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Abstract

World energy consumption has doubled in the last thirty years, and projections indicate that the
energy demand will increase. Carbon dioxide is the most critical greenhouse gas generated by
human activity, originating predominantly from fossil fuels, such as coal and oil. Reducing
global warming has become a major goal for the next few decades. One possible solution to
this problem is switching from fossil fuel to renewable fuels, such as biomass. From an
environmental point of view, biomass is considered a carbon dioxide-neutral fuel as long as it

1s utilized in a sustainable manner.

However, the shift from fossil to biomass fuels has introduced challenges to boiler operation
and efficiency. Compared to fossil fuels, biomass is an inhomogeneous fuel, and the properties
and qualities of different biomasses vary a lot depending on the growth area, seasonal
variations, fertilizers, etc. Biomasses may contain considerable amounts of chloride and
potassium, all known to have a detrimental impact on the lifetime of the superheater material.

In addition to this, black liquor also consists of inorganic chemicals from the pulping process.

Alkali chlorides on superheater surfaces may cause serious fouling and corrosion problems.
One major challenge in the recovery boiler is the molten salt corrosion of the heat exchange
tube material, which limits the steam temperature and boiler efficiency of the boiler. Due to
high-temperature corrosion, steam outlet temperatures have been kept lower than the
corresponding coal-fired boilers. In black liquor recovery boilers is steam temperature typically
below 500 °C, due to the presence of molten alkali salts. Lower steam temperatures lead to
lower electrical power output. As a general perception, increasing steam temperature by 10 °C,

increases the power production by approximately 2%.

The focus of this work was to investigate the role of melt amount on superheater corrosion in
Kraft recovery boilers. The purpose is to obtain a better understanding of the role of the amount
of melt on corrosion, for the purpose of increasing the steam temperatures of the boiler. The

chemical composition of the melt is only shortly discussed in this work.

The experimental part of this work consists of a laboratory corrosion study where three
superheater materials were exposed to five tailor-made well-characterized synthetic alkali salt
deposits. The synthetic alkali salts, containing sodium, potassium, sulfate, chlorine, and

carbonate, were composed so that their first melting temperature (To) was the same for all cases,



but the amount of molten phase varied. Each steel/salt combination was exposed to

temperatures above and below Ty to see the significance of the molten phase at corrosion.

The chemical composition of the salts was planned and calculated based on thermodynamic
calculations with the software Factsage 7.3 using the FTpulp database to obtain a well-
characterized salt mixture with specific melt fraction and composition. The chemical
composition of the produced salts was analyzed with SEM-EDX and Ion Chromatography and
thermodynamic calculations were done based on the data from the SEM analysis, to check the
melting behavior of the produced salts. The corrosion products were analyzed by means of

scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX).

The results showed that the melt amount had a clear impact on high-temperature corrosion of
the superheater steels. The results showed that corrosion did also, to a lesser extent, take place
below To, but oxide layer thickness remained almost the same even though the amount of

chlorine increased in the salt deposit.

The corrosion tendencies of the steel types varied. The results showed that the composition of
the steels had a significant impact on corrosion resistance. The melt amount had a clear effect
on corrosion layer thickness for 10CrMo and Sanicro 28, while Alloy 625 withstood corrosion
up to the maximum tested melt fraction (20 wt-% melt) in this study. This work presents specific
ranges for the corrosion layer thickness to better compare the corrosion of the alloys. These
ranges are based on the practical experience where 20 um/week corrosion layer thickness in
laboratory-scale corresponds to unacceptable corrosion in actual boiler conditions. In this work
is corrosion defined as “significant corrosion” when the mean corrosion layer thickness exceeds

20 um/week.

Based on the corrosion layer thickness results, significant corrosion was observed both above
and below Ty for the low-alloy steel, 10CrM09-10. While the austenitic stainless steel, Sanicro
28, showed better corrosion resistance against the molten salt corrosion. No significant
corrosion was observed up to 4 wt-% melt, while the tests with a melt fraction of 6 wt-% - 10
wt-% showed low corrosion, and Sanicro 28 at 20 wt-% melt fraction exhibited significant
corrosion. The nickel-based alloy, Alloy 625, exhibited good corrosion resistance and produced

only a 4 um mean oxide layer thickness at the surface of the alloy.

The tailing distribution curves were observed for Sanicro 28 at 2, 4, 6 wt-% melt. The tailing
distribution curves indicate that local corrosion was a common corrosion behavior at the lower

melt fractions for this steel. Furthermore, a more uniform corrosion layer was observed on the



surface of the Sanicro 28 exposed to the highest melt fraction, 20 wt-% melt. The oxide scale
on 10CrMo9-10 steel was typically observed in the form of multiple thin separated layers of
corrosion product, which is a typical corrosion behavior for the iron-based ferritic steels.

Finally, no grain boundary attack was observed beneath the steel surface for the tests in this

study.
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Abbreviations

FMT/ Ty = First Melting Temperature
IC = Ion Chromatography

SE = Secondary Electrons

BSE = Backscattered Electrons

SEM-EDX = Scanning Electron Microscope-Energy Dispersive Spectroscopy
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Svensk sammanfattning

Under de senaste decennierna har det observerats en radikal 6kning av energibehov runt om i
viarlden och projektioner indikerar att energibehovet kommer att fortsitta 6ka. Utover detta okar
dven méanniskans utsldpp av vixthusgaser till atmosfiaren. Koldioxid &r den mest kritiska
vixthusgasen som orsakas av médnniskans aktivitet pa planeten och den hirstammar i huvudsak
fran forbranning av fossila branslen. Vid klimattoppmotet i Paris kom deltagarna i motet
Overens om ett gemensamt mal att héalla temperaturokningen vél under tva grader jamfort med
forindustriell tid. For att detta méal skall vara mdjligt krdvs en 16sning pa de utmaningar och
problem som energiproduktionen méter. En mdjlig 16sning vore att dvergd fran forbranning av
fossila bréanslen till att forbrdnna biomassa, sa att den totala miangden koldioxid som slipps ut
skulle minska. Nér det kommer till koldioxidutsldpp anses biomassa vara ett koldioxidneutralt
brinsle eftersom plantor konsumerar samma koldioxid méngd under deras tillvixtperiod som

avges nér de forbranns.

Déremot, s& uppstdr det ménga material relaterade problem i virmepannor dir biomassa
anviands som brinsle. Ur ett kemiskt perspektiv dr biomassa ett inhomogent brinsle, som
vanligtvis innehaller hog koncentration vatten och en ansenlig méngd kalium och klorid. Dessa
element dr kinda for att accelerera beldggningen och korrosionen av stilmaterialet i

virmeoverforarna hos varmepannor.

Elementen 1 biomassan frigors som rokgas eller aska under forbranningen. Dessa foreningar
fors upp med rokgasen till den 6vre delen av pannan dir Gverhettarna dr placerade och dar
kondenseras foreningarna pa Overhettarnas metallyta. Dessa alkaliforeningar har lag
sméiltpunkt, vilket ar orsaken till att de flesta av sodapannornas dngtemperaturer dr begrénsade
till runt 480 °C. Denna angtemperatur adr avsevirt mycket ldngre &n 540 °C som é&r den

angtemperatur som konventionella kolkraftverk opererar med.

Som en 16sning pa detta problem har angtemperaturen in virmepannorna hallits pa en 1ag niva,
vilket resulterar i en minskning av kraftverkets effekt. En 10 °C temperaturhdjning av dngan
skulle resultera i 2 % Okning av kraftverkets effekt. Darfor behovs det mera effektiva sitt att
motverka korrosionen sé att kraftverk som utnyttjar biomassa kan hdja angtemperaturen och bli

mera effektiva och konkurrera med fossila branslen.

Fran en materialingenjors perspektiv skulle problemet bemdtas genom att modifiera den

kemiska sammansdttningen och legeringsmetallerna i dverhettarmaterialet for att forbittra



stélet korrosionsresistans, medan kemi-ingenjorer skulle fokusera péd att studera askans och

rokgasens sammanséttning och sméltegenskaper.

Nar det kommer till att vélja ett passande verhettarmaterial dr det tva faktorer som inverkar pé
beslutet: omgivningens egenskaper och materialkostnaden. Omgivningens egenskaper sdsom
den omgivande temperaturen, rokgassammanséttning och koncentration vatten dr viktiga
faktorer nédr det kommer till att vdlja material. Men utdver detta dr dven priset en viktig faktor
1 processen, eftersom ldngden pd Overhettarror som anvédnds till en anldggning méts i
kilometerskala. I mindre korrosiva processer och vid ldgre temperaturer anvinds generellt
laglegerade jarnbaserade stal pga. av deras forménliga pris. Dessa jarn-baserade stil innehaller
mindre dn 5 % av krom, nickel och molybden. I detta arbete har 10CrMo09-10 anvénts for att

representera denna kategori.

En legerings korrosionsbestindighet kan forbdttras genom att tilligga krom till
metallegeringen. Vid en kromkoncentration pé dver 10 vikt% reagerar krom med syre 1 luften,
och bildar ett skyddande oxidlager pd stdlytan. Nir krom adderas till ett jirn-baserat stal sa
forbattras stalets egenskap att motstd korrosion och s& bildas sd kallat rostfritt stal.
Metallstrukturen hos rostfritt stil kan antingen vara ferritisk struktur eller austenitisk struktur.
Den austenitiska stukturen dr naturligt stabil endast under hoga temperaturer, och genom att
tilligga nickel sa stabiliseras strukturen dven under ldga temperaturer. De austenitiska rostfria
stalen innehdller mera dn 16 vikt% krom och tillrackligt hog koncentration nickel for att
stabilisera austenitiska strukturen. Priset pa nickel ar hogt sa det relativa priset pd austenitiskt
stal kan vara upp till tre ganger s& hogt som det laglegerade ferritiska stalet (10CrMo09-10). Det
austenitiska stélet Sanicro 28 som studerats i detta arbete har valts ut att representera denna

kategori.

Virmedverforingsmaterialet som anvéinds i mera korrosiva miljder dr generellt nickel-baserade
metaller. Trots deras dverldgsna egenskaper sd anvédnds de inte i sd stor utstrdckning pga. det
hoga priset pd nickel. I detta arbete har den nickelbaserade legering Alloy 625 valts ut att

representera denna kategori.

Malet med detta arbete var att ldra sig mera om Overhettarkorrosionen i en sodapanna, med
mera fokus pé betydelsen av méngden smalta i forbranningsaskan. Till korrosionsexperimenten
1 detta arbete anvidndes fem skrdddarsydda alkalisalter och tre Overhettarstal (10CrMo9-10,
Sanicro 28 och Alloy 625). Alkalisalterna, innehéllandes natriumsulfat Na;SO4, kaliumsulfat
K2SOy4, natriumklorid NaCl, natriumkarbonat NaCO3s, hade komponerats ihop sd att de har



samma forsta smiltpunkt, To, men miangden smélta vid Ty varierar for varje fall. I detta arbete
undersoktes reaktionsmekanismerna mellan sméltamingderna och olika stal. Till experimenten,
som utférdes 1 laboratorium, utnyttjades horisontella ugnar och analytisk utrustning
(SEM/EDX, jonkromatografi, termodynamiska utrdkningar). Korrosionsexperimenten utférdes
for varje stal-salt-kombination vid tva temperaturer: éver To vid 560 °C och under Ty vid 520

°C.

