Introduction to

HIGH TEMPERATURE
OXIDATION and
CORROSION

A.S. Khanna

ASN\

INTERNATIONAL

©

The Materials
Information Society
Wwww.asminternational org



Copyright &0 2062
by

ASM International”
All Rizghis Keserved,

Mo part of this book may be reproduced. stored in o retrieval system, or transmitled, inany form or by any means.
electromc. mechanical. photocopying. recordmg, or otherwise, without the written permassien ol the copyright
OWINET.

First printing, April 2002

Cireat cang is taken in the compilation and production of this book, bt it showeld be made clear thar NO WARRANTILES,
EXPRESS OR IMPLIED, INCLUDING, WITHOUT LIMITATION, WARRANTIES OF MERCHANTABILITY
OR FITHMESS FOR A PARTICULAR PURPOSE. ARE GIVEN IN CONNECTION WITH THIS PUBLICATION.
Although this information s believed 1o be accurate by ASM. ASM cannot guarantee that favourable results will
ke obtained from the use of this publication alone. This publication 15 mtended for use by persons having technical
skill, at their sole discretion and risk. Since the conditions of product or material use ane outside of ASM s control,
ASM assumes no liahility or obligation in connection with any ase of this information. No claim of any kind,
whether az 1o products or infermaticn in this publication, and whether ornot based on negligence, shall be greater
i amoeunt than the purchose price of this prodoct or publication in respect of which damages are claimed, THE
REMEDY HEREBY PROVIDED SHALL BE THE EXCLUSIVE AND SCLE REMEDY OF BUYER, AND 1IN
N EVENT SHALL EITHEE PARTY BE LIABLE FOR SPECIAL. INDIRECT OR CONSEQUENTIAL
DAMAGESR WHETHER OFR NOT CAUSED BY OR RESULTING FROM THE NECGLIGENCE OF SUCH
PARTY. As with any material, evaluation of the material under end-use conditions prior W0 spectlication is
esseniial. Therefore, specific testing under actual conditions is recommended.

Mothing contained in this book shall be construed as a grant of any right of manofacture, sale, nse, or reproduction,
in connecton with any method, process, appamtus, product, compaosition, oF syatem, whether or not covered by
letters patent, copyright, or trademark, and nothing contained in this book shall be construed as o defense against
any alleged infringement of letters potent, copyright, or mademark, or as a defense against hability for such
infringement,

Comments, crinicisms, and suggestions are invited, and should be Torwarded o ASM International.

ISBN: O-87170-To2-4
SAN: 204-7586

ASM International®
Materials Park, OH 3440730002
ww asminiernaticnal.org

Typeset in Replika Press Pyt Lid, Detha 1HE 040, India
Printed in the Unied Siates of America



Contents

Forawand i
P.':“.I'n': [ Vill
Firndutics \
Lo Hieh Temperature Oxidation-Basics I
2. Defect Structure of Oxides 24
3o Ihgsion s Solid Oxgdes L
4. Tompal Osydation 1]
5, Thick Laver Oxidation — Wagzner's Theory ol Oxidation T
6. Oxidation of Pure Metals Fi)
Chxadaton of Allovs 1§10
s, (adaten o Mixed-Gas Eovironmenls 135
9, Hot Corrosion | 72
19, Spalling of Okide Scales 202
11. Active Blement Bffect 220
|2, High Temperatuwre Coatings 230
13, Electron Optical Techmigues for Oxide Scale Charagterisation 2ab
L4, High Temperature Corrosion Problems in Tndusiries B2
.1.!'5.'-|_'|'.'|.'I.'.| i ]
lmportant Questions 206
Books on Hieh Temperature Corrosion and Coatings Tor
Further Reading 302
3. References for Guidelines for Laboratory Praciice for
High Temperature Corrosion Hesearch Akl
4. Important Tables 315

ingdex 321




Dedicared to
myv wife



Foreword

The attainment of high temperatures has been important in the development of civilization
for many centuries, Fired ceramics, extraction of metals from their ores, and the development
of casting, forging. and the optimization of metal properties by heat treatment are all high
temperature processes of considerable antiguity, However, the high temperatures were contained
by refractories, and in use most metals saw only modest temperatures. This began o change
with the industrial revolution. The first heat engines introduced at the end of the 18th century
were large steam pumps to remove water from deep mines, and these operated at farly low
temperatures, However, the desire for improved efficiency pushed boiler temperatures
progressively higher, first 10 develop engines for power production in factories, and then for
locomotives, Today, the main steam temperatures in advanced utility botlers are approaching
6307, wath the outer surface of the heat exchangers in contact with the combushon gases
perhaps 30°C higher., In Europe, Japan and the USA, plans are now afoot to raise the main
steam lemperature o perhaps as high as 750°C.

The intreduction of the internal combustion engine in the late 19th century introduced the
need for materials capable of operating for long nmes exposed to high temperature combuston
gases without noticeable surface damage, in particular the exhanst valves, which are difficuls
e protect by cooling. Again, as part of the dove for higher efficiencies and mgher specific
power oulpuls, the idea of supercharging was introduced, and the most common method was
the turbocharger. The conditions to which the small turbocharger rotor was exposed resulted
in the development of a class of castable high temperature alloys, of which Co- 10%Ni-
F30Ce-7, 3% W-0.5%C 15 an example. The introduction of electricity as a mujor energy
source 4l the beginning of the 20th century led o the development of electric heating for
industrial systems, and the problem of producing a wire capable of forming a radiant heater
with a surface temperature of the order of 850°C became a major challenge which was solved
by the development of Mi2O0%Cr alloys, which can be drawn into wires, but which have
adequate creep strength and good oxidation resistance at the desired vse temperature,

The next major challenge was the itroduction of the aviation gas turbine in 1940 1n
Ciermany and the UK, and this continues to be the pacing technology for the development
of high temperature alloys to this day. For this application, it becomes difficult 1o reconcile
alloy design demands for adequate high temperature mechanical properties and those for
adequate corrosion resistance, and this has led to a separation of these functions. An alloy
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with good mechanical properties and perhaps marginal corrosion resistance is protected by
the application of a coating that has excellent corrosion resistance but marginal mechanical
properties, A further complication is that the turbine inlet temperatures have now risen to
over [350°C; while the intrinsic strength capability of the best alloys currently available does
not exceed 100°C, This 15 handled by cooling the hot components, but the formation of the
cooling passages places further demands on the castability of the high temperature alloys,

All of these high temperature applications of metals and alloys demand materials which
have a variety of properties such as strength, toughness, fatigue resistance, creep resistance,
formability; and not least resistance o degradation by reaction with the environment, Essentially
all potential metallic materials are unstable in these high temperature environments, and the
various oxidation processes are highly exothermic. The only reason it is possible o have
materials that can be wsed at all 1s that the reaction product — the oxide — forms a “proteciive
layer” on the component surface, and it 15 the ways in which this is possible which form the
basis of the science of high temperature oxidation and corrosion resistance.

The first paper which expressly addresses high temperature oxidation was that by G,
Tamman, in 1920, However, the first paper which layvs out the basics of the problem as we
know it was that by Pilling and Bedworth in 1923, They defined “high temperature” as thai
at which the transport of the reactive components through the protective layer was the
principal determinant of the reaction rate (as opposed o the situation in agueous Corrosion
processes at close w ambient temperatures ). They showed that under these circumstances 1
could be expected that the rate of reaction would diminish as the protective scale thickened,
leading to a “parabolic rate law’. They also high-lighted the problems associated with forming
an adherent crack-free protective oxide layer on the oxidizing surface because of the volume
changes associated with the oxidation process. The discussion to this seminal paper shows
that others were thinking along similar lines at the time. A few years later, the discovery that
oxides contained lattice defects, and that the transport processes within them are determined
by the motien of these defects allowed a more quantitative approach, This was recognized
by Carl Wagner, who produced an important body of work over the course of the next twenty
vears largely defining how we now look at the basic theory of the bulk transport processes
in oxides. In recent years, however, the recognition that in many cases the transport processes
invalve short-circuit paths, such as grain boundaries, has introduced further complications
into this elegant picture.

The problem ol the integrity of the protective oxide was not part of Wagner’s contribution,
and its practical solution for the high temperature alloyvs which were developed for ihe
applications mentioned above was discovered essentially by accident in the early 1940°s, It
was found that very small amounts of what are now called “reactive clements” added 1o the
alloys introduced a remarkable improvement in the apparent imtegrity of the protective oxide,
particularly in its resistance to thermal cyeling, The reasons for this effect are stll a matter
of considerable debate.

The earliest theoretical reatments of oxidaton problems considered simple systems. with
a single oxidant (usually oxygen) and a pure metal. although in practice high temperature-
resistant matenals were always alloys. More recently, approaches such as in multi-component
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diffusion theory have been applied, and the growth of oxides on polyphase materials have
heen analyzed. These approaches have been greatly assisted by the development of modern
characterization technigues,

In recent years, the problem of high temperature corrosion in relatively complex environments,
such as mixed gases with low oxygen activities but signihicant carbon or sulfur activities, or
emvironments in which moelten alkali salts may be deposited on the alloy surface. has become
of much greater importance, Theoretical models for some aspects of these sitwations have
been developed, but they are still not fully understood. Many challenges sull exist!

