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Abstract

As Europe continues to decarbonize its electricity generation capacity, operators of
thermal power plants face challenges to which they must adapt including increasingly
transient operation and dwing with biomass. This research focuses on {headl

power plants and the response of superheater tube materials to the altered deposit
composition formed during pehtomass cdiring. Both experimental and muti
physics modelling studies on the effects of biomass deposit compositions on boiler

tube materiaproperties are presented.

The addition of biomass to peat has been shown to result in increased levels of
corrosion on heat exchanger tubes in plants. An experimental methodology has been
developed at NUI Galway for representative corrosion testing oépplant materials

for different levels of biomasgeat mixtures. Synthetic salts, representative of
deposits formed during biomass-fiang are produced and their compositions are
compared to compositions of deposits obtained from operational plante Jaks

are applied to candidate materials and exposed to temperatures in the rangt&of 540
to 600°C for up to 1 month. The corrosion layer of each sample is then measured
using scanning electron microscopy (SEM) and optical microséomyrgydispersive

X-ray spectroscopy (EDX) elemental analysis is also carried out; this provides
information regarding chemical composition at different depths.

A novel physically based corrosion model (PCM) to describe the accelerated corrosion
process active aaation which occurs beneath alkaklidecontaining deposits,
which form on heat exchanger tubes during biomass firing was developed. This model
uses measurements of porosity and pore radius, coupled with a physically based
corrosion mechanism, to pretlaorrosion rates. Results from this modehaidated

with experimental results anquiblishedmodelsthatmake use of a fitting factor

A finite-element (FE) methodology which combines corrosion effects with creep
damage in pressurised tubes is presgnExperiments are carried out to obtain a
corrosion rate for P91 steel. This corrosion rate is then used to simulate corrosion in
the FE model via adaptive meshing. This is combined with creep damage models to
investigate the effect of corrosion tube Wabks and creep damage on tube stresses
and creep rupture life. Experimental results allowed initial characterisation of the
complex, multilayered nature of oxides formed during the active oxidation of P91.



Computational results quantithe detrimentagffect of uniform corrosion on creep
rupture life for a range of internal steam pressures. These results will be of significant
interest to plant operators who are concerned with the impact of corrosion on creep
life of plant components.

An in-depth expemental microstructural characterisation of P91 and 347SS
following exposure to salts representative of deposits formed during biomassgo

is presented. Samples have been etched allowing for a comprehensive evaluation of
the microstructural degradan of samplesSeveral key processes have been identified
which would contribute to a reduced life expectancy of tubks.detrimental effect

of impurities in materials, such as inclusions, on the corrosion process is identified.
Pitting corrosionis found to initiate at sites of neawurface inclusions and its
mechanism is discussed. Measurements of pits taken frsituitubes are compared

with experimental measurements and the results are found to agree. Localised
intergranular corrosion was detectthumerous locations across the samples. Results
indicate that the corrosion mechanism andaaéhichit occurs depend on the Cl and

K content of the salts applied to the samples.

The surface topography of samples has been analysed to determinéetheofef
corrosion on surface finish. Results from testing on P91 and 347SS are compared to
determine the material with a greater corrosion resistance. 347®88nd to offer
significantly higher corrosion resistance than P91. This is primarily attribattde

higher Cr content in 347SS, which results in more protective oxide scales forming

closer to the substrate surface.

FE models have been developed which investigate the effect of differential thermal
expansion coefficients between material impurigegh as inclusions and base metal.
The detrimental effect of such inclusions, which lead to localised stress
concentrationdgs shown. FE models which investigate the effect of pitting corrosion
on stress levels in pressurised tubes are also presentess Bivels are shown to

increase with increasing pit depth, size and frequency.
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Nomenclature

Symbol Definition

HHV Higher heating value

A Creep material coefficient

A0 Creep material constant

Ao Creep material constant

AL Linear Arrhenius coefficient

Ap Parabolic Arrhenius coefficient
Bo6 Creep material constant

C Material specifid.arson Miller constant
Ca Gasphase concentration &f

De Damage

Det Effective diffusivity

Di,x Diffusion coefficient of x

Dk x Knudsen diffusivity of x

Dw.x Molecular diffusivity of x

Ix Diffusional flow of x

x Flux of x

ke Linear oxidationconstant

ke Parabolic oxidation constant
ku Corrosion kinetic parameter

Le FE model characteristic length

m Creep material constant

m Mass

MW Molecular weight of an individual element

Creep material constant
Norton creep exponent

NX Numberof moles produced/ consumed
P Pressure

PLm Larson Miller Parameter

Px Partial pressure of x

Qcr Creep activation energy

Qu Linear activation energy
Qe Parabolic activation energy
r Radius

r Average pore radius

Ra Specific gas constant

Ra Surface roughness value

R Inner tube radius

Ro Outer tube radius

Xi



N

Ideal gas constant
Deviatoric stress

Time

Temperature

Melting temperature

Time to rupture

Mass fraction of individual element
Creep material constant

Pit growth parameter
Distribution shape factor
Material characteristic length
Labyrinth factor

Porosity

Creep strain

Steady state creep strain
Pitting parameter

Py SO Cg O T XY A TW

Ix Density of x

a Stress

Ua Axial stress

Ucreep Creep stress

Ueq Equivalent (von Mises) stress

Oceomarth  Geometric growth stress

OH Hoop stress

UintrGrth Intrinsic growth stress

Umech Mechanical stress

Umicrocrek Microcrack stress

Cr Rupture stress

Or Radial stress

Crherm Thermal stress

Oy Meancollision diameter of gas x and gas y
U Tortuosity

L Creep material constant

G Creep material constant

Yc Creep damage (void volume fraction)

Axy Temperature dependent collision integral of gas x and y

Xii



1. Introduction

1.1. Energy & the environment

Fossil fuels, such as oil, coal and natural gees traditionallyknown asthe prime

sources of energy in the modern woHwever, such fuels are now imlited supply

furthermore, thesfuelscause severe environmental and health dansagd as global

warming, acid rain and urban smog as a result of emissions. Due to thesetfaaters

is a worldwide effort to reduce the use ofdibsuels in energy productioifrigure1.1

shows the energy balance for Ireland during 2@1i4nits of kilotonnes of oil

equivalent (ktoe)The left hand side shows the inptd$ r el anddés @&heer gy s
right hand side shows tlemdusesectors in whichhe energys used It is clear from

Figurel.1 thatoil is still the dominant fue{47% of total requirement), primarily due

to its demand in the transport sector.

Wind Hydro Biomass, Other Renewables
442ktoe  61ktoe  and Wastes 581 ktoe » ) )
=7 =2 - Electricity Imports Natural Gas  Oil Refining
" (net) 185 ktoe own use/loss 71 ktoe

) ) 64 ktoe Electricity Transformation
Briquetting = and Transmission Losses
13 ktoe g 2,222 ktoe

Oil
6,249 ktoe

Transport
4,522 ktoe

Natural Gas
3,721 ktoe

Total Primary Energy Requirement S5

13,270 ktoe

-

Coal

Peat

1,262 ktoe _d 4 ! ]
768 ktoe Agriculture and Fisheries = ~ Residential
230 ktoe . - Industry 2,539 ktoe
ervices 2,291 ktoe
Note: Some statistical differences exist between inputs and outputs 1,251 ktoe

Figurel.1: Energy flow in Ireland in 201{1].

The primary useof peatin Irelandis shown inFigurel.2, split into the portions used

for electricity generation in power plan&g)dresidential heating. An overall declining
trend in peat used was observed from 1,377 ktoe in 1990 to 768 ktoe in 2014, a 44%
decrease in usdirect peat use in housalds decreased by 72%ver this period

while that for power plants decreasedd¥[1].



1990 1992 1994 1996 1993 2000 2002 2004 2006 2008 2010 2012 2014

= Public Thermal Power Plants M Direct Residential Use m Other

Figurel.2: Peat use in Ireland 1992014[1].

Tablel.1 shows the percentage shares of fuel used in electricity generation in Ireland

from 1990 to2014. The trend away from fossil fuels is visible in this table with fossil

fuels dropping frompravdi ng 98. 1% of Il rel andds el ect
1990 to 80.8% in 2014. Peat consumption accounted for 12.6% of fuel inputs to
electricity generation for 2012]. It must be noted that these figures are sharkegebf

energy usetb produce electricityDirect renewable electricity sources, such as wind

and hydroelectric are agsed to have efficiencies of 1@(e.g. that there are no

electrical losses)yesulting in their relatively low sharesTiablel.1. Data for the total

electricity generatiorshows thatwind accounts for24% of the electrical energy

generated in Irelands of 20153].



Tablel.1: Percentage shares@fiergysourcesised in electricity generation in Irelaft].

Energy Source 1990 (% Share) 2014 (% Share)
Fossil Fuels (Total) 98.1 80.8
Coal 40.2 21.6
Peat 19.5 12.6
Oil (Total) 11.1 1.4
Gas 27.2 45.2
Renewables (Total) 1.9 14.5
Hydro 1.9 1.4
wind - 10.1
Biomass - 1.2
Other Renewables - 1.7
Non-Renewables (Wastes)| - 0.6
Combustible Fuels (Total) | 98.1 84.2
Electricity Import (net) - 4.2

The focus of this work is on the use of peat and biomass as fuels for large scale
electriaty generation. The use of peas a fuel for electricity generation has been
supported for years by a public serviddigation (PSO)evy, which is charged to all
electricity customers. The proceeds of this levy are used to recoup additional costs
associated with supplying electricitypym such generators. This maintdtthe use of

an indigenous fuel source amdistainedemployment inpeatproducing areas of
Ireland However, due to recent EU legislation, this practice will change and the PSO

system is being phased out between now2&i®.



Peat iscurrently burned at three statéthe-art power plants in Ireland, summarised
in Tablel.2. The PSO for Edenderry powstationexpired in 2015, while those for
West Offaly Power (WOP) and Lough Ree Power (LRP) will expire in 2049

While peatfired plants operatsrhad been given a target oP8®iomass cdiring by

the year 203(this has recently been changed and plants must now cease the burning

of peat entirelyby 2030 This will result in therestorationof | r el anddés nat
boglands It is envisagd that the loss afip to 2,500 peat harvestingbs will be

avoided by the establishment afillow plantations to provide biomass to plants in
Ireland[5]. Biomass can tyipally be defined as any organic matter whitomes from

living or recently living organisms.

Tariff levels and structureswhich were designed to encourage the efficient use of
biomass, and have higher tariffs rewarding high efficiency cogeneratomeinto

effect from 2016 The market certainty provided by this scheme allows plant operators

to enter into longerm supply contracts for biomass stimulating demand for a range
ofenergycropf]. These tariffs combined with the e
will result in biomass becoming a more attractive fuel than peat from an economic

point of view for plant operatofg].



Tablel.2: Overview of peafired powerplantsin Ireland

Plant Edenderry West Offaly

Lough Ree

i L]
//'/Jﬂi””lli":w

Bt

Operator Bord na M6na ESB

Technology Bubbling fluidised Circulating fluidised

bed(BFB) bed(CFB)
Capacity 120 150
(MW )
Year opened 2005 2005
Year PSO
. 2015 2019
expires
Superheater
. PI1 347SS
tube material
Max steam
540 °C 563 °C
temperature

ESB

Circulating fluidised
bed(CFB)
100

2004

2019

347SS

563 °C

All three plants of interest to this study make uséundiised bed technology. Fluidid

bed combustion is typically regarded as one of the most flexible for buanivide

variety of solid fuels of variable or unpredictable qualighile maintaining low

emissions. Fluidied bed boilers designed for a single fossil fuel input can be raddifi

to make us of a combination of fossil fuels and renewables with a relatively low

investmentthis is known as cdiring. Typically a fluidsed bed boiler can obtain fuel

to-steam efficiencies of over 90 even with challenging lowgrade fuelqd8]. CFB

plants are typically able to operate at higbielam temperatures than BFB plants due

to their operating mechanisms, which are discussed in more detail in Section 1.3.



1.2. Biomass as a fuel

Biomass is a carbebased fuel that is developed from organic matter and is generally
considered to be a renewable source of energy. It can be burned to produce heat, power
and/or electricity. Examples of materialassified as biomass fuels include woaige

forest debris, miscanthus, willow, manure and certain types of waste. As biomass can
be burned at any time it does not haveiftitermitteny issues associated with other

renewable energy sources, such as solar, tidal or wind energy.

Biomass is ofterconsidered a carbemeutral fuel, as the material used to generate
electricity, would otherwise be dumped in landfills, openly burned, or left as fodder
for forest fires[9]. In reality there is an addition of G@b the environment due to

harvesting, transportation and processing of the biofi@js

Fossil fuels such as coal, oil and gas are derived from biological material that has
absorbed C&®from the atmosphere millions of years ago. Over this time oxygen and
moisture is driven out of the material8s such they offer high energy density,
however burning of these fuels results in the release of the combustion products to the
atmosphere. Therefore when we burn coal, we make a net addition.ab Gk
atmospher¢9]. It can thus be said that the primary difference between biomass and

fossil fuels isthe time scale of atmospheric carbon fixation.

A table showing the major advantages and disadvantages of biomass fuels has been
produced by Saidur et 48], which has been reproduced her&@ablel1.3.



Tablel.3: Major advantages and disadvantages of biomass[fijels

Advantages

Disadvantages

Is a renewable and inexhaustible fuel

source

Can be cdired with conventional fuels
(reducingemissions and achieving

economidbenefits)

Leads to a reduction in hazardous

emissions

Reducediomasscontaining wastes

Maintains employment in rural areas

Provides indigenous energy source

Feeding systems can be easily adapt

to deal with biomass fuels

Incomplete renewable energy resourc

with respect to the complete life cycle

Commonly contains high contents of
moisture, Cl, K, Na, Mn and trace

elements

Has low energy density

There is potential competition with foo

and feed products

If directly burned without planting new

crops, will contribute to global warmin:

Would require an ptake in purpose
grown crops to meet quantities require

to make a global effect.

Can be expensive if large quantities a

required

May need to be prreated before use

as a fuel

1.2.1. Composition of biomass

Composition of a biomass fuel is typically described in three different ways; (1) its

constituent components, (2) proximate analysis and (3) ultimate analysis.

Biomass consists of three main constituents; cellulose, hemicelluldgigaim with
varying amounts of lipids, proteins, sugars, starches, water and inorganic components

making up the balanc1]. Typically, the heating values of the fuel are strongly



related to the lignin content of the fuel. The heating values of lignin are typically

reported to be higher than cellulose and helhilcse.

Heating value or calorific value (CV) of a fuel is an expression of the chemical energy
content, released as heat when a material is burnt. Heating values are typically
expressed as higher heating value (HHV) or lower heating value (LHV). HHi¢ is

total energy released when the fuel is burnt, including the latent heat contained in the
released water vapour, and represents the maximum energy recoverable from a
biomass source. As the latent heat in the water vapour is not normally used effectivel
the LHV is the appropriate value to use to obtain values for the energy avHi@ble

Proximate analysis is used to determine the percentage of volatile matter (VM), fixed
carbon (FC), moisture drash content of various biomass feedstouks of a solid

fuel is the portion driven off as a gas, by heating (to 950 °C for 7 minutes under ASTM
standards)FC is the portion of the fuel consumed during combustion with ash
remaining as the residuBhisis important information for the combustion of biomass,

as high ash contents will lead to ignition and combustion problems.

The chemical composition of the ash can present significant operational problems for
plant operatorg10]. If the melting point of the dissolved ash is lofeuling and
slagging problems wilbccur. High FC and VM result in a higher HHV of the biomass
fuel [9,12]. As the focus of this work is on problems related to ash content it is

discussed in detail in Chapter 2.

The proximate analysis, on a dry basis, for a selection of solid biomass and fossil fuels
is shown inTable 1.4, with coal and peat also shown for comparative purposes. As
can be clearly seen the FC content of coal is far higher than any of the biomass fuels
and the VM content is far lower. Bark andlaiv offer the highest FC content of the

biomass fuels presented.



Tablel.4: Proximate analysis, (dry basis) for a selection of solid biomass and fossil fuels

Fuel Fixed Carbon Volatile Matter ~ Ash | Ref.
Coal 79.6 12.0 8.4 |[[13]
Peat 28.5 67.7 3.8 |[14]
Bark 17.1 78.1 4.8 |[14]
Willow 15.9 82.5 1.6 |[9]

Wood Pellets | 13.7 79.6 6.78 | [15]
Straw 13.6 80.5 5.9 | [14]

Ultimate analysis of biomass is used to determine the percentages of C, H, O, N and
S present in biomass fuels. The ratio of H to C and O to C can then be used to estimate
the heating value of these fuels as will be discussed in the section on the combusti
of biomass[9]. The ultimate analysis for a selection of solid biomass and fuels of

interest is shown ifablel.5.

Values of the ultimate analysis of a fuel caas dbombined with formulae, such as
Dul o Bpd®6s, Changoés tpoviDetmignds ecakrdic valgeu at i o
[16,17] This is done based on theight fractions of cardn, hydrogen, oxygen and

sulphur

(1-1)

HHV =33.86C +144.4H 9.428

¢

o lle}
|-O:On

Dul on g0 sisshayo ia Equatian-1 with results given in MJ/kdl'he effect
of different O:C and H: C rTadlelms on



Tablel.5: Ultimate analysis for selection of dry solid biomass and fossil ft8ls

Fuel C H O N S H:C 0O:C HHV

X 10 (MJ/kg)
Coal 76.73 469 1052 1.41 040 061 0.14 30.89
Peat 55.00 5.50 32.60 1.70 0.20 1.00 0.59 18.64
Bark 50.40 5.64 40.07 055 0.03 1.12 0.79 17.07
Willow 50.19 5.90 42.22 0.10 <0.01 1.18 0.84 16.99
Wood Pellets| 50.80 7.51 41.67 0.03 <0.01 1.48 0.82 17.20
Straw 46.00 6.28 43.01 051 0.09 137 0.94 1558

The effecs of O:C and H:C ratios on the CV of solid fuels can be qualitatively shown
via a Van Krevelen diagram as showrFigure1.3. This shows that highé:C and

H:C ratiosreduce the energy value of a fuel. There are a number dgfgatenent
procedures which a material can undergo in order to reduce its O content, thus

increasing its CV, such as torrefaction.

1.8}
1.6

1.4+
1.2

v/ /7] Biomass

LOF Peat

0.8 [ 7 Lignite
£ B Coal

0.6 HY Anthracite

Atomic H:C RatioX 10

0.4 [

\ | | WOOd
Increased Heating Value A Lignin

0‘0 . 1 | | | i | L |
0.0 0.2 0.4 0.6 0.8
Atomic O:C Ratio

0.2

Figurel.3: Van Krevelen diagram for various solid fuels, adapted ffb8).
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Torrefaction removes moisture aogygen-containingvolatiles from the material by
exposing it to temperatures typically between R@B20 °C. This results in a change

in the properties of the material, resulting in a higher quality fuel for combustion
applications. The benefitof torrefaction include increasedHHV, improved
homogeni#y of composition improved handling andmaking the fuel more
hydrophobic The effects of torrefaction on the composition and Hb{Whiscanthus

and wheat straw ahown inTable1.6 [19].

Table 1.6: Ultimate analysis showing effect of torrefaction on miscanthus and wheat straw
composition(% dry fue) [19].

Material Torrefaction | C H N S O HHV
(MJ/kg)
temperature
Miscanthus Raw 46.66 6.00 0.21 0.00 45.34 15.79
200°C 48.16 581 0.15 0.00 43.87 16.31
300°C 55.33 522 0.10 0.00 34.77 18.73
Wheat Raw 4554 559 0.00 0.00 43.71 1542
straw
200°C 4656 5.36 0.00 0.00 41.40 15.77
300°C 5586 488 0.00 0.00 2949 1891

Further material properties of interest during processing as an energy source include
moisture content, alkali metal content and the material bulk density. Moisture content
can be defined as intrinsic or extrinsiotrinsic moisture is the inherent moistu
content of material regardless of the influence of weather effects. Extrinsic moisture
includes the influence of prevailing weather conditions during harvesting and storage

on overall biomass contefit0].

Alkali metals in the ash fraction (Na, K, Mg, P and Ca) can react with silica during
combustion forming a sticky, mobile liquid which can cause blockages of airways in
the furnace and boiler plantue to accumulation on plant componentgis is

discussed in more detail in Chapter 2. The bulk density of a material to be used as an

11



energy source is important in relation to the transportahiandlingand storage of

biomass fuels.
1.2.2. Differences between fossil fuels and biomass

There are a number of tBfences in key characteristics between biomass and coal.
The content of volatile matter in biomass is typically around 80% compared to 30%
for coal[8]. There are significant variations in the physical structure, composition and
properties of the various biomass fuels which are of potential useoffiring.
Biomass can be said to behave in a similar manner todot (lower energy content

and carbon contengpals.

Biomass fuels differ from standard fossil fuels usdtlidisedbed @mbustionFBC)

in a number of waysThey typically havehigher moisture contents, lower heating
values, higher hydrogen content, higher volatile matter content, less@ranore
oxygen[20]. As there is more volatile matter available for reaction in biomass it
more likely that homogeneous ignition will occur for biomass f{&IsA summary

of some of the different physical, chemical and fuel properties of biomass and coal

fuels is given inrablel1.7.

