosion resistance in duplex steels has
been investigated, and the results showed that the grain boundaries between the ferritic and
austenitic phase can work as initiator sites where crevice corrosion can propagate [20].

Properties of duplex steels:

Better mechanical properties than austenitic steels

Good welding properties

Good erosion resistance

Allowed surface temperature, -40°C up to around 235-325°C

Cost efficient due to their strength, which allows thickness reduction compared to
other stainless steels [34]

4.3 Alloying Elements in Stainless Steels

4.3.1 Carbon

The addition of Carbon, which is the most important element in steel, is steering the hardness
and strength of a material, increased amount of carbon increases the hardness and strength.
However, increased amounts of carbon decreases other properties such as ductility and
weldability of the steel [35].
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4.3.2 Chromium

Chromium is added in steels because it gives the steels good properties. The increased amount
of chromium will give an increased hardenability and corrosion resistance [35]. Chromium
can be considered as the most important alloying element in stainless steels and should be
around 10-25 %. It will form chromium oxides with the surrounding oxygen, which will work
as a passive film protecting the material against corrosion [36].

4.3.3 Copper

Copper is often added to steels because of its good corrosion resistance, but it will also
increase the hardenability a little [35].

4.3 .4 Nickel

Nickel is one of the key components in steels, but the amount varies in different steels and
carbon steels has a low amount of nickel. Addition of nickel gives increased corrosion
resistance in steels, but it will also increase the hardenability. Increased nickel content will
also improve the fracture toughness by improving the behavior of the steel in low
temperatures [35].

4.3.5 Nitrogen

Nitrogen can substitute carbon because of their similarities. However, it is hard to total
exchange carbon with nitrogen but new technologies improve the process, making it easier.
The use of nitrogen in steels, increases the hardness, but it will also improve the corrosion
resistance. The corrosion properties are improved since nitrogen will form nitrides, comparing
to carbon that is forming carbides, chromium carbides are more easily formed than chromium
nitrides which leads to less depletion of chromium when adding nitrogen [35]. Even small
amounts of nitrogen will enhance the passivity and it is therefore the only austenite stabilizer
that will favor the passivity of the steel [36].

4.3.6 Molybdenum

Molybdenum is usually added to improve the corrosion resistance of the steel. It is a strong
carbide former, increases the hardenability as well as strength of the material in higher
temperatures. Molybdenum also has a positive effect on the creep strength [35].
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Molybdenum can form passive films more easily than chromium and even small contents will
protect the material from corrosion, especially in acidic and oxygen-poor environments. It is
though considered to be expensive but will counteract all corrosion types [36].

4.3.7 Manganese

One could say that Manganese is the second most important element in steels. Without
manganese the hot rolling process of steels would be impossible. Manganese works as a
cleaner in the steel, by removing oxygen and sulfur in the melt and transfer it to the slag.
Ductility decreases with increased manganese, but the hardenability and tensile strength
increases. If too high amounts of carbon and manganese is added together the steel will be
embrittle. To be able to get good welding properties, the ratio between manganese and sulfur
should be 10 to 1 [35].

4.4 Cost Efficiency

Corrosion has a negative impact on the economy and according to a study performed 1964,
Sweden's cost as a result of corrosion was estimated to be between 300 to 400 million SEK
during the year the study was performed. The study also showed that 25-35 % of the cost, are
costs that could be avoided.

The total cost of corrosion is not only the material loss, see figure 4. There is a lot of other
overhead cost such as cost for: maintenance and repair, inventory of parts and equipments,
design costs, replacement of equipment, corrosion control and so on. By choosing the right
material for the right application, costs for the usage of energy, technical expertise and
materials could be avoided [40].

The good corrosion resistance in combination with great mechanical strength makes the
duplex steels interesting for many applications within the pulp industry. The duplex steels
were early used in the pulp industry and is still a profitable and widely used material in this
industry [41].

Due to the mechanical strength and corrosion resistance of duplex steels, the material
thickness needed is reduced compared to other alternatives, and thereby the material costs are
lowered. This will also affect the welding sites, i.e. a material thickness reduction of 40 %
will give a welding metal reduction of 60 %. The thickness reduction will also affect the
weight of the material and thereby the transportation costs, as well as reducing emissions in
the environment [42].
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Figure 4. lllustrates the different parts of the total cost for a materials life cycle.[42].
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5. Case Studies on Different Steels
5.1 Evaluation of Corrosion Behavior of Different Steels in Black Liquor

The material of construction in the pulp mills has to possess both great corrosion and
mechanical properties. For 35 years, duplex stainless steel (DSS) has been the material choice
due to its excellent corrosion resistance combined with high mechanical strength, allowing
thickness reduction in equipment. Equipment of carbon steel in the pulp mill, i.e. digesters
and storage vessels have showed to be exposed to both general corrosion and stress corrosion
cracking. By an evaluation of the corrosion behavior of different kinds of steels in black
liquor, in form of synthetic liquor of five different wood species, one could see that the
compounds in the black liquor were of utmost important. The steels tested were carbon steel
(EN 10028), EN 1.4404 and EN 1.4436 stainless steels, and two DSSs (EN 1.4362 and EN
1.4462), where the DSSs showed a high corrosion resistance in all types of black liquor [43].