In view of the practical importance of this area, and the intellectual problems it presents,
it 15 surprising how few teaching texts have been produced. The well-known books by
Kubaschewski and Hopkins, Kofstad, and Benard are now rather old, and the subject has
developed guite a lot since they were written. It 1s clearly timely for a texibook such as thas,
and the range of topics covered are clearly relevant to the current state of knowledge, Professor
Khanna 15 an international authority in this field, and his book will be welcomed by bath the
research community and those concerned with teaching this interesting and exciting subject,

John Stringer
Palo Alte, Cahifornia, 20000



Preface

Material degradanon at high temperatures is a serious problem in several high tech indusiries,
Gas turbines in aireralt, Tossil fueled power plants, relinenies and petrochemical industries,
and heanng elements for high temperature furnaces are some examples where corrosion
either limits their use or reduces their life, considerably affecting the efficiency, Why high
temperature corrosion should be treated as a separate subject from peneral corrosion is
mainly due to its difference in the mechanism of ocecurrence, high rate and very specific
emvironments. Untortunately there are not many universities or ipstitutions where a systematic
study on high temperature corrosion is given, After working for more than fifteen years in
the field of high temperature oxidation and corrosion when 1 finally joined Indian Institute
of Technolegy at Bombay, to teach high temperature corrosion, I found there was hardly any
hook which 1s complete for a basic course on this subject, smtable for a beginner in ihe
industry. Although, there are a few good books, viz, by Kotstad; Birks and Meier: and that
by Lui. However, while the Kofstad book s excellent for a practicing engineers/scientists,
it is nol very simple for a beginner, Berks and Meier book is briel and incomplete while Lai’s
hook 1s mainly for a plant designer, It 15 at that tme. | thought of writing this course book,
At 1IT Bombay, we have a core course on High Temperature Corrosion and this book is
basically 10 suit such a 40 lecture course,

This book 1s written in a manner suitable for a begioner to understand the fundamentals
of high temperature corosion and related topics, It starts with a basic chapter on the fundamentals
of high temperature corrosion, especially the thermodynamics and Kinetics of oxidation with
experimental details w measure Kinetes. The next two chapters are the basic knowledge that
1s required to understand the mechanism of high temperature corrosion, viz., defect structure
of oxides and diffusion in oxides. From then onwards the chapters start with thin layer
axidation to thick layer oxidation, Oxidation of pure metals and alloys s considered next,
More complications in high temperature oxidation come when the environment becomes
more complex, e, more than a single environment. Basic concepts of mixed gas environmeni
have been dealt in this chapter with a few practical examples of corrosion in mixed environments,
Hot corrosion is a special form of mixed gas corrosien in the presence of salt deposits, Why
scales spall, and why suddenly a highly protective system corrodes catastrophically is deal
with in next two chapters with the remedial measures of the addinon of active elements,

It is not possible in many cases to choose an alloy which exther does not corrade at high
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temperatures or its corrosion rate is within the desired limit. In such cases, the metals and
alloys are protected by coatings, This chapter gives the principles of various high temperature
coatings to combat corrosion. One item which is missing in many important books is the
analytical tools available to characterize oxide scales in order 1o understand the mechanism
ol oxidation. Mozt of optical and electron-optical technigues are described which are used
tor an oxide scale characterization, The last chapier deals with practical examples of high
lemperature COrrasion,

I hope this book will be of great asset for graduate and post graduate students, a good
introduction for persons working in industries, especially in chemical, petrochemical, power
plants etc, The basic knowledge given in the book can be further substantiated with some of
the advanced books given in the bibliography and review articles in the appendix 1. This is
i my epinion a first step w imparting basic knowledge in a difficult and complicated subject
called high temperature corrosion,

I must acknrowledge a lot of peaple who erther helped me or provided suttable environment
te write this book. The book was written during my several visits 1o Germany under my
bilateral Indo-German programme. 1 must also acknowledae the help | got in the form of
uselul discussions with Joe Quadakkers of Forschungsrentrum Juelich, Roland Streifl of
University de Provence, Marseille, France, my students Arun Patinmk, K. M.N. Prasanna,
5. K. Jha, Sujata Mahapatra and Madhu Jeevan Reddy who helped me in editing the book.,
The special thanks and sincere gratitude goes o Dro Ken Natesan of Argonne Natonal
laboratory, USA, who critically edited the book and made several important suggestions and
almost rewrote the chapter on mixed gas environment,

Finally 1 dedicate this baok to my wife who stayed alone during my visits to Germany
where | wrote this book.

A.5. Khanna
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stability at high temperatures, Onee these requirements are fulfilled, additional reguirements
for high temperature corrosion resistance are as follows:

I. Choose a metal which either has very low rate of oxidation at the temperature of
interest or forms a scale which is thin, slow growing and impervious to the atmosphere.

2. Smce only a few metals have properties mentioned in {i), the allernative way 1s 1o
choose an alloy which contains at least one such element that forms a protective, thin
and slow growing oxide layer,

3. The last alternative is to apply a coating of another element or compound which has
all those properties mentioned in | and 2 above.

In this book, an attempt has been made o achieve the objectives set in preceding paragraphs.
The first chapter deals with the basics of oxidation: thermodynamic principles, measuring
technigues and kinetics of oxidation. Defect structure and diffusion in solids, which is
essential to understand oxide growih phenomena, are discussed in next two chapters. Oxidation
under thin and thick scale regime is discussed in chapters 4 and 3. This is followed by

oxidation of pure metals and alloys in next two chapters. Oxidation in mixed environments
and hot corrosion is discussed next. Important phenomena such as siresses during oxide
growth and active element effect would be discussed in next two chapters. Different methods
of coatings required to protect metals and allovs from oxidanon at high temperatures are
covered 1n “High Temperature Coatings”. Use of optical and electron optical techniques.
required to characterize oxide scale and the mechanism of oxidation, is the subject of next
chapter. A few examples of high wemperature oxidation, hot corrosion and other material
degradation have been discussed in the last chapter.

The reader 1s expecied to have a basic knowledge of physical metallurgy principles and
must make himself up to date by referring other text books. This book is for beginners and
15 perhaps the first course in lgh temperature corrosion. For more details and addinoenal
literature on certain specilic topics. reader 13 requested to refer books and puides sugpested

in .f‘l.ppu:ndi‘.-: .



High Temperature
Oxidation-Basics

Orxidation 15 the most important high temperature reaction. Oxidation of metals or allovs
takes place when they are heated in a highly oxidizing atmosphere such as air or oxygen,
Oxidation can also take place in other environments, such as sulphur dioxide and carbon
dioxide, which have relanvely low oxidation potentials. In the simplest form, an oxidation
reaction 1s represented by the interaction of metal with oxygen to form an oxide. However,
there are a variety of factors on which the oxidation hehaviour of a metal depends and the
reaction mechanism involved may often be quite complex. An oxidation reaction begins with
adsorption of oxyvegen molecules from the atmosphere, nocleation of oxides, lormation of a
thin oxide layer, followed by 1ts growth to a thicker scale. Processes hke nodule formation
and scale spallation may also take place during the growth process and what path the transporting
species chooses for scale growth would decide the nature of the oxide formed. All these
factors will be considered one by one i the subsequent chapiers, but the most important
aspect for oxide formation s thewr thermodynamic stabality which will be considered hirst,

THERMODYNAMIC CONSIDERATIONS

An oxidation reaction between a metal (M} and the oxygen gas (O-) can be written as:
M(s) + Ox(g) = MOafs) (1.1)

Thermodynamically, an oxide will form on the surface of o metal when the oxygen potential
i the environment 1s greater than the oxygen partial pressure in equilibriom with the oxide.
This equilibrium oxveen pressure, also called the dissociation pressure of the oxide in
equilibrium with the metal 15 determined from the standard free energy of formation of the
axide. The standard free energy of the oxidaton reaction (Eq. 1.1) can be written as

A= —-RT In [:HM{'}J -"I'-".‘u{ff"u'};]:' (1.2}

where @y, and a,, are the activities of the oxide and the metal respectively and pyg.,, 15 the
partial ]'Jn:f-;!-_:urc of the oxyeen gas, In general, element activity in alloy is given by _e.'h, = Y
X where ¥, and X, are the activity coetficient and moele fraction respectively of M in the
alloy, 1f a value coefficient ¥, 15 not available, ideal bebaviour is assumed and ¥, 15 assigned
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the value of umity, Assuming unit activity of the solid constituents, i.e. the metal and oxide,
the Eq.1.2 becomes

AG®= RT In p(o.)) (1.3}
or Py = exp (AGHRT) il.4)

Equation 1.4 permits the determination of the partial pressure of oxygen in equilibrium
with the oxide from the standard free energy of formation. A plot of the standard free cnergies
tor the formation of oxides as a function of temperature is known as Ellingham/Richardson
diggrams, which are used o get inlormation about the partial pressure of oxygen required
for any metal 1o form oxide at any lemperature.

ELLINGHAM/RICHARDSON DIAGRAMS

Ellingham diagrams (maodified later by Richardson and Jeffes) were plotted from expenimentally
determined AG® vs T for the oxidation and sulphidation of a series of metals. The most
general expression for the vanation of free energy with AG® as a function of absolute temperature
T, in the form:

AG®= A + BT + CIT + OT? (1.5)

1 approximated to straight lines over temperature ranges in which no change in physical

- - - - 9
state has occurred. The relation could thus be expressed by neglecting terms involving T,
HT ete.:

Ali®=A + BT (1.6}

This equanon if compared with the standard [ree energy change of 4 reaction in terms of
its enthalpy and entropy

AG® = AH® = T AS® (1.7)

implhies that the constant A is the temperature-independent standard enthalpy change of the
reaction, AH", and the constant & represents the negative of the entropy change of the
reaction, —ASY,

The slope of the Iree energy vy temperature plot would thus be (— A8, the entropy change
of the reaction and the intercept the enthalpy value, Such a plot for the oxidation of various
metals is ilustrated 0 Fig. 1.1,

Salient Features of Ellingham Diagrams

1. The free energy of most of the metals shows linear relationship with temperatare with
i positive slope. This implies that most of the oxidation reactions take place with decrease
in entropy. This 15 obvious, as in most cases the reaction involves the formation of a solid
axide from a solid metal and a gas, i.e., the product has a higher order than the reactants, For
example in the case of oxidation of silver, one mole of oxvegen reacts o give two moles of
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Fig. 1.1 Ellingham diazgram, showing the vanation of free energy with emperature for vanons oxides.

stlver exide, which shows a net decrease in entropy as a result of disappearance of gas:
4Ag(s) + Osg) = 2Ag.00s) (1.8}
Only in the case of the following two reactions is the entropy not negative:
Cis) + Oalg) = COsig) (1.9)
2C(s) + Oylg) = 2C0{g) (1,10}
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In Eg. 1.9 one mole of oxygen in the reactants gives one mole of carbon dioxide in the
product, Thus the net change in entropy would be insignthicant and therefore, the slope of
this reaction is near 1o zero.