Resultatet 1 detta arbete visade pa att smédltaméangden hade en signifikant inverkan pa korrosion
av Overhettarmaterial. Man kunde ocksa observera att korrosionen skiljde fran metall till metall,
sa darfor kunde man konstatera att stalens sammanséttning spelade en stor roll i formégan att
motsté korrosion. Hos korrosionsexperimenten som var utforda over To sd kunde man observera
att oxidskiktets tjocklek 6kade nédr smaltaméingden i saltet 6kade, medan under T¢ kunde man
klart se att det inte skedde ndgon Okning i korrosion baserat pd den berdknade oxidskiktets
tjocklek. Detta innebdr att &dven fast méngden klorid Okar i beldggningen sd Okar inte
korrosionen mycket sé linge miangden smélta i beldggningen hélls 1ag. Detta skulle indikera att
smiltaméngden har en stor roll i korrosionsprocessen. Resultatet visade ocksé att den nickel-
baserade stalet motstod korrosion bést, sdledes ér stilets sammanséttning en viktig faktor nir

det kommer till att en smailta r ndrvarande.



Introduction and objective

Over the last decade, the atmospheric concentration of key greenhouse gases has increased due
to human activity. According to the climate change report from 2007 is carbon dioxide the most
important anthropogenic greenhouse gas in the atmosphere (Pachauri & Reisinger, 2008). The
carbon dioxide concentration was recently measured at NOAA’s Mauna Loa Observatory in
Hawaii to nearly 412 ppm, which represents a 47% increase compared to pre-Industrial time
(Alan Buis, 2019). The burning of fossil fuels, such as coal and oil, is the main anthropogenic
activity that releases carbon dioxide into the atmosphere. Global warming can be reduced by
reducing the contribution of greenhouse gas emissions to the atmosphere. (Wong, 2015)
Although global warming awareness has increased among people, the problems and challenges

that the emission reduction requires are far from solved.

The inhibition of global warming has become an essential target for the coming decade. The
Paris agreement's stated objective to keep global temperature rise well below 2 degrees Celsius
pre-industrial levels requires a reduction of greenhouse gases in the atmosphere to prevent
anthropogenic interference with the climate system. An essential strategy is to replace fossil
fuels with alternative fuels such as renewable fuels. Biomass is one alternative among
renewable energy sources. The main advantage of biomass is that it is considered a carbon
dioxide-neutral fuel if it is utilized sustainably. Photosynthesis removes CO; from the
atmosphere during the growth of biomass, and the same amount of CO is released back to the

atmosphere during combustion.

Although biomass is a promising alternative to fossil fuels, it does not come without challenges.
The characteristic properties of biomass as a fuel introduce several challenges and problems to
the boiler operation. For instance, biomass is an inhomogeneous fuel with high water
concentration and varying chemical composition. The complex composition makes it difficult
to predict its behavior during combustion in terms of ash formation. Biomass contains a
considerable amount of chlorine and potassium, which both are known to contribute to deposit
formation and superheater corrosion. (Hansen et al., 2000) Potassium chloride deposits onto
the surfaces of superheater tubes and increases the oxidation of the steel surface (Grabke et al.,

1995).

Deposits containing alkali chlorides have a relatively low melting temperature, which is why
most recovery boilers operating today run at low steam temperatures. The newest recovery

boilers run at a steam temperature around 500 °C. This temperature is significantly lower than



a conventional coal-fired power plant, which usually operates at steam temperatures above 540
°C. Besides decreasing the boiler efficiency, the deposits also cause unscheduled shutdowns of
the boiler in the most severe cases. The unscheduled shutdowns of the boiler decrease the boiler
availability, causing economic losses to the pulp mill. Increasing steam temperature and
pressure to 520 °C and 104 bar would increase the power production by 7%. (Bajpai, 2017)
Therefore, the one major effort in high-temperature corrosion research is to protect materials
from the attack, so that biomass-fired boilers can operate at higher temperatures. From a
material point of view, the approach is to modify the chemical composition and alloying
elements in the steel material to improve the corrosion resistance of the material.
Simultaneously, the chemical engineers study the flue gas and fly ash and their respective

composition and melt behavior.

The high chlorine and potassium contents in many biomasses are harmful elements considering
superheater corrosion. The most severe corrosion attacks are associated with Cl-rich deposits
formed on the superheater tubes. Additionally, when the superheater steel surface temperature
becomes high enough, the ash-deposit begins to melt, further enhancing the oxidation of the
surface. Potassium chloride forms low-melting eutectics with other elements in the flue gas and
fly ash. (Nielsen et al., 2000) To prevent chloride-induced corrosion, the steel temperature can

either be kept low or a more corrosion-resistant material can be utilized.

There are different kinds of steel types available on the market with a variety of corrosion
resistance. The corrosion resistance of steel depends on the chemical composition and the
crystal structure. For instance, the addition of chromium increases the corrosion resistance of
an alloy, because chromium oxidizes and form a protective chromium oxide layer on the steel
surface. To further improve the corrosion resistance, the crystal structure of the metal can be
shifted to an austenitic structure. This structure is stable when adding a so-called austenite

stabilizer, for instance, nickel.

However, material selection is also vastly dependent on the material price. For instance, the
relative cost of nickel-based alloys is as much as three times higher than the iron-based, low-
alloy, steels. In this work, three superheater material are chosen to represent some of the alloy
categories: 10CrMo9-10 represents the category of low-alloy ferritic steels, Sanicro 28
represents the category of austenitic stainless-steels and the third alloy is Alloy 625, which is
the most corrosion-resistant alloy in this work and represents the category of nickel-based

alloys.



The objective of this work is to obtain a better understanding about how corrosion of

superheater materials depends on the amount of melt present.

e Three steels tested in exposure to five different synthetic salts with different Cl content.
e The Ty of the salts are the same, but the amount of melt formed at or near the first
melting point T is different.

e Each salt/steel combination was exposed to two temperatures, a temperature below To
(520 °C) and above Ty (560 °C).

Background

The Kraft chemical process is the dominating pulping process globally, due to the superior
strength properties of the pulp and because of the economic benefits of the process. Compared

to mechanical pulping, this process produces high-quality fibers that are long and durable.

In the chemical pulping process, wood chips are mixed with inorganic chemicals to react. The
inorganic chemicals, Sodium sulfide (Na>S) and hydroxide (OH") dissolve the complex organic
glue that binds the cellulose fibers together. Some of the organic compounds in the wood chips
oxidize to carbonate, and some of the sulfides in the inorganic chemicals oxidize to sulfates.
The pulp fibers are removed for further processing into paper, leaving a solution of inorganic
cooking chemicals, lignin, and other organic matter from the wood behind. This by-product is
the weak black liquor. The initial concentration of weak black liquor is about 15% dry solids in
water. The weak black liquor is concentrated in evaporators to a dry solid content between 65%
and 85% for combustion. (Adams et al., 1997) As the dry solid concentration increases, the
black liquor becomes more viscous, and the boiling point rises (Green et al., 1992). The Kraft
recovery boiler is a steam generator that combusts the evaporated black liquor to generate high-

pressure steam for energy production. (Green et al., 1992)

The recovery process has two functions, to regenerate the inorganic pulping chemicals, NaOH
and Na,S, and to produce high-pressure steam to provide energy to the pulp mill. (Tran &
Vakkilainen, 2008) The pulp industry combusts 200 million tons of black liquor dry solids
every year, making it the fifth most important fuel globally, next to coal, oil, gasoline, and
natural gas. The chemical pulping process is self-sufficient since, in most cases, the heat and
energy generated from the combustion process are enough to run the whole pulp mill.
(Cheremisinoff & Rosenfeld, 2010) Today, the Kraft pulp mill regenerates up to 98% of the
process chemicals. (Bajpai, 2017)
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Figure 1. The world's largest recovery boiler at Jinhai Pulp &Paper, Hainan. 1. Furnace 2.
Superheaters 3. Steam drum 4. Economizer 5. Feedwater from tank 6. Liquor guns and tertiary
airports. (Soodakattilayhdistys, 2009) (Haaga et al., 2002)

However, the electrical output of the chemical recovery process is limited due to the complex
chemical processes in the furnace. The elements in the black liquor and inorganic chemicals
causes ash-related issues in the boiler operation. In addition to this, as modern mill operations
are shifting into more closed systems to minimize the generated amount of waste, subsequently
leading to a substantial increase in non-processed elements, such as potassium and chlorine,
which are known to contribute to the ash-related issues in the boiler (Adams et al., 1997). The

following section will address the ash-formation processes inside the furnace.

Ash behavior

Black liquor

The main focus in this work is on black liquor and the black liquor recovery boiler ash

chemistry, but many of the principles are also applicable to other biomass-based fuels.



Understanding the fuel characteristics is necessary when studying the ash behavior of black
liquor. The chemical composition directly impacts the combustion gas and fly ash. Black liquor
contains very fine organic compounds and inorganic chemicals from the pulping process, and
a high concentration of water. The characteristics of black liquor as a fuel are very different
from fossil fuels, including moisture content, ash content, calorific value, and alkali metal

content.

Alkali salts are the source of many challenges inside biomass-fired boilers, because they cause
severe corrosion and fouling to the superheater surface of the boiler. Black liquor has a much
higher potassium (K) concentration and significantly higher chlorine (Cl) concentration than
many other fuels, such as coal and oil. A relative amount of chloride and potassium are released
into the gas phase during the combustion, resulting in a high concentration of alkali salt ash
particles in the flue gas. (Mikkanen et al., 1999) The alkali-containing compounds are

responsible for many of the ash-related issues in the recovery boiler.

The ash composition is directly dependent on the fuel species, therefore, the same alkali-
containing compounds are also encountered during the combustion of biomass, since black
liquor originates from biomass. The superheaters inside the furnace are mostly affected by
alkali-induced slagging, decreasing the heat transfer which further reduces the boiler efficiency.

(Niu & Tan, 2016)

The composition of black liquor varies from mill to mill and within the same mill. (Green et

al., 1992) Table 1 presents a typical chemical composition of a black liquor.

Table 1. Elemental composition of black liquor

Component wt-%
Carbon 34-39
Hydrogen 3-5
Sulfur 3-7
Oxygen 33-38
Chloride 0.2-2
Potassium 0.1-2
Sodium 17-25
Nitrogen 0.04-0.2
Other 0.1-0.3




Combustion processes inside the furnace

Black liquor combustion generates alkali-containing vapors. Potassium and chlorine are among
the most common ash-forming elements in many biomass fuels (Adams & Frederick, 1988)
The combustion process of black liquor droplets in the furnace occurs in four chemical stages.
These are drying, pyrolysis, char oxidation, and smelt reactions. Liquor guns, located in the
lower furnace above the secondary air, spray black liquor into the furnace as tiny droplets.
When a fuel droplet enters the furnace, its temperature quickly rises, and water vapor is
released; consequently, the particle dries. When the droplet has dried entirely, and when the
liquor solid reaches a temperature of about 200 °C, pyrolysis reactions start. Small amounts of
potassium are bound to the organic structure within the biomass. This structure decomposes at
low temperatures of volatile combustion (300-500 °C), resulting in the release of potassium into
the gas phase. During this stage, also much of the carbon, hydrogen, sulfur, and nitrogen in the

black liquor solids are released.

Primary reactions can release potassium during devolatilization, and secondary reactions during
char combustion (Werkelin, 2008). Potassium chloride has a higher vapor pressure than sodium

chloride and is more easily released into the gas phase.

During char burning stage, and some of the sodium, potassium, chloride, and sulfur are
vaporized to the gas phase to form HCI and alkali chlorides (Adams et al., 1997). Previous
studies indicate that the major sodium and potassium release occurs during the char combustion

stage of the combustion process of black liquor (Verrill, 1992).