5.2 Investigations of Different Duplex Stainless Steels in Alkaline
Environment

Different DSSs; EN 1.4362, EN 1.4462, and EN 1.4162 have also been investigated regarding
their electrochemical behavior and corrosion properties at different temperatures in high pH
caustic and alkaline sulfide solutions. With focus on the roles of alloying elements in these
environments, the polarization behavior of pure Fe, Cr, Ni and Mo, and DSS EN 1.4462 was
analysed. It was noted that the corrosion rates of DSS increased with sulfide addition. The
passive layer formed in presence of sulfur is proposed to be less protective than the oxide
film. It differed between the different DSSs and EN 1.4462 was most susceptible to general
corrosion and EN 1.4362 possessed the lowest corrosion rate in a sulfide caustic environment.
This was because a passive film containing magnetite and awaruite (FeNi, ), which made it
more stable, was developed on EN 1.4362 and the corrosion rate was therefore lowered [43].

5.3 Analysis of a Pipe Used in the Evaporation Plant

In a pre-evaporation stage, a pipe made of steel EN 1.4301 was heated internally by using
steam as heating medium. The concentration of aggressive substances was assumed to be
increased as the liquor was not continually covered the pipe. As a result, cracks started to
initiate in the material, either at sharp surface indentations or in areas where welding had been
performed, and some even penetrated through the material. An analysis of a crack pipe
section showed high quantities of sodium and sulfur in the cracks, and also small quantities of
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oxygen. By both the analysis and the appearance of the cracks, conclusions about the type of
corrosion occurred could be drawn. The temperature was measured to at least 100 °C and the
pipe had undergone SCC. Today, EN 1.4462 is used instead to avoid the same situation to
occur in the pipes [44].

5.4 Study on Steels in Hot Alkaline Environment

Outokumpu did a study on different steels in hot alkaline solutions which shows that high
chromium content and low molybdenum content is beneficial in hot alkaline solutions, see
table 2 [34].

Table 2: Shows weight loss [mg] of stainless steels exposed to an alkaline environment with a
temperature of 103 C for 21 days [34].

Steel 103°C, 21 days
EN Weight loss [mg]
1.4307 1.0

0.8
1.4162 0.4

0.4
1.4362 0.6

0.6

5.5 Study on Different Steels in a Sulfate Environment

Another study from Outokumpu on the corrosion rate in different kinds of steels in a sulfate
environment, see table 3 [34].
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Table 3: Shows the corrosion rate when different steels are exposed to an environment of sulfate [34].

EN-code Sulfate (mm/year)
Carbon Steel 2.1

1.4307/1.4301* 0.009

1.4362 0.003

1.4462 0.005

* 1.4307 contains lower carbon content (0.002 %) than 1.4301 (0.004 %), the rest of
compounds are the same

5.6 Investigation of Carbon Steels When Increasing Sulfidity Content

An investigation where carbon steel specimens were exposed to intermediate black liquor at a
temperature of 95 °C was performed. When the sulfidity content in the black liquor was as
low as 30 %, the carbon steel remained passive which could be noted as the potential value
was above 0 millivolts. Increasing the sulfidity content to 40 % affected the steel to change in
corrosion state, to active from passive only after 55 hours. The active state was recognized by
negative values of the potential [12].
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6. Method

A literature study was made in order to gather useful information to enable an investigation of
what kind of materials that would be suitable in the evaporation plant at Sodra Cell
Monsteras. A visit to Sodra Cell Monsteras was made and resulted in meetings with different
engineers and experts in the field, which provided us with valuable information. In order to
make a material selection process, Ashby’s method was used together with a supporting
program, CES Edupack.

e Different search tools were used:
- KTH library and google scholar
- Keywords: Corrosion, Black liquor, Evaporation plant, Alkaline, Stainless
steel, Duplex, Cost efficiency, Welding, Corrosion resistance, Material
selection
e Different books were also used to gather necessary information
e Supporting program:
- CES Edupack

6.1 Ashbys

The wanted performances were established and then transformed into requirements. From the
requirements, the properties were defined. These properties were then used in CES Edupack
to set the limitations to enable screening of available materials.

6.1.1 CES Edupack

Level 3 was used and the material category was selected to “’stainless steel’’, which resulted
in around 300 available materials. The properties gained from Ashby’s were used as
limitations in Edupack and the materials were reduced to 52. These 52 materials were ranked
in two different charts with PREN on the x-axis in both charts, while the y-axis differed.

Chart 1:
The y-axis described the cost per volume when considering the material thickness reduction

due to higher tensile strength in different materials.