In the second case e, the formation of carbon monoxide from carbon and oxygen, one
mole of oxyeen in the reactant gives two moles ol carbon monoxide 1n the product, thus the
entropy has increased and therefore the slope 1s negative,

2. The change in the slope of the lines at certain points indicates a phase change in the
metal. This could be melting, boiling or a change in structure, ¢.g. a change from body
centered cubic to Face centered cubic for Fe at around 800%C. Such a phase change involves
a slight change in entropy due to the latent heat of the phase change and hence causes a small
shift in the slope,

3. The most stable oxide has the largest neganve value of AG® and 15 represented by the
lowest ling in the diagram. For example, in Fig, 1.1 Ca0 s the most stable oxide and Cus0),
the weakest. A less stable oxide can be reduced by the metal of a more stable oxide, This can
be simpiy deduced from the position of the lines of the oxides in the diagram. Since free
energy of formation 15 considered the value for only one mole of oxygen, the free encrgy
vitlue of the reduction of an oxide by the metal of other, can be obtained simply hy the
subtraction of their free energy values,

4. Determination of oxidation potential values

One of the most important applications of the Elhngham diagrams 15 the determination of
equilibrium dizssociation pressures ol oxides al various temperatures, Richardson added a
nomaographic scale to the Ellingham diagrams, The scale 15 constructed as follows. At any
temperature T, the standard free energy for a reaction is given by Eq. 1.3 as AG® = KT In
FAILOEN)

The Iree encrgy change of a reaction in terms of the partial pressure of the zas is written
s

AG = AG® + RT In p((4) (1. 11%

which is numerically equal to the decrease in the free energy of one mole of oxygen when
its partiad pressure is decreased from | atmosphere o pO; at the temperature T Now considering
the variation of AG® with temperature in Eg. 1,11, for a given pressure, the free energy
decrease of | mole of an ideal gas. A 15 a linear function of temperature. 1.e. A" becomes
increasingly negative with increasing temperature, and the slope of the AGP-T line is given
as K In p. (which, with p < 1, 15 a negative number), Sumilarly, for a given increase in pressure,
AG® becomes increasingly positive with increasing temperature. Thuos a series of lines can
be drawn for a given pressure change (always from p = | atm to p = p atm) as a function of
temperature. These lines indicate divergence from AG =0, T =0 as shown in Fig, 1.2,
Superimposition of Fig. 1.2 on the Ellingham diagram as given i Fig.1.1, is shown in Fig,
1.3.

o AL T, AG® = ab = the free energy decrease at T when p(), decreases from 1 to
10" atm. Thus Pl = 10 " atm. For ASAD S equilibrium at T,
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© AL T, AG® = od = the Iree energy decrease at Ty when p()y decreased from | to
107 F, Thus pOs = 107" atm. For A/AQ. equilibrium at 7,

o At Ty AG® =0, which corresponds to change from | to pO; and therefore pdd, =1 atm,
For A/ADS equilibrium at 75,

® AL T, AG® = ¢f = the free energy increase at T, when p()s is increased from 1 to 107
and therefore pOs = 107 atm, For AJAQ, equilibrium at T,

The pUs as a function of temperature is thus added as a nomographic scale along the right
side and the bottom edge.

The equilibrivm partial pressure of any metal/metal oxide can now be oblained by starting
from the point *0" marked on the Tine on the left of the diagram in Fig. 1.1 (this corresponds
te the equilibrivm partial pressure of | atm.} and intersecting the AGE-T line at a point
corresponding to the desired temperatare and extending it to the nomographic scale at the
right or bottom edge, which will give the corresponding equilibrivm partial pressure of the
metal oxide at the selected temperature. For chromium oxide for example at 1000°C. the
value of the equilibrium partial pressure of oxygen is 102" atm. This implies that formation
of Cry05 15 faveured thermodynamically at 1OO0%C in an eavironment with the oxygen
potential greater than 10, Similarly oxygen partial pressure for Niis 10" atm. at 1000°C
and those of Co. and Al are about 107" and 10 respectively. In practice, these low partial
pressures of oxygen in ambient gases are achieved from a mixture of gases in which oxygen
15 one of the components. Such an environment contains no measurable molecular oxygen.
The oxidation potential 15 controlled by either the pH+/pHAO or pCOMpCO 5. For pHA/pH-0O).
the oxidation potential is determined by the following reaction:

The standard free energy of formation is related to the partial pressures of hydrogen, oxyaen
and water by:

AG® = - RT In (pi,of iy, PO2) (1.13)

Rearranging the equation gives:
pO, = exp (AGYRTW(pH.pH,0) (1.14)

Thus the partial pressure of oxygen at various temperatures can be determined as a function
of pH-/pH-0. The pHA/pH -0 value in equilibrivm with the oxide can also be read from Fig. 1.1,
using the method discussed earlier for reading equilibrium dissociation pressures of oxides,
The starting point for the Ho/H,0 equilibriom in Fig. 1.1 15 the point "H' instead of point “0
on the reference line, which is determined from the free energy value of BEqg. 1.12, One can
see that the AG® for the combuston reaction of hydrogen (Eq. 1.12), at ¥= 015 =511 klimole,
where the point ‘H' i« marked on the reference line at the left of Fig, 1.1, The pH./pH, 0 value
15 read trom the H+/H,0) scale, which surrounds the upper, nght and bottom of the Ellingham
diggram. For example, from Fig. 1.1 it is seen that the oxygen potential, in terms of pH./
pH-0, in equilibrivm with Cr-O5 at 1000°C s about 5 = 107, Thus Cra05 is likely to form
at 1000°C when the pHo/pH-0 ratio in the environment is less than 5 x 1Y,
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Similarly, the equilibrium reaction in an environment whose oxidation potential is controlled

by pCOPCO. is:
2 CO(g) + Oslg) = 2 COAlg) (1.15)

The above reaction (Eq. 1.15} can be obtained from the reactions given in Eq. 1.9 and 1,10,
that is by subtracting the Eg. 1.10 from Lg. 1.9 Therefore, the standard free energy for this
reaction at 7= () would be - 3648 kIfmole. It can be seen that the corresponding reference
point “C7 appears at this value on the reference hine.

FFrom Eq. 1.13, one can now re-arrange and write the oxidation potential as;

pOs = exp (AGHRT) [ (pCOIpCO,)* (1.16}

The pCO/pCO; value can be read from the COACO- scale by matching it with a reference
point *C" in the same way as o the case of Hy/HA(0).

Thus it is possible to obtain the oxyegen potential of the environment in terms of p)., pHa/
pH-O or pCOSpCOs and the oxygen partial pressure in equilibrivm with the metal/metal
oxide of interest from Fig. 1.1 in order to determine whether or not the oxide is hikely to form
thermody namically. Important information for designing industrial alloys can also be obtained
from such diagrams. For example, it is clear from Ellingham diagrams that oxides of iron,
nickel and cobalt which are the alloy bases for the majority of engineering alloys, are
significantly less stable than the oxides of some of the solutes {e.g. Cr, Al 51 ete.) in these
alloys. When one ol these solute elements is added to iron, nickel or cobalt in o reasonable
concentration, the base alloy 15 protected due to formation of stable oxide on the surlace. This
15 the basis of protection of most of the engincering alloys. Most of the high temperature
alloys either form alumina or chromia protective scales on oxidation, or coatings of these
elements are applied, which on oxidation form one or more of these oxides.

Similar diagrams for sulphide and carbide syvstems have also been made. One such digeram
for a few metal sulphides 18 given in Fig. 1.4, Free energy of formation refers here for
interaction of metal with one mole of sulphur gas, 5. Dissociation pressures for metal
sulphides can be obt?  ned in a similar way in terms of pS» or o the form of ratio of the Ha

H.S. Momograms have been drawn in a similar fashion as for oxide systems. As can be seen
CaS 15 the stablest sulphide and CoySy the weakest,

The Ellingham diagram for a few important carbides is given in Fig. 1.5, The most stable
carbides are those ol chromiwm, titanium and niobm.

KINETICS OF OXIDATION

One of the limitations of Ellingham diagrams is that they do not take into account the kinetics
of reaction. These equilibrivm diagrams only tell us whether under certain conditions of
temperature and partial pressure of oxygen, oxide formation is possible or not. Sometimes
it 15 possibie that the Kinetics of the process are so slow that even if there 15 a possibility of
the reaction to occur thermodynamically, it will take very long to form. Thus it appears that
the oxidation reaction has not occurred, Therefore, 1t is imperative to know about the
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High Temperarure Oxidation-Basics 9

kinetics of oxidation reactions, Further, if Fformation ol more than one oxide is possible, the
diagrams cannot a prieri tell us what oxide will form in the given environment, The reaction
Kinetics of formation of different oxides need to be considered. A combination of thermodynamic
and kKinetc information can give a better understanding about the behaviour of the oxide.
Moreover, knowledge of reaction rates is an mmportant basis for elucidation of reaction
mechanism,

Rates of the reactions and the corresponding rate equations for the oxidation of a metal
depend upon a number of factors. The most important are: [emperature, oxXygen pressure,
surface preparation and pre-treatment of the metal. For engineering design, kinetics ol the
oxidation 1s very important as 1t gives an estimate of the design life of the metal to be used
as a particular component at a specific temperature and environment.

The following different rate laws are commonly encountered : linear, parabohic, logarthmic
and combinations ol them such as paralinear (combination of hinear and parabolic) ele,

Logarithmic Law

[t usually represents oxidation in thin layer regime.  In the case of most metals heated at low
temperatures, the kinetics usually obey logarithmic behaviouor, The rate of reaction rises very
fast in the beginning and then slows down, either following a direct or inverse logarnthmic
law:

Direct logarithmic law v=Klogi+A (1,17}
and
Inverse logarthmic law lix =0+ K'log (l.1a)

where v can be the change in weight as a result of oxidation, thickness of the oxide formed,
the amount of oxyvgen consumed per unit surface area of the metal or the amount of metal
ransformed to oxide, r denotes the time and K and &' are the rate constants for logarithmic
and inverse logarithmic process, A and B are the integration constants. The variation of x with
time is shown in Fig. 1.6.

There are a number of theories to explain the two logarithmic laws. These are based on
the transport of either 1ons or electrons. These are discussed in a subsequent chapter dealing
with the oxidation in thin layer regime,

Parabolic Oxidation

From the standpoint of oxidation of engineering alloys, the parabolic law 15 of great importance,
As per this law, the oxide growth occurs with a continuing decreasing oxidation rate, The rate
of the reaction s therelfore inversely proporiional to the scale thickness or the weight of oxide
formed. This ig represented as:

duldy = Kplx (.19
or atter integrating:

i T S b (1.20)
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High Temperature Oxidation-Basics 13

a reaction chamber which is exposed to a furnace. In addition 1o these essential components,
a sophisticated balance can have a vacuum system so that oxidation is carried out in a vacuum
or at various pressures and a gas inlet and outlet system to carry out the tests in different
atmospheres. [Uis also possible to have special modifications of the balance to carry out tests
even in corrosive atmospheres, such as water vapour, steam, sulphur dioxide, chlorine etc,
Schematic of a bottom loading balance 15 shown in Fig, |8,

|E.|I:tr|;:|,' shelid
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- Automatic recording
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e Marrowy hore pymex tube
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|

r ]
Furnace gos inlet ‘l

)

i

l. SihicE suspension

Thermiociuple )
"f___ﬂa- Reaction tube (silica or refractory)

— e S T T

— 1 Furnazce

Fig. L8 Schematic of o botom loading balance.