The transportation of ash to the superheater area depends greatly on the droplet volume. There
are two types of fly-ash particulates: carryover and fume. The focus of this work will be on the
fume particles rather than the carryover particles. The fume particles are much smaller than
carryover particles, and their size ranges from 0.1 to 1 pum. Fume formation consists of two
major stages, first the volatilization of sodium and potassium compounds at high temperatures
in the lower part of the furnace, and second condensation of these compounds on the colder
superheater surface in the upper part of the furnace, initiating a deposit build-up. (Lindberg et
al., 2007). (Adams et al., 1997) The composition of fume depends strongly on the amounts of
sodium and potassium released during the char combustion stage. The following chapter will

further discuss the melting behavior of the black liquor ash.



Ash melting behavior

The melting behavior of the ash deposits is an important factor to take into considerations when
investigating corrosion of superheater steels. The mixture of components coming from flue gas
or fly ash forms complex low-melting eutectic mixtures that cause detrimental material
degradation. The melting behavior of a salt deposit depends on the composition of elements
and their chemical interactions, and typically, deposits do not have a specific melting point.
Instead, melting occurs within a broad temperature range. These kinds of mixtures are also
referred to as eutectic mixtures. The definition of a eutectic mixture is a homogeneous mixture
of two or several components, which do not interact and form a new chemical compound.
However, a specific ratio of the elements inhibits the crystallization path so that the melting
point of the mixture is lower than the melting point of the individual constituents. The formation
of low-melting eutectic mixtures is detrimental to the boiler operation and contributes to severe

fouling and corrosion problems.

As previously mentioned, potassium and chlorine are two elements that have an important role
in the melting behavior of ash and these elements are commonly present in biomass fuels.
Shinata proposed that eutectic melts of sodium chloride and sodium chromate enhance the
corrosion rate. The eutectic mixture that forms is partly molten at typical boiler temperatures.

The melting point for these eutectic mixtures ranges from 200 to 600 °C. (Spiegel, 1999)

The melt is believed to work as an electrolyte for the electrochemical reaction and is, therefore,
accelerating the corrosion. Additionally, the melt formation is also believed to hinder the

formation of the protective oxide. (Shinata, 1987)

The melting behavior of the deposits in black liquor boilers are mainly governed by chlorine,
potassium, carbonate, and sulfide content. The first melting temperature is especially important
from the corrosion point of view since previous studies have shown that corrosion increases as
the FMT of the deposit is exceeded. The estimation of melting curves of salt mixtures is done
based on a multiphase equilibrium model to predict the chemistry of the ash forming elements

in the black liquor combustion.

A small amount of chlorine present in the ash deposit will decrease the first melting
temperature, To. When chlorine is present in the deposit, a further increase of chlorine content
to the salt mix will not affect To because of the eutectic nature of the mixture. The addition of
chlorine will, however, increase the melt fraction of the salt. On the other hand, the addition of

potassium, to an alkali salt that already contains chlorine, will decrease the first melting



temperature (To) further. However, the addition of potassium to a non-chlorine-containing
alkali salt does not affect the To and potassium does not affect the amount of melt formed at To.

(Skrifvars et al., 2008) (Salmenoja, 2000)

Table 2 presents the melting temperatures for some alkali salt deposits typically encountered in
a biomass-fired boiler. Potassium chloride forms low-melting eutectics with FeCl, and CrCl; at
temperatures of 360 and 470°C, respectively. KCl forms an even lower melting eutectic with
FeCls. Additionally, KCI and NaCl also form more complex eutectic mixtures together with the
corrosion products and intermediate components that form on the steel surface. Sodium
chromates can form as an intermediate in high sodium chloride concentrations. Sodium
chromate and sodium chloride form a low melting eutectic mixture. According to Shinata,
sodium chromate formation decreased the melting temperature from about 800 °C to

approximately 560 °C (Shinata, 1987).

The ash melting behavior is also important when it comes to deposit build-up, and this problem

will be further discussed in the following chapter.

Table 2. Melting temperature of components commonly encountered at the superheaters.
(Nielsen et al., 2000)

Components Melting temperature (°C)
NaCl 801

KCI 770
FeCl, 677
CrCl, 845

KCI - FeCl» 340 -393
KCI — FeCl3 ~202

KCl - CrClz 462 — 475
NaCl - CrCl, 437

KCI - K>CrO4 650

NaCl — NaxCrOq4 557

Deposit formation
The deposit formation of fly ash depends greatly on the stickyness of the ash. The alkali
chlorides form low melting eutectics with other alkali compounds, increasing deposit build-up.

The fly ash particles melt behavior was studied by Backman et al. in 1987. The study concluded



that for a particle to be considered sticky, it must have a liquid content that exceeds 15%, below
that temperature, the particle is considered “dry”, and therefore it does not adhere to the tube
surface. However, a liquid concentration above 70% particle contains too much liquid so that

the particle will drop off the surface. (Backman et al., 1987)

Deposit formation is illustrated mechanistically in figure 2. Salt particles from the flue gas
adhere to the metal surface, forming the initial deposit layer. By the reaction of the salt particles,
flue gas, and metal, complex corrosion products with lower melting temperatures can form. The
partly molten corrosion products may further accelerate the build-up of the deposit (Cha &
Spiegel, 2006).

@ Salt particles . Combustion gases
(KCL, NaCl, ...) (HCI, S04, H,0, ...)

Profile of

superheater

Figure 2. [llustration of the deposit formation of the superheater tube. (Cha & Spiegel, 2006)

Corrosion products

Most metals are thermodynamically unstable in oxygen and at high temperatures. Metal oxides
are, therefore, the most common corrosion product on the steel surface. The corrosion resistance
of a metal depends on the properties of the metal oxide that forms on the steel surface. The
metal can also form other compounds together with other elements in the system, for instance,
metal chlorides. Metal and chlorine generally react together to form transition metal chlorides

in biomass-fired boilers. The corrosion rate of the metal is influenced by the metal oxide and



the other compounds that form. The oxide formation is dependent on the temperature and

thermodynamic stability of the oxides and oxygen partial pressure in the system. (Cottis, 2010)

Transition metal chlorides

The presence of KCI and NaCl in the flue gas promotes the formation of transition metal
chlorides on the surface of the heat exchangers. Depending on the alloying elements in the steel
material, various chlorides form, such as FeCl,, FeCls, CrClz, NiCl,. The presence of transition
metal chlorides generally causes severe corrosion and it also makes it difficult for the oxide
scale to adhere to the steel surface. Metal oxides are the stable components at the recovery
boiler temperatures. However, transition metal chlorides become the stable components at the
metal/oxide interface due to low oxygen partial pressure. The metal chlorides subsequently
oxidize as they diffuse away from the steel surface, toward higher oxygen concentrations.

(Larsson, 2017)

Iron chlorides are most frequently occurring on low-alloy steels in the presence of alkali salts
due to their high iron content and low chromium. Iron chloride evaporates easily at high
temperatures, resulting in relatively fast material depletion of the bulk steel. (Nielsen et al.,

2000)

Metal oxides

Different metal oxides can form, depending on the chemical composition of the steel and the
oxygen concentration. Iron can form several forms of iron oxides, wiistite (FeO), magnetite
(Fe3O4) and hematite (a-Fe>O3). The formation of these depends on several factors, such as the
temperature and the oxygen partial pressure. Wiistite (FeO) forms on pure iron above 570 °C,
while the FeO formation requires higher temperatures on iron alloys. Hematite is the most
protective iron oxide, and in dry atmospheres, it remains protective up to 500 °C. Magnetite is

less protective than hematite but more protective than the wiistite. (Kofstad, 1988)

Another typical metal oxide that generally forms on chromium-containing metal alloys is
eskolite, Cr2O3. The eskolite oxide is the most protective oxide of the oxides that form on
stainless steel and this is the main component that provides the high corrosion resistance.
Eskolite is the only stable chromium oxide at higher temperatures. A minimum chromium
concentration of approximately 9% is required to form a Cr-containing surface oxide in Fe-Cr
steel. Steels with lower chromium concentrations form an oxide layer mainly consisting of iron

oxide since chromium remains in the bulk steel. (Ropo et al., 2011)



Solid solutions form if the oxide layer consists of both chromium and iron oxides because
chromium is entirely soluble in iron oxide. This solution is a corundum type solid solution (Fe,
Cr)203, while alloys consisting of several alloying elements generally form a spinel-type solid
solution (Fe, Cr, Ni);0, with Fe, Cr, and Ni. The composition of the oxide depends on the
chemical elements in the bulk metal. (Kofstad, 1988)

Corrosion mechanisms

Some research have been made about the superheater corrosion in boilers fired with biofuels.
Salmenoja reviewed the corrosion mechanisms of the Cl-induced superheater corrosion in
biofuel boilers, including boilers fired with black liquor. According to Salmenoja, “Chlorine
corrosion is usually related to either gaseous hydrochloric acid (HCI) formation or alkali
chloride deposition on the tube surfaces.” (Salmenoja, 1999). The most severe corrosion
problems occur due to the formation of Cl-rich deposit on the superheater tubes and molten salt
corrosion is the main corrosion mechanism (Salmenoja, 2000). This work will mainly focus on

the chlorine corrosion caused by the alkali chloride deposition.

Chlorine in the form of alkali chlorides is generally known to enhance superheater corrosion
(Skrifvars et al., 2010). Potassium chloride considerably lowers the FMT of the deposits in
black liquor recovery, increasing the amount of melt in the deposit. At normal recovery boiler

temperatures, a relatively high amount of melt can form in the black liquor recovery deposits.

The chlorine corrosion has previously been explained by a reaction mechanism called the
"chlorine cycle" which involves: 1) formation of volatile metal chlorides at the steel surface, 2)
diffusion of the formed chlorides through oxide scale, and 3) oxidation of chlorides at higher

oxygen partial pressure. (Grabke et al., 1995) (Salmenoja, 2000)

Chlorine-induced corrosion

In oxidizing environments, the metal is oxidized and forms a dense oxide scale near the metal
surface. This oxide scale barrier prevents oxygen and other gases from accessing the metal
surface, preventing corrosion. Chlorine is believed to penetrate the protective oxide scale
through the pores and cracks to further react with the metal, forming metal chlorides at the

metal-scale surface. (Niu & Tan, 2016)

According to previous studies, potassium chloride and sodium chloride enhances the break-up

of the protective oxide on the steel surface, forming chromates, KoCrO4, and Na,CrO4 leaving



an easy pathway for chloride to react with the unprotected steel surface. The formation of
potassium chromates depletes the chromium from the oxide, leaving behind an iron-rich non-

protective oxide. (Pettersson, J. et al., 2005)

Shinata suggested that chlorine mainly acts as a catalyst via the formation of metal chlorides at
the metal/oxide surface (Shinata, 1987). Figure 3 illustrates the reaction path of the metal

chloride to metal oxide.

Metal Scale Gas phase
Fe \
~~ FeCl, —— Fe,0, “_ o
2
Cr
— o,

Figure 3. Illustration of the chlorine cycle (Nielsen et al., 2000)

Many corrosion studies have been carried out with synthetical boiler ash deposits containing
potassium chloride and other mixed chlorides and several reaction mechanisms have been
proposed for potassium chloride-induced corrosion (Nielsen et al., 2000) (Zahs et al., 2000).
Despite their differences, they exhibit the same underlying principle: potassium chloride reacts
with chromium oxide, leading to the destruction of the protective oxide layer, leading to the

out-of-control oxidation reaction.