Chart 2:
The y-axis was the yield strength.
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7. Results

The results from the different sections of the report were obtained by collecting necessary

information and then compiled in different tables.

7.1 Evaporation Plant

In the evaporation plant, it is of importance to have knowledge about the conditions and

circumstances, see table 4. In table 5 and 6, the composition of the corrosive media is

compiled, while in table 7 the composition of the ash added in the evaporation plant is

presented.

Table 4: Shows the conditions, the materials used and the additives added in the evaporation plant

and also in effect 1D.

Temperature | Environment | Material Additives
Evaporation plant | 55-170 °C Alkaline EN 1.4462 Ash
. EN 1.0425 TOP brine
Dry solids: 15| N 10 025 Bio sludge
%-80 %
Effect 1D 155-170 °C Alkaline EN 1.4462
‘ EN 1.0425
Dry solids: EN 10 025
70-80 %
Table 5: Shows the composition of the black liquor at Sédra Cell Ménsteras [50].
Intermediate thick | Intermediate thick | Heavy
liquor liquor black liquor
Solids, wt. % 52.0 52.1 78.3
Sulfur, wt. % 2.5 2.5 4.9
Chlorine, wt. % 0.07 0.07 0.15
Sodium, wt. % 9.9 10.9 16.8
Potassium, wt. % 0.90 0.96 1.56
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Calorimetric heat 6.65 6.35 9.98
value at constant

volume MJ/kg

(Not measured with | - - 270

a credible method.)

Silicon mg/kg

Table 6. Shows the composition of the black liquor at Sédra cell, the samples are dried. [50].

Intermediate thick | Intermediate thick | Heavy
liquor liquor black liquor
Carbon, wt. % 31.3 31.0 30.4
Hydrogen, wt. % 3.6 3.9 33
Nitrogen, wt. % 0,05 0.05 0.06
Chlorine, wt% 0.13 0.13 0.19
Sodium, wt. % 19.1 20.9 21.5
Potassium, wt. % 1.73 1.84 2.00
Oxygen, wt. % 39.3 37.5 36.2
Calorimetric heat 12.78 12.18 12.78
value at constant
volume MJ/kg
Effective heat value |12.03 11.37 12.08
at constant pressure,
MJ/kg
(Not measured with | - - 350
a credible method.)
Silicon mg/kg
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Table 7: Shows the composition of the ash from Sodra Cell Monsterds (Average from 10 measured

values)
Na K Cl S Cv K/ pH
mg/g mg/g mg/g mg/g (NatK) (Na +K)
mol % mol %
320.3 43.3 10.2 164.3 1.9 7.37 10.7

7.2 Corrosion

It is of importance to control the corrosion and in table 8, factors that both favors and prevents

the most common corrosion types in the evaporation plant are presented.

Table 8: Shows investigated types of corrosions and different factors that affect them, both

favors and prevent.

Types of corrosion

Favors the corrosion

Prevent corrosion

Uniform

Acids or hot alkaline
solutions together with
molten chloride and fluoride
salts

High content of alloying
element i.e. Cr, Ni, Mo

Zink coatings

Stress corrosion cracking

1. Susceptible material

2. Exposed to a
corrosive
environment

3. Affected by tensile
stress

Corrosive environment in
form of high concentration
of chloride as well as high
temperature together with
decreasing pH

Temperatures > 120 °C and
pH>13

Carbon content below 0.1 %

Austenitic steels

If one of the three
requirements are not
fulfilled, SCC cannot occur

Decrease stress by heat
treatment

Reduce the load on the
material, increase cross
sectional area
Compressive stresses
Coatings

Duplex steels

High alloyed ferritic steels
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NaOH, KOH, H2S with
temperature > 100 °C

Unevenly distributed
stresses from treatments of
the material

Impurities

Martensitic steels

Molybdenum, nitrogen and
also silicon

Martensitic steels

Crevice

Chloride content and low pH

The grain boundaries
between austenitic and
ferritic phases

Removing oxidizers
Smooth clean surfaces

Reduce the ratio between
anode and cathode

Duplex steels
High alloyed ferritic steels
Austentitic steels

Chromium, molybdenum,
nitrogen and nickel.
However, nickel has been
shown to be beneficial when
added to austenitic stainless
steels when the Mo content
is 2.5 % but only shows a
little effect when the Mo
content is as high as 6.5 % in
stainless steels.

Pitting

Low pH and high chloride
concentrations

High temperatures and
halides such as bromide and
iodide

Chromium, molybdenum,
tungsten, nitrogen

By controlling the anions
concentration or by using

inhibitors

Removing oxygen
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Controlling the electrode
potential

7.3 Material Choice

The microstructure of the steel has a big impact on the corrosion resistance. In table 9,

positive and negative aspects of different microstructures are presented.