The most unportant part of a thermobalance is the balance itsell. In principle, various
types of balances mayv be emploved. Spring balances with quartz or metal helices may serve
as inexpensive and reliable balances {(Fig. 1.9). Reaction rates in these are measured by
measuring the change in the elongation of the helix with a cathetometer. Torsion and other
types of balances of varied design and sensitivity are also used. Most ol the commercial
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balances such as the Cahn balances are of the electromagnetic type, where deflection of the
beam as a result of weight change is balanced by generating a magnetic field which in turn
generates a current equivalent to the force required to bring the beam bhack to the original or
null position. The current reguired to do so s a measure of weight change and is amplified
and recorded 1o terms of the voltage generated. Balances with various sensitvities are available,
Measurement of weight change to an accuracy of 100 glem?” is usually adequate for oxidation
studies and many commercial balances are available with such sensitivity.
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Figure 1.8 is a schematic of a simple continuous recording thermobalance. As can be seen
the equipment consists of a balance attached 1o a chamber, which goes into a furnace, In
arder to carry out test under full isothermal conditions, the furnace can be heated separately
and then raised around the sample chamber. Also the inlet and outlet in the reaction chamber
provide facilities 1o carry out tests in any atmosphere.

A wversatile thermobalance for high temperature corrosion studies was made by Mettler,
of Switzerland. Here the sample is loaded in an upright position. The main advantage of this
system is that one can carry oul tests in a4 vacuum, or other gases. There is also a special
arrangement 1o carry oot lests in steam or corrosive gases by modilying the chamber. The
view of the balance 15 shown in Fig, 1.10 and the special chamber for steam oxidation in Fig,
1.11. The steam is made by boiling water and is carried to the chamber by a carrier gas such
as nitrogen. In order that the steam does not enter the balance chamber, another gas of higher
density and at a higher low rate 1s passed through the sample chamber which keeps the steam
limited to the special chamber only, Any steam which comes down 15 converted to water and
15 collected in the reservoir, A similar system with a slight modification is used to carry out
tests in corrosive pases, such as sulphur dioxide and chlorine. A similar technigue to that used
in the case of steam i applied to restrict the corrosive gas in the reaction chamber, e, by
passing a protective gas from the reaction chamber, There are arrangements to attach the

%I'.ck-up figld far rowey punsp |:":I'L‘-"- acuum field

High vecuum range B Ui supply
Cruis purification
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Mo=Ms = medium vacuum pressore gauge
P = gorrosive 2as inle
Vo
HEh
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o .
iR |
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T Obe, gas

Chambeer valye

Fig. L.10 Schematic of a Mettler thermobalance.
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Fig. 1.11  Schematic of a special atmospheric furmace For oxidation in steam,

system Lo a gas chromatography analyser or o a mass spectrometer 1o analyse the gaseous
products.

Another versatile system now available in the market 15 from Setaram. France, Fig, 1,12,
Two tvpes of balance are available, symmetrical (a) and single pan (h). In the symmetrical
balance. the sample is suspended in one pan and the other 15 balanced by counter weights.
The balance has special teatures like an automatic gas changing system. Tests in vacuum and
under high pressures and in other gaseous environments can be carried out, The balance
promises high accuracy and reproducible resualis.

Another way of measuring oxidation Kinetics of allovs in closer industrial environments.
such as a simulating combustion environment 1n gas turbines, 15 by burner rigs. The test
environment is produced by combustion of fuel with air. An example of such a system is
shown in Fig, 1,13 This burner rig system produces a high velocity gas stream and it is also
possible to carry out test in thermal eveling conditions. Samples are loaded in a carousal.
rotating at a constant speed to ensure similar test conditions to all the samples. These are then
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withdrawn automatically after a definite period from the hot zone, cooled, weighed and
replaced. Burner rng tests can also be used to carry out hot corrosion tests by injection of salts
in desired amounts and of desired composition,

Other Methods of Measuring Oxidation Kinetics

Oxygen consumption measurement

The consumption of oxvegen during oxidation may also be followed by volumetric and
manometric methods. The equipment consists of a reaction chamber connected o a reservolr
of reacting gas. The reaction rate is measured by measuring the pressure drop in the system
or by measuring the volume of the gas consumed. Oxyeen consumption can be measured by
measuring the positien of an indicator {mercury or diecthyiphthalate), stored 1n a long capillary,
connected to the reservoir. In both these techmiques of volumetric or manometric analysis,
the apparatus should be fully thermo-stat. These methods should also be used preferably for
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to silvery:; and yellow to brown-red-blue-green in the second order. The compositions of the
oxide are close to NiQ) and Pb(), The films formed on heating iron at 250°C. for example,
consist of rhombohedral @-Fes05, with magnetite underneath it, Magnetite is fairly opague
and g-Fe-0 5, which is responsible for producing colours. s less transparent than Nit), so thai
the later colours are weak or missing. The sequence in first order 15 yellow-brown-mauve
blue—silvery grev and in the second order 1s pinkish hlue—blue—greenish blue, The invisible
film formed on iron exposed to dey air at 18°C consists of cubic oxide jFe.0,.
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Fig. 1.16  Interference colours abtained on pure nickel and iron when they are heated.

IDENTIFICATION AND CHARACTERIZATION OF 5CALES

Reaction kinetics gives information regarding how fast the exidation will occur or how long
a metal will survive in an atmosphere at a particular temperature. If the anm 15 to understand
the mechanism of oxidation, so that the oxidation hehaviour of the metal or alloy can be
improved, then detaled information about the scale constituents, scale structure, and composition
must be known. There are now a number of technigues which can be used o obtain this
information. The sumplest 15 visual and stereo-microscopic analvsis which give information
about the scale cracks, spallation, exfoliation etc. The scale is then subjected to either X-Ray
diffraction analysis to wdentily the various oxides formed during oxidation or subjected to
scanning Electron Microscopy coupled with Energy Dispersive X-ray Analvsis (EDAX) lor
surface topography, surface morphology and surtace composition. Information such as nodule
formation, convoluted layvers, and type of oxide, whether it is crystalline or amorphous, can
be obtained from SEM.

Scale Cross-section Gives Important Information About:

Different oxide layvers formed and the sequence in which they are formed.
The composinon of different layers.

scale adherence, scale porosity, adherence between vanous oxide layers.
Dhistribution of various elements in the scale—using X-ray mapping,
Concentration profiles of various elements.

ol Sy

oo
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Defect Structwre of Oxides 25

lattice are described by a symbol followed by a subscript. For an oxide, the various defects
are writlen as:

W, — ORYZen vacancy

Ym metal vacancy

(), — oxvgen interstitial
M,; — metal interstitial

In principle, all tvpes of defects are possible 1 a solid. However, the Iree energy of the
formation of different types of defects has widely different values, and correspondingly one
type of defect structure commonly predominates in a particular solid, The relative concentration
of different types of delects 15 a function of temperature and other variables which influence
the state and composition of the solid.

Point defects may be neutral or charged. The charge of a defect is always indicated as the
effective charge, 1.e. the charge expressed with reference to the charge normally present in
the same positien in the host lattice. In the Kroeger Yink notation, the effective charge is
indicated by a superscript: a dot(.) for each unit of positive charge, a prime (') for each unil
of nepative charge and a cross (1) for a neutral defect {effective charge of zero). For example:

(}E — represents an oxvgen atom on its normal laitice position:

Oy — represents an oxygen vacancy with an effective charge of +2;
(3, — represents a metal vacancy with an effective charge of -1;
(37 — represents an interstitial oxygen ion;

() — represents an interstitial metal ion with valance +2;
07 — represents a foreign cation of valance +2 on M site.

An electron in the lattice is represented by ¢ [M ] and electron hole as h[ M, 1.

Concentration of defects are written in square brackets e.g. [ V] indicates the concentration
of doubly charged oxvgen vacancies. In the case of electrons and holes, the concentrations
are written as » and p instead of é or & respectively.

Figure 2.1 illustrates the two most common defects, found in solids: the Frenkel defect,
a caton vacancy. and an interstitial and Schotiky defect. a pair of cation and amon vacancy.

In addition to Schottky and Frenkel disorders, other possible defects can be:

A pair of interstitial atoms, O+ My
Displaced atoms 0, + M,
Vacancy and misplaced atoms Vi + M
Interstitial and misplaced atoms M: + 0,

However, these defects are Tound to be ol little importance in comparisen o the most
commuon Schottky and Frenkel disorders.

NONSTOICHIOMETRY

For a long time, it was believed that inorganic compounds had a definite composition,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



Defect Structwre of Oxides 29

I. If the valence of the substituting cation is lower than the valance of the host lattice,
cation defects will be ereated in the cation sublattice of the type M . where M,
designates the foreign cation. In order to maintain electrical neutrality, this will lead
o the formation of an oxyeen vacancy on the oxygen sublaitice. A typical example
15 Cal)-doped Zr(); which is a good oxyeen conductor due to the presence of oxygen
vacancies formed by Zr doping,
[T the substituted cations have the same valence as the host lattice cations, no point
defect will be created, but the ability to form electronic defects might be changed.
3. When the substituting cation has a higher valence than the host lattice cation, a defect
of the type inferior will be formed, In order to compensate for the extra charge.

[

interstitial oxygen O will be formed. This behaviour has been observed in ZrQ .-

doped Y504, which due to the presence of 7 shows some oxygen conduction.