The next section will briefly present the general reactions that are assumed to occur in the

chlorine corrosion process.

Reaction mechanisms

Initially, the KCl and NaCl are believed to react with the oxide scale of the sample forming
ferrate or chromate while chlorine gas (Cl,) is released (Spiegel, 1999). Though in most cases,
enough water vapor is present, so HCI formation is thermodynamically favored over chlorine

formation.



1 1
NaCl + Fe203 + EOZ = NaFe204 + ECIZ

5 1
KCl + Cr;03 + 50, = K,CrO, +5Cl,

The chlorine diffuses through cracks and pores of the oxide scale to the metal/scale interface to

form metal chlorides.
Me(s) + Cl,(g) = MeCl,(s)

where Me represents Fe, Cr, and Ni. Due to the low oxygen concentration at the metal/scale
interface, metal chlorides (FeCl> and CrClz) are thermodynamically stable. Metal chlorides

have a high vapor pressure and evaporate continuously according to the equation below.
MeCl,(s) = MeCl,(g)

The metal chlorides diffuse outward from the metal surface to higher oxygen partial pressure
p(O2). As the oxygen concentration increases, the metal chlorides start to oxidize into solid
metal oxides and Cl; is simultaneously released during the process, completing the chlorine

cycle. (Grabke et al., 1995)

2MeCl,(g) + 30,(g) — 2Me05(s) + 4Cl,(g)

3MeCl,(g) + 20,(g) » Me30,(s) + 3Cl,(g)

Figure 4. Model of chloride-induced high-temperature corrosion according to Grabke.
Ilustration after (Ropo et al., 2011).



The thermodynamic stability of the metal oxides and metal chlorides depends on oxygen
concentration and chlorine concentration in the vicinity. The metal oxides are the
thermodynamically stable phases at elevated temperatures. However, chlorides become stable
at the metal/oxide interface due to the low oxygen concentration. A comparison of the Gibb's
free energy of formation at 600 °C for different metal chlorides gives: CrCl, = —286.0 kJ/mol;
FeCl, =-232.1 kJ/mol; NiCl, =—174.2 kJ/mol. According to these data, a less reactive behavior
is predicted for nickel (Zahs et al., 2000).

The chlorides evaporate and diffuse up toward higher oxygen partial pressures and react with
oxygen to form solid oxides. Figure 3 shows the oxygen partial pressure and temperature
dependence of the formation from gaseous chlorides to solid oxides. Nickel chloride converts
into oxide at very high oxygen partial pressure, iron chloride at significantly lower oxygen
pressure, and low oxygen concentration is needed to convert chromium chloride into Cr20s.
The low required oxygen concentration means that chromium oxide forms closer to the steel
surface than iron and nickel oxide. The oxide scale of low-alloy steels is typically formed as
multiple thin layers of oxides. This is most likely because iron chlorides oxidize at higher
oxygen concentrations, further away from the steel surface. In conclusion, the characteristic
differences between the corrosion behavior are most likely caused by the different reactivities
concerning chloride formation, and the oxygen partial pressure needed for conversion from

gaseous chlorides into solid oxides.
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Figure 5. Equilibrium oxygen partial pressures of the reaction from gaseous chlorides to solid
oxides at 400-700°C calculated from the Cl-activity of the gas atmosphere with 500 vppm HCI
and the equilibrium vapor pressures of the metal chlorides (in bar). The image is taken from
(Zahs et al., 2000).



Transportation of chlorine through the oxide scale

Initial theories have suggested that molecular chlorine diffuses through the oxide scale through
the cracks and pores in the oxide scale. However, it is not fully elucidated how the chlorine
(CD) is transported back to the steel surface and how it penetrates the crack-free oxide scale.
Additionally, suppose cracks and pores are present in the oxide scale, the same diffusion path
would also be available for oxygen molecules as the size of chloride molecules is considerably
larger than the oxygen molecules. (Larsson, 2017) However, it is also questionable if the
reactive chlorine gas would diffuse through the oxide layer and reach the steel surface without

being reduced.

Following this, Cantatore et al. suggested an alternative scenario for steel chlorination where
instead of a gas phase diffusion of Cl> molecules, a solid-state diffusion of chloride ions would
occur through the oxide layer (Cantatore et al., 2019) (Larsson, 2017). As an alternative reaction
route, chlorine is suggested to penetrate the oxide scale by grain-boundary diffusion. (Pettersson

et al., 2005)

The solubility of metal oxides in molten salt

The solubility of the metal oxide determines the corrosion resistance of an alloy. As mentioned
in the previous section, the molten salt is believed to act as an electrolyte in the electrochemical
reactions between the steel surface/ alkali salt. The solubility of metal oxide in the molten salt
will directly affect the corrosion rate. According to previous studies, the solubility of metal
oxides depends on several factors, such as the presence of other oxides which can cause
synergistic oxidation reactions, and the development of solubility gradients in the salt film. The

solubility gradient will be described in further detail later in this section.

One significant finding from the early studies of molten salt corrosion is the importance of
NayO activity within the salt film. The solubility of metal oxides is affected by Na,O activity
and the oxides acid/base reaction in the melted salt film. Oxyanion melts of common alkali salts
can exhibit acid/base behavior similar to water. The equilibrium between the acid (SOs) and
base (Na,0) can be described as sodium sulfate (Na>2SOs4), with the equilibrium constant K at a

given temperature. (Rapp, 2002)

Na2504_ == Nazo + SO3 (g)

log aNa,0 T log PSO3 = Requilibrium at given T



The reaction equations above indicate that any of the molten salt corrosion reactions are

electrochemical to their nature and controlled by the sodium (Naz) activity.

Most metal oxides can have either a basic or acidic reaction depending on the Na>O activity;
those oxides are called amphoteric. (Rapp, 2002) The acid-base character in the salt film is
shifted by the salt/alloy reaction, affecting the fluxing of the protective film.

The acidic reaction is typically given as:

My0y = XMY* 4+ Y0?~ where M = metal, O = oxygen

And the basic reaction is typically written as:
My Oy + Z0?*~ = XMOY~

The evaluation of Na>O concentration in a given sodium-based salt is called the basicity of a
solution and can be measured electrochemically. (Jose et al., 1985) Equilibrium conditions
will change as the activity of NayO increases or decreases, and more or less of the oxide will
react. The solubility will vary within the salt film, thus creating solubility gradients. The
solubility gradients can be positive or negative. Depending on the concentration of conjugate
acid/base in the melt, oxide solubility either increase (positive gradient) or decrease (negative
gradient) away from oxide surface. The increased solubility will allow the oxide ions to remain
in the solution and the solution reaches equilibrium, and the corrosion rate slows down. A

positive solubility gradient is desired to decrease the corrosion rate.

Whereas a negative solubility gradient suggests that the solubility decreases outwards from the
steel surface, subsequently causing the ions to precipitate out of the solution. The negative
solubility gradient leads to an out-of-control reaction and an accelerated corrosion rate;

therefore, this solubility gradient should be avoided. (Rapp, 1989)

The salt film condition is a significant parameter to consider when investigating metal
oxidation. It is most likely that a variation in basicity in the molten salt exists. The solubility
and diffusion effects are essential to understand the complex corrosion reactions that occur on

the steel surface.



Selection of boiler material

The selection of an appropriate superheater tube material is important to slow down the
corrosion process, to ensure maximum boiler availability and performance. The atmosphere to
which the metal material is exposed (such as surrounding temperature, flue gas, and deposit
composition) is one of the determining factors of material selection. Another major factor is the
material price since the required length of superheater tubing for one plant is measured in
kilometer length. Enestam noted that, depending on which steel material is chosen, the price
varies significantly; therefore, the boiler material selection is very much an economic matter of

concern. (Enestam, 2011)

The combustion process environment requires a broad range of properties from the material.
The predominant mechanical and physical properties that are required from the superheater
materials are ductility, weldability, creep rupture strength, corrosion resistance, and yield
strength. Therefore, boiler tube materials range from the cheapest carbon steel to low-alloy
steels to high-alloy steels to the most expensive stainless steel/austenitic steels. (Bankiewicz,

2012b)

Although present-day steels can be alloyed with numerous elements, three elements directly
impact corrosion resistance: chromium, nickel, and molybdenum. The alloying elements are

added to the steel to improve mechanical properties and resistance to corrosion and oxidation.

The main factor that influences the corrosion resistance of an alloy is the ability to form a
protective chromium-rich oxide scale on the surface. The more chromium the alloy consists of,
the more chromium-rich is the oxide scale that forms. The protective chromium oxide layer is
known to form at chromium concentrations greater than 11-12 wt%. The steel surface is self-
healing in the air at room temperature, but this requires sufficient oxygen supply and
sufficiently high chromium content. If the film does not heal, the corrosion rate is rapid in most
environments, allowing oxygen and chlorine to access the metal surface. Main corrosion
problems associated with stainless steel are environment-sensitive cracking and crevice and
pitting corrosion. Chloride ions are aggressive to the chromium oxide film and intensify the

corrosion process. (Trethewey & Chamberlain, 1995)

Low-alloy steels are iron-based alloys with less than 5% of alloying elements and do not contain
enough chromium to form the protective chromium-rich oxide layer. The oxide scale of these

steels generally consists of Fe;O; and Fe;Os which offer sufficient protection in mildly



corrosive environments at moderate temperatures but not in a corrosive environment at elevated
temperatures. In non-corrosive environments and limited temperatures, low-alloy steels are
commonly used due to their low price. While at higher temperatures and in more corrosive
environments, other steel grades and coatings are used. (Kofstad, 1988) These are iron-based
steels that contain less than 5% of alloying elements, including chromium, nickel, and
molybdenum. In this study, the ferritic 10CrMo09-10 steel represents this category. (Kofstad,
1988)

Pure iron exists in a body-centered cubic (BCC) structure, at a temperature below 910 °C while
above 1400 °C, and in the intermediate range, it has a face-centered cubic (FCC) structure.
Alloying elements are dissolved in the iron in both structures. The solution in BCC iron is called
ferrite, while the solution in FCC iron is called austenite. Chromium and molybdenum are two

examples of ferrite stabilizers. (Talbot & Talbot, 2007)

Iron-based alloys with chromium content typically above 13% and 0-22% nickel are referred
to as stainless steels. The stainless steel can either have a ferritic structure (body-centered cubic
structure, BCC) or an austenitic structure (face-centered cubic structure, FCC). (Bhadeshia, H.
K. D. H. & Honeycombe, 2006) The austenitic structure is only stable at higher temperatures;
however, the addition of nickel stabilizes the structure even at lower temperatures. The
austenitic stainless steels usually contain more than 16 wt-% chromium and sufficient nickel to
stabilize the structure (Trethewey & Chamberlain, 1995). The nickel price is high, so the
relative cost of austenitic stainless steel can be as much as three times higher than the low-alloy
ferritic steel. The Sanicro 28 austenitic stainless steel studied in this work represents this

category of steel.

Nickel can also be used as the base metal of an alloy to improve corrosion resistance at harsh
conditions and high temperatures. Despite its superior corrosion properties, nickel-based steels
are only used at the most critical parts of the boiler due to their high price. For nickel to retain
a fully austenitic structure chromium content is important. The balance between chromium and

nickel is therefore economically important due to the high cost of nickel.

Nickel-based alloys are generally used in more corrosive environments. However, despite their
superior properties, nickel-based alloys are not generally used in biomass-fired boilers due to

their high price. The nickel-based Alloy 625 represents this category of alloys in this work.