Table 9: Shows both positive and negative aspects of each investigated microstructure

Microstructure

Positive aspects

Negative aspects

Austenitic steels

Generally good corrosion
resistance

Good oxidation resistance

Sensitive to SCC

Dependent on nickel
content in order to be
stable

Welding can lead to
martensite transformation

Ferritic steels

High alloyed ferritic steels
show high resistance to
SCC

During welding, risk for
formation of austenite or
martensite

Duplex steels

Good welding process

Good corrosion
resistance, especially
resistant to SCC and
generally resistant to
crevice

Good erosion resistance
Cost efficient

Ability to reduce the
thickness of the material

due to its high strength

Good mechanical
properties

Grain boundaries between
ferritic and austenitic
phase can be susceptible
to crevice corrosion

The welding process gets
more complicated with a
higher content of Mo and
Cr
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7.3.1 Material Selection for the Evaporation Plant at S6dra Cell Monsteras

Recommended materials that can be used in the evaporation plant are following:

e EN1.4162
e EN 1.4362
e EN 1.4462
e EN 1.4307

A comparison of these materials has been made with focus on the microstructure, typical

applications, chemical composition and a short description from the producer of the steels, see

table 10.

Table 10: Shows a comparison of the four recommended materials. [45].

such as digesters
and components
for paper
machines

Flanges and
valves

tubes, and pipes

Structural
components in
bridges

Flanges and
valves

EN 1.4162 EN 1.4362 EN 1.4462 EN 1.4307
Microstructure | Duplex Duplex Duplex Austenitic
Typical
applications
Storage tanks Pulp and paper | Cargo tanks in | Food and
industry chemical beverage
Household applications tankers industry
heaters equipment
Blast walls on | Pulp and paper
Structural oil platforms industry Chemical and
components for applications pharmaceutical
floodgates and Flanges and such as industry
bridges, or rebar | valves digesters and equipment
for concrete process tanks
structures Heat
Oil and gas exchangers
Pulp and paper industry
industry applications Storage tanks
applications such as flanges,

Tank
containers

Pipes and tubes

Flanges and
valves
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Chemical
composition, %

by mass

C 0.03 0.02 0.02 0.02

Cr 21.5 23.0 22.4 18.1

Ni 1.5 4.8 5.7 8.1

Mo 0.3 0.3 3.1 -

N 0.22 0.10 0.17 -

Others 5 Mn, Cu Cu - -

Description by “A lean-alloyed | “A duplex “The most “Low carbon

Outokumpu duplex product | product witha | popular duplex | content that
with good leaner alloying | product on the | minimizes the

resistance to
localized and
uniform
corrosion, as
well as stress
corrosion
cracking, which
makes it a good
substitute for
coated carbon
steel in e.g.
structural
components and
storage tanks.
Also offers high
mechanical
strength and
good
machinability. “

composition
than 1.4462. It
has good
resistance to
localized and
uniform
corrosion, as
well as stress
corrosion
cracking,
combined with
high
mechanical
strength.”

market. Offers
very good
resistance to
uniform and
localized
corrosion and
stress corrosion
cracking in
combination
with high
mechanical
strength.”

precipitation of
carbides, as a
result of heat
input, for
example during
welding given
improved
resistance
against
intergranular
corrosion.
Suitable for a
wide variety of
applications
that requires
good
formability as
well as
weldability.”
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7.3.2 Calculations of Phases in the Welding Sites

Equations 3 and 4 from the axes in figure 2 are used to calculate the predicted transformation
of phases in the welding sites for each material. The chemical compositions from table 10 and
11 are used in the equations.

Eqn. (3): Crey =Cr+Mo+1.5-Si+0.5-Nb
Eqn. (4): Ni,, =Ni +30-C+0.5-Mn

EN 1.4462
Creg=224+3.1= 255
Ni,, =5.7+30-0.02=63

— 90 % ferrite and 10 % austenite

EN 1.4162

Cre=21.5+03=21.38
Nip,=15+30-0.03+0.5-5=4.9

— 85 % ferrite and 15 % austenite and martensite

EN 1.4362

Creg =23+03=233

Ni,, =4.8+30-0.02=54

— 90 % ferrite and 10 % austenite and martensite

EN 1.4307

Creq = 18.1

Nig, =8.1+30-0.02=28.7

— 10 % ferrite and 90 % martensite and austenite

EN 1.4485*
Crey=31+35+15-04=35.1

Nigy =7.5+30-0.015+0.5-0.75 = 8.325
— 95 9% ferrite and 5 % austenite

*The composition is in an interval and therefore an average number has been used to do the calculations
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7.3.3 Material Selection by Ashby’s

In figure 5 and 6, the suitable materials are presented after finding the defined properties by

Ashby's method. First the desirable performances is stated and then transformed into

requirements to obtain the defined properties.