CALCULATION OF DEFECT CONCENTRATION

Concentration of point defects 1s usually expressed as site fraction. whereas electronie defects
are more conveniently expressed as number per unit volume,

The site fraction of a given delect is directly related to the deviation from stowchiometry
and can be dernved as tollows:

Let N, = total number of lattice oxygen sites,
N, = total number of lattice metal sites,
N, .. = number of oxyvegen vacancies,
N, n = number of metal vacancies,

i, = number of oxyegen 1ons interstitial sites,
then for an oxygen-deficient oxide with the composition Med, .

f_.' E — T |:"ll"llll T 'i'l"'rl..ll-:I

= =] “1
M 1 N (212}
for an oxide of tvpe MO,
N, =2N (2.13)
thus
2 - AN, - Nv_m} N'-'. ]
l*: W =91 - .i"-.-" (2.14)
which gives
Mo :
voo=vel=3 (2.15)

Thus oxygen vacancy concentration of an oxide of type MO, , is equal to half of its deviation
from stoichiometry (x).
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Defect Strucrwre of Oxides 33
Application of the law ol mass action to this reaction gives
Koy = [Vl [M 17 plo2y3 (2.33)
after insertion of the neutrality condition:
My = Vi (2.34)
Eq. 2.33 hecomes
K vy = AVl pl02) - (2.35)
Thus for these oxides

[Virl = 4K p(0)"

[Vl = K[y, plO2)"" (2.36)

and a plot of log [V ] v log p(O4) will give a straight line with a slope of 1/6. This is given
in Fig. 2.2 along with the behaviour of other defects.

Oxides with Both Vacancy and Interstitial Defects

S0 far we have considered such oxides which had only one type of defect, vacaney or
interstitial, There are certain oxides which have hoth types of defects, For example, it can
exist as a subsioichiometric oxide U0, , (e, at high pressures), in which V' are the main
defects while at low pressures, it can exist as /05, which has O] as the dominant defects,
Possible defect equilibria for two cases are:

(a} Formation of V;

OF=Vs + 2e’+ 1 0a(p) (2.37)
Ky = [Viln p(Oy)"* (2.38)
(k) Formation of OF

:_!:Dg{g} =0+ 2k (2.39)
Kior= 107 p7p(0,) = (2.40)

(¢} Intrinsic ionisaticn
Neutral Lattice = ¢” + i’ (2.41)
K=np (2.42)

This reaction becomes predominant at low defect concentration, 1.e. at near stoichiometric
compositions.
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the conductivity has a positive temperature dependence. This is in contrast to the case for
metallic conductors, for which the conductivity decreases with temperature, The conductivity
af nonsteichiometric oxides also lies between that of metals and insulators, and these oxides
belong to a group of compounds or elements called semiconductors.

The total conductivity (€5, in an oxide 15 given by the sum of the electronic { G, . ponc!
and 1ome (7, ) conductivities:

ﬂl“:‘l“a‘ P lj-I.I|IIII.' + ﬁl_‘ll\.‘L‘llL'fl]L‘ = {Ill.lli.ll :-!l e Irl.':I

where ¢, and ¢, are the transport aumbers ol ion and electron respectively.

The mobility of the electronic defects 1s very much higher than that of point defects. and
nonstoichiometric oxides which contain an eguivalent number of electronic defects and
charged point defects are essentially electronic conductors. When the current is carned out
by electron holes, as in metal deficient oxides M| (2, or oxides with excess oxyveen, the
oxide 15 called a p-conductor, on the other hand 1n the case of oxveen deficient oxide
My, or oxide containing excess metal (M. 02), the oxides are called n-conductors,

Information on the defect structure is obtained by measaning the electrical conduactivity
as a function of oxyegen pressure. When the conductivity imereases with oxyveen pressure, the
oxide 15 a p-type conductor, and 1F it decreases with oxygen pressure, 1t represents an n-type
of conductor. Oxygen pressure dependence can be obtained by measuring the value of
exponent ‘n’ (see Fig. 2.2 and Eqgns. 231 and 2.32), which gives information about defects
and their charge. 11 the conducuvaty 1s independent of oxvgen pressure, the oxide may be an
electronic conductor,

lonic Conductivity

[onie conductivity 1s measured by electrochemical cells, The oxide 15 made electrolyte and
15 connected o two platinum electrodes at two different sites of the electrolyte. Both these
electrodes are maintained at two different oxyegen pressures and the cell appears as:

PO, Pell MO L Pr, p” (05"
The charge transfer through the cell may be reduced to an equivalent circunt (Fig. 2.4) and
15 determind by the electronic and ionic conductivities of the oxide. E denotes the electrical
potential which 15 given as:

E = 23RTHF log p"0L/p’0a(g)"

where K 1s the gas constant, T 15 absolute temperature, and 15 the Faraday constant. The
potential difference due to the separation of 1onic charges £, 15 related to E through

EIII = J'illl':

where 5, 15 the transference number of the charged species. When the oxide 15 an 1onmic
conductor, £, = E, For an electronic conductor £,, = 0,

p and p” may be fixed by establishing different gas partial pressures or by equilibrating
with metal + oxide mixtures on either side of the oxide cryvstal.

Wagner was the first to establish that Zr0, could be stabilized by addition of other oxides,
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Fig. 3.1 The varions displacement mechanisms ol ditfusien: (a) place exchange; (b ring mechanism:
ich mterstitinley mechanism: (di interstinal atom movement: and (e vacaney mechanism.

another common mechanism such as jumping into a vacancy. Therefore, il is not a very
important mechanism of diffusion in metals.

(h) Ring mechanism: where the exchange takes place between four neighbouring atoms
inaring, This was first suggested by Zener, It is assumed that thermal vibrations are sufficient
to cause a number of atoms, which form a natural ring in a crvsial, o jump simultaneously
in a synchronised manner such that each atom in the ring advances by one position around
the ring.

() fnterstitialecy mechanism: when the interstitial atom moves to a regular lattice site,
forcing the atom at the regular site 1o the next interstitial position.

(el } Inderstitial atom movement: where the atoms move from one interstitial position to the
next.

(e) Vacancy mechanism: when the atom moves from its regular site to the nearest vacant
site. This is the most important mechanism by which large atoms, when substituted at the
normal lattice position, move in a latiice.

The Mechanisms (a) and (b) are possible in perfect crystals, while (¢}, (d) and (e} can
accur 1n imperfect crystals, Vacancy diffusion, for example, is possible in ervstals with
Schottky defects. while interstitial movement of atoms occurs in crystals with Frenkel defects,

Diffusion i perfect crystals such as described above, is usoally called volume diffusion.
[t 15 also referred as lattice diffusion or bulk ditfusion. In practice, diffusion can also occur
in other regions of a crystal, such as jumps along the surface, grain boundary, dislocation or
cracks. Diffusion through these paths is termed as short ciecuit diffusion. Since the lattice at
these paths is relatively less densely packed than the bulk laitice, jumping of atoms is
relatively easier, leading to faster diffusion of atoms. As a result, diffusion in polyerystalline
materials often proceeds much faster than in single crystals.
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using Fick’s first law (Eqg. 3.3), this can be written as

. i e
T i, gy Ix 3.9
. i x [ dlr __.I| o =

The accumulated Aux per second, J — S, is nothing but the rate of change in concentration,
dofdr, therefore

de _d &
E_&r[d ]
a

3 (3.10)

15 ick’s second law when diffusion 15 considered 1in only one direction. When diffusion is
considered in three dimensions, Eq. 3,10 becomes:

——

o[ Bl 2
di = T T T T a2

s —

SOLUTION OF DIFFUSION EQUATION

Fick's two laws of diffusion BEq. 3.3 and EBEq. 3.10 are differential equations and must be
solved to obtain algebraic equations describing the varation of concentration as a function
of distance and time.

Simee Fick’s first law. J = < de/dx, does not explicitly consider the change of concentration
with time, its use is limited to steady state diffusion, in which the concentration remains
constant at cach point. This can be illustrated with a diaphragm type of experiment vsed in
measuring the rate of diffusion of a gas through a metal. The gas is maintained at a higher
pressure pl on one side ot the diaphragm and at lower pressure o) on the other side. After
sufficient time, a steady state will be reached, i.e. the rate at which the gas enters the metal
diaphragm on the high pressure side becomes equal to the rate at which it leaves the metal
on the low pressure side. Also, the concentration of dissolved pas at each point within the
diaphragm does not change with time. This theretore implies that the concentration gradient
deddy is constant and therefore can be written as (O — O WAx, where O and O are the
concentrations on either side of diaphragm and x 15 the thickness of the diaphragm. The
relation hetween concentration of diffusing pas and distance, therefore becomes hnear as
shown in Fag. 3.4,

Differential equation (3.10) for Fick™s second law can be solved, provided the boundary
conditions are known. This will be exemplified by a tracer diffusion experiment to determine
the self-diffusion of 4 diffusing species e.g. determimng the sell diffusion of Zn in Zn(). A
thin layer of “Zn can be deposited an one end of a “nl) rod by evaporation or by other
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o

ND(C-C) (1 = erl) d (x4 D)
0
The definite mtegral has a value 1/ thus the total amount of diffusing substance which
has crossed unit area of the bounded surface up to time ris 11284 Dr (O, — ),

KIRKENDALL EFFECT

When two metals with a large difference in their diffusion coefficients interdiffuse, there 15
a net transport of material across the plane that initially separated them. This phenomenon
15 known as the Kirkendall ¢ffect and can be demonstrated by an experiment shown in Fig.
3.6, A diffusion couple s made by joining a gold and mickel bar so that diffusion occurs
across the marked interface. An inert metal such as tungsten can be used as a marker and can
be placed in the plane of joining. Such a couple is subjected for annealing at a sufficiently
high temperature, e.g. 1000°C or more for a long time so that interdiffusion of gold and
nickel will occur, resulting in a change 1n concentration distribution as shown in the figure,
However, since, £3,, = My, . more gold atoms than nickel atoms will have diffused past the
inert markers. Consequently, the inert markers will no longer be at their original positions
but will have moved toward the gold end of the specimen. This movement 1s Known as the
Kivkendall shilt.

The fact that the tlux of gold is greater than that of nickel, means that a net flux of
vacancies oceurs across the Kirkendall interface. In the absence of reactions ivolving ihe

Appearance of specimen Congenirtion corvie
=
i R -
Hefore Cinalil ;i Mickel = =i
diffusion ik 7 ¥
h,i
i I
Eirkendall ! Ihiort markers MThatanee, & —=
shifi e |
! / A I
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Fig. 3.6 Schematic of Kirkendall effect.
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Drffusion in Solid Oxides 53

much lower value ol activation energy for the grain boundary diffusion. Fig. 3.8 shows that
the apparent diffusion co-efficient, ). begins to deviate from £, at sufficiently low
temperatures becavse of the increasing contribution of grain boundary diffusion.