Corrosion test method

The experimental part of this work is performed according to the Abo Akademi standard one-
week corrosion test. For the corrosion tests, a synthetic alkali salt is produced to simulate the
ash deposit in the actual boiler conditions. The alkali salts, that are used in the corrosion tests
are well-characterized salt mixtures with a specific melt behavior and chemical composition.
An analysis is performed on the produced salt mixture to check the chemical composition of
the salts. Besides the chemical composition, also the melting behavior of the salt mixture is an
important parameter to consider in this work. To check the melting behavior of the salts,
thermodynamical calculations are conducted based on the chemical composition data obtained

from the qualitative analysis.

The following sections give an overview of the AA standard corrosion test method, the

analyzing techniques used in the process, and the salt characterizing procedure.

AA standard corrosion test method

The Abo Akademi standard corrosion test method consists of a sequence of three steps, first,
pre-treatment and furnace exposure, second, the determination of the oxide layer thickness
along the metal surface with SEM/EDX analysis, and third, analysis of the corrosion layer based
on SEM images, elemental maps, corrosion layer distributions further to analyze the corrosion

mechanisms at the steel surface.

In the pre-treatment step, steel coupons of approximately 20x20 mm and thickness of 5 mm,
are polished and washed, whereafter a thermally stable paste is applied at the edges of the steel
specimen to keep the salt in place. The steel coupons are then pre-oxidized in a furnace at 200
°C for 24 h. After the pre-oxidizing step, a synthetic ash/ salt is applied onto the steel surface.
The steel specimens are put into a horizontal furnace for a week's corrosion experiment. The
corrosion furnace and sample holder used during the corrosion experiments are presented in
Figure 1. The temperature inside the furnace is measured with thermocouples installed between
adjacent samples and at both ends of the sample holder to control the temperature during the

experiments.



Figure 6. a.) sample holder for exposure up to 5 samples at a time, b.) Horizontal tube
furnace. Photographs are courtesy of Linus Silvander.

After the furnace exposure, steel samples are cast in epoxy and cut in half to reveal the cross-

section area preparing the samples for the second step in the corrosion test method.

In the second sequence, the corrosion samples are analyzed by means of Scanning Electron
Microscope/Energy Dispersive X-ray (SEM/EDX) using backscatter electron mode to identify
various chemical elements in the sample. The X-ray images show the elemental composition of
corrosion products at the sample. The working principle of the scanning electron microscope is

described later in the section analyzing techniques.

A specific area chosen from the corrosion layer is analyzed by using the SEM backscatter
electron mode to identify the distribution of the oxide layer thickness. The SEM images are
combined into one panoramic image and then colored with contrast colors. The coloring

treatment stages of a typical SEM panoramic picture are presented in Figure 4.
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Figure 7. A schematic view of the coloring stages of SEM pictures to determine oxide layer
thickness.

After the panoramic image has been colored to green (oxide layer), blue (epoxy), and red (steel
surface), the corrosion layer thickness is determined for each vertical line of pixels and is then
recalculated into um. Corrosion is defined as the thickness of the oxide layer above the steel
surface and some possible degradation of the steel under the oxide layer. The corrosion is
expressed as mean corrosion layer thickness across the analyzed steel surface. From the

thickness corrosion analysis also thickness distribution curves are obtained.

The third step in the sequence includes the selection of an area representing the average
corrosion layer. From this area, elemental maps of the oxide scale and the steel surface are
produced to analyze the elements in the oxide scale. Figure 3 presents an example of some of
the elemental maps that are considered when analyzing the corrosion products. The light area
in the elemental maps consists of higher concentration atoms of the element given in the upper

left corner of the image.



Figure 8. SEM image and the corresponding elemental maps from the area inside the red box.

Salt characterization

A well-characterized alkali salt, simulating an ash deposit in the boiler, is produced and applied
to the steel surface before the corrosion tests. To obtain well-characterized salts, the chemical
composition of the salts is analyzed. In this work, the total chemical composition was analyzed
with scanning electron microscopy, and additionally, the chlorine concentration of the salt was
also analyzed with ion chromatography. Based on the chemical composition from the SEM
analysis, melting curves and To of the synthetic salt were produced based on thermodynamic
calculations with the software Factsage 7.3 (Bale et al., 2016) using the FTpulp database. The

analyzing techniques are described in further detail in the following section.

Analyzing techniques

Scanning electron microscope/energy dispersive x-ray is used to analyze both the composition
of the produced salt and to analyze the components in the corrosion layer from the corrosion
experiments. The chlorine concentration of the salts is also analyzed by means of ion
chromatography. Lastly, the thermodynamic calculation method used to obtain the melting

behavior of the salts is shortly presented.



SEM/EDX

The exposed steels and the salt mixtures were characterized with SEM - LEO Gemini 1530
with a Thermo Scientific UltraDry Silicon Drift Detector manufactured by Leo (2001) and EDX
— ThermoNORAN Vantage X-ray analyzing system manufactured by Thermo Scientific
(2009). The SEM-EDX is an advanced analytical technique for the chemical characterization
of the surface of a sample. The sample surface is scanned with an electron beam gun. The
electron beam generates a large number of signals, such as the emission of secondary electrons
(SE), backscattered electrons (BSE) from the primary beam, and the creation of element-
specific X-rays. Secondary electrons are generated when the inner core electrons of the surface
atoms are ionized by the primary beam. Backscatter electrons are generated by the scattering of
the primary electron beam by the sample atoms. The impact of the electron beam on the sample
produces X-rays that are characteristic of the elements found on the sample. The SE signal is
most useful to show topography and morphology, while BSE are used to show differences in
the composition of the sample. Backscattered electrons display different elements with different
darkness in the image; lighter colors represent a heavier element in the sample. The SEM
images used in this work are mainly in a backscattered electron mode. (Goldstein et al., 2018)
The oxide layer thickness and the thickness distribution on each specimen were evaluated based
on the panorama SEM technique. Additionally, the chemical composition of the salt mixture

was analyzed with scanning electron microscopy.

Ion Chromatography

Ion chromatography measures the concentration of ionic species in a water solution, and in this
work, it was used to analyze the concentration of chlorine in the salt mixtures. The method
separates ions and polar molecules based on their interaction with a resin (stationary phase).
The solution passes through a pressurized chromatographic column, and the ion is adsorbed on
the column's constituents. The ions are separated from the column by running an eluent, ion
extraction liquid through the adsorbed column. The time it takes for the ionic species to move
through the column varies depending on their interaction with the column. lons with a weaker
affinity for the column will move through the column faster, while ions with higher affinity will
move through the column more slowly. The variation of affinity is due to differences in ion
charge and size. lons are measured with an electrical conductivity detector as they exit the

column. This detector produces a chromatogram that plots conductivity vs. time. The



chromatogram consists of various peaks that represent different species; the area under these

peaks correlates with the concentration of the species. (Gjerde et al., 1987)

Thermodynamic calculation method

Thermodynamic equilibrium calculations are used to investigate the melting behavior of the
simulated ash deposit. Thermodynamic calculations are performed based on a thermodynamic
multi-component, multi-phase equilibrium calculations with the software Factsage 7.3 using
FTpulp database (Bale et al., 2016). The input data for the calculation, are the experimental
data from SEM analysis of the salts. These calculations are made to check the melting behavior
of the salts, such as To and the amount of melt formed at To. Figure 4 presents one of the melting
curves that are produced based on the thermodynamic calculations with the software Factsage

7.3. In the graph, Ty is read out from the intersection of the curve and x-axis.

Melting curve

100
80

60

Melt (wt-%)
<

40

0
500 520 540 560 580 600 620 640 660 680 700 720 740 760 780 800 820 840

Temperature (°C)

Figure 9. Melting curve of the salt mixture with 1.0 wt-% chlorine that is produced based on
the thermodynamic calculation with the software Factsage 7.3.



Experimental

The experimental part of this work consists of a laboratory-scale corrosion study with three
alloys typically used as heat-transfer materials. The steel materials were exposed to five
different tailor-made well-characterized synthetic alkali salt deposits. The experiments were
one-week corrosion experiments for each steel-salt combination, both below To at 520 °C and
above Ty at 560 °C, to be able to compare the corrosion resistance both above and below To.
This resulted in a total of 30 corrosion tests. Additionally, each test was carried out as

duplicates; therefore, the total amount of tests was 60 steel coupons.

The test matrix is presented in Table 1. The salt cases are named after the concentration chloride
in the salt mixture; for instance: Case 0.25 consists of 0.25 wt-% chloride. The target chemical
composition of the salt is presented in more detail in Table 2, where each column presents the

composition of one salt case.

Table 3. Experimental matrix for all materials of the study.

Case 0.25 Case 0.5 Case 1.0 Case 2.0 Case 10.0
Temperature | Temperature | Temperature | Temperature | Temperature
Sanicro 28 | 520 560 520 560 520 560 520 560 520 560

10CrMo 520 560 520 560 520 560 520 560 520 560
Alloy625 | 520 560 520 560 520 560 520 560 520 560

Table 4. The composition of the tailor-made synthetic alkali salt mixtures used in the corrosion
tests. The composition is given in wt-%.

Case 0.25 Case 0.5 Case 1.0 Case 2.0 Case 10.0
Na 31.33 31.34 31.37 31.44 31.96
K 4.95 495 495 4.96 5.05
SO4 50.64 50.44 50.02 49.15 42.28
Cl 0.25 0.49 0.97 2.00 9.99
COs 12.83 12.78 12.68 12.45 10.71

To (°C) 538 538 538 538 538




Pre-treatment

The test specimens were received in a size of approximately 20x20 mm and a thickness of 5
mm. Before the experiments, all the steels were polished with water and 360 grit sandpaper and
then with ethanol and 1000 sandpaper. The polished steels were then washed in an ultrasound
bath in ethanol. A thermally stable paste was applied around the edges of the steel to prevent
the molten salt from flowing off of the surface. Before the corrosion tests started, the polished
steel samples were pre-oxidized in a furnace at 200 °C for 24 hours. The pre-determined
synthetic salt deposit was placed on each coupon before exposure (~ 0.25 g/specimen). The salt
powder was lightly pressed and spread out over the steel surface with a glass rod to ensure

better contact between salt and material surface.

Furnace exposure

The high-temperature corrosion tests were performed in a horizontal silica tube furnace at two
temperatures, 560 °C, and 520 °C. The exposure time was 168 h + 2 h (7 days) in an ambient
atmosphere. The horizontal tube furnaces were presented in chapter 1.1, where the AA standard

corrosion test method was described.

After the furnace exposure, the samples were allowed to cool down to room temperature outside
the furnace. The samples were covered with a layer of epoxy resin to prevent further oxidation
and to fix the corrosion products to the steel surface. The samples were put into a vacuum to
remove air pockets and then dried until the next day. The following day, the samples were put
into a mold and cast into epoxy, and dried. The epoxy piece was cut in the middle with oil to
expose the cross-section of the sample. The sample was further cleaned with petroleum ether
in an ultrasound bath to remove excess oil. An epoxy layer was further added to the cross-
section surface and put into a vacuum to fill out the cavities in the sample. The cross-section
was polished in kerosene, which was used as a polishing lubricant to avoid dissolution of the
chlorine-containing compounds. The samples were first polished manually with 360-grain size
sandpaper and then polished with a machine using 500, 1200, 2000, and 3 pum (besides
kerosene, a diamond paste was added to 3 pm). The samples were washed with petroleum ether

in an ultrasound bath and put into a vacuum to extract the oil from the sample.