Performances:

Economic lifespan of 40 years
Withstand the environment in the evaporation plant
Must be able to be structured in large and complex constructions

l

Requirements:

Manage a temperature of 170 °C

Manage corrosive environments, in this case alkaline solutions, high pH
Cost efficient

Good weldability

Good mechanical properties

l

Definitions of properties:

High PREN

Resistance to corrosion in alkaline solutions
High yield stress

High tensile strength

Optimize material usage
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Figure 5: A chart from EduPack with price per unit volume when considering the material thickness
reduction due to different tensile strengths versus PREN [49].
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Figure 6. A chart from EduPack with yield strength versus PREN [49].

7.3.4 Result from Edupack

From figure 5 and 6, the top candidates is listed below. After combining the results from the
different figures, the four most suitable materials are compared in table 11.

Cost versus PREN:

1.

e

EN 1.4485 (UNS S33207)
AL-6XN

EN 1.441 (UNS S32750)
UNS S$32760

UNS $32550

BioDur 108 (UNS S29108)
UNS J93380

ASTM F1586
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Yield strength versus PREN:
1. EN 1.4485 (UNS S33207)
EN 1.441 (UNS S32750)

UNS S32760
UNS 832550
UNS J93380
EN 1.4462
ASTM F1586

e A

Combined, TOP 4:
1. EN 1.4485 (UNS S33207)
2. EN 1.441 (UNS S32750)
3. UNS S32760
4. BioDur 108 (UNS S29108)

BioDur 108 (UNS S29108)

Table 11: A comparison of the four top ranked materials [49].

Steel EN 1.4485 UNS S32750 UNS S32760 BioDur 108
(UNS 833207) (UNS S29108)

Microstruct | Duplex Duplex Duplex Austenitic

ure

Price per 7.16e5-7.78e5 6.55e5-7.25¢e5 5.12e5-5.47¢e5 1.44e5-1.56¢€5

SEK

unit volume e

SEK
3

SEK
3

SEK
"

Tensile 810-892 MPa

Strength

730-930 MPa

700-930 MPa

1.02e3-1.3e3MPa

Yield
strength

700-816 MPa

530-627 MPa

515-565 MPa

752-986 MPa

Max service |335-365°C

temperature

335-365 °C

335-365 °C

750-790 °C

Weldability | Good
(preheating
and post
weld heat
treatments
are not

required)

Good

Good

Good
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Durability Excellent Excellent Excellent Excellent
in: water
(fresh, salt),
alkalis
(strong,
weak),
organic
solvents
PREN 48,3-56,4 39,5-46,1 37,9-45,7 34,3-45,6
SCC Not susceptible | Not susceptible | Slightly Slightly
(tested in (rated in susceptible susceptible (rated
chloride and seawater. Other | (rated in in chloride: Other
hydrogen sulfide | susceptible chloride; other | susceptible
environments) environments susceptible environments:
include environments: Hydrogen sulfide)
hydrogen hydrogen
sulfide) sulfide)
Intergranular
corrosion

resistance (weld
line): Excellent

Alkalis: Good
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Typical uses

Evaporation
concentrators

Chemical
industry

Marine, water
supply, power
plant

Pulp & paper
manufacture,
processing of
potentially
corrosive liquids

Caustic
evaporators

Handling
organic or fatty
acids

Propellers,
shafts, rudders,
pumps, bolts,
valves..

Black liquor
heater tubes,
digester blow
valves, rotary
feed valves,
precipitators
and bleaching
components for
pulp and paper
industry
components

Oil and gas
industry

Seawater
cooling

Salt evaporation
industry

Desalination
plants

Geothermal
wells

Refineries and
petrochemical
plants

Mechanical
components
requiring high
strength

Pulp and paper
industry

Chemical
processing [48].

Implantable
orthopedic
devices: bone
plates, bone
screws, fracture,
trauma and spinal
fixation, hip and
knee parts

Other medical
instruments [46].
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Warning Possibly Susceptible to | - Designed for
susceptible to hydrogen small-diameter
hydrogen embrittlement applications
embrittlement when under which require
when under high | high stress in high strength and
stress in hydrogen corrosion
hydrogen containing resistance.
containing environments Successful in
environments industries such as

medical,
pharmaceuticals,
nuclear energy,
aerospace and
avionics and food
and beverage [47].

Chemical C: 0-0.03 C: 0-0.03 C: 0-0.03 C: 0-0.08

composition, | Cr: 29-33 Cr: 24-26 Cr: 24-26 Cr: 19-23

% by mass Cu:0.75-1 Cu:0-0.5 Cu:0.5-1 Cu:0-0.25
Mn: 0-1.5 Mn: 0-1.2 Mn: 0-1 Mn: 21-24
Mo: 2-5 Mo: 3-5 Mo: 3-4 Mo: 0.5-1.5
N: 0.4-0.6 N: 0.24-0.32 N:0.2-0.3 N: 0.85-1.1
Ni: 6-9 Ni: 6-8 Ni: 6-8 Ni: 0-0.1
Si:0-0.8 Si:0-0.8 Si:0-1 Si:0-0.75
P:0-0.035 P:0-0.035 P:0-0.03 P:0-0.03
S:0-0.01 S:0-0.02 S:0-0.01 S:0-0.01