Tablel1.7: Physical, chemical and fuel properties of biomass and coal[fy&k. daf = dry

ash free.
Property Coal  Wood Pellets Palm Kernels  Straw
Bulk density (kg/m?3) 1300 500 500 500
Carbon content (% daf) | 68.80 47.91 44.20 38.46
Ash content (% dry) 17.70 1.10 4.38 8.90
Volatile content (% daf) | 32.50 79.16 71.63 72.00
Calorific value (kJ/kg) 27443.5 18710.5 18719.0 15353.5
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1.2.3. Sources of biomass

The two main sources bfomass are purpoggown energy crops and wasEnergy
crops encompass purpegewn crops. Waste include wood residues, forestry
residues, sewage, municipal solid waste and animal Wag#]. In general the

characteristics of the ideal energy crop[4@:
High yield
Low energy input to produce

Low cost

Composition with least contaminants

= =2 4 A4 -

Low nutrientrequirements

The capacity to grow perennial energy crops willow SRC (short rotation coppice) and
miscanthus on land in Ireland currently in grassland is substantial. Up to 250,000 ha
of grassland could be converted to produce energy crops at adesgpeéds without

significant effet on existing farm enterprises or food and feed produ§2i®h

Figure 1.4 shows the domestic supply curvies direct combustion of biomass in
Irelandfor (a) 2012, angbrojected curves for (b) 2020 and (c) 2030. They depict the
guantity of each biomass resources that could be available (width of each block) and
the price at which it is available (height) to be sold by farrf#tE The majority of

the resources are shown to be woody types of bionTdssre is significant potentia

for both willow and miscanthus from 2012 to 2030 due to the high marketanite

the tariffs set by the governmdi{ . Note the change in theaxis for table & c in
Figurel.4. The disposal costs associated with waste, such as Biodegradable Municipal
Solid Waste (BMSW) and Post Consumer Recovered Wood (PRCW) mean these
resources argypically available to bioenergy installations at a negative/zero price and

thus they appear below the zero price line.

In 2012, Ireland had a total primary energy requirement of 13,27 Ktoaf which
direct combustion obiomasscontributedapproximately 350 ktoe (2.6%) of this. In
202Q the Sustainable Energy Authority of Irelaf8EAI) project that Ireland will
have a primary energy requirement of 15,324 k&8, with direct combustion of
biomassotentially accounting fo#.7%. If an increasw 17,000 ktoe is assumed for

2030, the market share difrect combustion dbiomasscould increase to 17.7%.
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Figure1.4: Domestic biomass resource supply curves for direct combustion for (a) 2012, (b)
2020 and (c) 203(¢22]. Note the change in theaxis for table a c.

14



1.2.4. Conversion techniquedor woody biomass

There are a number of methods by which woody biomass can be converted to useful
energy. Thermal conversion of biomass is the primary mechanism of retrieving
energy, with combustion, gasification and pyrolysis the main methodg2&jedn
addition to thermal conversion techniques, solid biomass can be converted into bio
fuels via biechemical conversions, such as fermentation and anaerobic digestion, but

these are beyoritie scope of this worlk4].

A brief overview of thethermalmethods used to produce solid, liquid and gaseous
biofuels is given, followed by a section on the preparation required foditbet
combustion of biomass. An overview of the different thermal conversion processes

and the products produced from these processes is sh&igunel.5 [25].

Lot
N Product
Conversion Primary Recovery Secondary
Technology Products Extraction Products

/

Uit Chemicals
b N

Synthesis ,
Gasoline

Pyrolysis §_} Char

Tars and oils T
Energy Methanol
Gasification ——«E Gas Recovery
Gas Turbine Y Ammonia
Combustion — Engine —
Electricity
;/ Boiler -7

Figure 1.5: Biomass thermal conversion processes and different applicataaysted from
[25].

Solid biomass can be converted into useful biofuess number of conversion
techniques. Pyrolysis ihé thermal decomposition of biomass in the absence of
oxygen. I't occurs at r ed5@°C)iandeadnvertsibionvasst e mp e
to more useful fuels, such as a hydrocarbon rich gas, carbaolidhesidue and bio

oil [18,24] Torrefaction is considered a milbrm of pyrolysis, occurring at
approximately 200G 320 °C. The purpose of torrefaction is to reduce moisture and

oxygen content of biomass, thereby increasing its heating [d8lie
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Gasification is the thermohemical conversion of biomass into gaseous fuels (syngas)
by the partial oxidation of the biomass at high temperatures. It is used to produce both

low and high calorific value syngases.

Biomass can be burned directly in dedéchbiomass combustion systems, wdste
energy plants, and alongside fossil fuels in existing power plantgifay). Co-firing

with peatfor electricity production has been found to be a promising practice and is
the focus of this work. The products thiarm during the combustion of biomass are

the focus of this work and are discussed further in Chapter 2.

1.3. Combustion technology

Three main technologieme currentlyused in the combustion of biomass: grate bed
combustion, pulverised fuel combustion dhddised bed combustion. The purpose

of combustion is to produce higamperature flue gas, which heats water in heat
exchanger (boiler or superheater) tubegproduce a superheated and pressurised
steam. This steam then enters a turbine and drive¢eatni@ generator. This low
pressure steam then condenses to water and the cycle, which is known as the Rankine

cycle, is closed.

The efficiency of the Rankine cycle depends on the pressure and temperature of the
steam entering the turbirldencethere isa need for materiatsapable ofvithstandng
high temperatures amessuresA diagram showing an ideal Rankine cycle is shown

in Figurel.6.

High
pressure

Working flud
saturation curve

Wiurb, out
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Temperature
W

!

Entropy

Figurel.6: Diagram and graph showing the key stages of Rankine.cycle
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1.3.1. Grate combustion

Grate boilers are the traditional boiler of chdieesmall scalesolid fuel combustion
with a wide operating size ranging from 15 kW 500 MWe. Grate boilers have the
ability to burn a range of fuel types including, coal, peat and biomass. In this
technology, drying, pyrolysis, char gasification and char oxidation take place on a

grate, with combustion air distributed throughout the furfiaég

The drawback with grate combustion technology is the relatively low boiler efficiency
and highgreenhousgas emissions. However due to the simple structure, the cost of
investment, operation and maintenance are typioaly inaking them favourable for

smaltscale applicationf8].
1.3.2. Pulverised fuel combustion

In pulverised fuel plants, fuel is ground to a fine size (diameter < 2 mm), to facilitate
continuous entrainment in the gas fI{@6]. There are three ways in which biomass

can be aded to a fossifuel-burning pulverised boiler.

1) If the proportion of biomass is kept low, it can be fed with the fossil fuel
through the mills to the boiler. However if the biomass proportaeeds a
certain limit issues willarise with the feeding systedue to the different
physical properties of biomafa7,28]

2) Separate handling, and grinding of the biomass, before injection into the
pulverised fuel; which is then fed into the boilers. This involves significant
changes to the operation of the boiler and creates difficulties in controlling
operating conditions. Separate preparation of the biomass ensures it can be fed
into the boiler throuly the normal feeding lines without proble[@9].

3) Separate handling and grinding of the biomass in additiorseparate
combustionin dedicated boilers. This involves a high cost to operators. The
benefits of this system is that it allow for both the biomass and fossil fuel to

operate at optimal conditions for the individual fuel soy2&3.

All three options will likely result in a loss of net power output so the proportion of
biomass in the mixture is thereformlted. This is due to the lower calorific value of

biomass compared to fossil fuels or power used to prepare the biomass fuel for
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combustion. The main motivation for using biomass in pulverised fuel combustion is
the need to reduce emissions in existiranfd[8] and subsidies and regulations which

are currently in placg,4].
1.3.3. Fluidised bed combustion

In this technology, fuel enters the combustion chamber via feed lines and mix with the
bed material, which is typically sand lonestone. Up to 90 98 % of the total solid

mass entering the combustion chamber is bed material. Primary combustion air enters
the chamber from below a perforated bed ptateia tubes which protrude from the

bed of the boileland causes the individuphrticle to become suspended in the air
stream, and the bed is known as fluidi§&@]. As the air velocity increases, there is
bubble formation, vigorous turbulence and rapid mixing of the particles. This allows
for intense heat transfer, which provides good duomus for complete combustion

[31].

There are two main boiler types that make usduadited bed technology, bubbling
fluidised bed (BFB) and circulating fluidised bed (CFB). A schematic of a circulating
fluidised bed boiler is shown iRigure1.7 (a) and a bubbling fluidised bed boiler in
Figurel.7 (b).

The choice between BFB and CFB is typically linked to the choice of fuels being
burnt. BFB is typically thought of as simpler and cheaper and hence it is favoured in
plants that exclusely burn biomass or similar lograde fuels that contain highly
volatile substances to keep costs down. Recently, new CFB designs have provided a

competitive alternativeo BFBfor use in biomass fired plarig].

In a bubbling fluidized bed the fuel particle sizes are typically large and the yelocit
of air and overall temperature are loywas shown inrable 1.8 [26,29,32] This is

done to ensure th&iel does not escape the combustion chamber prior to combustion.
In a circulating fluidized bed, the material passes through a cyclone separator, which
then returns thenburnt fuel particles and bed material to the combustion chamber.
Further information on both bubbling and circulating fluidized bed technology can be

found in referencef83,34].
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Tablel.8: Characteristics of bubbling and circulating fluidised bed technd@g;29,32]

Technology Bubbling Circulating
Fuel particle size (mm) <80 <40

Bed particle diameter (mm) 0.57 1.0 0.27 0.4
Fluidization velocity of air (m/s) | 17 2 5-10

Bed temperature (C) 6501 850 7501 900

1.4. Challengesfor biomass combustion

A number ofchallengs have beenentified in the use of bioass as a fuel in power
plants.If biomass is to replacefassil fuel at a large scale this will require the use of
large areas of land to cultivate suitable biomass fuels in sufficient quantities. It must
be ensured that sutfent farmland exists for the production of both food and energy
crops for use in plants. A problem also exists in relation to the cost of producing and
harvesting biomass fuels. The most significant cost in the production of biomass is in
the transport ofhe biomass, which is largely a function of the distance between the

plant and the biomass production sitel the fuel HH\{10].

Importation of biomass via shipping is an alternative meanstaifirong sufficient
guantities of biomass. The economic feasibility of this will depend on the quantities
required via shipping and the distance travelB3J35] From an environmental view

it was found that the emissions from long range transport@i®f0 km, via shipping

are of negligible impdance[36].

In addition to these production issues of biomass, problems occur during combustion
of the fuel. Buling, slagging, agglomeration, trace metal emissions, the low heating
value of biomass fuels, as well as the high temperature corrosion of heat exchanger

tubes[9,20], are all significahchallenges in the use of biomass as a fuel in plants

Trace elements (e.g. Cu, Pb, Zn, etc.) present in some biomass fuels can cause

environmental and health problems. Due to this, plant operators must take measures
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to reduce the presence of these harmietials such as cleanup by adsorbent materials
[9,37].

Biomass fuels typically have a high moisture content relative to fossil fuels. As a result
of this their leating value is typically lower, leading fmotential flame stability
problems Blending biomass with higher quality fgetan overcomethis problem
[9,38,39]

Fouling and slagging are terms used to describe the accumulation of ash on the surface
of heat transfer equipment. The high levels of chlorine and alkalis in biomass result in
low melting temperature eutectics forming which cause highilyerent meltt form

on tube surfaces leading to enhanced deposition. The degree of fouling and slagging
varies thoughout the boiler depending dwcal gas temperature, tube temperature,

temperature gradients, gas velocities, tube orientation and fuel comppida].

Agglomeration is when bed particles adhere to each otmerirfg larger entities
(agglomerates)in biomass fird plants it canoccur due tadwo phenomena: (idhe
accumulation of lowtemperaturanelting salts of potassium and phosphorous, and (ii)
with silica from sand and calcium from fuel inifieg a reactionwith potassium
phosphate leading to the formation of low temperature melting silicates of potassium
and calcium. Agglomeration is a leading cause eflwldization in boilers, which can
result in costly shutdown perio@3]. Fuel particles burning in the defluidizedreo

will fail to dissipate their heat leading tbe formation of docalised hot spotThe
temperatures of particles in this region incredésading to particles sticking to one
another further restricting mobility in the zone. This also results in the formation of

clinkers in this region which can cause damage to plant compdB6hts

Sintering of the bed is caused bizangs in bed particle chemistrgue toreaction
with ashforming matter.Sard, gravel, ash from coahnd Imestoneare commonly
used as bed matergaleading to the formation gbotassium and calciursilicates
when burning biomass fudl30]. Thesecan in turn form a molten viscous glassy phase
on the particle surfaces, making the particles higlalgerentNonetheless, quartz is
still the dominant bed material used for economic readonmsestone is sometimes
added to the bed material to reduce; Sissions.In co-firing agglomerates of

particles from the different fuels, will form, in addition to the particles formed from
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each individual fuelmaking the prediction of sintering in a muttbmponent bed
difficult [44i 46].

High temperaturdireside corrosion of heat exchangers is akedwn issue in the
power generation industry and can result in early tube failures leading to costly plant
shutdown and repairThe high levels of alkali chlorides induce an accelerated
corrosion rate of the tube walls. The focus of this work is on high temperature
corrosion and as such this is discussed briefly here with a malepth review in
Section 2.7.

Fireside corrosion occurs as a result of exposutebawall material to thegaseous,
molten and/or solid products of thbembustion process. Flue gasghich contain Q,
N2, CO;, SO, HCI and other minor gaseous speciean result in a harmful
environment for plant components. addition to gaseous speciefsactions ofnor
combustible materials (ash), such as alkali salts (e$QK NaCl, KB, which form
as a product of the combustion process, can be transported to heat exchdregers

theycanform deposits on tube walls.

It has been found thahe co-firing of biomas results inthe formation ofashwith
differentpropertiedrom thoseof peat andoalindividually. Specifically, biomasash
contains elevated levels of alkali halidesainly potassium and sodium chloride,
which cause accelerated corros@rheat exchnger tubes. The focus of this work is
the corrosion procesbkat occurs durinpiomass cdiring andthe associate@ffects

on structural integrity of wsitu pipes. An example of heavy fouling and corrosion of
superheater tubes taken from an operatiplaaitwith steam conditions of 563 °C and
16.8 MPais shown inFigure1.8 (Courtesy of ESB)
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Figure 1.8: An example of irsitu deposits on superheater tubes and tubes showing heavy
corrosion following removal (Couesy of ESB)

Changein compositios of flue gas and ash formed during-fiong and subsequent
high-temperature corrosion is the main reason why steam temperamardence
plant efficiency in biomassplantsis lower than incoal plants[47]. The extent of
fireside corrosion of éatexchanger tubes in dring plants depend primarily on(i)
composition of the gas and astmbustion productgii) theflue gastemperature and

(i) thematerial of the tube walls.

Biomass typically contain®wer levelsof suphur, relative to fossifuels, while the
content of alkali metals and chlorine can varyhe CI:S ratio of biomass fuels is
generally found to be higher in biomass fuels due to the lower sulphur levels.
Potassium and chlorine are both knownaftect corrosion rateslhe presege of
chlorine typically causeshe formation ofloosely adherent, neprotective oxide
layers. Failure of superheater tubes in a bubbling fluidized bed boiler has been
reported following just sixmonths ocombustion o highCl barkbiosludge mixture

[48]. This highlights the ned for improvedunderstandingf the biomass corrosion

process.

A largeamountof work has been carried out on the corrosionmaeof chlorides in
depositg49i 54]. The consensuss that alkali chloridecontaining deposits result in
very high corrosion rates, evarmen the tube surface temperaturesreet below the

melting points of the saltsThis isprimarily due to a corrosion mechanism known as
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active oxidation which is described in detail in Chapt2[51,55 58]. It hasbeen
shown that the most severe @mion problems occur due to the formation ofiCh
deposits on the superheater tuljgSi 61]. This can be partly attributed to the
formation of liquid phases in depositshas been shown thedbrrosion rate acelerate

if Cl2, HCI or alkali chlorides are present in the atmospEr&3,62 64].

1.5. Aims and objectives

The aim of this research is to characterise and accyaedictthe cofiring induced
corrosion of superheater tube materials and affect of this corrosion on tube

mechanical performance.

A combined experimental and modelling approadims been adoptedThe
experimentahspect investigatesecorrosion rag¢ caused bgalts formed by synthetic
peatbiomass asbn different candidateibe materialat a range of temperaturdhe
modelling aspectadops a multiphysics approach, based on solid mechanics
modelling, to predict theffect of material corrosion on the mechanical performance
and structural integrity of plant componemigporosity-based diffusion modes also

developed to provide a physical model for the corrosion process.

The main objectives for this project candgdit into experimental and computational

aspects respectively, experimentally the objectives are as follows:

1 Determine the chemical composition of deposits forming on heat exchanger
tubes and prepare representative synthetic salts.

1 Assess the response oéndidate tube materials to the synthetic salts at
representative temperatures.

1 Investigate the effect of inclusions formed during the manufacturing of

materials on corrosion rates and mechanisms.
From a computational viewpoint the objectives of this warkthe following:

1 Develop a physicalipased model for the active oxidation corrosion process.
1 Investigate the effect of uniform corrosion on tube rupture life.

1 Investigate the effect of stdurface inclusions on localised stresses.
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1 Investigate the effeof pitting corrosion on tube stresses in a pressurised tube.

The key ativities, each of which address an objectiwdiich have been carried out
during this research are detailedrliable1.9.

Tablel.9: Key activities discussed ithesis

Experimental

Identification of depositcomposition and preparatiorf | Chapter 3

synthetic salts

Elemental analysis o& range of biomass fuels and depo| Chapter 3

obtained from operational plants

Exposure of boiler tube material to synthetic salts| Chapter 4, 5, ¢
temperatures representative of plant operating temperature and 7

Examination of oxide scales and assessment of subsul Chapter 4, 5, ¢

material damage and 7

Investigation orthe effect of inclusions on corrosion rates | Chapter 6 and 7

materials

Examination of samples taken fromsitu heat exchanger tub( Chapter 7

Computational Modelling

Identification of key limiting phenomena in corrosion proces Chapter 4

Determination of corrosion rates based on experiments an( Chapter 4 and 5

principles
Development of a porosiiygased model for corrosion rate Chapter 4

Incorporation of a wuniform corrosion swuodel into| Chapter 5

mechanicdy loaded finite element models

Investigation into the efte of inclusions on localised stresses Chapter 6

samples via finite element modelling

Development of a pittingorrosion model and investigation | Chapter 7

the effect on localised stresses via finite element analysis
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1.6. Thesis overview

Chapter 2 contains a review lgkraturerelevant to this research details (1) how
the biomass decomposes during combustion leading to the formation ¢2)asie,
science behind the corrosion of materig@$the materials of interest to this wognd
(4) an indepth review into previous work done on the fireside corrosion cényseal

firing biomass.

Chapter 3 presents the experimental methodolbich has been developed at NUI
Galway, to investigate the accelerated corrosion which is observed during biomass co
firing. The method behind producing synthetic salts to replicattu deposits is
detailed, along with theonditions at which samples wezgpo®d Results of energy
dispersive Xray spectroscopy (EDX) carried out on samples of raw and torrefied
biomass materials are presented, and their suitability for use asia fistissed.
Additionally samples of depositsave been obtained from sugerater tubes and
analysed to determine the composition ofdeposits which accumulater different
plants.The analytical equipment used in #eamination of test samplesdscussed

and the theory that they operate under is brigdigcribed

A novel physicallypased model to predict the accelerated corrosion under salt
depositsubject to active oxidatidior pure iron igoresented in Chaptdr This newly
developed modalses measurements of oxide layer porosity and pore radius to obtain
an effective diffusion coefficient to predict corrosion rates. Compariacgisnade

between results obtained fromgtmodel and previously developeahpirical models

Chapter5 presentsexperimentalresults for the corrosion ratd 91 steel when
exposed to salt deposits. These are combined with creep damage models to assess
creepcorrosion ofpressurized tubes using the finite element program Abaqus. The
effects of uniformtube wallmaterialloss and creep damage on tube stresses and creep

rupture life is investigated

A microstructural study into the corrosion proce$®91duringco-firing is presented
in Chapter6. The effecs of inclusions as potential sites for pit initiatiam pitting
corrosion is discussed. The potential of inclusions to act as sites for stress

concentrations is studied using fingeement models and the results are discussed.
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These stress concentrations can result in localised plastic strains whidbath&y

crack initiation points.

A microstructural study into the corrosion process of 347SS durirfiyig is
presented in Chapter 7. Comparisons are made between the corrosion rates and
mechanism of 347SS aR®91, from Chapter @ he effect of pitting cwosion on tube
stresses is investigated in ChapteExperiments have been carried out to determine

the frequency and severity of pitgatform during biomass cbring. Finite-element
modelsof pipeshave beerdevelogd with pitformationbased on thexperimental

datg as well as data on pit formation fromsitu tubes.

Chapte8 summarizes the main outcomes and conclusions from the previous chapters.

This leads to recommendations for potential future work.
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2. Literature Review

2.1. Chapter overview

In order to characterise materials for use in power plants during bioméissga
number of significant factorshouldbe considered. These can lm@keninto the
following key topics; (i) the biomass fuel, (ii) the combustion technology used, (iii)
the heat exchanger materials used, (iv) the mechanical loading to which the material
is subjected and (v) the corrosion mechanism to which the materialdbgretsd.