Method to analyze corrosion data

The corrosion results of this work are presented as SEM images, mean oxide layer thickness,
maximum oxide layer thickness, 90™ percentile value of corrosion thickness, oxide layer
thickness distribution curves, and elemental maps of the oxide composition. The mean
measured oxide layer thickness gives a general picture of how the corrosion had proceeded over
the whole specimen, not only a randomly chosen point. From the corrosion layer thickness, an
estimation of the steel performance can be evaluated with the help of some pre-determined
corrosion ranges that are based on practical experience in an actual boiler. Some variation in
corrosion result might occur in case someone else was to repeat the experiments; therefore,
further experiments are recommended to check reproducibility and to observe some typically
repeated corrosion behavior. Mean oxide layer distribution curves were used to suggest the type
of corrosion attack. The shape of the distribution curve can be used to estimate the type of
corrosion: A narrow distribution suggests that homogeneous corrosion occurred over the whole
surface, whereas a broad and possibly tailing distribution would imply that more heterogeneous

corrosion took place.

Salt preparation and analysis

In this section, a detailed description of the salt preparation and characterization will be

presented.

For the corrosion tests of this work, synthetic alkali salts with tailor-made melting
characteristics were produced using sodium sulfate Na;SOs, potassium sulfate K2SOs, sodium
chloride NaCl, sodium carbonate NaCO3 as starting material. The synthetic alkali salts
containing sulfates and chlorides of sodium, potassium was composed in such a way that their
first melting temperature (To) is the same for all cases, but the amount of molten phase at To
varied for each salt mixture. The chemical compositions of the final salts were checked to
ensure that it was close to the planned compositions. Based on the chemical composition of the
final salt, melting curves and Ty of the synthetic salt was calculated based on thermodynamic

calculations with the software Factsage 7.3 (Bale et al., 2016) using the FTpulp database.

The tailor-made synthetic alkali salts were prepared by weighing and mixing the starting
material. Before weighing, starting material was dried to remove moisture and water from

hydrates. After the components were mixed, they were heated to 930 °C for about 20 minutes



and then cooled down to room temperature. The cooled salt was crushed and sieved to a grain
size between 53 and 250 um. The purpose of the pre-treatment of the alkali salt mixtures was
to homogenize the salt mixture to imitate the recovery boiler process, where the flue gas dust

goes through a melting stage.

The chemical composition of the produced salts was analyzed by means of Scanning Electron
Microscopy (SEM) to ensure that the final salt composition is close to the target. Before the
SEM analysis, the salt powder was pressed into pills, and surface analysis was performed. Table
2 presents the results from the SEM analysis. The SEM analysis results showed that the chloride
content was higher than the target composition in the plan; therefore, further analysis was
conducted with Ton Chromatography. The wet chemical analysis of the salt mixture is a more
quantitative method to analyze the salt mixture. The salt mixtures were dissolved in elga water
so that the chlorine concentrations were approximately 10 ppm and 5 ppm. The result from the
IC analyses is presented in Table 4 and Table 5. The IC analysis results were close to the target

composition, which confirmed that the planned composition was achieved.

Table 5. Elemental composition of the salt cases based on the SEM analysis.

Element | Case 0.25 | Case 0.5 | Case 1.0 | Case 2.0 | Case 10.0
Na 32.02 31.85 32.21 32.11 33.03
K 4.06 421 4.36 421 4.14
SO4 50.50 50.73 47.61 48.53 39.68
Cl 0.42 0.69 1.14 2.19 10.79

COs 13.00 12.52 14.67 12.97 12.35

Table 6. Elemental composition of the salt cases based on IC analysis with 10 ppm

concentration chlorine.

Element

Case 0.25

Case 0.5

Case 1.0

Case 2.0

Case 10.0

Na

K

SO4

Cl

0.26

0.51

1.02

2.25

COs




Table 7. Elemental composition of the salt cases based on IC analysis with 5 ppm concentration
chlorine.

Element | Case 0.25 | Case 0.5 | Case 1.0 | Case 2.0 | Case 10.0

Na - - - - -
K - - - - -

SO4 - - - - -
Cl - - - 1.8 9.3

COs - - - - -

In the following section, the melting behavior of the produced salt mixtures will be presented.

Melting behavior of salts

Thermodynamic equilibrium calculations (using Factsage 7.3) were made based on the actual
salt compositions obtained from the SEM analysis. Based on the thermodynamic equilibrium
calculations, melting curves and melt compositions of the salt mixtures were produced. The

results from the SEM analysis were used as input data for the thermodynamic calculations.

Figure 3 presents the melting behavior of the salt cases. The first melting temperature calculated
from the actual salt cases is not the same for all cases, which is seen as the melt curves do not
intersect with the x-axis at the same point. This is due to small differences in the actual
composition of the salt mixtures compared to the target compositions. Nevertheless, To for the
different cases does not deviate much from the target. The melt curve for the salt case with
10.0 wt-% chlorine shows a steep increase at 560 °C, which means that the melt fraction is
sensitive to temperature changes. As for the other salt mixtures, the curves have reached a

plateau before 560 °C.



Melting behavior of salt mixtures
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Figure 10. The calculated melting behavior of the salt mixtures presented as the amount of
molten phase in the salt mixture as a function of temperature. The amount of melt is expressed
as wt-% of the total mass of the condensed phase. Top: whole melt curves bottom: a focused
image of the interesting area in this work.
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Figure 11. Presentation of the components present in the different phases at different
temperatures.

The melt composition of the alkali salts is displayed in a bar diagram as the composition of the
molten phase at 560 °C (Figure 4). The amount of solid phase of a specific component can be

read from the figure.

The bar diagram below presents the composition of the molten phase for all salt mixtures tested
in this work. The target melt composition is also included in the diagram. The melt composition

is almost the same for all cases, and they correspond to the target composition.
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Tested steels

The chemical composition of the steels tested in this work is presented in Table 3. Two of the
steel materials are typical Kraft recovery boiler superheater steel materials, low-alloy steel,
10CrMo9-10, and the austenitic stainless steel, Sanicro 28. The third steel that was chosen for
the corrosion experiments was the nickel-based alloy, Alloy 625. The quality and corrosion
resistance of the alloys vary due to their alloying elements. The ferritic 10CrMo09-10 low-alloy
steel consists mainly of iron and low amount alloying elements, and as a consequence, this
material is not protected by a chromium-rich oxide. Instead, low-alloyed steels rely on iron
oxides as protection against corrosion. Sanicro 28 contains considerably higher concentrations
of Cr and Ni than 10CrMo09-10 and therefore exhibits a better corrosion resistance. Alloy 625
consists of significantly low iron content and high chromium and nickel content.

Table 8. Chemical composition of alloys, given in percent. The chemical compositions of the

alloys are given as nominal chemical composition or limiting chemical composition. (Suomen
standardisoimisliitto, 2008) (Special material corporation. 2013) (Sandvik Sanicro 28.)

Steel Cr C Ni Mn Mo Si  Definition
10CrMo9- 2.00- 0.08- < 030- 0.90- <
10 250 0.14 030 0.70 1.10 0.50

Sanicro 28 27.0 <0.02 310 <2.0 35 Nominal
0.7 composition

20.0- 0.10 58 0.5 &80- 05 Limiting

Alloy 625 70 ax min max 100 max composition




Results and discussion

Summary of corrosion results

Table 4 summarizes the oxide layer thickness values for the 30 steel-salt cases. The table gives
the mean oxide layer thickness values, expressed as um, for the three steel sets covered with
the five salt cases. The two first columns to the left in the table identify the steel used in the test

and the temperature of the test run. The different salt cases are as columns in the table.

As can be seen from the table, the low-alloy steel corrodes in all cases, while the nickel-based
alloy, Alloy 625, resists corrosion the best. However, all steels showed some corrosion above

To, with the highest melt fraction tested in this work.

A corrosion color indication is introduced as a tool to highlight the corrosion behavior of the
steel tested in this work. In a previous corrosion study at Abo Adademi by Bankiewicz, certain
ranges of the corrosion layer thickness were introduced. (Bankiewicz, 2012a) The color
indication in this work consists of the colors of a traffic light, and the suggested ranges are
based on the experience that 20 um/ week in laboratory experiments corresponds to the
threshold for unacceptable corrosion in actual boiler conditions. A summary table of the
corrosion results with the color indication is presented in Table 4, and the suggested corrosion

thickness ranges here are:
Green: (<10 um/week) Corrosion is detectable but not significant
Yellow: (10-20 um/week) Low corrosion

Red: (>20 um/week) Significant corrosion



Table 9. Summary of corrosion results.

Case 0.25 Case 0.5 Case 1.0 Case 2.0 Case 10.0
Steel Temperature | Oxide layer | Oxide layer | Oxide layer | Oxide layer | Oxide layer
teels
°C) (um) (um) (um) (um) (um)
560
10CrMo
520
560
Sanicro28
520
560
Alloy625
520

In the following sections, the corrosion results are presented in further detail, steel by steel.

10CrMo9-10

The corrosion results for 10CrMo9-10 are summarized in Figure 5. Additionally, a red line was

added to the graph to indicate the limit for significant corrosion layer thickness. As can be seen

from the graph for the low-alloy steel 10CrMo09-10, significant corrosion was observed for all

melt fractions tested. Significant corrosion was also detected below To when no molten phase

was present in the deposit. A considerable increase in corrosion layer thickness was observed

when the molten phase increased from 6-10 wt -% melt. No significant change in oxide layer

thickness was observed below To, despite the increased chlorine content in the salt.
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Figure 13. Summary of the mean oxide layer thickness values for the tests with 10CrMo09-10.
Exposure time: 168 h, atmosphere: air, temperatures: 560 and 520 °C. The x-axis identifies the
wt-% Cl in the salt deposit and the corresponding wt-% melt.

Elemental distribution in the oxide layer

The compositions of the corrosion layers were analyzed by X-ray mapping, and the results are
shown in Figure 6. The oxide layer formed on 10CrMo09-10 steel was typically developed in
the form of separated, thin layers of corrosion products. This layered form of oxide scale is
typically observed on low-alloy Fe-based steels since iron chloride converts into oxide at higher
oxygen partial pressure than chromium oxide. (Zahs et al., 2000). The corrosion products
identified by the X-ray mapping revealed that iron oxide was located at the outer part of the
oxide scale, and chromium oxide was mainly located towards the steel surface. A compact oxide
layer was formed on some of the samples; however, no specific pattern of what would cause
that was observed. In the image above, clear layers of melt elements are detected just below the
iron oxide scale, forming layers that might consist of alkali chromate, salt elements, and iron

oxide at the outer part.



10CrMo09-10, 560°C, 1.0 wt-% Cl, ~ 6 wt-% melt

Sanicro 28

The corrosion results for Sanicro 28 are summarized in Figure 10. A red line was also added to
this graph to indicate the limit for significant corrosion layer thickness. It is important to note
that the scale for this graph is different than the graph of 10CrMo09-10. As can be seen from the
graph, Sanicro 28 withstood corrosion significantly better than 10CrMo09-10, but also this steel
showed increased corrosion as melt fraction increased in the deposit. According to the results,
no significant corrosion was detected for Sanicro 28 up to 4 wt-% melt. Low corrosion was
detected for 6 wt-% and 10 wt-% melt. Further, significant corrosion was observed at the

highest tested melt fraction, 20 wt-% melt.