TEMPERATURE DEPENDENCE OF DIFFUSION

Two factors mainly account for the large increase in the rate of diffusion with an increase in
temperature: the increase in the jump frequency of the atoms, and the inerease in the equilibrinm
concentration N, of the vacancies (or other defects), thus increasing the number of atom/
vacancy pairs for jumping. We will first consider the case of a crystal in which diffusion
occurs by interstitial mechanism as it does not involve N, However, the same type of reasoning
also applies to jumping by vacancy mechanism.

fupersiitial diffusion: An interstitial atom must possess an exceptional amount of energy
before itcan jump out of its interstice, The energetics of an interstitial atom are shown in Fig,
3.9, The interstitial atom at its initial site can be represented by position 1 which 15 confined
to the hottom of the potential enerey valley, The average thermal energy kT of the atom is
far too small 10 permit it to jump to the neighbouring site. However, due to statistical

Mlutrin / \
ALom |I

WIEm

Apii |- = = = = =

Energy per atom

”.___]/ _____ L T )41 . -

¥ £
T |“—" Amplitede of vibration
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Fig. 3.9 Energetics of the jumping of interstinbal atom from its position te the next interstitial position.
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Fig. 3.12  Oavgen tracer profiles of oxides Tormed,

without disturbing the old oxide formed under natural oxveen (Fig. 3.12a). In case the
mechanism 15 doeminated by inward transport of oxygen 1ons, the new oxide will appear next
to the metalfoxide interface, while the old oxide at the gas/foxide interface appears as shown
in Fig. 3,120 In these ideal cases, no exchange of tracers oceurs with natural oxygen. When
exchange oceurs, the inward diffusion profile is slightly modified 1o account for this exchange
process and 15 shown in Fig, 3.12c¢, Finally, 1f the diffusion mechanism is a combination of
the outward movement of metal ions and the inward movement of oxvgen ion the profile
appears as shown in Fig, 3.12d.

Mass Balance

Once an experamental tracer profile, as discussed above, is obtained. itis possible to conduct
a mass balance test to determmine the actual growth mechamsm. As given in Fig. 3.13, a
normalized concentration profile can be plotted in which the X-axis depicis the fraction of
the total scale thickness. while the Y-axis depicts concentration of the tracer, as a fraction of
the maximum tracer concentration in the scale.

Since every atom of "0 in the oxide entered in when the sample was exposed to the 'R0
environment, the number of the lattice sites occupied by tracer atoms in the oxide scale must
be the same as the number ol oxyvgen lattice sites, ereated in the oxide during tracer oxidation,
This concept can be used o calculate the thickness of the new oxide Y, as shown in Fig.
3.13h. The amount of "0 in the total oxide is equal to the arca B in Fig. 3.13b. Having
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Initial Oxidation

The study of initial oxidation is the most important as it 1s the first step of metal reaction,
when exposed to an ageressive environment. At hngh temperatures, the reaction 15 2o fast that
it s difficult to estimate the gas/metal interactions in the initial stages. Thus, in order to know
the mechanmism of oxidation at the iinal stages, experiments are conducted at erther low
temperatures or low pressures at high temperatures. [n both these cases, the high temperature
oxidation process 1s viewed at a slow speed in a manner similar to observing a movie in slow
motion. The rate of reaction and hence the kinetics are quite different under these conditions
and sometimes these match the Kinetics of noble metals which vsually exhibit very low
axidation rates.

Before talking about imtial oxidation, itis important (o first deline ac
1o the kinetic theory of gases, for | em® of ¢lean surface, which has about 107 sites, it will
take less than a second o form a monclayer of the oxide at room temperature and at a
pressure of = 1077 atm. This means that to keep the surface of an active metal clean, it must
be kept in an environment with a pressure much lower than 1077 atm. Thus a tetally clean
metal surface is seldom, if ever [ound in nature and must be prepared if needed for experimental
work, This 1s the reason, why sophisticated surface analvsis technmiques, such as Auger
Llectron Spechuscopy (AES ), X-ray Photo Electron e XP5 1, Scanning lon Mass Spectroscopy
(SIMS), Low Lnergy Electron Diffraction (LEEDY ete, reguire a pressure of the order of
10" atm. At normal atmospheric pressure and temperature, most of the metal surfaces have

can surface, According

an oxide layver which must be cleaned prior to using the metal for early oxidation smdies,
Technigues such as in sivg sputter cleaning of the surface or reducing the oxide by heating
i hydrogen, are vsoally emploved 1o remove the existing scales,

The initial scale formation involves adsorpuon of oxyvegen and finally leading to an oxide
scale, a few monolayers thick, The entire discussion on the formation of an initial oxide scale
15 to describe how the phenomenon of adsorption takes place and under what conditions the
scale grows laterally to form a thin laver, covering the metal and what are the growth kinetics
and structure of this scale. The processes that occur when a clean surface is exposed o
oxveen are summanrized as follows:

I. Oxygen is adsorbed on the clean metal surface (o form a chemisorbed layer,

20 Additional layers of the oxide build up, uswally via island growth, possibly through
a process of exchange mechanism.
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the oxide levels below zero 15 assumed to be given by E + Wi where E is the electron atfinity
of oxyegen and Wy 15 the energy due to the image force of an electron at a distance v from
an oxide of dielectric constant £, Wy is given as;

Wi =el (K- DMr(K+1)

We find that eV = £ + Wy — ¢, where ¢ is the work function of the metal. In the above
equation, however, Wy has hitle significance.

ELY AND WILKINSIN'S THEORY OF LOGARITHMIC LAW

According o Ely and Wilkinsin, irrespective of the mechanism of ion movement, the activation
energy might be of the form

H"ﬂ = H-'rn =+ Ih! X

where i is a constant and is dependent on the film structure. As a matter of fact many oxides
formed at low temperatures have amorphous or glassy structures. Depending upon their bond
strength, there have been two main categories in which these oxides can be divided: network
tormers and network modifiers, The former have a high covalent bond strength of the order
of 73 keal/mole, while the latter are bonded ionically in the network and usually have a bond
strength 530 keal/mole. A few oxades ol intermediate bond strength can modify a elass-
forming network by becoming part of the network or by bonding 1omically with anions in the
network.

51005 is an example of the network former, It has a three dimensienal random network,
having five or six members ring structure as shown in Fig. 4.3, Most ol the valence states are
saturated and cations are ghtly bonded. Such a three dimensional network structure would
produce channels extending throvgh the glassy network. In such types of channels, a large
ion can move more easily than a small ion, because it is bound less tightly to the glassy
network. Therefore, transport by anions 15 expected in the network former.
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Fig. 5.1  Schematic of scale formation acceording (0 Wagner's model,

which together provide the net driving foree for iomce migration. Thus a particle § carrving
4 charge 7, in a position where the chemical potential gradient is diffde and eleetrical

potential gradient is ¥y is acted upon by force of
duilcv + ZF {(dpfede) JToules/mole.cm (3.1)
or by
LN (duildvy + 20 (dipd dv) Joules/particle.cm (5.2)

where N, = Avogadro’s number
F = Charge in coulombs/mol.

Now, moving through an ionic lattice under a constant force, an ion rapidly assumes a
constant velocity known as the terminal drift velocity, The value of the terminal drift veloeity,
when the ion is acted upon by a unit force is known as the mobility £, of that species,
Therelore, the Nux of the particles moving with a terminal drift velocity §, 1s:

Jo= OB, 1N, (duifav) + ZF (dgie) particles em” sec.
= OB, (duitdv) + ZF (d@idy) moles em? sec. (5.3}
where (', = concentration in em”
There 1s a relationship of moklity with the conductivity of that species and this 15 given by
C B =0,/Z%e’ (5.4)

where o = partial conductivity of species ¢
¢ = electronic charge



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



Thick Laver Oxidation—Wagner's Theory of Cxidarion 77
on integration this gives
Koo = const” [(1/ pO5)"® = (17 pO 5" (5.32)

Generally p0O73 is == p05 ie. the partial pressure at the metal/oxide interspace is much
smiller. Thus the parabolic rate constant can be assumed to be virtually independent of the
pressure of the gas,

Let us take another example—oxidation of Cobalt CoO, It 15 a metal deficient oxide
having cation vacancies and electron holes as per the following equation:

20, = OF + Vi, + # (5.33)
50 K= C,., hpOl? (5.34)
thus because of electroneutrality ":":’cx- = Ch
or
Cip, = pOY? (5.35)

Le. the conductivity of Columnar vacancies would be proportional o 1/4 ol the pressure
of the gas i.e.

O = pOYH (5.36)
play :
or K &y = const J pO3*d In pO; (5.37)
po
PO :
= const J- p0 d In pO, (5.38)
pO3
Cn integration
K&, = const [{ pO- "™ = ( pOOYY Y (5,359}

Thus by knowing the variation of the rate constant with pressure one can determine whether
the vacancy mechanism is correct or not. For example in the case of Co0) oxidation, the
pressure dependence is FUIEH until pO; = 107 atm. After that the pressure dependence
changes to jr:II[J'IZH’. This shows that up to pll, = [{) ¥ singly charged V75, determines the
diffusion but after 1077 atm. it is doubly charged V¢, which determines the oxidation.

DEVIATION FROM WAGNER'S MODEL

There are only a few oxides which strictly follow Wagner’s law. The reasons for this are the
hasic assumptions, The assumptions that the oxide scale 15 compact and adherent is not
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Ohvidation of Pure Merals 85

Based upon the knowledge of the structure and the diffusion of iron oxides, the mechanism
of three layer oxide on pure iron above 370°C is shown in Fig, 6.3,

Fe Felh Py, Fe 0, .
Fe™
[t Fet .
R ] — 2Fet s e +%”_.=Fu_~ﬂ_g
|"JI'I =
e &

o
L B /
A \
Fe = Fe'* 4 2 : 2Fe’ + 30% = FeaD;
Fa ' 4 2e™ + Fe iy = 4 Fel)

Fe™* + e + dFe.), = 3Fe O,

I"'ig. .3 Mechanism of oxidation of iron showing the diffusion of various jionic species.