W:0.5-1
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8. Discussion

8.1 The Materials Used in the Evaporation Plant

The investigation of the corrosive environment in Sodra Cell Monsterds shows that the
problem with corrosion depends on the compounds in the black liquor, but also the additives
added, and the chlorides brought into the system from the trees used in the pulp mill. The
environment is strongly alkaline with a high pH value and a temperature range of 55-170°C,
see table 4. The black liquor becomes more corrosive further along in the process, since the
concentration increases in each effect, see table 1. When the black liquor is evaporated,
coatings of totally dried solid liquor are formed which have a very negative effect on the
material used in the plant in a corrosive aspect. Coatings make the steel less resistant to
crevice corrosion since crevice corrosion can be prevented by having clean surfaces, see table
8. These coatings also consist of concentrated chloride content, which makes even low
chloride content in the liquor corrosive. The ash added in the process consists of concentrated

salts which also affect the corrosion rate.

A combination of these factors makes the environment aggressive towards the material, which
then have resulted in uniform corrosion in the lateral surfaces, also pitting and crevice
corrosion and SCC in the welding areas. The materials used were primarily 1.4462, a duplex
steel which is recommended, but also two simple carbon steels in loose flanges and feet. The
materials were supposed to last for 40 years but now, after only 18 years, a lot of corrosion

has occurred and therefore they must be replaced.

Carbon steel in general is not very resistant to corrosion. Case study number 6 shows that the
increased sulfidity in black liquor accelerated the corrosion rate in carbon steel and it is
therefore not a suitable choice. Case study number 3 shows an example in why the stainless
steel EN 1.4301 was replaced, and it was actually replaced to EN 1.4462 which is currently
used. However, the case study does not show how the replacement turned out. Though, the
investigation at Sodra Cell shows that the usage of this material can lead to problems with
corrosion. This is enriched by case study number 2, showing that when comparing different
duplex steels, EN 1.4462 was most susceptible to uniform corrosion in high pH caustic and

alkaline sulfide solutions.
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All the above mentioned corrosion types are likely to occur in the current environment in the
evaporation plant. The strong alkaline environment together with the molten chlorides is the
most common environment for uniform corrosion to occur in. Crevice corrosion can occur in
the grain boundaries between the austenitic and ferritic phases in the duplex steel. When
welding, according to the Schaeffler diagram, see figure 2, a predictable phase fraction for EN
1.4462 can be calculated to 90 % ferritic phase and 10 % austenitic phase. See calculations in
result 4.3.2. Depending on alloying element ferrite can be sensitive to pitting and crevice
corrosion but will provide a high resistance against SCC. The austenitic phase together with

internal stresses as a result of the welding process can provoke SCC. See table 8 and 9.

8.2 Social and Ethical Aspects

Catastrophic failure due to rapid loss of mechanical strength from corrosion can lead to
injuries or even deaths among the workers. In order to make the work environment safe, one
needs to control the corrosion. This report is supposed to provide knowledge about corrosion
and how to control it by choosing a suitable material and this will hopefully lead to many
positive aspects. A strongly corrosion resistant material will be more cost efficient, it will
reduce negative environmental impacts as well as strengthen the safety around workers in the

mill.

8.3 Comparison Between Recommended Materials

The materials asked to investigate were EN 1.4162, EN 1.4462, EN 1.4362 and EN 1.4307.
EN 1.4462 is the material currently used but is also not working in their process, so the rest of
the materials mentioned is evaluated with 1.4462 as reference. Since the welding sites are
crucial, the Schaeffler diagram is used in order to predict which phases the different materials
will transform to and the fractions of them in the welding sites, see figure 2. EN 1.4162 is
predicted to have 85 % ferrite and 15 % austenite and martensite. EN 1.4362 is predicted to
have 90 % ferrite and 10 % austenite and martensite. EN 1.4307 is predicted to have 10 %

ferrite and 90 % austenite and martensite. See calculations in result 4.3.2.

8.3.1 EN 1.4162

EN 1.4162 is a lean duplex steel and during welding is predicted to form 85 % ferrite and 15
% austenite and martensite. Low alloyed ferritic steels have relatively low corrosion
resistance but high alloyed ferritic steels will show good resistance against crevice, which also
is the case considering austenitic steels. Ferritic steels are not susceptible to SCC compared

with austenitic steels. Since SCC leads to catastrophic failure without any notice, it is of
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importance to avoid it and is therefore valid high in this comparison. The welding sites in EN
1.4162 could have a lower risk for SCC, since they have 15 % austenite and martensite, while
EN 1.4462 has 10 % pure austenite from the predictions. The martensite formed will probably
form chromium carbides which lower the corrosion resistance. Martensite can either be

positive or negative to SCC, while austenite is very susceptible. See table 8 and 9.