Knowledge of biomass as a fuel is essential in order to appreciate the benefits of co
firing biomass in large scale power generatibine use of biomass as a fuel and the

combustion technology currently used forfaong was presented in Chapter

Section 2.2etails the decomposition of a fuel particle as it undergoes comhustion
The details behind ash formation and deposition on heat exchasg#iscussed in
Section 2.3A background on corrosion as a general damage mechanism is given in
Sedion 24. The different forms of corrosion are discussed and a number of corrosion

models are reviewed.

The mechanical damage mechanisms associated with heat exchanger tubes at high
tempeaturesis reviewed irSection 2.5 The material microstructure witerest to this
research are reviewed Bection 26. A detailed reviewof previous work on the
accelerated corrosion due to biomassidng is presented itsection 27. Finally, an

overall summary of thkterature review is given inégtion 28.
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2.2. Solid Fuel Combustion
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Figure 2.1: Schematic showing thermal decomposition of fuel and ash formation, adapted
from [65,66]

In a combustion chamber, a particle of fuel undergoes heating and drying,
devolatilisation and volatile combustion, swelling and primary fragmentation,
combustion of char wh secondary fragmentatiollhese processes are shown
schematically inFigure 2.1. Both organic and inorganic components of the fuel
undergo devolatiiation, which leads to the release of gases stored in the pores of the
fuel, with the remaining solid called ch&i 70].

Charconsists ofcarbon,organic substances aagh Char oxidation is typically the
ratelimiting step in the combustion procg§d]. The combustion of a char particle
proceeds via the diffusion of oxygen to the surface of the particle, and then through
the pores of the particle to the internal surface. Once,thegacts with carbon on the
inner and outer surfas®f the particle. Products of this reaction then d#fuis the

outer surface and to the bulk gas surrounding the particle. A numbesdeishave

been developed to describe this pro¢@éss/2)
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2.3. Ash formation in fuels

Very little ashforming matter is expected to be produced during the drying stage
which takes place at temperatures of around ID(73]. During high temperature
devolatilisation, the fuel particles release large amounts of vapours and gases. For
most biomassedbetween 78®0% of combustible matter will be released as vapours
during this stage, with some afirming elements being released during this stage.
During the following char burning steparticle temperature can rea850i 1000 C

and the easikyolatilised ashforming metals form gaseous compounds such as
chlorides. The extent of this releaskgases depends upon the burning conditions,
such as temperature and oxygen cont2oit

Inherent nmeral matter isconsidered the most important source of-fashming
elements responsible for high temperature corrosion of heat exchangeirthbesnt
minerals form in thduel matrix asan oxygencontaining compoundvhich desnot
separate from organic particles before combustion. As biomass contains higher levels
of oxygen than fossil fueldhe potential for inherent minerals is larger in biomass.
Typical examples of imerent materials are combinations of alkali and alkaline earth

metals such as sodium or potassium compo(ifzig4]

There are a number gburcesof biomass fuel property datvailable both in the
literature and in online data banks which show analyses of th@asimg matter of
fuels[15,39,75,76] Table2.1 shows theash elemental analysis (major elements) for

a number of important biomass materials. It is clear from the data presentgtikhat

the composition variesiomass fuels tend to be rich in similar elements, ileiwa,
potassium and phosphorous. While the ash chemistries of other biomass materials vary
significantly they are all dominated by Ca, K of2B]. This information is extremely
important when related to the melting temperature of biomass ash, as is discussed in

more detail in Section 2.7.4.
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Table2.1: Typical ash elemental analysis (major elements) famaberof biomass fuelf29].

Biomass type Forestry SRC  Miscanthus Olive  Palm

residue  willow residue kernel

S content (wt%,

_ 0.04 0.05 0.20 0.20 0.20
dry ash-free basis)
Cl content (wt%,
_ 0.01 0.03 0.20 0.20 0.10
dry ash-free basis)
Ash content (wt%,
2 2 4 7 4

dry basis)

Elemental analysis (mg/kgof ash dry basis)

Al 0 0 0 1500 750

Ca 5000 5000 2000 6000 3000
Fe 0 100 100 900 2500
K 2000 3000 7000 23,000 3000
Mg 800 500 600 2000 3000
Na 200 0 0 100 200

P 500 800 700 1500 7000
Si 3000 0 0 5000 3000

There are five main mechanisms which contribtdedeposit growth on heat
exchangers: condensation, thermophoresis, brownian and eddy diffusion, impaction
and chemical reaction$77i 79]. Impaction is typically considered the main
contributor to deposit build up on heat exchanger wal[§2]. A number of
computational models have been produced using CQE@mputational fluid

dynamics) among other techniques, to predict deposit foilmnadin tube$80i 84].
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2.4. Corrosion of materials

Corrosion is therreversibledegradationof materials via chemical reaction with their
environment. There are several consequences of corrosion, the majority of which
resut in detrimentakeffects on the safe, reliable operation of equipm@&iis can lead

to costly plant shutdowns and the repair or replacement of corroded materials.
Oxidation is the most common form of corrosion, and occurs via the chemical reaction
of a material with oxygenOther types of corrosion include sulphidation and

chlorination.

Corrosion can ccur in reducing Iow oxygen containing) environments, via the
reaction of a material with other elements, such as chlorine (chlorination) or sulphur
(sulphidation)85i 87]. If the combustion process is not carried out in sufficient levels
of oxygen(lower Ry2), areducing environment will fornHowever, it is more likely

that a mixed gaseous environment, consisting of, S, NOx and HCI, will be

presenduring combustiori38].

Different materials react with oxygen (oxidise) at different rates due to their material
properties. Alkali and alkaline earth metadach as sodium, magnesium and calcium,
oxidise quckly. Noble metals such as silver or goldjave ahigh resistance to
corrosion, while transition metals, such as iron, nickel and chrophiawe amoderate
corrosion resistancg89]. Alloys of transition metals areommonly used for heat

resistant materials yoiler manufacturers due to their relatively low cost.

The addition of different alloying elemenis employed to promote enhanced
corrosion resistance and improved mechanical performafbe. additon of
chromium, for exampleincreass oxidation resistance, due to the formation of
chromium oxide on the substrate surfi®4. This oxide layeacsas a barrier against
further oxidation by preventing additional oxygen reaching the substrate. This is

discussed in further detail in Section.2.6

32



2.4.1. Thermodynamics of metal oxidation

Itis well known that metals are thermodynamically unstable and form different oxides,
sulphidesetc. easily, particularly at high temperaty&g]. The most stable phase of

a material under different conditions can be expressed in the form of phase equilibrium
diagramsThe most stable phases for a metahtva given temperatugreshown in

Figure2.2, as functions opartial pressures of sulphuisg) and oxygenRo»).

From this we can see that at a |Byg an increase iRo2, will lead to the formation of
metal oxide (MO). Similarly wheRo2 is low andPs, high, metal sulphid¢MS) will

form. If both R, and R> are high a metal sulphate (MSpwill form [90]. If the
temperature changethe phase equilibrium will change to represent the new stable

phase locations.

MSO,
MS

log ps.

MO

log p,,

Figure 2.2: A typical metal sulphubxygen phase diagraat a given temperatuyradapted
from [90].
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2.4.2. Kinetic modelling of metal oxidation

The «tent of oxidation is often measured hetmass increase afmaterial, since
oxidation is the additionfooxygen atoms t@ material the weight of the material
usuallyincreasesOxidation behaviour, in terms of time history of mass incregss,

at high temperaturess typically classified adinear or parabol, as follows,

respectively:
DM = & (2-1)
DY =k, < (2-2)

wherek, andkp are kinetic coefficientand C is the constant of integratidnis usually
positivebutcanbe negative, indicating that the oxide evaporatexformed,calsing
the material to lose weightris always found to be positi\87]. Theapplicability of
either model depends oxidation behaviour observed during testing

The effects of temperature on kinetic coefficient§ oxidation canbe represented

using Arrheniugquations asfollows:

kL — Ate-QL/ﬁT (2-3)
k, = A€ Qp/RT (2-9)

where AL andAp, are Arrhenius coefficientsQ. and Qp are activation energies for

oxidationand R is the ideal gas constgj7].
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2.4.3. Forms of Corrosion

The different forms of corrosion are brieflseviewedin this section[91i94]. A
schematic showing the different forms of corrosion is showsgare2.3.

® K

Uniform corrosion Pitting corrosion Intergranular corrosion Stress corrosion cracking
(a) (b) (c) (@)  (5€Q)
Flow
—

More | Less

Noble | Noble
Crevice corrosion Galvanic corrosion Erosion-corrosion

(e) (f) (g)

Figure2.3: Schematic sheing differenttypes of corrosionadapted fronf95].

Uniform corroson, whichis the most common form of corrosion spreads uniformly
over a wide surface area, resulting in a relatively predictable corrosiof9dite
(Figure2.3 (a)). It is caused by chernal or electrochemical reaction arebulsin the
deterioration of the entire exposed surface of a metal. It is considered the safest form
of corrosion due to its predictable, manageable and often preventable hatmdoe

limited via inhibitors or protective coatingshich prevent harmful elementsaching

the metal surfacf92].

Pitting corrosion is the most dasctive of all corrosion types;is localisedresulting

in the formation of numerous small irregljashaped cavities (pits) in the metal
(Figure2.3 (b)). It canbe initiated from surface defects aibanay be coveredral
hidden by compound corrosion produdfghen a small pit formghe area becomes
anodic, while the remaining metal becomes cathodic resulting in a localized galvanic
reaction. It is difficult to pedictpitting and failurecan resulfrom a relatively small

area of corrosioff1,92].

Intergranular corrosion is a localised chemical or electrochemical attack of the grain
boundaries of metals, with little corrosion of the grgfigure2.3 (c)). This can be
caused bympurities in metalswhich tend to be present in higher contents near grain
boundariesintergranular corrosioteads to weakening of the metahd increasd
potential for dislocation of grain#t is only detecable usingnicroscopic observation

at high magnificatio89,92].
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Stresscorrosion cracking (SCC) occurs due to toenbinationof mechanical stress

and a corrosive environmertthis leads to the crack formation at the metal surface
SCC, is typically localised with fine cracks progressing through the mdes].
Typically the corrosive environment that causes SCC is only mildly corrosive in the
absence of mechanical stress. Due to this the metal surface can appear healthy, while
being filled with microscopic cracks. This makes early detection of SCicutlifand

can result in the unexpected failure of metgigire2.3 (d)) [89,92]

Crevice corrosior{(Figure 2.3 (e)) is an intensly localised corrosion, which occurs
within the crevices and other shielded areas of mefdis. crevice can be a gap
between two metals or a metal and a-nwtallic matel. It is similar to pitting

corrosion and is caused by acidic conditions or a depletion of 0X8§€2]

Galvanic corrosion occurs wheslectrochemicallydissimilar materials come in

contact with one another in a corrosive environmdinis resuls in the flow of
electrons from one material to anotleie to the electrochemicabtential difference
developed between two different metals and occurs due to poor @esgigre2.3 (f)).

The difference in electrode potentials of the metals leads to one metal acting as an
anode and the other as a cathode leading to the accelerated attack on the anode member
of the metalsThe corrosion damage is highly localised in the contact zone with the
other meta[89,92]

Erosiorrcorrosionin the acceleration o& corrosion ratedue tothe flow of the
surroundingfluid or fluidised material around ametal surface. The increased
turbulence caused by corrosion of the metal surface results in a rapidly increasing
erosion rate. A combination of erosion and corrosion can lead to igrypliting

rates. Typically waves and grooves form on metal surfaces following erosion

corrosion which exhibit a directional pattdfigure2.3 (g)) [94].
2.4.4. Oxide scale structure

Different materials form oxides at different distances from the subsiiateoccurs
as they have different diffusion coefficients. Materials with lower diffusion
coefficients will form oxides close tdé surface than those with high diffusion

coefficients as they will not diffuse as far before oxidig®Big).
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In certain cases an initial oxide layer is desirable as it forms close to the substrate,
resulting in a protective oxide scale. These oxides have lower vapour pressures than
materials which form oxides which are detached from the substrate. Oxides which
form further from the substrate offer little protection against further oxidation.

Oxide scales develop stressetich canresult in their breakdowrThe stress in an
oxide hasheen described as a superposition of six individual stress terms as follows
[96]:

sTotaI = SntrGrth + (‘;séomGrth +T1$:erm +Cr'§ép iblicﬁ)crck Mec-tl{ (2_5)

inrerth corresponds to the stresses which occur during oxide growth and relate to the
formation of new oxides within the oxide layeliceomcrihcorrespond to the stresses
which occur during oxide growth and relate to the surface geometry (e.g. curvature,
roughnes). Grnerm represents the thermaligduced stresses due to the difference in
thermal expansion coefficients of the oxides and the m@&akpa n vicrodikex, are

stress associated with oxide creep and oxide damage, respediixelyis stress due

to mechanical loading, e.g. internal pressure. Sabau [@7dhave presented critical
strain criteria for ack initiation, delamination and separation of oxide scales. Based

on this criterg, failure of the oxide scales cée predicted.

Figure2.4 shows two possible mechanisms for the breakdown of oxide scale® As th
oxide scale thickens, cracks cdevelop or detachment from the subst@eoccur.

If the volume of the oxide is leslsan the volume of the parent material, it will crack

in order to relieve the strain as showrFigure2.4 (a). If the volume of the oxide is
greate than that of the parent material, the oxide will break the adhesion between the
oxide and substrate resulting in the release of the strain energy as shogure?.4

(b) [87]. The volume change occurs as a result of the addition of oxygen atoms to the
material and the growth of the oxide.
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Figure2.4: Schematic showing oxide scale breakdown if (a) volume of oxide is less than the
material or (b) the volume of the oxide is greater than the matsdegbted fronj87].

2.4.5. Corrosion Modelling

There have been a number of efforts to model corrosion in previous work. A brief
discussion onhese is presented in this section with the functionality and results
obtained shownrAs this work focuses on the implementation of corrosion damage in
finite element models these are the focus of this section. There are several other
examples of incorporaiy corrosion damage into life calculations, such as the work
by Neu and Sehitogl[98,99]amongst othergLOGi 103].

Wenman et al[104] modeled pitting corrosion and stress corrosion cracking (SCC)
of a 2D cross sectional pipe via element removal in the finite element (FE) code
Abaqus. The modekas based othe assumption that cracks grow from the base of
surface pits, under nohanical control. Results of thmodel correspond well with
stresscorrosion cracking whictvasobserved in a boiling Mggkenvironmentin this
mode| pit formationwas limited in fawour of crack growth. This allowed the model

to simulate cracknitiation at the base of pitsCrack growth was theoontrolled by
stress redistribution around the deleted elementsontact with the free surface
Figure 2.5 shows some typical pit morphologies whisiere created via deletion of

computational elementgL04].
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Figure 2.5: (a) Pits showing varying depths and morphologies created by element deletion
based on a critical plastic strain and random number generator, (b) following time increments
showing pits transitioning to cracks in marked boxes in (a). (c) and (d) showpoordasy
fraction of yield stresgL04].

Steamside oxide scale growth on heat exchanger tubes has been modelled in work by
Purbolaskono teal. [105] using the finite element program ANSYS. This work
investigate different oxide growth rates and resultant changes in temperatures at the
scalemetal interfaces. The effect of different design temperatures for steam and
different heat transfer properties were investigated. Scale growths were shown to be
influenced bytube geometry and heat transfer parameters such as steam temperatures,
mass flow rates of steam, flue gas temperatures and convection coefficients on the
outer surface of the tubgk05].

Turnbull et al.,[106,107]modeled the evolution of pits, pito-crack transition and
early stage crack growth using the finite element program Abaus. model

accurately captutketheearly stages of crack growth.

Grogan et a).[108] developed a numerical model to predict the effects of corrosion

on the mechanal integrity of biecabsorbable metallic stents. Experimental wwes

39



carried out to determine the effects of corrosion on the integrity of metallic foils in
addition to the effects of mechanical loading on the corrosion behaviour of the foils.

The modelvas then applied to a complex stent in an idealized arterial geometry.

A second corrosion model has been developed by Grogan [Et08]. to model
corrosion of stents making use of an adaptheshing technique. This method ava
more efficient than previousethods and as it does ripend on element deletion it

was less sensitive to mesh resolution.

Biglari and Nikbin[110] developed a sufrain size finite elemémeshing technique
which has been applied to a combined creaposion damage and crack growth
model. The model alloed for crack paths to cause failures from intergranular and
transgranular cracking in addition to surface oxidation and depletion doetsion.

A probabilistic random crack extension criteriaras deployed to allow for the
statistically varying random damage and crack growth development during a model

run.

This takes into account the scatter which occurs in test data and oxide/aathk gr
measurements. A model of a simple block under tension subjected to creep and
corrosion damage and the relative extent of creep to corrosion damage under different

loading conditionsvas investigated. A result showing crack growth and oxide scale is

shown inFigure2.6.

(b)

Figure2.6: Tensile stress distributions under (a) load of 150 MPa after 198thtowide of
20em and (b) load of 70 MPa after 158 kh and oxide of 4@20showing numerous cracks

[110], oxide scale is shown as grey area
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Additionally, woik by Fournier et al[101i 103] attempted to combine creep, fatigue
and oxidation effects in order to obtain lifetime predictions. Fournier et al, found that

the environmet playeda major role both in crack initiation and propagafibd ].

A summary of the different finite element models developeddrrosion damage is
shown inTable2.2.

Table2.2: Summary of finite element modelling work on corrosion carried out to date

Corrosion type  Geometry modelled Authors Ref.

Pitting and SCC 2D heat exchanger tube Wenman et al. [104]

Pitting and SCC 2D and 3D cylinder Turnbull et al. [106,107]

Pitting 3D Bio-absorbable metallic Grogan et al. [108]
stent

Uniform 3D heat exchanger tube Purbolaskono e [105]

al.

Uniform 3D Bio-absorbable metallic Grogan et al. [109]
stent

Uniform and 2D polycrystalline plate Biglari and Nikbin [110]

SCC

2.5. Mechanical damage

Heat exchanger tubes are subjected to mechanical as well as chemical and thermal
damage, potentially leadirtg failure of tubes. This section will discuss creep and
fatigue damageotwhich tubes arsubjectedunder operating conditions.

Tube ruptureoccurs due to micsiructural and metallurgical changes, such as grain
boundary separation in addition to the formation of internal cracks, cavities and voids.
Creep is the main source of failure in steam generating boilers, accounting for 23% of
all failures, as shown iRigure2.7 [72,111] Ashrelated corrosion accounts for 12%

of all failures, highlighting its importance to plant operators.
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Figure2.7: Causes ofailure in steam generating boiletsased on studies carried out in the
USA[72,111]

2.5.1. Creep

Creep is the slow, continuous deformation of a matesiaklevated temperatures
under a constant applied load over an extended period of time. TypwelHs
experiencecreep deformation at temperatures greater hano 0.4Tn,, whereTm is

the melting temperature of the metaKelvin. Creep failure is said to have occurred
when a component is no longer fit for purpatige to excessive deformaticor when

a component has suffered fract(i®&]. Creep rate has been shown to increase with
increasing temperature and increasing stressh@sn inFigure2.8. Creep strain|3,

can be expressed agunction of stress, timet, and temperatur€, asfollows:
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Figure2.8: The effect of stress and temperature on creep strain rate, adapt¢tifzhm

e.=f( &T) (2-6)
Creep deformation is typically dken into three distinct staggsimary, secondary

and tertiarycreep, as shown figure2.9 for a uniaxial constant load test.

Primary creep shows a steady decrease in creep rate and occurs at the early stages of
creep lifetime. In this step rapid dislocation multiplication occurs, with consequent

rapid increases of the dislocation density.aA®sult of this, the creep rate decreases

due to strain hardenir{@13].

Secondary creep shows an approximately constant creep rate. This can be attributed
to a balancing of dislocation annihilation and accumulation, which results in the

dislocation density remaining constant, thus providing a constant creep rate.
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Figure 2.9: Typical creep curve displaying the three distinct regions of creep, adapted from
[114].

Finally tertiary creeps associated with accentuation of damage accumulation due to
void nucleation and growtdong the grain boundarigkl5], as shown ifrigure2.10.

This causs the material to weaken alehds toan increaig creep rateCoarsening

of carbidesandnitrides in addition tothe predominance of dislocation annihilation
also occurs in this stage leading to an increased cre€d t&ie

Voids continue to nucleate, grow and accumulate before finally forming cracks along
the grain boundaries, resulting in rupture. If necking occurs, stress levels will increase
over the decreasing cross sectional area, shortening dimgpture. Final rupture
occurs due to metallurgical/micsiructural changes, such as grain boundary
separation, formation of internal cracks, decreased cross sectional area and
coalescence of the voids leading to the formation of small cracks whiclgptezand

cause rapid failurgl12]. A schematic showing the formation and coalescence of creep

voids on a teasspecimen is shown iRigure2.10.

When designing components to resist cragpumber of factors, in particular stress
and temperaturenust be consideredf. the temperature is high, stress must be kept
low and if stress is high, temperature must be kept Asithe thermal efficiency of
plant increase at higher temperatureseep represents a key challenge for next

generation materialto obtain higher plant efficien¢¥12].
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Figure2.10: Creep void formation and coalescence of voids from creep crack in test specimen
[114].

The rate of steadgtate creepé, can be described by the Norton power las,

follows:
é.=AS (2-7)

whereA is a material coefficient] is stress and is the Nortoncreep exponepntvhich

typically takes a value between ab@uand 8.