In Figure 10, a summary of the SEM images of Sanicro 28 is shown. Each column displays the
SEM image from the corrosion tests above and below To (560 and 520 °C) for each steel-salt
combination. As can be seen from the SEM images in Figure 8, samples exposed below Ty all
showed a thin corrosion thickness and similar corrosion behavior, while the ones above Ty

showed an increase in the corrosion layer thickness.
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Figure 14. Summary of the mean oxide layer thickness values for the tests with Sanicro 28.
Exposure time: 168 h, atmosphere: air, heat treatment temperatures: 560 and 520 °C. The x-
axis identifies the wt-% Cl in the salt deposit and the corresponding wt-% melt.
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Figure 15. SEM image of the steel surface from all corrosion experiments of Sanicro 28. All
images in the table have the same scale.

Elemental distribution in the oxide layer

The composition of the corrosion layers of Sanicro 28 is presented in Figures 12-16. Sanicro
28 showed some similar corrosion patterns as 10CrMo9-10, but to a much lesser extent at the
lower melt fractions. Iron oxide had formed at the outer part of the oxide layer and chromium

oxide towards the steel surface. As previously mentioned, due to the difference in



thermodynamic stability of metal chlorides, the iron oxide formed further away from the steel
surface because iron chloride evaporates and diffuses further away from the steel surface before

it oxidizes.

Figures 12-15 show the corrosion results of the tests at 560 °C (i.e., above To). A nickel-rich
region is observed at the interface of the oxide and the bulk steel, most likely a porous nickel
skeleton after the iron and chromium are depleted at the alloy. The same iron and chromium
depletion has been observed in previous studies (Nielsen et al., 2000) (Pettersson, C. et al.,
2008). The nickel-rich region extends deeper into the metal for the cases with a higher melt
fraction in the deposit, which is as expected since more chromium and iron have depleted the
bulk steel. Potassium chromates have likely formed and are present in the oxide scale, which
supports the theory that corrosion is initiated with potassium reacting with chromium oxide.
The formation of potassium chromate depletes the scale in chromium and leads to the formation
of a non-protective porous iron-rich oxide scale. The iron-rich oxide is unable to protect the

steel at high temperatures. (Pettersson 2006)

Some Cl and K were observed at the Fe depleted zone, Figure 12. Otherwise, no significant
amounts of chlorine could be detected at the steel surface for the other tests. In the study by
Skifvars et al. at similar conditions, more chlorine was detected at the steel surface compared

to the result in this work.

At the highest tested melt fraction, a mixture of corrosion products and salt melt is formed
above the surface of Sanciro 28, Figure 15. Chromium oxide is surrounded by iron oxide, which
is surrounded by salt components. While only a small oxide layer was formed when the same

steel/salt combination was exposed to furnace condition below To, see Figure 16.



Sanicro 28, 560 °C, 0.5 wt-% Cl, ~ 4 wt-% melt

Figure 16. SEM/EDX element X-ray maps of the Sanicro 28 steel coupon cross-section area.
The heat treatment temperature 560 °C deposited with salt case 0.5 wt-% CI, ~4 wt-% melt.

Sanicro 28, 560 °C, 1.0 wt-% CI, ~ 6 wt-% melt

10 pm

Figure 17. SEM/EDX element X-ray maps of the Sanicro 28 steel coupon cross-section area.
The heat treatment temperature 560 °C deposited with salt case 1.0 wt-% CI, ~6 wt-% melt

Sanicro 28, 560 °C, 2.0 wt-% CI, ~10 wt-% melt

Figure 18. SEM/EDX element X-ray maps of the Sanicro 28 steel coupon cross-section area.
The heat treatment temperature 560 °C deposited with salt case 2.0 wt-% CI, ~10 wt-% melt



Sanicro 28, 560 °C, 10.0 wt-% CI, ~ 20 wt-% melt

Figure 19. SEM/EDX element X-ray maps of the Sanicro 28 steel coupon cross-section area.
The heat treatment temperature 560 °C deposited with salt case 10.0 wt-% Cl, 20 wt-% melt

Sanicro 28, 520 °C, 10.0 wt-% Cl

10 pm

Figure 20. SEM/EDX element X-ray maps of the Sanicro 28 steel coupon cross-section area.
The heat treatment temperature 520 °C deposited with salt case 10.0 wt-% Cl, no melt

Oxide layer distribution

Previous studies have shown that local corrosion is generally occurring for austenitic stainless
steels that are similar to the stainless steel Sanicro 28 in this work (Loto, 2013). Local corrosion
is considered to be one of the most destructive and insidious forms of corrosion. Talbot et al.
highlighted the gravity of this damage, and this is because it causes tube failures even if the
average corrosion attack on the rest of the surface is minor. (Talbot & Talbot, 2007) Localized
corrosion attack is not visible when only observing mean oxide layer thickness, which

complicates the prediction of corrosion of Sanicro 28.

The distribution curves for the Sanicro 28 steel type exposed to 560 °C are displayed in the

graph in Figure 10. The distribution curves for the experiments with lower melt fractions (2-10



wt-%) formed a similar shape, typically consisting of a sharp at the beginning followed by a
"tail" at the end of the curve. Whereas the distribution curve for the salt with the highest melt
fraction, 10 wt-% Cl and ~20 wt-% melt, showed a more widely distributed curve, indicating a

more uniform corrosion layer across the steel surface of Sanicro 28.
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Figure 21. Corrosion layer thickness distribution of Sanicro 28 exposed to 560 °C for 168 h.

The mean value of corrosion layer thickness calculated from the panorama SEM images for
Sanicro 28 indicates that only 20 wt-% molten phases cause significant corrosion. While the
maximum value presented in Table 4 shows that there are areas where corrosion is more severe
than what the mean value of oxide layer thickness would indicate. The determination of oxide
layer thickness is an insufficient method to determine the severity of corrosion for Sanicro 28.

Therefore, alternative methods are needed to map the corrosion of Sanicro 28 better.

The maximum value of oxide layer thickness for Sanicro 28 exceeds the limit for significant
corrosion, 20 um, for all cases above To. Additionally, the 90" percentile value was calculated
for Sanicro 28 oxide layer thickness. The value of the 90™ percentile means that 10 % of the
data is above that value. The maximum value and 90" percentiles are presented in Table 8 and
Table 9. Both maximum corrosion and percentile value for Sanicro 28 indicate that the limit for

detectable corrosion occurs at a lower melt fraction.






Table 10. The maximum value of corrosion layer thickness.
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Table 11 The 90'" percentile value of corrosion layer thickness.
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Based on the panorama SEM images and the distribution curves, local corrosion was typical for
Sanicro 28 at the lower melt fractions, and as the melt fraction increased, a more uniform
corrosion layer was formed. Figure 3 shows an example of how the corrosion layer thickness

increases and becomes more uniform as the melt fraction increases in the deposit.
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Figure 22 Image a.) represents the panorama SEM image of Sanicro 28 exposed to the salt case
with 2.0 wt-% CI, corresponding to ~10 wt-% molten phase at a temperature of 560 °C for 168
h and b.) represents the panorama SEM image of Sanicro 28 exposed to the salt case with 10.0
wt-% Cl, corresponding to ~20 wt-% molten phase at a temperature of 560 °C for 168 h.

Alloy 625

The nickel-based alloy, Alloy 625, had much stronger resistance to the molten salt deposit
corrosion. The Ni-based alloy did not experience any adverse effects with the increased amount
of molten phase. However, based on the X-ray diffraction images also for this alloy, a thin
corrosion layer was detected at the highest melt fraction in this work; however, the oxide layer

growth was completely negligible for this case.

The significantly higher corrosion resistance of nickel-based alloy, Alloy 625, is due to the high
Ni content. A similar indication has previously been stated by Spiegel et al., where KCl particles
were placed on iron, chromium, and nickel surfaces. The work concluded that nickel-based
alloys are a more corrosion-resistant tubing material in biomass combustion environments

compared to those with low nickel concentration. (Cha & Spiegel, 2006)
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Elemental distribution in the oxide layer

The composition of the corrosion layers of Alloy 625 is presented in the table below. A small
oxide layer consisting of iron oxide and chromium oxide is detected at the steel surface. Small
amounts of nickel oxide also appear to be present in the oxide scale. A small amount of chlorine

seems to have formed on the steel surface.

Alloy 625 560 °C 10 wt% Cl

10pm Mag= 100KX EHF=1500KV  Aserure Size=120.0um
LEG 1630 WD=130mm  Signald=HDAsA Imega Pixel Size = 197.2nm

Figure 23 SEM/EDX element X-ray maps of the Alloy 625 coupon cross-section area. The heat
treatment temperature 560 °C deposited with salt case 10.0 wt-% chlorine, which corresponds
to ~20 wt-% melt.



Conclusions

The objective of this study was to obtain a better understanding of how the amount of melt
impacts corrosion of superheater materials. Laboratory-scale corrosion tests were performed
with five tailor-made synthetic alkali salts that were deposited on three steel materials. The
composition of the salts was composed so that the first melting temperature (To) of the salts
were the same, approximately 540 °C, while the melt fraction at 560 °C varied between the
salts. Experiments were conducted above and below Ty on two typical superheater materials
(10CrMo09-10 and Sanicro 28) and one potential material, Alloy 625. The results showed that

the amount of melt had a significant impact on the extent of corrosion.

The corrosion tendencies of the three steel types varied considerably, and the results showed
that the composition of the steels had a great impact on corrosion resistance. In general, the
corrosion was most severe for |0CrMo. The corrosion layer thickness was above 20 um for all
tested conditions. For Sanicro 28 corrosion ranged from 2-23 pm depending on the
experimental conditions. In other words, corrosion of Sanicro 28 was generally on a lower level
than 10CrMo. Alloy 625 showed least corrosion out of the three alloys tested. The corrosion

was at maximum 4 um corrosion when considering all tested conditions.

The amount of melt had a clear impact on corrosion layer thickness for 10CrMo09-10 and
Sanicro 28, while for Alloy 625 the corrosion was generally low, and the amount of melt had
essentially no impact on the corrosion layer thickness. The impact of the amount of melt varied
somewhat between the steel grades; an increase in corrosion layer was observed at a higher
melt fraction for Sanicro 28, whereas for 10CrMo09-10 the increase was observed to begin at a
lower melt fraction (6 wt-%). However, the corrosion was severe in all tests with 10CrMo9-10,
both below and above To. The low-alloy steel consists of high amounts of iron and a low amount

of chromium, and as a consequence, this material is not protected by chromium-rich oxide.

Sanicro 28 withstood corrosion better than 10CrMo09-10, and no significant corrosion was
observed up to 4 wt-% melt. The corrosion layer thickness was 5-7 pm. Low corrosion was
detected for the tests with melt fractions of 6 wt-% and 10 wt-%, where the corrosion layer
thickness was 10-12 um. Significant corrosion for Sanicro 28 was detected at 20 wt-% melt
fraction, where the corrosion layer thickness was 23 um. While for the nickel-based alloy, Alloy
625, very little corrosion was observed with an increased amount of molten phase in the deposit.
The nickel-based alloy showed high corrosion resistance even at a high amount of melt in the

alkali salt deposit, highlighting the important role of nickel in the alloy for corrosion resistance.



The significantly higher corrosion resistance of nickel-based alloy, Alloy 625, is due to the high

Ni content.

The salt mixtures in this study consisted of a variety of amounts of chlorine (0.25-10 wt-%) for
the different salt cases. Interestingly, when comparing the corrosion layer thickness above and
below To; corrosion layer thickness below To did not increase even though the Cl-content in the
deposit was increased — i.e., the corrosion did not appear to depend on the increasing Cl-content
in the alkali salt. The result indicates that the presence of melt in the deposit significantly
influences the corrosion. Highlighting the central role of the melting properties of the deposit

in alkali-induced corrosion.