The nitrogen content is higher which leads to less depletion of chromium in general, which is
favorable from a corrosion perspective since the chromium is an important alloy to increase
the resistance. The content of molybdenum is though much lower, which can have a negative
impact since molybdenum has a stronger affinity to carbon than chromium, see figure 3. This
will give the opposite effect with more chromium carbides and thereby lower the resistance
against corrosion, as well as harm the passivity. However, case study number 4 states that
high chromium content and low molybdenum content is beneficial in hot alkaline solutions.
The chromium content is high and almost the same in both steels, and 1.4162 should therefore
be more suitable in the alkaline environment. Since 1.4162 has lower contents of Cr, Mo and
Ni, it can show lower resistance against uniform corrosion, pitting and crevice corrosion, but

the addition of copper has a positive effect on the corrosion resistance. See table 8 and 10.

8.3.2 EN 1.4362

EN 1.4362 is a leaner duplex steel than EN 1.4462 and during welding is predicted to form 90
% ferrite and 10 % austenite and martensite. The ferrite fraction is the same, however, EN
1.4362 has small amounts of martensite that can affect the resistance to SCC both negatively

and positively. See table 8 and 9.

The chromium content is higher in EN 1.4362 and a higher content will reduce both uniform,
pitting and crevice corrosion. The content of nickel, molybdenum and nitrogen is lower which
is less beneficial to corrosion. However, as aforementioned, case study number 4 states that
the combination of high chromium and low molybdenum is beneficial in hot alkaline
solutions. Case study number 5 shows that EN 1.4362 has the best corrosion resistance in
sulfate. Case study number 1 states that both EN 1.4362 and EN 1.4462 shows good corrosion
resistance to different types of black liquor compared to carbon steels and stainless steels. The
study does not tell which of the duplex steels that shows the best resistance. However, EN
1.4462 1s most susceptible to uniform corrosion and EN 1.4362 possesses the lowest
corrosion rate in sulfide caustic environment according to case study number 2. See table 8
and 10.
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8.3.3 EN 1.4307

EN 1.4307 is an austenitic stainless steel and during welding is predicted to form 10 % ferrite
and 90 % austenite and martensite. This steel will probably be sensitive to SCC due to its
austenitic phase but at the same time, a small amount of ferrite can occur in the welding site,
which can have a positive impact on SCC. The martensite formed in the welding sites can
either be positive or negative to SCC but also partly bind the chromium and thereby lower the

corrosion resistance generally. See table 8 and 9.

Case study number 3 shows that the EN 1.4301, a version of EN 1.4307, is exposed to SCC
when the dry solid content increases in the evaporation plant. This is comparable since they
have almost the same composition. Case study number 5 shows that EN 1.4462 has better
corrosion resistance than EN 1.4307 in sulfate environment. However, the study shows that

EN 1.4307 is better than carbon steels in this environment.

This steel only contains carbon, chromium and nickel which can provide less corrosion
resistance than EN 1.4462, see table 8 and 10.

8.3.4 Ranking of the Three Materials

EN 1.4307 is predicted to be less corrosion resistant than EN 1.4462 in all types of corrosion,
thereby the focus lies on a comparison of EN 1.4162 and EN 1.4362.

Both EN 1.4162 and EN 1.4362 can have better resistance to SCC than EN 1.4462. By a
comparison between EN 1.4162 and EN 1.4362 one can see that EN 1.4362 is more favorable,
since the austenite fraction is lower as well as the ferritic phase is more corrosion resistant due
to the fact that EN 1.4362 is less lean than EN 1.4162. Case study number 4 includes both EN
1.4162 and EN 1.4362, where both show good results but EN 1.4362 also shows high
resistance in case studies 1, 2 and 5. However, EN 1.4162 was not investigated in these

studies and it is therefore hard to do a fair comparison.

When considering the alloying elements in the steels, EN 1.4362 includes more corrosion
resistant elements than EN 1.4162 but both of them have a high chromium and low
molybdenum content, which is favorable in alkaline solutions according to case study number
4. See table 8 and 10.
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8.3.5 Comments on the Comparison

Due to containing several corrosion resistant alloys, EN 1.4462 seems to be a suitable choice
in the evaporation plant. However, case studies 2, 4 and 5 show that more lean duplex steels
have better performance in the environment in the evaporation plant. This deviate result can
occur due to most of the knowledge about alloys preventing corrosion seems to origins from
corrosion on materials in acidic or high chloride content environments, and therefore it might

not be applicable in alkaline environments.

If the phase transformations in the welding sites are not considered, one can easily predict a
too long lifespan. Welding sites are crucial, since they are sensitive to all types of corrosion. If
localized corrosion initiates in the welding sites, it can propagate through the whole material
and cause rapid failure. This cannot be detected by only studying the composition of the steel

alone.

A high alloyed steel that performs worse against corrosion than a low alloyed, is not

profitable, since alloys are often more expensive.