At the iron-wustite interface, iron ionises in the following way:
~ - * o
Fe = Fe* + 2e (6.3)
The iron ions and electrons migrate outwards through the Fedd layer over iron vacancics
and electron holes respectively. Al the wustite-magnetite interface, magnetite 15 reduced by
iron and electrons according to the reaction:
Fe*? + 2¢ +Fe,0, = 4Fe0 (6.4
lron 1ons and electrons surplus to this reaction proceed outward through the magnetite
laver, aver iron vacancies on the tetrahedral and octahedral sites and over eleciron holes and
excess electrons respectively. At the magnetite-haemante interface. magnetite 15 formed
according to reaction
Fe™ + ne + 4Fes0y = 3Fes0, (6.5}
The value of n being two and three for Fet? or Fet? 1ons, respectively,
If the iron ions are mobile in the haematite, they will migrate through this phase over iron
i vacancies Vi together with electrons, and new hacmatiie will form at the Fe.l)y, gas
interface according to reaction

2Fe + 6e + 32 Ou(g) = Feal)dy (6.6}
At this mnterface oxygen also 1wonises according (o the reaction:
112 Os(g) + 2e = O (6.7

If the oxygen ions are mobile in the haematite layer, the iron ions and electrons, in excess
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Fig. 6.8  Simultancous thinning of protective chromia oxide seale as a resolt of
decomposition of chromia o Cr (V) oxide Tollowing evaporation.
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dt X d E /
where k) is aconstant describing the diffusive process and &, describes the rate of volatilisation,
This equation can be re-arranged to yield

——— = df (.25}

kg

X

which upon integration vields:

-x  ky
|E..: &_ai

%9

Inthk) —kxh+ C=1 i6.30)

where C s the integration constant to be evaluated from the initial conditions, Taking v = 0
at i = 10

ke k! il |
= - —x=In|l - — 631
l|!-"_.1'3 ﬂ.é t I]( kd‘ J I: .'

=

Initially, when the diffusion through a thin scale 1s rapid, the effect of Cr(}; volanlisation
is not significant, but as the scale thickens, the rate of volatilisation becomes comparable o
and then becomes equal (o the rate of diffusive growth. This situation results in a paralinear
oxidation to alimiting scale thickness, x, = () for which dx/dr = () which is shown schematically
in Fig. 6.9, Setting this condition in Eq. 6.28 vields:

ko
: 2
% (6.32)

5

Xp = —
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W=w+wy=(Kn'? (6.38)

where K is the parabolic rate constant for the overall reaction and can be expressed in terms
of the rate constant of individual reactions as

K2 =k 4 k7 (6.39)

The maodel describing such simultaneous oxidation rate was proposed by Wagner and 1s
shown schematically in Fig. 6,11, 1t is assumed that oxygen diffuses inwards through the
oxide scale and is consumed by the oxide growth and oxygen dissolution at the metal oxide
interface. The metal is to be considered semi-infinite. According to this model the rate of
oxygen uptake per unit area is given by

AW ok
1 ——Dl(—_) .k'ﬂi{

i e
= (c3 — ¢} ) =2 — D.[%] x> & (6.40)
L

where o5 and o represent respectively, the oxygen concentration in the oxide and in the metal
al the metalfoxide interface, £ is the instantancous thickness of the oxide and £, and D are
the oxygen ditfusion co-efhcients in the oxide and metal respectively. The oxygen concentration
in the metal at a distance v 1s given by the relation
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Fig, 6.11  Showing the model for oxide growth process with simultaneous
dizsselution of oxygen.
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Oxidation af Pure Merals 101

mainly an increased rate of oxide formation, while the dissolution continues at a rate determined
by oxygen gradient and diffusion co-efficient of oxygen in metal. During linear oxidation,
the oxide has a lamellar structure, parallel to the metal surface, and the colour of the thick
oxide ranges from yellow o white, The uniformly hght colour of the entire scale suggesis
that there is no change in the stoichiometry, and this part ol the scale 13 non protective and
porous to 0xygen.

The linear rate may reflect a reaction contralled by diffusion through a thin, inner layer
of the scale which remains approximately constant with time due o repetitive exfoliation,
Alternatively, it may reflect a phase boundary reaction such as nucleation and growth of the
oxide,

The breakdown of the scale might be explained on two counts. One on the basis of growth
stresses and the other due to excessive oxygen dissolution when the lattice parameter undergoes
severe change, This happens when dissolution leads wo the formation of TiQ); 35 at which large
stresses and strains 1n the metal lead to cracking and extoliation of the outer layer,

At still more extended periods of oxidation, the linear rate starts decreasing with time,
Kofstad has sugpested that simtering and grain growth of oxides lead to this decrease in the
rate, This growth results in a compact laver of the oxide which probably acts as a solid-state
diffusion barmer and cavses a decrease In reaction rate.

Oxygen Dissolution in Titanium
At 650 and 700°C, oxygen disselves more readily in titanium up to a concentration of 14-
15 at.% than at higher temperatares. 14 1o 15 at% corresponds 1o a4 composition of Tig0O at
which order disorder transformation may start. It is also indicated by Kolstad that the
concentration in the outer laver of the titanium metal tends towards the limiting value of
Ti0y, 44 during oxidation at 900°C,

In order to determine the oxygen dissolution rates at various temperatures, Fick's second
law was used with the following assumptions: the oxyeen concentration at the metal/scale
interface 15 about 30 at. %%, and the value of the diffusion co-etficient in 2-Th 1s:

D, = 8.9 exp (220 (kVmole ¥RT) (.48}

The plot at various concentrations is given in Fig, 6,14, The calculated values apply only
te temperatures below 882°C, below the f§ transition temperature. At higher temperatures, the
dissolution process involves both dissolution in § phase and growth of o phase. Oxygen
dissolution in the § phase has lower gctivation energy, about 115 klmole and is faster than
in the o phase, However, since the solubility of oxygen is lower in this phase, a major part
of oxveen consumed in the dissolution process results in formation of the @ phase.

OXIDATION OF ZIRCONIUM

Zirconium and its alloys are important materials for nuclear reactors. Because ol their constani
use as cladding matertals, ther oxidation behaviour, especially tn steam and water has been
widely studied. Interaction of zicconium with oxygen, like titanium, involves both oxygen
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Cracks are also possible to originale in the oxygen rich zone ol the metal. At higher
concentrations of dissolved oxygen, it 1s possible to form ordered structure in the metal, Such
an ordered structure formation in the metal at oxygen rich zones may give rise 1o local
stresses which may concerwvably cause cracking of both, an outer oxide layer of the metal as
well as the oxide film. Formaton of ordered structure in zirconium metal has been an
observed n an in siin study using electron microscope,

OXIDATION OF TANTALUM

The oxidation behaviour of tantalum, a group VA metal is guite similar to the IVA metals
discussed above in terms of stmultancous formaton of oxide and oxygen dissolution. It
differs interms that the solubility of oxygen in the metal is quite low, The maximum solubility
of oxygen in tantalom in equilibrium with Tas(y 15 about 5 at.% at 15300°C and reduces to
2at % at 1000°C, The oxygen solubility in Ta and Nb at various temperatures is given in Fig,
6. 18, The presence ol a few atomice pereent of oxygenan tantalum inereases electrical resistivity,
hardness, tensile strength and modulus of elasticity but causes reduction in percentase elongation
and magnetic susceptibility,
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Fig, 6.18  Solubility of oxvgen in Ta and Nb oas a fenction of wemperature.

Tantalum forms one stable oxide Tas()s. Various rate laws that the metal follows during
oxidation between 300-1300°C are summanzed in Fig. 6.1%. Dunng low temperature oxidation
when the oxygen dissolution 15 not significant, the kinetics are logarithmic in nature and the
scale formed is amorphous Tas0s5 Above 300%C, the oxyeen dissolution is rather large and
here a series of metastable lower oxides (Tag (), Ta,O and Ta0) are formed as platlets along
with the logarnithmic growth rate.
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Oxidation of Alloys

Oxidaton of pure metals has been discussed in the previous chapier. In actual praciice.
allovs, rather than pure metals are used in various high temperature applications. The oxidation
behaviour of metals 15 generally modified by the alloyving addition which renders them
suitable for a particular high temperature application, Though oxidation of allovs follows the
same general phenomenon as that presented earlier for pure metals, the presence ol more
than one element in the alloy necessitates consideration of & number of additonal factors w
describe the alloy oxidation behaviour. This renders the mechamsm of oxidaton of allovs
relatively complex compared to that of a pure metal. Several factors determine the effect of
alloyving additions on the oxidation process:

. The nature of the alloving addition: e, whether 1t 15 more or less noble than the
parent metal,

2. Solubility in the parent metal.
3. Atfimity for oxveen and thermodynamic stability of s oxide,
4. Mobility or diffusion of the metal i the oxide phasc.

Depending upon these, the scale formed in an alloy may be:
() A mixture of oxides formed from varous alloying elements.
(i) A single oxide formed of a specific alloying element.
(i) A single or mixed external oxide scale with internal oxides of certain clements.

The first case would be the case of general oxidanon. in which oxides of all the elements
may form in the mmitial stage (transient oxidation), followed by the growth of the most stable
oxide, In the second case, conditions for selective oxidation of a particular constituent of the
alloy would result. Though this would protect the alloy from further oxidation, the selective
oxidation can result in the depletion ol this element from the underlying matrix, which, in
ase of any scale damage, cracking or spalhing, may result in excessive scale growth rate,
resulting in breakaway oxidation. In the third case, due to very high activity of certain
elements, inward diffusion of oxygen can cavse precipitation of oxides within the matrix.
well below the external scale in the alloy, This tyvpe of internal oxide can be beneficial in
some cases, for example, they can strengthen the base alloy and il formed at graim boundaries
in the allow, restrict grain boundary sliding. But a large amount of internal oxide is deleterious
o the alloy: for the grains, compleiely surrounded by oxidized matter, may be loosened and
linally dislodged.
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where -‘jﬁrﬂﬂm] i5 the standard gibbs free energy of the formation of B, ay 15 the activity
of f in the alloy phase and apg, 15 the activity of the oxide. Assuming B0, 1s formed as pure
axide particles, g, = 1. Thus inorder to calenlate the critical exygen activity, it is necessary
te know the acuvity of the alloving constituent B, 1¢. ag.

The necessary condition for the formation of 862, can also be formulated in terms of the
colubility product £, as

(aplia,) = Ko A

i, is the activity of oxygen in the alloy. When the product (ap)ia,)" = K. internal precipitation
of 0, will vccur, The internally oxidized zone extends o a depth at which the activity of
the dissolved oxyeen becomes too small for the formation of the oxide.

To summarize, the conditions required for internal oxide formation are:

{1} Lower free energy of formation of the internal oxide B0}, as compared to the base
metal oxide,

(AG® for B0, < AG® for AQY)
(i) Large negative value of AG® for the reaction
Bidiss) + pidiss.) = B,

{iii) Low concentration of the alloying elements.