Temperaturelependencean be addeds follows:

A= A& @/RD (2-9)

whereA is a material constanfc, is creep activation energyr is theuniversal gas

constant and is temperature in Kelvin
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2.5.2. Creep Damage

The Norton creep equation Hasengeneralised to include the effects céep damage
[117]. A major benefit of damage models is ithability to accurately capture the
tertiary stages of a creep curve. The Kachanov dansagdution model [118]
represerd growth of voids and cavities as a function of time and stress. The Kachanov
model is based on a creep damage varnablevherey, is defined as the void volume

fraction.

The Kachanov model has besxtended to mukaxid form bynumerous authors, e.g.
Hyde et al[119], as follows:

de’ _3Aé ) nqu {m (29)
d 2 gﬁi- W 9§q

dwg _ g S¢ g (2-10)
a1 w)

s, =astl -)a, (2-11)

where eif is creep straint is time, Ueq is equivalentvon Mises)stress (i is rupture

stress{l is maximum principal stres§; is the deviatoric stress addpm, n, B 0g, -
andUare material constans20]. In the Kachanov modelaflure is assumed to occur
when damage reachesvalueof 1, i.e. when the void volume fraction reaclfes
Clearly, for high temperature applications, there will be an interaction betxeen

and corrosionWork has been carried out by Fournier et al. which has investigated the
interaction of creep, corrosion and fatigie01i 103]. It was found that the
environment plays a major role both in the initiation and propagation of cracks.

2.5.3. Fatigue

Fatigue is the progressive degradation of a material subjected to cyclic loading. It is
currently ofincreasinginterest to plant operators due to an increased detiwand
flexible operation of plantd-atigue failure can occwat stress values lower than the
yield stress of a material. Fatigue proceeds via the generation ofecréaks These
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micro-cracks gradually grow as cyclic loading contisuetil they reach a critical size,

at whichstagethe crack will propagate rapidlieading to fracture of the material.

Fatiguecan be classified into low cycle fatigue (LCF) and highle fatigue HHCF).
The threshold from LCF to HCF is normally takdrapproximately 10,000 cycles to
failure. One keydifference between HCF and LCF relateshe relative proportions
of crack initiation and crack growth. For LCF, crack initiation occurs earihén
fatigue life, as low as 3 to 10 % of the fatigue lifigth a long crack growth period

[121]. Conversely, HCF failures have a long fatigue crack initiation period.

LCF occurs when the material undergagslic elastic and plastictiin, whereas in

HCF only cyclic elastic strain occuet a mesoscale (although it does exist on a
microscale) LCF occurs when structures are subjected to heavy cyclic loadings which
induce irreversible strains causing damage up to crack initiation rpagation.

From a physical point of view, the repeated variations of stress induce alternate plastic
strains which produce internal miestresses which lead to the initiation of
microcrackg122].

HCF is one of the most difficult phenometo handle in solid mechanics and as a
result is one of the main causes ofue of mechanical components in service. The
difficulty occurs as defects form at the early stages of damage at a very small micro
or nanoscale under cyclic stresses which are below the engineering yield stress. From
the physical point of view, the cyclicariations in elastic stresses induce micro
internal stresses above local yield stresses. This causes the foraigtemmanent

micro slip bands which lead to the formation of microcrdd22]. In power plant
environments, materials are also subjected to thermal fluctuations which can cause
fatigue damage, even ind absence of mechanical loadi@gmbined mechanicaind

thermal loadindeads tahermemechanical fatigue.

This is an area of significant research in recent years as fossil fuel power plants no
longer operate at a constant base load due to an indreiaace onmenewable energy
[102,103,123,124]Their components are subjected to more transitions from base load
to intermittent mode operatioif his causessignificant cyclicthermalgradientsand
mechanicaloadsduring stardup and shut down cycles. In the present wibr& effects

of corrosionfatigue are not explicitly investigated.
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2.6. Material macro and micro structures

For higher operating efficiencies, materials must be assessed for mechanical
performanceand corrosion resistance at higher temperatures. Material performance
depends on many factors, including material composition, microstructure and
manufacturing. Heat treatment and alloying of metals allows control of properties by
controlling the microstrcture and phases of the metal. For eaistant steels,
operating at high temperatures and under mechanical loading (e.g. steam pressure),
mechanical properties, corrosion resistarumstandease offabrication must all be

considered.

Creep strengtlis one of the most important issues when considering a material in
plants as they traditionally operate under steady state at high temperatures and
pressures. Recently due to the desire for flexible operation, fatigue strength is also
becoming of interegb operators.

Figure2.11 shows a comparison of the relative costs and allowable temperatures of a
range of candidate high temperature materials, including plain carbon steel, at an
allowable stress of 49 MP@a provide a creep rupture life of 100,000 hourke
allowable stressfa materiakt a given temperatuprovides a good representation of

the ranking of heat resistant stegl25]. P91 and 343Sare the materials of interest

to this workand they fit into the 9 12% Cr Steel and the 18% CB8% Steel groups
respectively. It is clear that both steels offer a good compromise of cost and high

temperature performance for the relevant temperature range of approximately 600 °C.
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Figure2.11: Relationship between the allowable metal temperature at 49 MPa of allowable

stress and relative material céstprovide a life of 100,000 hoyradapted fronfil 25].

Fireside corrosion is a major lfamiting requirement for heat exchanger tubes. In
generalincreasing the chromium (Cr) content of a material will increase its corrosion
resistanc¢l125]. If the material is to be used at temperatures of €6A.2% Cr is the
minimum required to provide oxidation resistandéhen the Cr level is above 20%,
steamside oxidation has beeh®wn to be fullystopped However to maintain creep
strength a Ni content of at least 30% is required, which is costly. Oxide scale growth
has also been found to be much slower in fine grained Cr steels even following long

term exposurgl25].

A brief review on the structures of materials is provided in Section 2.6.1, followed by
a review of tle microstructure of P91 and 347380 materials of specific interest to
this study. The effects of impuritiesuch as inclusionsyhich form during the

manufacturing process, are also discussed.
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2.6.1. Structure of materials

Table2.3 shows a summary of material structures across the range of-kEoajés
from Ashby and Jongd26], with asterisks indicating the range of structures which

can be controlled during manufacturing in order to adjust nahfnoperties.

Table2.3: Size scale of material structure properfiE35]. * denotes structures which can be
controlled to alter material properties.

Structural feature Typical scale (m)
Nuclear structure 101

Atom structure 1010

Crystal / glass structure 10°

Structure of solutions / compounds 10°

Structure of grains and phase boundaries | 10°

Shapes of grains and phases 10"to 103
Aggregates of grains 10° to 107
Engineering structures 103%to 1C°

The smallest controllable structural feature of a metal is the crystal structure. This is
the way in which atoms pack together to form the crystalline structure. atwse

are held together by metallic bonds. Typically pure metals at room temperatures pack
into one of three simple crystal structures; (i) faeatred cubic (FCC), (ii) body
centred cubic (BCC) and (iii) clogemcked hexagonal (CPH.). &lerystal structie of

metals carchange due to phase transformation, as controlled by heat treatment, for
example. For example, iron changes from BCC (ferrite) to FCC (austenite) a£ 914

but back to BCC (ferrite) at 139C [126].

Phases are regions of a material of uniform physical and chemical properties. Metal
crystals and solid solutions are examples of phases. A pure metal, or a solid solution

will be singlephase, and while it is possible to make single crystal metal allogs, it i
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prohibitively expensiveexcept in the case of jet engines and gas turbines, where the
high cost can be justifiedNormally singlephase metals are polycrystalline, meaning
they are made up of crystals or grains which are connected via grain bourntbaties,

have special properties of their ofr26].

Grains consist of packed atoms and are connected via metal and covalent bonds at
grain boundarief87]. Grains can come in various shapes and sizes, all of which will
have an effect on the performance of thaterial. By decreasing the grain size of a

mild steel by a factor of ten its strength can be doubled. A smaller grain size will also
result in lower internal degradation under corrosive conditions. Fine grain structure is
beneficial in forming protectivehromium oxide as the higher grain boundary area

promotes diffusion along the graif#7,127]

The processing of a metal will strongly influence the shape of grains. For example,
rolling will result in stretchegbut grains, while casting will result in the solidifying

grains being elongated in the direction of easiest heat loss.
2.6.2. P91 Microstructure

P91 steel is a modified 9aMo steel which contains additional vanadium, niobium

and nitrogen. P91 standards has a narrower range for the content of carbon, chromium,
silicon, molybdenum, phosphorous, sulphur, nickel and aluminjug8]. The
composition ofP91 composition is given ihable2.4, as reported byhyssenKrupp
Materials Internationaand ASTM standais[129,130]

Table2.4: Chemical composition of P91 steel (mass[%2P,130]

C Si Mn P S Cr Mo V Nb N Ni Al

0.08 0.20 0.30 8.00 0.85 0.18 0.06 0.03
; ; ; ; ; ; ; ;
012 050 060 OO0O. OO0. 950 105 025 0.10 007 O0. OO.

P91 has a high creep strength and resistamtieermal fatigue relative to earlier-Cr
Mo-V steels used for similar applications, e.g. steam headers and tubes. This improved
mechanical performance is attributed primarily to its hierarchical microstructure,

which consists of prior austenite grainsntaining packets, blocks and laths (sub
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grains) and carbide precipitaterengthening at the lath level. A schematic
representation of the microstructure of P91 is showrignre2.12. M23Cs carbides

are dispersed along the sgtain boundaries with NbC and VC precipitates present
within the subgrains. This provides a high dislocation density which inhibits grain

movement and creep deformatidi6,124,131]

This highdislocation density has been found to decrease following sustained exposure
to elevated temperatur¢$31,132] Furthermoreave phase particles (o) have

been found to form in P91 during long term crgEg8]. This occurs at the expense of

the solid solution strengthening mechanism and its effect on creep life is still under
investigation.Lave phases are intermetallic phases, which are classifised on

geometry alone, and have composition o,AB

Prior Austenite Grain

Block /Martensmc lath

Packet

N

W\

Figure2.12. Schematic representation of the hierarchical microstructure in P91stépl

Figure2.13 shows two micrographs of P91 in which the hierarchical microstruisture
visible.Figure2.13(a) shows the microstructure of as received P91 and (b) shows P91
following creep at 600C for approximately 13 years. By mparingFigure2.13 (a)
andFigure2.13 (b), the coarsening of }4Cs carbides during long term creep is clearly
visible. Additionally there is precipitation of Laves phases and identification of small
scale precipitates in the sjp@en following creep. A loss of creep strength occurs due
to these microstructural changes, viz. coarsening-a€dtarbides, precipitation and

coarsening of Laves phases and recovery of the njag.
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Figure2.13: Microstructure of (a) aseceived P91, (b) following creep at 600 °C for 113,341
hours[134].

2.6.3. 347SS Microstructure

347SS is a niobiurstabilised austenitic stainless steel, consisting of fine graiths a
smal and uniformlydistributed NbC precipitates. 347SS has a high stEdm
corrosion resistance. This is attributed to the fine grain structure and high chromium
content, which promotes the generation of a uniform adherent chromium rich oxide
layer betweerthe base metal and environment. The protectiv{oxide scale
formation is favoured as the effective diffusion coefficient of chromium along grain
boundaries is more than two orders of magnitude greater than that of lattice diffusion
at 500°C. This efect decreases with increasing temperaft&]. The chemical
composition for 347SS is shownTable2.5.

Table2.5: Chemical composition of 347SS (mass[¥35].

C Si Mn P S Cr Nb N Ni
0.047 17.071 10xCmin 9.07
0.75 2.00 0.045 0.03 0.02
0.08 19.0 1.0 max 13.0

The presence of niobium, which forms carbides easily, suppresses the formation of the
chromiumrich M23Cs carbides at grain boundaries. This in turn protects against the
formation of a chromiurdepleted zone which would be susceptible to accelerated
corrosion. Fine secondary precipitation leads to improved creep resistance during
service. An SEM image showirthe microstructure and intergranular precipitates of
347SS is shown iRigure2.14.
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Precipitates

733y

Figure2.14: Intergranular precipitates present in 347E%].

Despite its stabilization with niobium, which provides good corrosion resistance at
high temperatures;hromium carbide precipitates céorm at temperatures in the
range of 450 to 900C along grain boundaries, leaving them susceptible to

intergranular corrosion.
2.6.4. Inclusions

During the manufacturing process of steels, impurities known as inclusions commonly
form in the steel. This occurs due to chemical reactions with the environment,
contamination and other factors. These are generally regarded as unavoidable and

typically form as oxides, silicates or sulphides.

Sulphide inclusionkave beeffound to be the most deleterious for corrosion resistance
and can lead to localised attack irgeggsive environments. Inclusions are also well
known to lead to the deterioration of mechanical properties of materials, especially

fatigue strengtfil137].

Inclusions have aigher thermal expansion coefficient than metals. Duasaltermal
mismatch, localised stress concentrations are often found at the interface of inclusions
and steel, at high temperatures. When sufficient chloride has accumulated in the metal
oxide inteface, the higher molar volume of metal chloride compared to oxide causes

the oxide film to rupture mechanicall{38].
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2.6.4.1 Effect of inclusions on pitting corrosion

It is well established that sulphide inclusions, if preseiit act as pit nucleation sites

[138i 142]. Calcium and manganese sulphates in particular have been shown to affect
the corrosion resistance of steel, by reducing resistanceitgmtrrosion and stress
corrosion crackingl43,144]

Pitting of stainless steels in aggressive environments is generally accepted to occur
through an initiation step and a prgp#éion step, as shown schematicallyFigure

2.15 [145]. The initiation step occursitl the dissolution of the inclusion in a-Cl
containing environment, with very small quantities of chlorine needed to initiate
pitting. The dissolution of the sulphides has been observed to occur initially at the
inclusion edges, with microrevices appearg at the periphery of the inclusions
[140,146,147]Specifically, it has been reported previously that the sequence of events

for pitting corrosion at sulphides, as showrrigure2.15, is as follows:

1) The composition in and around sulphide inclusions changes, taking in
chromium from the metal matrix, resulting in a chromidepleted zone
around the inclusion;

2) The chromim-depleted zone provides a region of higke metal dissolution
resulting in the formation of a narrow trench at the inclusion edges;

3) The inclusion dissolves in this new environment;

4) Sulphur products form a crust over the former inclusion providing sedlo

environment resulting in pitting.
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Figure2.15: Schematic showing the mechanism by which pitting corrosion proceeds in the
presence of an inclusion, adapted frid#7].

It has been found that even small quantities of chlorine present in the environment will
result in the initiation of pittingl47]. When samples containing inclusions have been
exposed to Nal, it has been observed that pittingcurs almost instantl{148].
Dissolution of the sulphides has been reported to initially occur at the inclusion edges

with micro-crevices appearing at tiperiphery of inclusionfl40,148]

The critical zone of chromium depletion isegion of just 200 to 400 nm width, yet it

can result in catastrophic failure of metallic structurd447]. This proposed
mechanism is supported by results that show the chromium depletion from the metal
matrix around inclusions, as presentedrigure2.16. It is further supported by results
showing that a number of inclusions have been found to be sigmify Crenriched

[148]. Chlorinecontaining species have been found to become concentrated in the pit

further accelerating the metal dissolut{@a40].
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Figure 2.16: Normalised Cr/Fe ratio as a function of proximity to a sulphide inclusions, 4

inclusion sites on surface are shown and trend was evident from many othid4sites

In addition to the composition of inclusis, the shape and size have significant effects
on whether or not propagating pits will devel$p48]. Sulphide inclusions will not
operate as sites for corrosion initiation if they are suffityesmall. This is because a
small open cavity formed by the initial triggering cannot retain a solution which is
sufficiently aggressive to continue the corrodib47]. This size has previously been
reportedt o be bel ow appr oxi nila@].eAs stresd coffosiaam i
cracking (SCC) often initiates gits, this is a significant issue for plant operators.
Although the overall material loss smée minimal, cracks from SCC caenetrate
deeply and result in early failure of components.

2.6.4.2 Effect of inclusions on fatigue

In addition to acting as pit initin sites, it has been found that inclusions have a
detrimental effect on the mechanical properties of a material, especially the fatigue
properties of metal§l49]. Inclusions are well known to lead the nucleation of
cracks, with numerous reports identifying crack initiation points at inclu$icsGs

154),

A critical inclusion size exists, below which inclusions tend not to initiate cracks in

fatigue[151,153] I n t he presence of inclusions
under cyclic loading was observed. Additionally, inclusions aligned in a cluster caused
a detrimental effedtl53]. It has been shown that as the inclusion size increases, the
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fatigue life of a metal decreas¢$49]. Stresses that develop at fae-matrix
interfaces due to the differences in thermal expansion play an important part; the
inclusions with the highest thermal mismatch with the metal were found to be the most
detrimental on fatigue lifEL51].

Voids form by cracking of the particles or le-cohesion at the particimatrix
interface, showing the importance of volume fractions, distribution and morphology
of inclusions. For inclusions in stedie particlematrix bonding is generally weak, so
that voids form at low plastic strains. Thesengate under the fluence of tensile
stress and cahnk with adjacent voids to form micfoecks. These progressively

crack, leading to ductile fracture surfaces with highly dimpled appearf8¥;&51]

Figure2.17 showsresults from irsitu SEM tension tests where an inclusion has been
manufactured into the samfi49]. As loading increases, the cracks widen, coalesce
and propagate into the matrix. As the specimen fagdstacks widen and portions of
the inclusion fall out of the matrix. Subsurface inclusion effects are also significant.
When a cluster of ADs inclusions exist near, but not on, the surface they will act as

the crack initiation site.
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Figure2.17: SEM insitu tension test of ADs inclusion in parent metal Rene '95, (a) before

loading, (d) after specimen fract|det9].
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2.7. Fireside corrosion

A specific focus of this work is on acceleratéoesidecorrosion during biomass €0
firing. This section presentsraview of the corrosion mechanisms that occur during

co-firing and the factor¢hatinfluence these mechanisms.

It has been shown that the most seveorrosion problems in biomaBged systems
occur due taothe formation of Clrich deposits on the superheater tupesi 61].

Dependhg on deosit compositionmetal temperature and compositiongafs®us
atmosphere, the corrosion procpssceedvia a number ofnechanismsasdiscussed
in detail here.

Severe gaphase corrosion attacks will not occurthe partial pressure of HCl in
biomassderived flue gas igypically not sufficiently high althoudn the concentration
will vary for different biomass fueldt may howevercauseoxide scale failure and
increased sulphidation of water wal&9]. Alkali-chloridecontaining deposits have
been shown to cause accelerated corrosion far kéewelting point of theeposits
[50]. The corrosion can be severe in ait banbe further enhanced by $@ausng
intra-deposit sulphidation of the alkali chloridéiberating HCI or C} gas close to the
metal surfacg51,155] In certain cases, if the metal surface temperatitgigh
enough, molten phases céorm in the deposjtresulting in a further enhanced
corrosion ratg59].

All of the corrosiem mechanisms discussed abaamn take place in combustion
systems. The dominant mechanism will depend on the combustion environment,
combustion temperature, metal temperature and the presence of elements, such as
alkali metals, sulphur etc. However as this work is focused on biefined<oilers,

it focuses on the corrosion associated with alkali chloride containing deposits.
2.7.1. Active oxidation process

One of the most commonly observed mechanisms ¢oelarated corrosion in
biomassfired boilers is known as active oxidatiptv,51,60,85,155,156Figure2.18

shows a schematic of active oxidation as it proceeds for superheater tsles in
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M=K, Na St= Fe, Cr, Ni
Cl, + St > StCl, (R2-2)
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Figure2.18: Schematic of tube wall corrosion via actwddation

In order for active oxidation to occur, chlorine must be presentzasr GCl in the

flue gas or the deposit. This chlorine penetrates the protective oxide scale and migrates
to the metal surface. Once thateeacts with theinoxidisedmetal alloy (St) to form

metal chlorides (StG), via reaction RZL. At the metaloxide interfacethere is very

little molecular oxygen as is assumed to have been consumed to produce the initial
protective oxide layers. The chloride initially formssasolid however due to the high

volatility of metal chloridesit soon evaporates (R2) [51].

Chb+ St Xs)St ClI St=Fe, Cr, Ni R2-1
StChk(s) ¥(@St Cl R2-2
2StCh+3/2QY Zx+2Ch R2-3
Cb+HO Y 2HCL + |1 O R2-4
St(s) + 2HCI(g)Y StCh(s) + Hx(Q) R2-5

Due to the high vapour pressure of the Stle chloride diffuses outward through

the oxide scale to regions of higher oxygen concentration. Once it has reached a
sufficienly-high oxygen concentration, reaction 32 occurs resulting in the
formation of a poorly adherent, ngmotective oxide (S0s) layer[157]. In addition

to the passive nature of the oxide formed, the chlorine released as a produdtisf R2
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then free to travel back through the oxide scale and repeat the @gtidting in the

continuous loss of metal, with little net consumption of chlorine.

Additionally this chlorine caitself be oxidised in the high moisture flue gas resulting
in the formation of HCI (R2&) [51]. Grabke et al[51] suggest thathe rate is
controlled by the outward diffusion of metal chlorides through the porous scale.

There have been a number of proposals for how the chlorine is released including (1)
reaction of sulphidation of alkali chlorides in deposits and, (2) readigtmseen alkali
chlorides and the metal oxide scalthese are discussed in detail in the coming
sections.In addition it has ben proposed that the chlorine ga@netrate the oxide

layer as HCI and/or €lInitially, as per reaction R2 andR2-5, thus feming the metal
chlorides and initiating the active oxidation cycle via this step. However work by Abel
et al.[158] and other$157,159]suggests that gland not HCI, is the main aggressive

species in this form of corrosion, for short term exposure at least.