8.4 Material Choice by CES Edupack

By comparing different materials in Edupack, 52 materials fulfilled the requirements and the
four highest ranked materials are investigated further, see result 4.3.4 and figure 5 and 6.
Supporting information is gathered in table 11 and the following discussion is based on this
information. The material Biodur 108 does not need to be considered since it is designed for
small-diameter applications. Due to the importance of avoiding SCC, as well as taking the
alkaline environment into consideration, EN 1.4501, which shows only good resistance in
alkaline environment and is slightly susceptible to SCC compared to the remaining materials,
can therefore also be neglected. Both of the remaining materials are typically used in pulp
mills and they have both very high PREN, but EN 1.4485 has the highest. A notable
difference between the materials is their classification of the susceptibility towards SCC
which can have an impact on the comparison. Testing of EN 1.441 does not include hydrogen
sulfide environments compared to testing of EN 1.4485, which includes both chloride and
hydrogen sulfide environments. When studying table 11, considering the total material cost, it
shows that the remaining materials do not differ significantly in price per volym needed when

considering thickness reduction.
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In the program CES Edupack, there is no information about the material EN 1.4362 and
therefore a comparison between EN 1.4362 and the highest ranked material EN 1.4485 is

done separately.

When investigating the welding sites with help of Schaeffler diagrams, EN 1.4485 is
predicted to form 95 % ferrite and 5 % austenite, see calculations in result 4.3.2. From this,
one can assume high resistance against SCC due to low fraction of austenite and high fraction
of ferrite in the welding sites. The phase transformations in the welding sites differ between
the materials, and EN 1.4362 has some martensite and also less ferrite. As aforementioned,

martensite can have both positive and negative impact on SCC. See table 8 and 9.

In EN 1.4485 the carbon has probably been replaced with more nitrogen which is positive
since the chromium will not form as much chromium carbides. The chromium, nickel and
molybdenum content are also higher than in EN 1.4362. These alloys provide the steel with
better resistance towards corrosion but will at the same time increase the price. See table 10
and 11.

8.4.1 Comments on the Comparison

EN 1.4485 shows better corrosion resistance, has higher PREN, has more corrosion resistant
alloys but has a higher price, see table 11. In order to make more accurate comparison, one
should include aspects regarding the total cost of the usage of the different materials versus
the actual corrosion resistance needed. There is no point to invest in a more expensive
material if the corrosion resistance is higher than necessary and the cheaper have a corrosion

resistance high enough for the purpose.

8.5 Error Sources

e The evaporation plant is a complex process and it differs from different pulp mills
which makes it hard to gather general information. This also becomes a problem when
investigating black liquor and the additives in the process, in addition there is not
much information available. The composition of the black liquor depends on the
where the trees, that are brought to the pulp mills, grows and are therefore different

geographically.

e Corrosion is a very complex subject and the knowledge is often based on corrosion in

acidic or high chloride environments which complicates this investigation.
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Specific compositions for the different steels are not available for public use, and

therefore the comparison is simplified.

In Edupack, all materials are not included which can result in suitable materials being

overseen.
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9. Conclusion

The conclusion from this study is that the material EN 1.4462 needs to be replaced with a
more suitable material. The investigation shows that both EN 1.4485 and EN 1.4362 are
suitable in the tubes in the evaporation process where EN 1.4485 shows highest corrosion
resistance. However, a complete cost efficiency analysis and specific PREN required are of
importance in order to choose the most profitable material. The materials EN 1.0425 and EN
10 025 are simple carbon steels that can be replaced with EN 1.4307 since they suffered from
light corrosion attacks but are not in directly contact with the liquor. Even though one of the
error sources states the difficulties of finding information about alkaline corrosion, this
comparison can be very accurate since the presence of molten salts and the alkaline solution

work as a highly corrosive media.
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Appendix A: Composition of different liquors

Table A: Typical composition of black liquor in scandinavian wood [10]

Scandinavian Wood

Softwood (pine) Hardwood (birch)

Typical Range Typical Range
Carbon, % 35.0 32-37 32.5 31-35
Hydrogen, % 3.6 3.2-3.7 33 3.2-3.5
Nitrogen, % 0.1 0.06-0.12 0.2 0.14-0.2
Oxygen, % 33.9 33-36 35.5 33-37
Sodium, % 19.0 18-2 19.8 18-22
Potassium, % 2.2 1.5-2.5 2.0 1.5-2.5
Sulfur, % 5.5 4-7 6.0 4-7
Chlorine, % 0.5 0.1-0.8 0.5 0.1-0.8
Inert, % 0.2 0.1-0.3 0.2 0.1-0.3
Total, % 100.0 100.0

Table B: Composition of white liquor from Sédra Cell Monsterds (Average from 14 measured values)

White Effective | Sulfidity Na2CO3 NaOH Na2S Potassium
liquor Alkaline % g/l g/l g/l content
to the (EA) %

digester g/l

112.23 34.46 18.35 87.93 48.69 82.72
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