Considering the corrosion of Sanicro 28, the uneven corrosion behavior for Sanicro 28 makes
it difficult to predict severity of corrosion. This is also due to the practical experience that the
laboratory data does not one-to-one correspond to corrosion rates in boiler environments.
Reporting mean oxide layer thickness is perhaps alone not sufficient to describe the full

complexity of corrosion for Sanicro 28.

In summary, the results of this study imply that the amount of molten phase significantly
increases the corrosion of 10CrMo09-10 and Sanicro 28. The steel composition has a significant
impact on corrosion resistance. The work showed dramatic differences in the corrosion
behavior between steels and the amount of molten phase in the salt deposits. The highest
chloride contents in the tailor-made salt deposits are extreme case of Cl-content compared to
the Scandinavian mills; the real chlorine content in the Scandinavian boilers is about 1 wt-%
chlorine. However, this work provides some fundamental studies into how corrosion depends
on the amount of molten phase. Further work on this topic could include studies on the impact

of melt closer to To since the temperature ranges used in this work is quite broad.



References

Adams, T. N., & Frederick, W. J. (1988). Kraft recovery boiler physical and chemical

processes. American Paper Institute.

Adams, T. N., Frederick, W. J., & Hupa, M. (1997). Kraft recovery boilers. American Forest
& Paper Association; Tappi Press.

Alan Buis. (2019). The Atmosphere: Getting a Handle on Carbon Dioxide. NASA Global
Climate Change and Global Warming: Vital Signs of the Planet. https://climate.nasa.gov/

Backman, R., Hupa, M., & Uppstu, E. (1987). Fouling and corrosion mechanisms in the
recovery boiler superheater area. Tappi Journal, 70(6), 123-127.

Bajpai, P. (2017). Pulp and paper industry: chemical recovery. Elsevier.

Bale, C. W., Bélisle, E., Chartrand, P., Decterov, S. A., Eriksson, G., Gheribi, A. E., Hack, K.,
Jung, 1., Kang, Y., & Melangon, J. (2016). Reprint of: FactSage thermochemical software and
databases, 2010-2016. Calphad, 55, 1-19.

Bankiewicz, D. (2012a). Corrosion behavior of boiler tube materials during combustion of fuels

containing Zn and Pb.

Bhadeshia, H. K. D. H., & Honeycombe, R. W. K. (20006). Steels: microstructure and properties

(3rd ed.). Elsevier, Butterworth-Heinemann.

Cantatore, V., Olivas Ogaz, M. A., Liske, J., Jonsson, T., Svensson, J., Johansson, L., & Panas,
L. (2019). Oxidation driven permeation of Iron oxide scales by chloride from experiment guided

first-principles modeling. The Journal of Physical Chemistry C, 123(42), 25957-25966.

Cha, S. C., & Spiegel, M. (2006). Local reactions of KCI particles with iron, nickel and

chromium surfaces. Materials and Corrosion, 57(2), 159-164.

Cheremisinoff, N. P., & Rosenfeld, P. E. (2010). Chapter 6 - Sources of air emissions from pulp
and paper mills. In N. P. Cheremisinoff, & P. E. Rosenfeld (Eds.), Handbook of Pollution
Prevention and Cleaner Production (pp. 179-259). William Andrew Publishing.
https://doi.org/10.1016/B978-0-08-096446-1.10006-1

Cottis, R. A. (2010). Basic concepts, high temperature corrosion (4th ed ed.). Academic

Press/Elsevier.



Enestam, S. (2011). Corrosivity of hot flue gases in the fluidized bed combustion of recovered
waste wood https://abo.finna.fi/Record/abo.9911009893405972

Gjerde, D. T., Fritz, J. S., & Leonard, M. A. (1987). lon Chromatography, 2nd Edn.: Hiithig,
Heidelberg, 1987 (ISBN 3-7785-1207-2). Xi 283 Pp.Price DM 86 (US $45),

Goldstein, J., Newbury, D. E., Michael, J. R., Ritchie, N. W. M., Scott, J. H. J., & Joy, D. C.
(2018). Scanning electron microscopy and x-ray microanalysis (Fourth edition ed.). Springer

SciencetBusiness Media, LLC.

Grabke, H. J., Reese, E., & Spiegel, M. (1995). The effects of chlorides, hydrogen chloride, and
sulfur dioxide in the oxidation of steels below deposits. Corrosion Science, 37(7), 1023-1043.

Green, R. P., Hough, G., & Alkaline Pulping Committee. (1992). Chemical recovery in the
alkaline pulping processes (3rd ed.). TAPPI Press.

Haaga, K., Laitinen, M., & Oy, K. P. (2002). The experiences of the world’s biggest recovery
boiler in Yang Pu at Hainan Jinhai Pulp & Paper Co. Kvaerner Power Oy,

Hansen, L. A., Nielsen, H. P., Frandsen, F. J., Dam-Johansen, K., Herlyck, S., & Karlsson, A.
(2000). Influence of deposit formation on corrosion at a straw-fired boiler. Fuel Processing

Technology, 64(1), 189-209. https://doi.org/10.1016/S0378-3820(00)00063-1

Jose, P. D., Gupta, D. K., & Rapp, R. A. (1985). Solubility of a-Al2 O 3 in Fused Na2 SO 4 at
1200 K. Journal of the Electrochemical Society, 132(3), 735.

Kofstad, P. (1988). High temperature corrosion. Elsevier Applied Science.

Larsson, E. (2017). The Corrosive Effect of Chlorine Containing Species on Waterwalls and
Superheater Materials in Waste and Biomass-Fired Power Plants. Chalmers University of

Technology.

Lindberg, D., Backman, R., & Chartrand, P. (2007). Thermodynamic evaluation and
optimization of the (NaCl+Na2S0O4+Na2CO3+KCI+K2S04+K2CO3) system,
https://doi.org/10.1016/}.jct.2006.12.018 ".

Loto, R. T. (2013). Pitting corrosion evaluation of austenitic stainless steel type 304 in acid

chloride media. J. Mater.Environ.Sci., 4(4), 448-459.



Mikkanen, P., Kauppinen, E. L., Pyykonen, J., Jokiniemi, J. K., Aurela, M., Vakkilainen, E. K.,
& Janka, K. (1999). Alkali salt ash formation in four Finnish industrial recovery boilers. Energy
& Fuels, 13(4), 778-795.

Nielsen, H. P., Frandsen, F. J., Dam-Johansen, K., & Baxter, L. L. (2000). The implications of
chlorine-associated corrosion on the operation of biomass-fired boilers. Progress in Energy

and Combustion Science, 26(3), 283-298. https://doi.org/10.1016/S0360-1285(00)00003-4

Niu, Y., & Tan, H. (2016). Ash-related issues during biomass combustion: Alkali-induced
slagging, silicate melt-induced slagging (ash fusion), agglomeration, corrosion, ash utilization,

and related countermeasures. Progress in Energy and Combustion Science, 52, 1-61.

Pachauri, R. K., & Reisinger, A. (2008). Climate change 2007. Synthesis report. Contribution
of Working Groups I, IT and III to the fourth assessment report.

Pettersson, C., Johansson, L., & Svensson, J. (2008). The influence of small amounts of KCI (s)
on the initial stages of the corrosion of alloy Sanicro 28 at 600° C. Oxidation of Metals, 70(5),
241-256.

Pettersson, J., Asteman, H., Svensson, J., & Johansson, L. (2005). KCI induced corrosion of a
304-type austenitic stainless steel at 600 C; the role of potassium. Oxidation of Metals, 64(1),
23-41.

Rapp, R. A. (2002). Hot corrosion of materials: a fluxing mechanism? Corrosion Science,

44(2), 209-221.

Rapp, R. A. (1989). Hot Corrosion of Materials. Studies in Inorganic Chemistry, 9, 291-329.
https://doi.org/10.1016/B978-0-444-88534-0.50016-3

Ropo, M., Kokko, K., Airiskallio, E., Punkkinen, M. P. J., Hogmark, S., Kollar, J., Johansson,
B., & Vitos, L. (2011). First-principles atomistic study of surfaces of Fe-rich Fe—Cr. Journal
of Physics: Condensed Matter, 23(26), 265004.

Salmenoja, K. (1999). Thermogravimetric studies on the oxidation and corrosion of metals and

alloys in HCI containing atmospheres. Abo Akademi.

Salmenoja, K. (2000). Field and laboratory studies on chlorine-induced superheater corrosion

in boilers fired with biofuels



Sandvik Sanicro 28. https://www.materials.sandvik/en/materials-center/material-

datasheets/tube-and-pipe-seamless/sanicro-28/ (accessed on May 3, 2021)

Shinata, Y. (1987). Accelerated oxidation rate of chromium induced by sodium chloride.

Oxidation of Metals, 27(5-6), 315-332. 10.1007/BF00659274

Skrifvars, B., Backman, R., Hupa, M., Salmenoja, K., & Vakkilainen, E. (2008). Corrosion of
superheater steel materials under alkali salt deposits Part 1: The effect of salt deposit

composition and temperature. Corrosion Science, 50(5), 1274-1282.

Skrifvars, B., Westén-Karlsson, M., Hupa, M., & Salmenoja, K. (2010). Corrosion of super-
heater steel materials under alkali salt deposits. Part 2: SEM analyses of different steel
materials. Corrosion Science, 52(3), 1011-1019.

Soodakattilayhdistys. (2009). 45 years recovery boiler co-operation in Finland. Paper

presented at the International Recovery Boiler Conference,

Special material corporation. (2013). specialmetals.com,
https://www.specialmetals.com/assets/smc/documents/alloys/inconel/inconel-alloy-625.pdf

(accessed on May 3, 2021)

Spiegel, M. (1999). Salt melt induced corrosion of metallic materials in waste incineration

plants. Materials and Corrosion, 50(7), 373-393.

Suomen standardisoimisliitto. (2008). Seamless steel tubes for pressure purposes. Technical
delivery conditions. Part 2: Non-alloy and alloy steel tubes with specified elevated temperature

properties. Suomen standardisoimisliitto. (accessed on May 3, 2021)

Talbot, D. E. J., & Talbot, J. D. R. (2007). Corrosion science and technology (2nd ed ed.).
Taylor & Francis.

Tran, H., & Vakkilainen, E. K. (2008). The kraft chemical recovery process. Tappi Kraft
Pulping Short Course, 1-8.

Trethewey, K. R., & Chamberlain, J. (1995). Corrosion for science and engineering (2. ed.).

Longman.

Verrill, C. L. (1992). Inorganic aerosol formation during black liquor drop combustion.

Inorganic Aerosol Formation during Black Liquor Drop Combustion,

Werkelin, J. (2008). Ash-forming elements and their chemical forms in woody biomass fuels.


https://www.materials.sandvik/en/materials-center/material-datasheets/tube-and-pipe-seamless/sanicro-28/
https://www.materials.sandvik/en/materials-center/material-datasheets/tube-and-pipe-seamless/sanicro-28/
https://www.specialmetals.com/assets/smc/documents/alloys/inconel/inconel-alloy-625.pdf

Wong, K. V. (2015). Climate Change. Momentum Press.

Zahs, A., Spiegel, M., & Grabke, H. J. (2000). Chloridation and oxidation of iron, chromium,
nickel and their alloys in chloridizing and oxidizing atmospheres at 400—700 C. Corrosion

Science, 42(6), 1093-1122.



Appendices

Appendix 1. Distribution curves
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Appendix B. Elemental maps
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Appendix C. Data Tables
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