The active oxidation process starts with almost no incubation time following
introduction of a chlorine component, with the penetration of chlorine through the
oxide scale still not beinfylly understood. It is believed that the chlorine must itself
cause the formation of fast diffusion paths, possibly through grooves and fissures at

grain boundaries, as it occurs so quid&y].

A number of challenges have been raised to the active oxidation theory. The main
argument against this theory is that if the pores and cracks are open to diffusign of ClI
or HCI then it must also be open to diffusion of smallen®@leculeg58,160] It can
therefore be argukthat the low oxygen potential at the medaide interfaceshould

be difficult to maintainAdditionally it has been questioned why highly reactive ClI
molecules would not react with Fe ions in the oxide scale prior to reaching the metal
oxide interfaceA possible solution to these challenges was proposed by Grabke et al.
[51] who state that chlorine must effect the creation of fast diffusion paths, possibly
through grooves which occur at grain boundaries. A similar effect has been observed
in the growth of F€4 in stearmat 2001 300 °C under the influence of chloridé$1].

Based on the evidence observed to date it appears likely that active oxidation plays a
significant role in the accelerated corrosion due tdiraagy.
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2.7.2. Thermodynamic stability of metal oxides and chlorides

As discussed previously in Section .2.4the thermodynamic stability of a material in

a multrcomponent gaseous environment can be visualised using a phase diagram.
Figure2.19shows the phase diagram for pure iron in a chlorine and oxg@@aining
environmentFe-O-Cl systemat 540and 600 °C respectivelgnd was obtained using
chemical reaction and equilibrium softwd6d]. At low partial pressures of £and
moderate to high pressures of oxygen, various oxides of ire@{le@d FeOs) are

stable. At high partial pressures of,@hnd low partial pressures of oxygen, metal
chlorides (FeCGland Fe@) are stable. When partial pressures of both chlorine and
oxygen are low, pure iron (Fe) remains stable impact of temperature on the stable

phases can be seen from comparisofrigiire2.19 (a) and (b).
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Figure2.19: Phase stability diagram of #&-Cl system afa) 540 °Cand (b) 600 °C
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Due to the high vapour pmsres of metal chlorides they camaporate even at low
temperatures resulting in rapid loss of metal from the surface. When investigating the
vapour pressures of chlorides, it must be considered that mixed chlorides ((Ek) Cr)
also form, whose vapour pressures can be estimated firmany lgaseous vapour
pressures. It must also be noted that if liquid chlorides form, the rate of corrosion will
likely increase significantly due to fluxing of the oxide scale. These liquid metal
chlorides will only be present forrearrowtemperature rarg just above the melting
point of the chlorides, as at higher temperatures they will evaporate.

2.7.3. General structure of oxides

Typically the oxide scales formed during-fiong are regarded as passive and offer
little or no protection against furtheorrosion, due to their detached nature. Provided
the temperature reached is high enough, multiple layers of poorly adherent oxides form
[85,162] For an irorbased chromium alloye outer portion will primarily consist of

iron oxide with amixed chromium, iron spinel oxide in the middle portion of the scale
[53,85] The oxide closest to the substrate surface is found to consist priwfarily
chromium oxide. Iron oxide forms further from the surface due to the higher vapour
pressure of iron chloride compared to chromium chloride as séegure2.20, thus

it diffuses furtherfrom the surface before converting oxide. Traces of iron and
chromium chlorides can often be detected at the corrosion front between the base metal
and the oxide scalg¢S3].

During active oxidationcupolas(domes)of iron oxide often form over the sample,
the shape of which correspond to the stagnant diffusion boundary layer efgfeS|
it travels to areas of higher oxygen concentrajiij.
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Figure2.20: Equilibrium vapour pressured Cr and Fe chlorides at 400760 °C.

During oxidation, stress accumulates in tixéede scale. This stress can be attributed

to three distinct sources: 1) growth stresses, which are induced during oxidation, 2)
stress due to thermal mismatch between the oxide and substrate, and 3) phase
transformation of the oxide lay§t63]. This stress can then be relaxed via several

mechanisms, such as spallation and cracking of the oxide[$64le

Poorly-adhered layers of oxides form due to high growth stresses in the oxides which
cause repeated cracking and spalling of the scales, resulting in voids forming between
the layerg85,165,166] Buckling of the outer layer, due to stresses in the scale results
in delamination from the inner layers, which remain attached to the subglGtg

An SEM image showing multiple layers of oxide which have detached from the

substrate is shown frigure2.21.
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Substrate

Figure 2.21: SEM image showing multiple layers of oxide above substrate following

delamination

2.7.4. Formation of low temperature eutectics

It is well known that potassium chloride, which has a melting temperature ofC774
forms lowmeltingtemperature eutectics when mixed with other substances. For
example the eutectic melt temperatures of potassium chloride with &e€CICrC}

can be jusB55 C and 470 C respectivelydependent on relative quantitiéd’hile

the melttemperature of a sodium chlde and sodium chromate mixture can reach
557 C. The lowest point of a mixed alkali chloridalphate melt temperature is

approximately 517C [92].

This is of great relevance since corrosion rates typically increase in the presence of a
molten phase, as chemical reactions occur quicker when a liquid phase is involved in
comparison to a $id-solid phase reaction. The melting points of pure substances and
eutectic points of biary systems have been tabulabgdNielsen et al[59], based on

data published by Shinata et [dl68] and Janz et aJ169]. A selection of this data is

given inTable2.6.
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Table2.6: Selection of melting temperatures for mixtuoéslkali chlorides, metal chlorides,

alkali sulphates and alkali chromatagapted fronp59].

System Melting eutectic Composition at melt

temperature (°C)  point (mol% alkali)

NacCl 801

KCI 772

FeClk 677

NaCli FeCk 37071 374 a 56
KCl i FeCk 34071 393 45.81 91.8
CrCl2 845

NaCl i CrCl2 437 53.7

KCI'1 CrCl2 4621 475 361 70
NaxCrO 4 792

NaCli Na2CrO4 | 557

K2CrO4 980

KCI 7 K2CrOa4 650 68.4

K2SOs1 Na2SOs | 834

Work by Nielsen et al[53] deposited saltsonsisting of KCl and KSQs and deposis
taken from a 10 MW stravired grate boiler o metal samples. These were then
exposed to a synthetic flue gas (6 vol% T2 vol% CQ, 400 ppmv HCI, 60 ppmv
SO, balance N at 550 C. A molten phase was identified in contact with the metal
interface. In similar tests, Lith et d64] identified eutectic melts forming at 56Q,

with the amount of melt present depending on the composition of the deposit.
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Cha et al.[170] studied the local reactions of KCI particles with iron, nickel and
chromium surfaces. KCl was deposited on samples using a custom built alkali chloride
depositor. These were therposed to a gas consisting2éfvoko O, balance Nwith

and without 0.05 véb HCI between 300 500 C. It was found that at 50, for the

gas containing HCl and the chromium sample, a local eutectic melt had formed
between KCl and Cr@l The eutectic melting temperature was found to be in the range

of 4621 475 C.
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Figure2.22: Melt fraction as a function of temperature for a salt consisting of a mixture of

alkali sulphates and chlorides with the four characteristic melt temperatures inf2€jted

Salt mixtures such as those which form in fly ash are found to melt in skagese
2.22 shows the melting curve for a salt consigf a mixture of sulphates, and alkali
(K and Na) chlorides based on the Abo Akademi thermodynamic-oartiponent
melt model[171,172] Based on such curves, Backman et[Bl2] defined four
characteristic temperatures, The temperatearat which the first molten phase occurs,
Tis, the temperatures at which 15% of the mixtures is moltenifie temperature at
which the mixture is so molten it loses any previous shafeislthe temperature at

which the entire mixture is in its moltgrase.

If the superheater tube temperature is higher thaof The deposited salt, the heat
exchanger steel will be directly exposed to a molten phase, which will result in higher
rates of corrosion. At temperatures abovg it has been found that abrst all particles

which hit the melt will stick to surfaceherefore thisis k n o wn as t he
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temperatureo. I n this case the amount
by the amount of particles that hit the molten surf@€172]

2.7.5. Sulphation of deposits

It has been proposed in literature that accelerate@siorr canbe initiated by the
sulphation of alkali sloride containing deposifS1,155,178175]. It is suggested that
gaseous SPreacts withchlorides forming alkali sulphatewith HCI or Chk being
produced, as shown in reactions-&2nd R27, in which M = K, Na The reation

that corrosionwill proceed viais based on the exposure conditions, such as the
presence of pD.

2MCI (s) + SQ (g) + . Q + H20 ()Y M2SQs(s) + 2HCI (g) R2-6
2MCI (s) +SQ(g) + & Y M2SQu(s) + Chk () R2-7

This chlorine can then be usedative oxidation, resulting in the continuous transport
of metal from the metadcale interface toward the higher oxygen partial pressure in
the bulk gas. However, other work has proposed that theirs@e flue gas can

convert the corrosive KCI to theds corrosive §SQ; [176].

Okoro et al.,[177] tested samples exposed to a KCI deposit in a gaseous atmosphere
containing N, O;, CO,, SO and HCI and suggest that the sulphation of KCI in
addition to the formation of a K&ton chloride melt within the sulphate will lead to

the production o€hlorine for use in active oxidation.
2.7.6. Reaction of Clspecies with oxide scale

Grabke et al[51] have proposed that thélorides in the deposit will react with the
metal oxide scale, producing a detached oxide with chlorine being released, as per
reaction R28. This reaction providehigh partial pressures of £land corrosion

proceed via active oxidationSt= Fe, Cr, Ni.
2MCl + StOs+ % QY WS04 + Ch R2-8
2.7.7. Chromate formation

In addition to causing the formation of lower melt temperature eutectics, the presence

of alkalis in deposits has been found to result in the formation of alkali chrofiages.
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oxide scale ighus destroyed resulting in a loss of its protective propertidis
releaseghlorine, which initiates active oxidati¢49,50] This has been identified for

both gaseous alkali chlorides and solid alkali chlorides in deposits.

Hossain and Saunders among otheiks/8i 181] have found that gaseous alkali
chlorides cause a breakdowhprotectiveCr.O3 oxide layerd182]. A mechanism is
suggested where ¥rO; (alkali chromates) form, with chlorine being releassd
reactions RD and R210, where M = K, Na.

Cr0z (s) + 4 MCI (g) + 5/2(@) (g) Y 2M2CrOs (s,1) + 2Ch (q) R2-9
Cr(s) + 2MCI (g) +2 (@ (g) Y M2CrOs4 (s,l) + Ck(g) R2-10

Chromate formation via the reaction of alkali chlorides with the oxide scale has been
described as acting like a chromium simkemoving the protectiveness of the
chromium oxide layer. This rakis in a rapidly growing scale with chlorine being

released to initiate active oxidatif®8].

A number of authors have identified the formation of alkali chromatelssubsequent
destruction of oxide scale and release of chlorine as important contritiators
accelerated corrosion identified under aHdiloridecontaining deposits
[47,85,183,184]Reactions RA1, R212 and R213 show the proposed reactions for
alkali chlorides present in deposits with the oxides.

Y CrOs(S) + 2MCI (s) + 3/4 @(g) +HO (g )2Crd (sM+ 2HCI (g)  R2-11
Cr,03 (S) + 4MCI (S) + 5/2(@) (9) Y 2MoCrOx (s) + 2Ch () R2-12
Y5 CrOs(s) + MbCOs(s) +3/4Q( g ) 28rQuNs) + CQ (Q) R2-13

Pettersson et al[58] among other$§179i 181,185,186Found that in dry conditions

KCI reacts with chromium oxide in the scale forming potassium chromates. If
sufficient water vapour is present the formation of hydrogen chloride is
thermodynamically favoured over QGlia reactionR2-11. The presence of KCI (s)
causes a breakdown of most of the protective scale following just 1 hour of exposure
[185].
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2.7.8. Reaction between Clspecies and carbides

Several authors have shown that chromium carbides are preferentially atvgcked
alkali chlorides resulting in voids forming in the metal matriXhis occurswhen
carbides arexposed to gaseous and/onigalkali chlorided56,85,156,165,183,187]

If these carbides are located along grain boundaries, cawiileform along the
boundary. Work by Grabke et §.65] shows that other carbides such ass®1oriC

and NbC havéetter corrosion resistance than the metal matrix. Therefore it can be
said that chromium carbides are weak spots in the corrosion of alloys isiruxidi
chlorinating environments[85,156,165] The proposed reactions are shown in
reactions R214, R215, R216 and R2L7.

Cr23Cs + 23CL (g) +3Qx Y 23CrCk (g,s) + 6CO (Q) R2-14
Cr23Cs + 23Ch (g) Y 23CrCk(g,s) + 6C R2-15
6C+3Q (g) Y 6CO (g) R2-16
Cr2sCs + MCI (s) +52Q Y 23M,CrOs + 6CQs + 23Chb R2-17

The preferential attack of carbides is of significant interest whasidering the effect
on the mechanical performance of material. As the pinning effect of carbides at grain
boundaries is a major strengthening mechanism for high temperature materials, the
preferentidcorrosion of these carbides masult in a signifiant loss of mechanical

performance, while not affecting the outward appearance of the material.
2.7.9. Molten sulphate corrosion

Depositsformed in traditional coafired boilerscontain less chloringhan that found
in biomassfired boilers.The most common fon of corrosionin coakfired boilersis
caused by the presence of molten atkaditattri-sulphates [188,189] Fouling
deposits containing alkali sulphates form on thieetuand react with SOn the
gaseougnvironment and iron oxide to form liquid alka&ion-tri-sulphates, reaction
R2-18.

3M2SQy(s) + FeOs(s) + 3SQ(g) Y 2MsFe(SQ)s (s,l) R2-18
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This form of corrosion has been well described in literdtl®6i 194]and is described
by a simple fluxing model which involves a sulphate melt forming causing the
dissolution of the protective oxide layer. Formation of theald iron-trisulphates
requires a relatively high concentration ofs5®hich is generated by heterogeneous

catalytic oxidation of S@within thedeposit byiron oxide.

The temperature dependence of this form of corrosion typically follows a bell shaped
curve as shown iRigure2.23. At relatively low temperatures, below 550 (823 K),

the corrosion rate is modest and occurs via gas diffusion between the tube material
and bulk flue gas through thieeposit. As the temperatures reach the deposit melting
temperature, the corrosion rate increases dramatically. The molten layer dissolves the
protective oxide scale, with metal sulphates forming at the oxide sedienterface

and diffuse outward in the melt. This continuous fluxing is promoted due to the
temperature gradient across the molten sulphate layer, with solubility decreasing

outwad in the melt, leading to the metals being precipitated as metal ¢%iti&95]
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Figure2.23: Bell-shaped curve showing temperature dependence of corrosion via molten

sulphate deposi{§9]. The dotted line is a theoretical prediction.

The corrosion rate is shown to decrease with increasing temperatures above a peak

point (approximately 670C (943 K)for coal combustion) due to decreasing stability

71



of iron and chromium sulphates at higher temperat(i8és167] Additionally
pyrosulphates, e.g. #4807, where M=Na, K, caform due to the interaction of SO
with deposits. These are typically molten at operatiegperatures. These
pyrosulphates can proceed to react with the oxide layer forming -atbali

trisulphates, consuming the oxide scale by reaction$Rand R220.
M2SQi+ SG+ % QY M2S07 R2-19
3M2SO(l) + FeOs(s) Y 2MsFe(SQ)s R2-20
2.7.10.Corrosion associated with gaseous €pecies

When HCI and/or Glare present in the gas phage corrosion rate of superheater
alloys has been shown to be strongly accelef@2®3] This accelerated corrosion
proceeds via active oxidation. It is generally accepted that chlorides cause the
breakdown of oxide scales, destroying their protegiraperties. HCI is typically

expected to be the dominant€}ecies in the bulk gas.

A number of experiments have been carried out in-¢t@kaining atmospheres, with

the results showing an accelerated corrosion rate at higher levels [#5;1156,160]

In addition to the proposed mechanism of HCI reacting directly with the steel and
initiating active oxidation, ihas been suggested that HCI cotgect with Q in the
atmosphergeleasing Glvia reaction R21. A schematic of corrosiartaused by Gl

is shown inFigure2.24.

2HCI(g) + % Q(9) Y Cl2(g) + HO (9) R2-21

72



Metal Scale Gas Phase

— P w - -+ itial L,
Fe i
\ FeClz e FezO:,i
o
CrCl, — Cr303i‘/
o | = :
~ ol & - - - - & Initial C1,

Figure2.24: Schematic drawing of corrosion caused by(§), adapted fronb9].

The influence of increasing amounts of HCI in flue gas on the morphology of the oxide
layer formed was investigated by Mayer and Manold6@) and thé& results are

summarised iTable2.7.

Table2.7: Results from increasing HCbatent on oxide formed on me{éPR].

Flue gas HCI| Oxide scalemorphology
content (vol. %)

0.0 Continuous nosporousoxidelayer forms
0.1 Blisters form inoxide but layer remains continuous
0.2 Porous, norcontinuousoxidelayerforms

0.8 Second irregular and porous oxide forms, initial ox
' disintegrates entirely

0 Continuity of alllayers is destroyed and corrosive gases
' free access to Fe
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Asteman and Spiegel report that pure Cr and 304 steel can fully resist HCI (g) attack,
with pure Fe undergoing severe corrosion when expd€ef]. However these tests
were carried out at 40QC, and it is likely that the temperature was not high enough
for active oxidation to occur. Work by Viklund and Petterdd@6] shows that at 400

C, oxide layers that form prior to testing offer protection against further corrosion.
However, when the temperature was raised to AOCthe protection from pre

oxidation was lost and any oxide faethwas passive.

In reducing environments, metal chlorides form directly on the metal spafaoide
layers will not form. The rate of corrosion strongly depends on temperature in this
case as it is governed by the volatilisation of metal chlorifE®. At temperatures
below 500 C, the corrosionrate will be parabolic with timegs a protective chlorel

layer will form on the metalAt higher temperaturegshe corrosionwill initially
increase at a parabolic rate, followed by adimgecrease with time. This occurs when
the scale will no longer grow, as the growth of the chloride layer will no longer be fast
enough to supply the amouat metal chloriderequired for volatilisation. Tétime
takento this shift when the chloride reaes what is known ake critical thickness
depends on temperature, atmosphere and metal properties. At further elevated
temperaturesabove 800 °Cthe high volatility of the chloride results in complete
evaporation leading to a linear weight 1¢53].

2.7.11.Solid phase reaction with Clspecies in deposits.

Skrifvars et al[49,50]exposedix steels of varying compositionssx synthetic salts
containing vaous levels of Na, K, S, Cl and O in aifhe compositions and melt
temperatures of these salts are showiable 2.8. From Table 2.8 the effet that
chlorine, and in particular KCI, has on the ltmemperature ievident. With the
addition of0.3 wt % CI to salt 1 the melt temperature drops from &40 625 C

(Salt 3), while if K is added to this mixture (Salt 4) the melt temperature drops to 526

C.
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Table 2.8: Compositions and first melt temperaturesof synthetic salts of synthetic salt

mixtures[50].
Salt (wt-%) 1 2 3 4 5 6
Na 324 24.8 324 24.8 32.5 24.9
K 0.0 10.5 0.0 10.5 0.0 10.5
S 22.6 21.6 22.5 21.5 22.1 211
Cl 0.0 0.0 0.3 0.3 1.3 1.3
@) 45.0 43.1 44.8 42.9 44.1 42.2
To(C) 884 834 625 526 621 522
Description | No K, K, No K, K, No K, K,
NoCl NoCl LowCl LowCl HighCl HighCl

For Salt 1almost no oxide layer growth was observed for temperatures ranging from
4507 600 C. Salt 2 displayed aight increase in corrosion ratempared to Salt 1.
Increased corrosion rates were observed for samples exposed to Salt 3 despite the fact
that thetemperatures tested did not exceed the melt temperature of the deposit

(625C).

Samples exposed to Salt 4 experiencelagmncrease in the corrosion rate, which

can be attributed to chromate formation and the fact that salt melt tempevasure
exceededduring testing. An increase in chlorine content results in an increased
corrosion rate for samples exposed to Salt 5 compared to Salt 3. The corrosion rate is
however, lower than Salt 4. This is expected as the melt temperature ofvaalhét
exceededAs expected the highest corrosion rate was observed for Salt 6. It has the
highest level of chlorine and potassium and the melt temperature of the deposit is

exceeded during testing.

With the addition of chlorine, corrosiatcurred even below meltingeimperatures of
the deposits, although this was greatly accelerated when melt temperature was

exceeded. These results show that it is not necessary to have a chlorine, water or SO
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containing gaseous environment to have accelerated cori@@d@0] Pure alkali
sulphates doesot increase the corrosion rate to anyaht# degree. However when

chlorine was added to the deposit the corrosion rate increased s¢x@ys0)

Enestam et a[47] exposed samples of 347SS and Sanicro 28 to pure MdG{ @l

deposits at temperatures varying from 4600 C. Internal degradation of Sanicro 28

was substantial; affecting both grain boundaries and grains. The difference in grain
boundary attack between 33and Sanicro 28 was attributed to different gsane,
as34BSconsi sts of grains of 42 em while Sa
Fine grain structure is beneficial in forming protective chromium oxide due to the

higher grain boundary areahich promotes diffusion along the graijds].

Lehmusto et al[181] found that deposits containing>8Qs do not result in an
accelerated corrosion rate. This is attributed tdabethatthe reacon of K:SQy with

the protective oxide is not thermodynamically favoured.

Grabke et al. and Lith et g51,64] have shown that when HCI is present in the
atmosphere, the corrosion rate beéheateposits is accelerated. Itsgggestdthatin

the presence of HCI, sulphates in the deposit are converted to mixed chlorides as per
R2-22, where M = Na, K. These procetm react with the oxide scale, as shown

previously, resulting in the release ob @ading to active oxidation.
M2Ca(SQu)z + 2HCI = 2MClI + 2CaS@+ SO + HO + 2 Q R2-22

When HCI and S@are both present in the atmosphere, less corrosion was measured
[51]. This was attributed to enhanced stability of the sulphates in the deposits, resulting

in less chlorine being releakéor the active oxidation mechanism.

Work by Nielsen et a[53] exposed samples to KCl in a gas consisting of 6 voi% O

12 vd % CQO,, 400 ppmv HCI, 60 ppmv SObalance Mat 550C. Internal corrosion

was identifiedi n | ocal i sed areas reaching up to
internal corrosion was varieavith cracks, voids and internal attack through grain
boundaries all detected. A number of pits were also detected in the samples with depths
reaching up to 200 em. Chlorine was founc

in the localised pittingtéack.
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2.7.12.Active Oxidation Modelling

A number of models have been developed in previous work to determine the growth
of corrosion layers on metals due to active oxidafiin53,159] Grabke et al[51]
showed that the rate limiting stey the active oxidation process was the outward
diffusion of FeC4 gas through the porous oxide lecdBased on thign equatiorwas

developed for the diffusional flow of Fe@as, as follows:

Qo

frecy = egeDd— @urecs Parect) (2-12
whereU is a labyrinth factor which accounts for the open space availableeCh
diffusion in the porous oxide scal@g-eciz is the diffusional flow of FeG) d is the
thickness of the oxide scale (rD),reci2is the molecular diffusion coefficient of FeCl
through the porous oxide layer ), preciz is the partial pressure of the Fe@hs
(Pa) with (i) and(s) designating the interface of substrate and oxide and the surface
of the oxiderespectivelyPartial pressure at the surfasdound to be negligile. The
labyrinth factorUis determined based on experimental date for the formation of iron

oxide in active oxidation.

Stott and Shij159] developed a similar equation for the flux of Fe@irough the
scale it differs only in terms of the uts used to describe diffusivity:

aDeeq,

Jrec, = e?ﬁ c:‘)i,Fer - Py Feq)

whereJreciz is the outward flux of Fe@|R s the ideabas constanti{(KgK) andT is

(2-13)

the temperature (T) with all other terms the same as developed by Grabke et al.

Nielsen et al[53] defined the growtlf an oxide layevia a parabolic law to represent

the diffusion of gagphase reactants through the oxide laydokgws:

x=Jk (Mt (2-14)

wherex is the corrosion deptltis the exposure timéd; is the temperature ang is a
constant which is dependent on the chemical reaction kgtéhe parabolic rate
constant can be written &slows for a reaction of the pe R223:
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A(g) + b(B)(s) = C(s) + D(g) R2-23

(1) = 22 @19
whereDe is the effective diffusivity of gas A through the porous layet$iny » is the
molar density of B in the material (monCxgyis the gagphase concentration of gas
A (mol/m® andb is the stoichiometric coefficient. Results from EquatiehS2are
shown inFigure 2.25. All of the current models make use of experimental data to

provide fitting constantg¢o match experimental results
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Figure2.25: Oxide layer thickness for AISI 347 SS covered with K&3].
2.8.  Summary

It is clear that the elevated levels of alkali chlorides produced doiongassco-firing

result in accelerated corrosion of heat exchanger tubes in plants. Multiple layers of
nonadherent oxidesofm, with metal wastage, void formation, pitting corrosion and
grain boundary corrosion all detected sampleslt has been determined from work
carried out by several authors that alkali chlorides present in deposits, particularly at
temperaturgabove he deposit melt temperature, cause the most severe corrosion of
tube materialThis corrosion rate catimen be further accelerated Iggses present in

the environmenin which the tubes are situated.
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Tests havepreviouslybeen carried out using synthesalts to study the accelerated
corrosion process which occurs during biomasdiromy. However, this work
typically ignores the calcium content, whidterms approximately#0% of thedeposit
content.This calcium content wikffect the melting temperature of ttheposit which,
will in turn, affects the corrosion raa@d mechanismrhis is due to the fact that the

presence of a molten phasauses an increased corrosion rate.

Limited work on microstructural analysis of bi@ss corrosion samples has been
presented to dateRitting corrosion caroften be hiddenfrom the naked eydy

corrosion products and may therefore not be visible without etching.

Relatively little work has been done to date on the effect of includilcgisform as
impurities during the manufacturing of materiaNearsurface inclusions cause pit
formation if present in chlorineontaining environments, which leads to a detrimental
effect on component integritinclusions are well known to act as craakiation sites

andcan causeéecreased life expectancy.

Studies haveattemped to develop models t@redict the corrosion rat®r active
oxidation Typically they usean empirical constanknown as alabyrinth factog to

fit the model to experimentdhta. As laboratory experiments are typically stemn,
caution must be taken when extrapolating these resultntpterm prediction of
corrosion andife times of heat exchanger tubes. Hertbere is a need for a more
physicallybased model textrgolate from short term data to long term corrosion

prediction.

Although there has beemsignificantamount ofwork on the corrosion rates and
mechanismselevantto biomass cdiring, the effect of corrosion on the mechanical
performance and structural integrity of plant components has received relatively little
attention. In uniform corrosion, the loss of material is expected to decrease creep
rupture life and allowable stress. Howewiis has not been previously investigated

for corrosion rates experience during biomassgiraaog. If pitting corrosion occurs,

the material is at risk of stress corrosioaaking (SCC) Stress concentrations will

occur at pitswhich may lead to cradkitiation points.
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3. Experimental Methods

3.1. Chapter Overview

Chapter 3 presents the experimental programme that was undertaken as part of this
research. The specific sample preparation and experimental methodology is detailed.
The analytical techgues used are introduced and a brief review of their operational
theory is presented. A method for determining the elemental composition of biomass
fuels and ash produced during combustion is introduced.

This chapter is divided into four main sabctiors, Section 3.2 details the preparation
technique for the synthetic salts, which wereduced to replicate isitu deposit
compositions taken from tests at different levels of biomadging at operational
plants. Section 3.3 describes the preparatidgheometal specimens and the conditions

at which they were exposed.

Thepostexposuravork carried oubn samples is described in Section 3.4. The tools
used in analysing samples dmikf descriptios of their operating theagsareshown

in Section 3.5 Section 3.6 describes a method, developed through this work, for
characterising isitu deposit compositions. This method was also extended to

determine thelementacomposition of biomass samples.

During the course of this work an experimental tesgfam was carried out in order

to investigate the corrosion of materials when exposed to deposits representative of
those formed during biomass-tiong. Descriptions of the tests carried out are shown

in Table3.1.

Three materials werxposed to two synthetic salésand B, whosea@mpositions are
given inTable3.2. These saltare representative of different levels of biomass co
firing in peat fuelled plants, based on-siu tests carried out by industrial
collaborators.Two of the materialstested P91 and 347SSare currently used in
operational plants and are thus of interest to industldborators. Pure iron (996
purity), henceforth referred to as iromas also investigated in order to gain an

understanding of the corrosion process at tstifundamental level.
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Table3.1: Experimental test matrix carried datinvestigate performance of materials irt co

firing plants
Test | Temperature Material Synthetic Time Exposed
(°C) Salt (Days)
1 540 Iron A 1,4,7,14, 21, 28
2 540 Iron No salt 1,4,7,14, 21, 28
3 540 P91 A 1,4,7,14, 21, 28
4 540 P91 No salt 1,4,7,14, 21, 28
5 600 Iron A 1,4,7,14, 21, 28
6 600 Iron B 1,4,7,14, 21, 28
7 600 Iron No salt 1,14, 28
8 600 P91 A 1,4,7,14, 21, 28
9 600 P91 B 1,4,7,14, 21,28
10 600 P91 No salt 1, 14, 28
11 600 347SS A 1,4,7,14, 21,28
12 600 347SS B 1,4,7,14, 21, 28
13 600 347SS No salt 1,14, 28

The experimental method used in the present work is a modified version of that of
Skrifvars et al[49,50]in which synthetic salts are deposited on metal specimens and
placed in high temperature furnacebhis method was chosen as industrial
collaborators in the project had previously obtained results from this method which
could be used to validate our methddschematic of the method used here is shown

in Figure3.1. A more detailed description of the experimental praceds provided

in the coming swsections.
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Figure3.1: Flowchart detailing experimental methodology

3.2. Synthetic Salt Calculation and Preparation

Depositcompositionsshown inTable3.2 were obtained from Hsitu tests carried out
by industrial collaborators for various levels of-fing. These are presented in
elemental fom as it is common practice to provide thergentage of the elements
analyed as if they were all oxidg20]. It is noted that this is very seldom the case,
and it is more likely that the elements will be present as more complex compaunds.
methodfor obtainingdepositcompositions has beateveloped as part of this work
andis described in &ction3.6.

Following identification of the target compositioa range of startingompounds
including NaCl, KCI, NaSQs, K2SQy, NaBr, KBr, MgSQ and CaS®@were obtained

from SigmaAldrich. In addition SiO;, FeOs, Al20z and NIiO were initially
considered, howevelue to the extremely high melt temperatures of these compounds
(15661 2072 °C) it was deemed unfeasible to include them in mixtlires.was due

to both the capabilities of the ovens at NUIG and the melting temperature of the
containen(Tmax = 1750°C) used to hold the mixture.
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The in-situ depositcompositions chosen to produapresentative salts were a 30%
woodchip, 70 peatmixture, named salt A and a 60% willow,%0peat mixture,
named salt B. These compositions were chasesrder to evaluate theffect of a
high-Cl, low-K containing fuel (salt A) and a lo®@l, high-K containing fuel (salt B).
This is significant as Cl and K are two of the most important elements in the high

temperature corrosion during biomassfiring, as was discussed irh@per 2.

Table 3.2: Chemical composition of deposits fromsiiu tests and representative synthetic

salts produced

30% Woodchip, 70% Peat | 60% Willow, 40% Peat
Element In-situ Synthetic In-situ Synthetic
(wt. %) composition Salt A composition Salt B
Na 2.09 2.12 1.61 1.51
K 5.21 5.27 13.97 13.34
Cl 2.18 2.29 0.23 0.23
Br 0.07 0.07 0.19 0.21
S 21.59 42.52 22.57 42.19
Mg 3.54 3.36 3.46 3.46
Ca 44.35 44.37 39.17 39.06
Si 5.87 - 6.84 -
Fe 9.70 - 0.48 -
Al 1.7 - 1.88 -
Ni 0.94 - 6.67 -
P 1.51 - 2.36 -
Ti 0.00 - 0.32 -
Cr 1.23 - 0.24 -
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The quantities of the startimpmpound o be mixed to obtain a similaomposition
to the depositsvere identified using stoichiometric calculations, as is detailed below.
The startingcompoundsvere mechanically mixed together, melted at 1100n an
alumina crucible quenched to room temperatugepundand screenetb a particle

size of less than 25@m.

Taking the 30% woodchip, 70% pekpositmeasurements and synthetic salt A as an
example, the following technique was carried out to determine thengtguantities

of each materialThese equations were develdpbased on knowledge of the
compositions of the startingompound. The chemical reaction below shows
contribution of all the startingpmpound to the final individual molar fractions of the

elements.

aNaCl+ bKCl +cNg SQ +dK SO -eNaBr +KBr gMgSO h€&a
Y iNa+ jK «Cl I1Br m8 nMg oCa pO+

wherea-h are the amount of the startisgmpound which are used to produce the
synthetic salt andn are the number of moles of the individual elements in the final
mixture.This was used to determine the individual médactionof each elemeni;,

via elemeral balance equations, adlows:

Na iza+2c+e (3-1)
K j=b+2d+f (3-2)
Cl k=a+b (3-3)
Br l=e+f (3-4)
S m=c+d+g+h (3-5)
Mg n=g (3-6)
Ca o=h (3-7)
0 p =4c +4d + 4g + 4h (3-8)
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Equation 31 shows that thaumber of mole®f Na in the mixturdi) is equal to the
amount of NaC(a), NaBr(e) and twice the Ng5Qx (c) added to the starting mixture.
From this the output mass fraction,of each element in the mixture was obtaiasd

follows:

y = XMW
MW,

mix

(3-9)

where theatomicweights of the individual elemen{MW,) are shown inTable 3.3
andMW, mixis found, as follows:

MW i = G_ll X MwW (3-10)
The moles of each salt in the starting mixture was then changed iteratively until a
synthetic salt which is representative of thesitu tests is obtainedor example the
composition of synthetic salt A by molar percentage is 4.64% KCI, 3.3156(a
2.49% KoSQu, 0.07% KBr, 9.94% MgS#) and 79.55% CaSQlIt is noted that the
majority of the error between the synthetic salt arsitin is present as S. This is due
to the fact that the majority of the starting elements were sulphates. This is unavoidable
aschlorides or bromides of the respective elements would result in higher levels of Cl
or Br, resulting inhigher corrosion rate Oxides of the elements were considered
however theextremely highmelt temperatures of the oxidesative to sulphatesas

deemedmpractical

Table3.3: Atomic weights of elements in synthetic salt

Element (i) Na K Cl Br S Mg Ca O

Atomic Weight
(MW)

2299 39.09 3545 79.90 32.07 24.31 40.08 15.99

The input quantity of moles thgamovides startingquantities for the production of the
salt. The molecular weights of the startcmmpound were used to obtain the mass
percentages of each individual startowmpoundo be used and these are shown in
Table3.4.
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Table3.4: Molecular weights of startingompound used for synthetic salt

Chemical

NaCl KClI NaSOs K2SOs NaBr KBr MgSOs CaSOs
(MW))
Molecular
Weidh 58.44 7455 142.04 174.26 102.89 119.00 120.37 136.14
eight

The molar percentag of the startingompound were then obtained and used to

determine thenass percentages of startcgmpound to usgYj), as follows:

X MW,
y =20
MW

j,mix

(3-12)

Following this iterative procedure, the starting quantities to produce salt A and salt B

were identified and the values are showil afle3.5.

Table3.5: Saltcomposition by rasspercentage of startingpmpound.

MassPercentage(Yj) | KCI  NaSOs K2SOs KBr MgSOs CaSOs

Salt A 4.64 3.31 249  0.07 9.94 79.55

Salt B 0.50 2.50 1250 0.20 10.74 73.56

3.3.  Sample Preparation and Exposure

Iron, P91 and 343Sspecimens were cut to size 10 mm x 10 mm x 3 mm and then
ground on 240, 320, 400, 600 and 800 grit silicon carbide paper. This was done in
order to remove any machining marks, existing oxide layers and to ensure a uniform
surface finish for all samples prior to testing. A number of samples were tested using
a profilometer to ensure that the surface roughness valuésjtRmetic average of
absolute values), did not exceed 0.1 &m.
the difference in surface finisif specimensefore and after polishing are shown in

Figure3.2.
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Figure3.2: Samplesf iron before and aftegrinding prior to exposure to synthetic salt

Samples were then cleaned and-gxalised at 200 C for 24 hours, in order to
produce an initial protective oxide layer on the samples. The synthetic salt was applied
to 6 samples of metal and placed in a high temperature furnace a ad 600 °C.
0.25:0.01 g of salt were applied to each sample uaispatulaA further 6 samples

were also placed in the furnace with no salt coverage. Samples were removed from
the furnace after 1, 4, 7, 14, 21 and 28 days. Three characterisation techniques were
carried out on the sectioned samples; scanning electranosoopy (SEM), optical

microscopy (OM) and energy dispersiveray spectroscopy (EDX).

3.4. PostExposure Work

Figure3.3 shows a sample ofupe iron which was exposed salt Afor 7 days at 540
°C. Following exposuresamples were fixed in epoxy awdt, revealing the cross
section of the sampleith the arrow indicating the sectiovhich is analysed.
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Figure 3.3: Sample following exposure at 54Q for 7 dayswith salt coverage, with arrow

indicating section to be analysed

This sectional plane was then ground using 240, 320, 400, 600, 800 and 1200 grit SiC
grinding paper and polishgiir ogr essi vely wusing 30The 6 anc
samples were then examined using an Olympus BX51M opticabscopg197] and

a Hitachi S4700SEM [198], to measure the depth of corrosion and provide insight

into the subsurface material degradation and streaif the corrosion layer.

EDX analysis was also carried out to provide the chemical composition at different
depths. Elemental maps were created in order to obtain the complete elemental
composition of a section of the samp(@orrosion depth distribidns have been
quantified using the microscopy technigues in a manner similar to Nielsef53]al.
Frandserj199] and Dudziak et a[192]. Thecorrosiondepth wa defined as the sum

of the thickness of the oxide layer and the degraded majgdflas illustrated in
Figure3.4. An average thickness was calculatemin measurements taken at-26
different locations across the specimen width. An example showing the measurement
of an oxide layethicknessat fourlocationsacross the sample is showrFigure3.4.

88



27.46
Iz&oo umIZO.G?» um bl 27.34 pm

SUBSTRATE OXIDE

Figure3.4: SEM image showing oxide layer measurements for sample

If the effect of the corrosion on the material microstructure is to be investigated then
samples were further polished wusing 0.0
Vil el | a@3] Sampeg wenettheexaminedunder the optical mroscope or

SEM. Samplesvere cleaned following each step using an ultrasonic bath. Following

initial etching theywere repolished using the silica suspension aneétahed using

the same etchant in order to reveal material defects such as inclusiomsteeth

Etchants are used to selectively corrode microstructural features of a sample, creating
a contrast betweefeaturesof the metals microstructure. This occurs asdhe a
difference in the relative rates of corrosion of microstructural featieeswface. For
example grain boundaries can corrode very quickly when exposed to the appropriate
etchant, highlighting the edges of the grains. Grain shape and size is then easily

identifiable.

Duplicate samples were also placed in the furnace to befasadrface analysis.
These samples were not fixed in epoxy and were instead cleaned in an ultrasonic bath
and pickled usin@pydrochloric and nitric acidPicklingwas dme to remove any oxide

which exist on the sample surfacby submerging the sample an acidic solution

Mass change measurements were taken to investigate the extent of material loss.
Pitting corrosion was identified on the surface of the samples following pickling. The
surface of the samples were then analysed using digital elevatidelimg (DEM),

to reveal the surface profile, which provides depths of the pits.

An overview of the areas analysed is showmable3.6. The preparation techniques
required for the analysis to be carried out on this section is shown. The analytical tools
used to analyse this area and the information obtained from this anslgisio shown.

89



Table 3.6: Area of sample examined, preparation techniques required, analytical tools used

and information obtained

View Section Surface
Surface
examined L ///
o W
L Samplel” sample
Preparation | 1. Fix in epoxy Pickle sample
required 2. Section
3. Polish
4. Etch (optional)
Analytical _ ) SEM, EDX, DEM, White light
Optical microscopy, SEM, EDX
tools used interferometry

3.5. Analytical Tools

The analytical tools used in thiwork were optical microscopy$SEM, EDX
spectroscopy and white light interferometry. Brief explanations of the operational

theory of these techniques are included in this chapter.
3.5.1. Optical Microscopy

Optical microscopy makes use of visible light and a system of lenseagofy the

images of samplesA lens close to the object being viewisdusedto collect light

which focuses a real image of the object inside the microscope. A second lens, or set
of lenses then magnifies the image to provide an enlarged image, this alldwngher
magnification and interchangeablenses to adjust magnificatiolA schematic
showing the operating principle of a compound optical microscope is shdwguire

3.5. The optical microscope used during this work was an Olympus BX51M optical

microscopg197].
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Figure3.5: Schematic showing operating principle of an optical microscope

3.5.2. Scanning Electron Microscopy

SEM was used to obtain images of samples at high magnifications. This provides an
insight into how the corrosion mechami proceeds and the products formed. It allows

for identification of corrosion damage at a microstructural level, provided samples
have been etched. SEM is also used to examine the surface topography of samples and

identify areas for EDX analysis.

SEMiis in brief a microscopic surface analysis technique which produces images by
scanning the surface of a sample with a focused beam of electrons. It operates by
emitting an electron beam from an electron gun, which is fitted with a cathode. This
electron leam is focused by one or two condenser lenses to an area betwéén 0.4
nm in diameter. It then passes through scanning coils or deflector plates in the electron
column, typically the final lens, which deflect the beam in the x and y axes so it scans
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in araster fashion over a rectangular area of the sample surface. Once the primary
electron beam interacts with the sample, the electrons lose energy by repeated random
scattering and absorption across the sample. A schematic of this can beFsgerein

3.6.

If the electrons strike the sample and interact with the nucleus and electrons of the
atoms, the electrons produced are called secondary electrons (SEs). If the electrons are
reflected back with minimum collision with the surface, then they are called back
scattered electrons (BSEs). SE®AN be used to produce very higsolution images

of a sample surface, with details of less thamlin size being visible at a high degree

of quality. In addition SEM micrographs have a large depth of field, due tathaw

electron beam. This provides the characteristic tdneensional appearance which is

useful for undestanding the surface structuaed depths of samples.

ELECTRON
ELECTRON
ANODE BEAM
\
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Figure 3.6: Schematic showing operationpfinciple of a scanning electron microscope
(SEM).




SEM can typically vary its magnification from 10 to 500,000 times its original size.
The ability of a SEM to obtain high magnifications is based entirely on the ability of
the electron gun to generate abewith a small enough diameter.

When a norconductive specimen is illuminated with an electron beam this causes
specimen charging, as electrons collect locally. This causes poor quality imaging,
where the electrons can often cause blurry images. Typicalh-conductive
specimens must be coated with some conductive metal prior to observation. However
by reducing the probe current and lowering the accelerating voltageathid be
unnecessary. Charging can also cause damage of the sample which is &lgsegan

The SEM used during this work was a Hitackd 80 SEM[198].

3.5.2.1. Digital elevation models

Digital elevation models (DEM) can be produdsdtaking SEM imageatftertilting

the specimen by small anglebhis produces 3D surface profile of the specimen.
This method employs the stereoscopic technique and makes use of the Alicona Mex
software whth enablesan SEM with digital imagingto act asa surface metrology
device[200]. The resolution for the Mex software is 3 nm.

3.5.3. Energy-dispersive XRay Spectroscopy

Energydispersive Xray spectroscopyEDX) analysis is used to determine the
chemical composition at points of a sample. It is usethis workto define what
regionsthat have converted to oxidesremaired uroxidised. EDX point analysis is

also used to determine the chemical composition of inclusions. This is necessary as

different inclusions will affect the material properties in different ways.

EDX is an analytal technique which is used in the chemical analysis and
characterization of a sample. It operates based on the interaction between some form
of X-ray excitation and a sample. As each element has a unique atomic sttheture
provide unique peaks on i¥-ray emission spectrum. To obtain the emission of the
X-rays from samples, EDX makes use of electrons which are focused into the sample
during SEM. The number and energy of theays emitted from the specimen are

then measured using the enerigpersie spectrometer.
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The difference in energies and number efays emitted are unique to each element,

allowing for the elemental composition of a sample to be measured. The accuracy of
the EDX spectrum can be influenced by tfF
structues. EDX analysis is unable to detect hydromgeits spectrum due to the fact

that hydrogen has no core electrons. The hydrogen electrons are valence electrons and

as such participate in chemical bonding, therefore any signal from hydrogen would
overlap wth signals from excitation of valence electrons from other surface atoms

[201].

An example of an EDX sp&um, taken during analysis séltA is shown inFigure
3.7. This shows the peaks caused byays whichare given off as electrons from the
element shellsThe same element cappear multiple times in a map dieeX-rays
being emitted from different electron shells of the same elenietdata from the
EDX analysis was processed using the INCA softwana foxford Instruments.

Spectrum 5

X-ray counts

0 05 1 15 2 25 3 35 4 45
ull Scale 1833 cts Cursor: 0.000 kel

Energy (keV)

Figure3.7: EDX spectrum showing numerous peaks from different elements

3.5.4. White Light Interferometry

White light interferometry was used to examine the RepliSet sargkes from iR
situ tubesalong the superheater and reheater banks during a planned shutdown
RepliSet is a fast curing, twgart silicone rubber. It is designed to transfer the

structure of a solid surface to a highly accurate, stable 3D replica, wiblatren of
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0.1em [202]. This provides a nedestructive method for microscapexamination

and precise measurements ofitu componentdt was necessary to use white light
interferometry on these samples due to the material of the samples. Use of a contact
profilometer would have resulted in tearing of the samples and inacoeadiags.

The white light interferometer used in this work is a Zygo Newview 100 surface
profiler. It can provide surface topography, surface roughness and film thickness
measurements to an accuracy of 0.1 nm. The system operates via the generation of an
interference pattern (contour lines) which corresponds to the profile (contour map) of
the sample surface.

A white light source is used to illuminate test and reference surfaces. A collimating
lens collimates the light from the source, with a beam gpbtparating the light into
reference and measurements beams. These beams then reflect or scatter off the
reference mirror and the specimen surface respectively. The reflected beams are then
relayed by the beam splitter to tblkargecoupled deviceGCD) cameraproviding

the interference pattern. A schematic of this process is shokigune3.8.

The computer then performs fast foutiensformations (FFT) on the collected data
to generate the surface profile. The key advantage of white light interferometry over
stylus profilometers is its ability to take measurements on soft, easily deformable
materials, such as rubbeilhis makes i suitable system for obtaining the surface

profile of theRepliset samples.
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Figure3.8: Schematic showing operational principle of a white light interferometer

3.6. Depositand fuel characterisation

This section presents results from tB®X analysis of deposite®btained from
operational power plantnd unburnt biomass fuelknowledge of the compaosition

of the depositsforming in operational plants is essential to this work, as well

known that the corrosion rate of the heat exchanger tubes relates primarily to the alkali
halide content of thdeposits which fornon tubes[59i 61]. Depositswereobtained

from the three plants of interest to this work; (1) West Offaly Power (WOP), (2)
Edenderry Power and (3) Lough Ree Power (LRP).

It is noted that at the time of testing WOP and LRP both made use of peat alone as a
fuel source, while Edendermyas co-firing approximately 2@ biomass with peat

This is expected to have an effen the depositompositions measured.

In addition to thedepositsanalysed this method was extended to obtain the chemical
composition of biomass samples obtained from itréalscollaborators. As EDX

analysis is unable to detect hydrogen, the primary purpose of this analysis was to
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determine the O:C ratio of the fuels. The higher proportion of oxygen to carbon will
reduce the energy value of a fuel as showrnthad/an Krevéen diagranand Dulong

equationshownin Chapter 1

Three different biomass fuels were analysedpliig stone, (2)drrefied olive stone
and (3) torrefied wood. Torrefaction is a mild form of pyrolysis and is desdbiinefty

in Chapterl. Torrefaction provides a higher fuel quality for combustion applications
by removing moisture anaxygenfrom the materiathrough exposurto moderately

high temperatureim the absence of oxygen
3.6.1. Methodology

Depositor fuel smples were fixed on metal by use of carbon tabs. The samples
were then golgolated and examined using a SEM. Using the SHM physical
appearance of thdepositat a micrescale was determined. Locations were then
identified where EDXcould becarried out to determine the chieal composition of
thedeposit.

Ten to thirteen readings were taken across two locations for each sample. An average
of the readings obtained was then found and presented in teefter@ntalweight
percentage Results from thalepositanalysis are itially presented followed by

results from thdéuel analysis.
3.6.2. Depositcomposition analysis

For the samples of deposdbtained from operational plants largespatialvariance

in elemental compositiowas observedThis is evident irFigure 3.9, which shows
theelemental composition of the depaaitthe 12 locations analysed for West Offaly
power (WOP). It is @ar from theanalyss that several different compounds exist in
thedeposit ésted, with areas of high calcium content visible in the first four locations

analysed.
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Figure 3.9: Graph showing th@onruniformity of the depositomposition identified at 12
points across a deposit samfule West Offaly powers shown irFigure3.10.

Figure3.10 displays the locations on the depastples which have been analysed
from (a) WOP, (b) Edenderry power and (c) LRBints 14 analysed ofrigure3.10

(a) appear to be taken from a single large particle irdép®sit These points were
found to contain high levels of calcium and sulphur, identifying it as a particle of
calciumsulphate. The majority of the other points analysed do not have the appearance
of a single particle, the comptisn obtained at these points couloerefore be more
representative of theepositas a whole. The possible error in composition readings,
could potentially be minimised by passing theposithrough sieves initially to ensure

large particles are removed from tldeposit This would likely provide more

homogeneous results.

The averagdeposittompositions from WOP, Edenderry and LRP are shiawWiable
3.7. The elements of most interest for this work are Na, K, Cl and®these are
traditionally the elements which have the largest eftectthe high temperature
corrosion of heat exchanger tubes. The results are graphically compdfepire
3.11, with error bars representing the startideviation from the different locations
analysed.

The variation in depositompositionformed from plants using just peat as a fuel
source can be clearly seen from this figure as there is higher levels of Cl and Br found
in the depositfrom LRP compared with WOP. Higher levels of K and Na were
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detected at WOP compared with LRP. Clearly displaying the difference in peat

composition whembtained from different locations.
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Figure3.10. SEMimages showing locations at which analysis of fua$ performedor (a)
WOP, (b) Edenderry and (c) LRP

When thedepositsrom LRP and WORvas compared with Edenderry, the effect of
biomass is clearly evident, with higher levels of Cl, Br, Na and Kdalhtified in
Edenderry This clearly shows the effect of fioing in operational plants and the
changes it causde the composition ofleposits formed. The deposirmed during
cofiring contained elevated levels of elementhich are known tocause tb

accelerated corrosion of heat exchanger tubes.
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Table3.7: Composition ofdlepositdrom three operational plants byasspercentage

WOP (Peat) LRP (Peat) Edenderry (Co-firing)

Ca 43.16 55.56 46.25
S 15.12 16.57 9.41
Si 10.18 4.18 15.28
Fe 12.77 9.57 8.56
K 2.43 0.12 8.92
Mg 3.94 4.84 2.83
Al 4.80 1.66 1.62
C 5.93 2.65 0.00
Cl 1.33 2.78 4.39
Na 0.35 0.04 1.23
Br 0.00 0.28 0.72
F 0.00 1.78 0.77
70
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Figure 3.11: Graph comparing composition of samplesd&positsobtained from three
operational power plants
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3.63. Fuel composition analysis

This methodology was then expanded to test a selection of biomass fuels for chemical
compodgion. It was found that for the fuel samples, in contrast todéq@osits the
chemical compositionwas quite spatially uniformThis is evident inFigure 3.12,

which shows the chemical composition obtained at each of the 13 points analysed for
the olive stone fuel sample.
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Figure3.12 Graph showing the composition identified at 13 locations for olive stone

Figure3.13 shows SEM images of the fuel samples which were anallygpae3.13

(a) shows the olive stonEjgure3.13 (b) shows the torrefied olive stone, dfidure
3.13(c) shows the torrefied wood sample. The locations at which the EDX analysis
was carried out for each fuel sample is also shown for each image.
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Figure3.13: SEM images showing locations at which analysis of fusd performed fo(a)

olive stone, (b) torrefied olive stone, and (c) torrefied wood

The results of the analysis for the three fuels are showabte3.8. The olive stone
sample was found to consist predominantly of carbon (60.7@%ygen makes up
38.9%6 of the remaining composition, with trace amounts of K andl€afound. A
standard deviation of 3056 for the C content was identifiedith a standard deviation
of 3.43% identified for OThe minimum carbon found at a point was 56.17%, while

the maximum was found to be 66.48%.

80.726 of the torrefied olive stoneonsisted of carbon, with 17.97% consisting of

oxygen. Additionally, potassiumas found in the sample with Pdpresent and trace
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amounts of Ca present. A standard deviation.083% was identified for C and O in
this sample again showing that the compaositioes not alter significantly from point
to point. A maximum carbon content of 86.07% was identified at a singlé yibim

a minimum value of 73.689 identified.

The torrefied wood consisted of 72.29% carbon and 27.43% of oxygen. Trace amounts
of Ca anl Fe were identified and again the composition does not alter significantly
from point to point. A standard deviation of 3.00% was found for C and 3.01% for O.
A maximum carbon content of 76.10%, and a minimum carbon content of 67.00% was
identified.

The QC ratio for the three fuels analysed varied significantly. From these results the
benefits of the torrefaction process are evident with the O:C ratio changing from 0.64

to 0.22 following the torrefaction of olive stone.

Table3.8: Composition of three biomass fuels imasspercentage

(wt.%) Olive stone Torrefied olive stone  Torrefied wood
C 60.79 80.72 72.29
@) 38.97 17.97 27.43
K 0.12 1.19 0.15
Ca 0.12 0.12 0.12
O:C ratio 0.64 0.22 0.38

Figure 3.14 presents the weight percentages of the olive stone, torrefied olive stone
and torrefied wood samples alongside one another for compartsene. is an increase

of approximately\25% in the carbon content of the fuel when comparing the pure olive
stone composition with that of the torrefied olive stone. This increase in carbon present
in the torrefied olive stone is balanced by a decreaseioxigen present. Torrefied
wood was found to have a higher carbon content than olive stone, while having less
carbon present than the torrefied olive stone sample. The benefits of the torrefaction

process to the O:C ratio of biomass fuels is evident thase results.
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Figure3.14: Graph comparing composition of three biomass fuels analysed

3.6.4. Depositand fuel compositioncharacterisation conclusions

From the analysis of theeepositcompositionfrom the operational plants, the effect of
co-firing biomass with peat is evident. Higher levels of Cl, Br, Na and K were all
detected for theepositsample which was produced when biomass wagred with
peat. These are the elements which have beamrsto have the greatest effect on the

corrosion rate of materials when exposed to the active oxidation corrosion mechanism.

From thecompositionanalysis of the biomass fuels the benefits of the torrefaction
process are clear. There is a visible incré@aslee carbon content when samples have

undergone torrefaction.
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3.7. Summary

This chapter detailed the experimental programme which was completed during this
research. The experimental methadpl developed at NUI Galway to investig#te
response of materials tiepositsproducedduring biomass cdiring was presented.

This method was utilised throughout the research presented.

The procedure used to produceathetic salt, representative of depofitsned during
co-firing was shownThe calculationgarried outo determine the starting quantities

of compounds used to produsgnthetic salt were presented.

The test protocol that all samples underwent both g@me post exposure to the
synthetic saltwas detailed. The measurement techniques dseithg this research
were presented and examptdsamples analysed veeshownThe operational theory

of the analytical tools usetlring analysis of samplesaadetailed.

A test methodlogy to determine thelemental composition alepositsamples and
biomass fuels was presenté@om this analysis theffect of cefiring biomass on
depositcomposition was evidenDepositsfrom a cofiring plant contained higher
levels of K, Cl, Na and Br, all of which are dwn to contribute to the accelerated
corrosion of heat exchanger tubes in operational plants. Analysis of the biomass fuels
highlighted the benefits of torrefaction for biomass as an energy source. Torrefied

samples were found to contain lower O:C ratibjch relates to a higher HHV.
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4. Porosity-Based Corrosion Model

4.1. Introduction

This chapter presents the development obeel physicsbased model to describe
accelerated corrosion due to alkali halmbntaining deposits, which form on
superheater tubealls during biomass efiring. Synthetic salt A, which represents a
70:30 peabiomass mix, as described @hapter 3 has been applied to pure iron
samples in air at 54@ and 600 C. The corrosion layers were examined using SEM,
optical microscopy and[EX elemental mapping to provide insight into the material
degradation and structure of the corrosion layer.

Two distinct types of oxide foradon the iron substrate. Initially, a compact, uniform
oxide layer forned over the substrate. As the process contindkis oxide layer
degradd, leading to spalling whichesulted inbroken oxide pieces mixg with the

salt layer. Additional test samples were examined without deposits as controls to
highlight the acceleratewte of corrosion.

Two modelling techniques were examined; the previousBd labyrinth factor
method (LFM) and the newly developed porofissed corrosion method (PCM). The
PCM method uses measurements of porosity and pore radius, coupled with a
physicdly-based corrosion mechanism, to predict corrosion rates. Results from the
two modelling techniques were compared and both agree with experimental
measurements for times of up to 28 days.

These models are based on the assumption that corrosion proceeds active
oxidaion mechanism as discussed inapter 2. The chemical reactions which occur
during active oxidation are reproduced here as reactionsl R4d R45
[47,51,60,85,155,156These correspond directly to reactionsIR® R25 in Chapter

2. The model also assumes that the rate limiting step of the active oxidaiespis

the outward diffusion of Fegl) as shown in previous wofk1].
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Cb+ Fe Y(s)FecCl R4-1

FeCb(s) Yo(gFrecCl R4-2
2FeCb+3/2QY E@+ 2Ch R4-3
Clb+HO Y 2HCL + |1 O R4-4
Fe(s) + 2HCI(g)Y FeCh(s) + Hx(Q) R4-5

The PCM is envisioned to be used as agmreening method faredict the corrosion
depth on superheater tube materials ¢orgl term, high temperature test# is not
expected to eliminate the need for letegm experimental and 4isitu testing.The
experimentgdescribed in ChapterBere carried out to gain greatunderstanding of

the corrosion process and for use in the calibration and validatithe ofodels. A
number of models have been developed in previous work to determine the growth of
corrosion layers on metdgl51,53,159].

The focus of thizhaptemwas on validatiorof the PCM For this reason, experiments
were performed using pure iron, not materials foungerational plantsSection4.2
discusses the two modelling methods used and detail the development of the PCM
method. Results obtained from the experiments and the modelling are then discussed
and compareah Section 4.3 leading to the conclusioms Secion 4.4.

4.2. Modelling

Two models are presented for the accelerated corrosion due to alkaklduadidening
deposits and active oxidation. These are (1) the previusdg labyrinth factor
method (LFM) and (2) the newhgeveloped porosithasedctorrosion method (PCM).

The models are compared with each other and with experimental results. A schematic
of the corrosion process being modelled is showkignre4.1.
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cl, (g) (a) Salt

Atmosphere Salt R4

ClLb FeCl,A |Oxide

4 Porous lron
Oxide
layer
(b) Salt
FeCl,(g)
FeCIZ(S)"“'——H 1 X, I |—]<——"’/FeCI2(S) Cl, FeCl, Oxide

Iron

Figure4.1: Schematic of corrosion process being modelled in which (a) shows the model at
an early stage with a small oxide layer and (b) shows a sample following longer term exposure
with an oxide layer which has grown thicker and consumed more of the substrate.

This image displays the salt layer resting on top of a porous oxide layerré€léased

and travels through the oxide until it reaches the iron. Once there, it reacts to form
FeCb(s) which then diffuses outwards as F£@). The model assumes a single,
porous protective layer of oxide, which continues to grow with time as shown by the
growth between (a) and (b). Oxide layer growth is due to (1) degradation of the iron

substrate and (2) the lower density o®Gedeposited in the oxide layer.

This is a simplification of the plant process, which will in actuality involve the
formation and subsequent breakaway from the substrate of multiple layers of oxides,
and the deposition of E®z via reaction R43 inside the porous oxide layer as opposed
to solely on is surface. Deposition of K&z inside the oxide layer leads to retardation

of the outward diffusion rate of FeQly blocking pore$51].

The assumption of deposition ofJE& solely on the surface of the porous oxide layer
and not within it, gives an upper limit estimate of rate of increase of corrosion depth,
therefore providing a conservative estimate of substrate penfmen Given this
assumption, there is no net flux of @ the porous oxide layer, so it can be modelled

as a component of the stationary background gas mixture.

Assuming the rate controlling step of the corrosion process to be the outward diffusion
of FeQ: gas through the porswoxide layer, as discussedih@ pt e r fistlawFi ¢ k 6 s

forms the basis for the model of the corrosion,rassfollows
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dC
Jpo= Dy a2 41
A Eff, A dZ ( )
whereJa is the flux of species ADEesa is the effective diffusion coefficient of A
through the porous oxide layeta is the concentration afpeciesA in the gaseous
mix andz is the depth into the substrate. The difference between the two models
presented, the LFM and PCM is in the calcolatof Desa, as will be shown in the

sections describing the models.

All chemical reactions are assumed to be in chemical equilibrium since they proceed
rapidly compared to the diffusion of FeCTherefore, chemical reaction kinetics are
neglected. Theoncentration of @eciesA in the mixture is the driving force for the
diffusion rate in this expression. This is related to pressure via the ideal gas law which

results inthe following expression:

dk, (4-2)

whereRais the specific gas constant gfecies Aand T is the temperature. In this
study, peciesA is identified as FeGl Rreci2is the specific gas constant for Fe@hd
is calculated vighe following:

R =ﬁ (43
where A is the universal gas constant avigeciz is the molecular weight of Fegl
FeCb partial pressure varies as it diffuses out through the oxide layer and reaches
higher concentrations of200nce it reaches a sufficiently high contration of Q,
reaction R43 occurs and the FegZlonverts to F€s, with Chk being released to repeat
the process. For this model, temperatiependent partial pressures are obtained at
the metaloxide interface via calculation of the Fe(g)) vapor pressure from reaction
R4-2. The partial pressure at the oxide scale surface has previously been found to be
negligible[51,159]

By integrating Equation-2 through the oxide layer thickness,{ and assuming all
variables are uniform except, which has been identified d@%-ci2, the following

expression is obtained:
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3 _a DEff,FeCE )
FeCl,, — i,FeCl, Ps Feq)
(; OXRFeCLT -

(4-2)

wherepreci2 is the partial pressure of the Fe@hs with(i) and(s) designating the
interface of substrate amcide, (i), and the surface of the oxids), respectvely. This
results in an expression similar to those obtained by Grabke [6fLhBnd Stott &
Shih[159]. There will potentially be secondary gaseous components, £agndCCh,

present in the system

The constants identified from experimental data are detailed in the results section.
Figure4.2 shows the definitions of key variables used in the model in schematic form
and on an SEM imagé&xperimental samples were polished toeaar8diamond paste
finish. This provided a goosurface finish, while also retaining the visibility of the

pores in the oxide scales.

Ps FeCl,
a : b)
@ = ( Ps, Fecl,
. I PiFecl, 4
O X
Fe_ 3 o 3 \\ Fezos i [O\
p; ~° Basemetal- Base metal
l,FCClZ PO e

Figure4.2: Definitions of key variables used in oxide depth calculations on (a) SEM image
and (b) and idealised physical madel

From mass conservation the following expres$mrthe amount of iron consumesi

obtained:
lee ‘JFe
— = 4-5
dt 7., 9

wherelre is the depth of the iron which is converted to iron oxide in the sample and
}reis the density of iron. Assuming that all Fe leaves the system as HeClate of
flux of iron can be related to the flux of iron chloride via the ratio of their resgectiv

molecular weights, as follows:
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M F
Jee == Jreqy (4-6)
M
FeCl,
whereMre and Mreciz are the molecular weights of Fe and Fe@kpectively. From
Equations 4 to 46, an expression is obtained for the depth of iron which is converted

to oxide wth respect to time, as follows:

dl, _ Dett rect M £eP recy

4-7
dt IVIFeCIZ r FeR TIOx ( )

FeC}
The depth of iron converted to oxides must then be related to the depth of oxide
formedlox In order to do this it is assumed that for every 2 moles of Fe removed from
the substrate 1 mole of #&3is deposited in the oxide layer, from reactionsIRand

R4-3. The amount of moles of Fe are hence related to the number of moles of oxide
as follows:

dNFe =2 dNFezos

= 4-8
dt dt 9

whereNre is the number of moles of iron consumed Aagbosis the number of moles
of oxide produced. This is then related to the mass of the iron consumed and oxide
produced ia molecular weights, as follows:

1 drn:ez -2 rn:ers
M. dt M, dt

e Fe Q

(4-9)

wheremee is the mass of the iron consumage2o3is the mass of oxide produced and
Mre203is the molecular weight of E®s. By relating the volume and density of both
the iron consumed and the oxide produced an exprdssiary the depth of iron with

the depth of oxide is pduced, as follows:

%: 2 MFe rFezQ dIOx

dt M re dt (4-10)

Fe, 0
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where} re203is thebulk density of FeOs. The porous nature of the oxide layer which
is formed must also be taken into accodrte bulkdensity ofporousiron oxide,

} Fe203,b, CaN be obtained frote measured porosignd the following expression:
Meo0,0™ fag(l ) (4-12)

Then by combining Equation-#0 and Equation-41 the following expression is
obtained:

dlee _ 5 Mee TR0, dlo,
dt M r dt

(4-12)

Fe, O, Fe

From the combination of Equationl1£ with Equation 4, an expression for the
growth of the oxide layer with time @btained as follows:

dIOX — 1 M Fe, O, DEff,FeCE pi,FeCE (4_13)
dt 2/‘Fezos,b M FeC} RFeC}TIOx

Following integration an equation for the evolution of the oxide layer dépths

obtained, afollows:

| — 1 M Fe,O; DEff,FeCE pi,FeC& t

Ox
r%%bM

(4-14)
FeC}, R FeqT

wheret is time in secondsThe values of the variables and constants used in the

cdculations are shown imable 41.
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Table4.1: List of variables and constants used in equations

Mre2o03(g/mol) | 159.69
Mreci2(g/mol) | 126.751
Moz2(g/mol) 31.999

Mnz (g/mol) 28.014

Mciz2 (g/mol) 70.906

T (K) 813 873
pi,Feciz (Pa) 20.2 133.2
} Fe2oa(kg/m®) | 5240

R (J/molK) 8.314

p (atm) 1

Thedifference inmethods of dealing witBes Feci2iS the distinction between the LFM

and PCM models. The LFM, which has been used in previous[ab59,203] does

not explicitly calcula¢ Destrec2 INStead, it fits a curve to experimental data, and is
optimised using least squares. With sufficient data points, the LFM can be used to
extrapolate corrosion depth for wetaracterised experimental conditions. In order

to have reliable predictive capétyi for a given set of experimental conditions, Z8

days of test data are typically required.

The PCM uses simplified but physicaliysed modelling to predibs recioevolution

over time. Determining the duration of test data required for the BGMe of the
objectives of thishapter The LFM and PCM methods are described in detail in the
next sections. Both models assume that the corrosion depth increases uniformly based

on the experimental observations.
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4.2.1. Labyrinth Factor Method (LFM)

In this methodDestreci2is calculated by combining the molecular diffusivity of a
diffusing gas through a quiescent mixture of background gd3esi{v with a

labyrinth factor § asfollows:
Dett recy, = / Drecy, m (4-15)

The labyrinth factor amunts for the porosity and tortuosity of the oxide layer and is
determined using experimental ddfd,159] The molecular diffusivity through a
gaseous mixtureDreci2,m, IS modelled assuming the background gaa &ationary
mixture of N and Q in a fixed moar ratio of 79:21 according to the followif204]:

e 6nl s 4-16
DFeCIZ,M j=1 DFeCE,j ( ) )
], FeCl,

where x is mole fraction, n is the number of gaseous species, mgd; 3 the

molecular diffusivity of FeClthrough stationary gas j.

The addition of up to 1% (by mole) £lo the background gas found to have
negligible effet on diffusion properties. Ois modelled as being a stationary
component under the previousitated assumption that no J deposition, and
hence @ consumption, occurs inside the porous oxide lajbe values foDreci2;
are calculated using the Chapranskog equation159,205] as follows and
assuming suitable values for the collision diameteg:.j of the gases

a1 .1
_ 7 Sgi“w i
Dreq,, ; =1.86x10°T oW

FeCl, j " "FeCl,

oo

(4-17)

whereDrecizjis the diffusivityof FeCk through background gasrj m?/sec,Mreci2
and M; arethe molecular weights of Feand background gas j, respectivghyis
pressurefirecizj is the mean collision diameter of Fe@hd background gasajnd
O reci2,jis the temperature dependent collision integral for fFa@d backgroundas |
at temperaturd@. The values of the variables used in the ChapBaskag equation

are shown in Table 4.
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Table4.2: List of variables for use in Chapmd&mskog formula

Orec(A)  On2(A)  Go2(A)  Ociz(R)  qreczne Qrecizoz O Feci2ci

3.5 3.798 3.468 4.217 11 1.12 1.225

Predictions from the Chapmdinskog kinetic theory are limited due to the
requirement for estimates of the collisioramlieters and collision integralSuch
estimates are not available for all gag#85]. Urecrojis the arithmetic average of the
values for the two species present, which are tabulated for certairf2@se¥alues

of the dimensionless quantiyare generally of the order 1 and its calculation depends
on an integration of the interaction between two species, which is described by the
LennardJones 126 potential[205]. Values for iron chloride gas are not yetitalae,

so values are assumed in a manner similar to Stott and1S®hand given inTable

4.2.

The labyrinth factor is determined following the analysis of experimental results and

optimised using a least squares objective function for a poweatdallows:

851l - 0.5 dInt,

221 - i 3 (4_18)
e

¢

a=exp

where | =ayt in order to accurately describe the square root function as shown in

Equation 414, nis the number of sample experimental points to be used for the least

squares fit. From the combination bFa\/t_, Equation 414 and Equation 45 for

Defireccan equation for the |lfalowsri nth factor

Qo

M Reeo T

2 FeCIZrFeZQ FeC}

M

/ =a

(4-19)

FeCLM"™"' Fe, O pi, FeCh

Provided there is sufficient experimentalalavailable, the LFMan be used to mak

predictions for longer exposure times.
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4.2.2. Porosity-based Corrosion Method (PCM)

The porositypbased corrosion method (PCM) adopts a physassed approach to
determine values fdDetreciz as follows206,207]

1 1 (4-20)

+

D

D —

Eff ,FeClL, —

€
t

1-00: Or

a
é&)FeCIZ, M K,FeCl,

In this methoMes recizis calculated by combining molecular diffusivigeciz,ywith
Knudsen diffusivityDk reciz, the porosity of the oxide laydy,found from testingand
() the tortuosity of the porous oxidéhas previously been identified agitf work by
Bhatia and Brimutter[208] and SmitH207], which provideghe following:

° -1
a 1 1 (0]

Dert rec =92W +— 3 (4-21)
S etk (; FeClL,M DK,FeC5 8

This model contains contributions froboth bulk (molecular) and pore (Knudsen)
diffusion to the rate of mass transport through the oxide layer. This allows the PCM
to predict the relative contributions of Knudsen and molecular diffusion based on pore
characteristics and other measured andutatied variables. For example, for large
pore radij molecular diffusion is predicted to dominate. This would occur as the

porosity term tends towards 1 and fyerec,v al ue t end sl inoeases ds D

in size), due to crackforming in the oxide. Knudsen diffusivity is calculated as

follows:
D 97‘%\/'—1_ 065 (4-22)
= r s -
K,FeC
: (; FeCl, 8

where I is the average pore radius in m @drecr2 is the Knudsen diffusivity in

units of n#/s. Dest reciois then calculated as shown in Equatie214206].

The oxide layedepthpredictions are obtained from Equatioi4. It is proposed here

to determine the value &ffrom experimental results. As previously stated, the exact
duration required for these experiments isrmaied n this work. Potentialuture
development of the PCM could involve prediction Bfso that the need for
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experimental characterisation will be further reduced. SEM images are obtained from
the samples which have been exposed to the synthetic salt. Freensdmaples an
oxide layer is identified. The image is processed as seéigire 4.3 (a) using
OLYMPUS Stream Motior§197] image analysis software to obtain the total area of

the oxide layer on the sampl&r{tal).

The image is converted to binary via a colour contrast analysis, as shegared.3

(b). The pores in the oxide layer can thus be clearly identified and analysed. The area
of each individual black and white section in the image is thus qieahahd the
cumulative area of the pores in the samp@igr9 is obtained. The porosity of the

oxide layer is the ratio of the area of the pores to the total area of the oxide, i.e.

(4-23)

Figure 4.3: Images of a representative porous oxide layer, showing the area used to calculate

porosity values (a) SEM image (b) binary version of image

The Olympus Stream software also provides measurements for the mean radius of the
pores detected in the oxide layer. The software obtains measurements for pore radii

via the following techniqul97]:

1) The centre of gravity of each pore is determined.
2) Lines are plotted through the centre of gravity atilcumferential increments

and intercept points with the outer edge of the pore are determined.
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3) A local diameter of the pore outer edge is then detexth for each
circumferential increment. The diameter is defined as the distance between the two
intercept points with the outer edges.

4) From this a maximum, minimum and a mean diameter is calculated for that

pore.

From these measurements the average rzalieis I of each pore is obtained and

used to determine an overall average pore radius for the sample.

4.3. Results and Discussion

4.3.1. Experimental i 540 °C

This section presents results from the experiments camieonosamples exposed to
synthetic salA at 540 C for times of 1, 4, 7, 14, 21 and 28 days. SEM results and
optical microscopy results are analysed and the mechanism observed is discussed. The

experimental methdology followed is detailed in l@apter 3.

Figure4.4 shows SEM images of theespimen cross section area (sd@fter 3) for
exposure times of 1 to 28 days at 540 °C. After 1 day, a cupatae(db oxide) has
formed over a section of the irdRigure4.4 (a)). This cupola is formed by evaporating
iron chloride and its shape correspondstd of the stagnant diffusion boundary layer

of FeCb entering the bulk gas phase above the sample as described by Z485]et al.

A porous oxide layer has also begun to form on the surface of the sample substrate.

The sample exposed fordays shows a cupola, which has completely detached from
the substrate and porous oxide layeig@re4.4 (b)). A uniform oxide layer has now
formed ower the substrate and is separated from the substrate. Following 7 days
exposure a large void space has appeared below the cEpleeé.4 (c)) andthere

is evidence of portions of oxide below the cupola, although they appear to have further
deteriorated. This breakdown of the protective oxide scale is similar to that discussed
by Jonsson et aJ185], which describes an accelerated attack that occurs following

breakdown of the initial protective oxide layer.

Examination of the sanhp exposed for 14 days migure4.4 (d) appears to show

uncorroded iron separated from the substrate. This is also seen following examination
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of thesample following 21 days exposure. A section of uncorroded iron can be seen
detaching from the substratekigure4.4 (e). This undermining of uncorroded iron is

of interest and the mechanism behind this process requires further investigation.

Figure4.4 (f) shows a sample exposed for 28 days. A uniform compact oxide layer

has formed over the substrate. This oxide is detached from the substrate and does not
provide protection against further attack. Rors of oxide have also mixed with the

salt particles. Enestam et §.7] have defined the uniform compact oxide layer as
Type 1 oxide and the porous oxide which
particleso as Type 2 oxide.
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Figure4.4: SEM imayes of iron after exposure to synthetic galit 540 °C for (a) 1 day; (b)
4 days; (c) 7 days; (d) Idhys; (e) 21 days; (f) 28 days

Figure 4.5 (a) shows an image of the sample exposed for 28 days at a higher
magnification tharrigure4.4 (f). The Type 2 oxide can be seen amongst the salt layer.
The uniform Type 1 oxide layer can also be seen as well as the void space between
the Type 1 oxide and the substrate.
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Figure4.5: SEM image of iron after exposuretosalat 540 AC for 28 days

(b) 50 em magni fication

The formation of Type 2 oxide may have occurred following the deterioration of the
previous thinner cupolas and porous oxide layers to such an dxdetiiay fragment

and mix with the salt layer in a manner similar to spalling. Spalling occurs in corrosion
when the substrate sheds particles of corrosion product. The postulation of Type 2
oxide forming from severe deterioration of Type 1 oxide is supgddsy the fact that
these thinner cupolas and oxide layers, which are visible in samples exposed for

shorter time periods, can no longer be seen in the longer term tests.

Figure4.5 (b) shows a further magnified view tife same 28 day sample shown in
Figure4.5 (a). This image reveals the porositiy Type 1 oxide at this stage. A thin
broken oxide layer can also be seen above the Type 1 oxide. This is not visible at lower
magnification and may be a residue of a previous Type 1 oxide layer. This layer has

almost fully broken up and mixed with thetdalyer, forming Type 2 oxide.

An optical microscope image is shown for the sample exposed for 21 daigsiip

4.6 under dark light. This image shows uncorroded iron on the top portion, which has
separated from the substrate. The bottom portion, closer to the substrate, has been
oxidised. This indicates a twsiage mechanism whereby uncorroded iron is
undermined by ahin oxide layer before subsequently oxidising. As the iron is
subjected to oxidation from two sides, the corrosion rate is expected to increase.
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Figure4.6: Optical microscope image of iron exposed tib Adfor 21 days at 540 °C under
dark light

As will be illustrated inFigure4.7, the chemical composition of the substrate consists
of pure iron. Theoxide layers consist of both iron and oxygen, uncorroded iron has
been shown to consist of pure iron with oxygen present along the edges of the portions

which have separated from the substrate.

EDX elemental maps of the cross sectional areas have been obtained to determine the
chemical composition of a section of the samples. Maps are presented for samples
which were exposed for 14 and 28 ddigure4.7 shows the 14 day sample analysed

and the corresponding element maps of Fe, O, Ca and S; from this image a uniform,
compact, porous oxide layer is visible. A portion of uncorroded iron which has almost

fully separated from the substrate is also visible.
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Figure4.7: SEM image and EDX element maps of the sample following exposure # salt
for 14 days at 540 °C

The concentration of iron in the porous oxide layer is less than that of the uncorroded
iron which has detached from the substrate. The separation between the different
layers can be seen in the image. There is no evidence of Type 2 oxide in this image. A
layer of oxygen is visible on top of the substrate and on the porous oxide layer with

no oxygen pesent in the uncorroded metal, which has separated from the substrate.

Calcium and sulphur are also shown to be present in the salt layer, as expected.
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The uncorroded metal, which has detached from the substrate, contains no oxygen
except at its edges, dinming that it is not yet fully part of the oxide layer, but is
being oxidised from two sides. A layer of oxygen also exists on top of the substrate

indicating that the oxidation process has begun at this location.

It is noted that other elements are préshowever they do not produce informative
maps for a number of reasons. These include low concentrations of the elements,
resulting in background elements becoming dominant. Also in the casg tifetigh

volatility of FeCb in the vacuum of the SElhamber mayesult in its evaporation.

The 28 day sample analysed using EDX and corresponding elemental maps of Fe, O,
Ca and S are shown Figure4.8. Both Type 1 and Type 2 oxiglare present in this
image. A clear void space also exists in this image showing the separation of the oxides
from the substratélype 1 oxide can be seen in the form of a compact uniform layer
over the substrate. Type 2 oxide debris can also be seen mixed with the salt layer in

the epoxy.

A layer of oxygen is visible at the top of the substrate and along the entire Type 1
oxide layer. There does not appear to be any uncorroded metal separated from the
substrate. Uncorroded metal which had separated may have been fully oxidised
following the 28 days exposure. Again the presence of calcium and sulphur in the salt

can be seen.

Comparson of the 14 and 28 day results shows the evolution of the corrosion process.
After 14 days no Type 2 oxide is present, a porous Type 1 oxide layer is present with
a layer of uncorroded iron detached from the substrate beneath it. This uncorroded
iron has begun to oxidise from two sides. After 28 days Type 2 oxide is present and
there appears to be no uncorroded iron separated from the substrate; there is however

a thick porous oxide Type 1 oxide layer.
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Figure4.8: SEM image and EDX element maps of the sample following exposure # salt
for 28 days at 540 °C

Based on observations, the corrosion process is proposed to proceed via the following

stages:

1. Initial corrosion of fresh substrate, forming a clgsaiiherent Type 1 oxide layer

on substrate surface with a cupola forming over this.

2. Detachment of the oxide layer from the substrate.
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3. Fragmentation of the detached layers of oxide leading to formation of Type 2

oxide.
4. Undermining of uncorroded iron, whidketaches from substrate

5. Oxidation of detached iron from two sides leading to formation of a new uniform

type 1 oxide layer with oxide also forming on substrate surface

6. Detachment of this new oxide formed on substrate surface and fragmentation of

the detackd layers of oxide leading to formation of Type 2 oxide.

The iron corroded with no salt coverage was also analysed using optical microscopy.

A sample of images from these tests are showfigare4.5. After 1 day an initial

t hin, 11 em uniform oxide | ayer has for.
exposed for 4 days displays a thicker oxide lawdrich is still in contact with the
substrateas can be seen Figure4.5 (a). This is different to the sample with salt,

where the oxide layer is theehed from the substrate after 4 days.

Following 7 daysof exposure(Figure 4.5 (b)), the porousoxide layer which has

grown in thickness to approgria t e | y, h& ®egun ito detach from the substrate

with a voidvisible between the substrate and oxide. However compared to the sample
with salt, which has a thickness of appr

corrosion is significantly less

The 14day, nesalt sample showed clear detachment of the oxide layer from the
substrate. After 21 dayBigure4.5 (c)), this oxide layer has split into two layers which
are no longer considered protective. After 28 d&ygure4.5 (d)), the oxide layer has

detachedsignificantly and fresh substrate is again exposed to the atmosphere.
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Figure4.9 SEM images of iron after exposure to no sal540°C for (a) 4 days; (b) 7 days;
(c) 21 days; (d) 28 days.

The evolution of corrosion depths was measured using the method previously
describedn Chapter 3with between 15 and 20 sample measurements taken across
the specimen width. Measurements of corrosion depths are shdwgune4.10 for
samples with and without the synthetic salt. Of specific interestibeahe effect of
saltinduced corrosion compared to without salt. Information of the corrosion depth is
critical for calibration of the LFM and for validation of both models.
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Figure4.10: Thickness of thexide layerunder optical and SEM witkalt A applied and with
no salt applied at 540 °C. Uncertainty bars represent a + standard deviation

It was difficult to obtain accurate measurements for samples exposed to the salt for
tests beyond seven dagise b oxide fragmentation and mixture with the salt. The
apparent decrease in corrosion depth se&igure4.10 after 28 days is attributed to

this fragmentation process. The SEM provides more detailed information regarding
the corrosion layer structure, due to its superior image quality. Pores can be identified
from these images if examined at a high enough maghon and therefore these

images were used to obtain the porosity data for use in the PCM.

The detrimental effect of the salt on the corrosion rate is clearfigure4.10. The
samples without salt applied are subject to pure oxidation and display a significantly
lower corrosion rate than the samples with synthetic salt at the same conditions. This
highlights the accelerated corrosion process duskli halide containing deposits

and the need to develop a greater understanding of it.
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4.3.2. Experimental i 600 °C

Figure4.11 shows SEM images of the specimen cross section area (see Chapter 3)
exposed to salt Aor exposure times of 1 to 28 days at 600 AS.the corrosion
mechanisms observed are similar to thazenél at 540 °C, the analysis of these
samples is not as in depth as in the previous section. Again detachment of the oxide
from the substrate is visible following just 1 days exposure. There is evidence of
cupolas forming on the oxide surface indicatin@ thctive oxidation process.
Additionally there is visible deterioration of the oxide scale solidity as samples were

exposed for longer periods.
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Figure4.11: SEM images of iron after exposure to galat 600 °C for (a) 1 day; (b) 4 days;
(c) 7 days; (d) 14 days; (e) 21 days; (f) 28 days

Figure4.12 showsEDX elemental maps of samples exposed to salt @00 °C for 7
days. Maps of Fe, O, Ca and S are presented which clearly display the oxide region

which has formed detached from the substrate surface.
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Figure4.12 SEM image and EDX element maps of the sample following exposure # salt
for 7 days at 600 °C

4.3.3. Modelling 1 Labyrinth Factor Method (LFM)

The corrosion depths from the optical microscopy have been used in the least squares
fit identification praess to obtain the labyrinth fact®and the corrosion coefficient
afor the LFM model; as tabulated Trable4.3. In order to evaluate the extrapolation

capability of the LFM, values fa andahave been obtained far1 (1 day),n=2 (1,
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