Kinetics of Internal Oxidation

Like the oxidation process which forms an external scale, the internal oxidation also follows
a particular kKinetic law, Its growth with time 15 an important parameter which can give
information about the internal damage of the alloy. Several treatments are available in literature
and 1t 15 not the purpose of this book to review them. Instead, the Kineties will be first derived
for a simplilied case, where it 15 assumed that the counter diffusion of element & 10 an alloy
Af s neghgible, Then a more general treatment would be given where inward diffusion of
oxveen 1ons and outward diffusion of B atoms are considerad.

Simplified Treatment

Let us consider a planar binary alloy A-8 i which B 1s the less noble alloving element and

under the oxidation conditions of low pO., only B oxidises and no A2 is formed (Fig. 7.2).
Assuming a quasi steady state condition, the dissolved oxygen concentration varies hinearly

across the zone of internal oxidation, Therefore, the oxygen flux through the internal oxadation

cone can be given by Fick's second law as:

I =dmidi= D,NEIxV, (moles em s 1) (7.5)
where N3 is the oxygen solubility in A (in atom fraction), V,, is molar volume of A{cm*mole ') and
I is the diffusivity of oxyveen in A (em” s ') As we have assumed that counter diffusion of
& atoms s negligible, the amount of oxygen accumulated in the internal oxidation zone per
unit area of the reaction front is given by:.
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By combining Egs. 7.14, 7.17 and 7.18 one obtains

NE: vexp(y” erfiyn
N o expiyiererfiye?)

(7.20)

From this equation, the values of the parameter ¥ may be obtained by either a graphical or
a numerical solution.
There are two himiting cases of Eg. 7.20

(a) When == 1 and when ' >>1, which is equivalent to DN, >= DNy ie. the oxygen
diffusion predominates then Eg. 7.20 s simplified to

’l.,-"" 142
o - 7.21)
() a

when the value of ¥is introdoced in BEqg. 7.11 the thickness of the internally exidized zone
15 given by

2
D, N3
X = [2 : ] (7.22)
vNg

This 15 the same equation as BEq. 7.10, which was derived for the simplified case, where
it was assumed that counter diffusion of B atoms was negligible.
(b} When y<< 1 but %' << | equivalent to NJN, << Dp/D << |
Eqg. 7.20 simplifies to
2 Foars
g i 0 (7.23)
2uN i::

In this case, the thickness of the internal oxidation zone is dependent on bath D and [y,
and an appreciable amount of enrichment of B as 8¢, takes place in the internal oxide zone
due to outward diffusion of 5. The enrichment may be described by a factor which s the rano
of the mole fraction of B as B0, in the internal oxidation zone to the mole fraction in the bulk
alloy NB..

For case {a), the enrichment 15 negligible, When enrichment takes place it is constant
throughout the internally oxidised zone.

Morphological Details of Internal Oxides

Oxide precipitates at the sub laver are formed by nucleation and growth processes. In general,
the oxide particle size 15 determined by a competition between the rate of nucleation as the
reaction front passes and the subsequent growth and coarsening rates of the particles, The
longer the time a nueleated particle has to spend between the arrival of oxygen and the oxide
forming element, the larger it will grow. Therefore, those factors which favour high noeleation
rates will decrease the particle size and those which faveur a high growth rate will increase
the particle size.
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The delineation between the three regions should not be considered as absolute and can
ke influenced by temperature and ather alloying additions. In addition, as discussed above,
the transition 1o selective oxidation will depend upon various other parameters, such as
pretreatments, grain size and specimen geometry.

Effect of Other Alloying Elements

High temperature alloys, in general contmn several other elements which are either added
intentionally to reduce oxidation or are present for several other reasons. It 1s not our aim
here to summarize the effect of each individual element on the oxidation process, However,
it 15 worth mentioning here, how the deliberate addinon of rare carth and other oxygen active
elements improves the oxidaton behaviour, Addition ol rare carth elements in small
concentrations, improves not only the oxidation resistance but also enhances the scale adherence
and reduces scale spallation. The mechanism relating to the additions of ¥, Ce, La ete,, will
be treated in a subseguent chapter.

There are certain other elements such as Mn, Mo, V, Ta, ete. which are present in several
high temperature alloys, to improve their mechanical propertics. However, they can have a
deleterious effect trom the standpoint of the oxidation resistance of the alloy, Manganese
which is gencrally present in most of the Fe-base alloys, has no pronounced effect on the
oxidation rate. In fact a mild detrimental elfect on oxidation has been reported for the 200
and 30 series stainless steels. Mo and Vit present in large quantities have a deleterous etfect
as they can form low melting oxides, Ma0O5 and Va0 and can lead to catastrophic oxidation,

The effect of certain tramp ¢lements, such as sulphur, phosphorus, boron ete. has also been
found to be detrimental o the scale adherence and s spallation resistance. Hence, where
good scale adherence 1s required, these impurities have to be reduced to very low (part per
million} levels. Boron, however is added to many superalloys for grain boundary strengthening,

OXIDATION BEHAVIOUR OF SOME COMMERCIAL ALLOYS

Carbon Steels and Low Allay Ferritic Steels

Carbon steel 15 probably the most widely vsed engineerning matenal. It s extensively used
for high temperature apphications in power plants, chemical, and petrochemical industries,
oil refining, and in many other industries. Boiler tubes in power plants, reactor vessels in
process industries, heat treating fixtures and exhaust train piping are examples of a few
components made out of mild sieel.

The oxidation behaviour of mild steels 15 very similar to that of 1ron, as discussed in the
previous chapter. Carbon steels have negligible oxidation in air up to temperatures of about
250-300°C. Oxidation attack is less than about 20 mg/em” up to 450°C. Above this temperature,
the oxidation rate increases rapadly, following lincar Kinetics, especially above 600°C. High
Strength Low Alloy (HSLA) steels which contain minor additions of alloving elements, such
as manganese, silicon, chromium and mickel have a lower oxidaton rate.

Chromivm-molybdenum steels are considered to be a better choice for moderate temperature
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strength Tor a longer time period at relatively higher temperatres. Their environmental
performance 15 also better than that of conventional superalloys from the standpoint of
resistance to cvclic oxidation and scale spallation resistance.

Table 7.4 Composition of a few common ODS alloys

Tpe r M e i Al L b E Ciliery

hdA 954 2100 — Bl s 4.5 —_ — H'.ﬁ"‘f_—.ﬂ_a

WA Fhd 200 Hal 1.0 15 13 -—- — 0 0,

Bl GO0 i5.0 Bal .75 2.58 4.38 | 6.0 2.0 2Ta, 4w,
113Y 400,

MNIC RG220 19-2] Bal 2.0 IMn., <25i

MNimomec 73 18-21 Bal 3.0 0206 =— 20 (3 IMn. 151

[DS-Mi Bal — — — —_ — ITho,

M AGSG 201 Bal — (1.5 (.3 - —_ 0.5%,0;,

TMO-2 il Bal e (1.5 4.2 7 2.0 12.4W, 4.7Ta,

0018, 0.057r,
BOSC, 11Y 0,

CATASTROPHIC OXIDATION

The rate of oxidation of metals and alloys generally increases with an increase in temperature.
When the exposure temperature is very high, several metals and alloys suffer catastrophic
axidation, Carbon steel, for example, suffers catastrophic oxidation when exposed 1o
temperatures above 1000°C in air, Type 316 stainless steel suffers catastrophic oxidation,
when exposed to air at 1150°C.

The behaviour described above is not abnormal, as deterioration of materials is expected
upon exposure to increasingly high temperatures, However, several metals and alloys undergo
rapid oxidation even at much lower temperatures. This type of oxidation 15 referred 1o as
catastrophic oxidation and 1t occurs with the formation of a ligud oxide. The liguid oxide
can dissolve the protective scale or can enhance the transport of the diffusing species, therehy
increasing the oxidation rate catastrophically, A few examples where catastrophic oxidation
was noticed are given below,

. Unusual rapid oxidation of Fe-23Ni-16Cr alloy containing 6% Mo at 900°C in static
air. However, the same alloy, when heated in Nowing air, exhibited good oxidation
resistance. It was postulated that in static air. the MoQ that 1s tormed due to oxidation
15 accumulated on the metal surface. Moy, which has a melting point of 725°C, melts
and aceelerates the oxidation rate. It has been reported that 19Ce-9N1 steel soffered a
catastrophic attack at 770%C in air in the presence of Mo() . This lemperature was very
close to the eutectic temperature of MoO y-MaO -Cry0 .

Catastrophic oxidation of metals and alloys is also noticed in the presence of Phor and
Va5, when heated in the intermediate temperature range of 700 o 900°C, The lead

[ R ]
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interesting Lo consider the basic difference between the oxidation and sulphidation processes
and the difference in the charactenstics of oxides and sulphides in terms of their defect
structure and transport behaviour. This will be followed by a description of phase stability
diagrams and their use in prediction of scales formed in mixed gas environments. Oxidation
and sulphidation of some pure metals will be considered in detail followed by examples of
a few commercial alloys.

OXIDATION VS SULPHIDATION

In this section, we will consider how sulphidation differs from oxidation. The reactions of
metals and alloys with sulphur are governed by same principles as discussed for metal
oxyeen reactions, But for many metals sulphur is much more ageressive than oxyeen. The
stability of various metal sulphides as a function of temperature, 1s given by the Ellingham
diagram for the sulphides, As shown in Fig. 8.1, the piot of free energy vy temperature for
various metal v metal sulphide reactions. There 15 very hitle difference in the stability of
sulphides, formed by iron, nickel and cobalt. Chromium, however, forms a relatively stable
sulphide, compared to iron, cobalt and nickel, The corresponding sulphur vapour pressure
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Ni-Cr-Al alloys, however, behave differently, Addition of Alto Ni-25Cr up to 109, showed
very erratic behavior, when tested in sulphur vapour from 600 to 950°C, The kinetics were
found to vary from parabolic to linear, This might be due ta the formation of low melting
nickel sulphide, as discussed above,

Sulphidation of alloys in an Hy/H-5 mixture has been described by isocorrosion rale
curves for various steels and stainless steels as a function of H,S concentration and temperature,
These are given in Figs. 8.3 and 8.4 for steels and stainless steels respectively.

Thermodynamic Aspects of Reaction in Mixed Oxidants

When matenials are exposed to multicomponent gas environmenis or mixed oxidants, several
of the lundamental processes mentioned above can occur simultancously. Furthermore, the
second reactant may either modify or degrade the corrosion-product layers that form by
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of Cr oxide scales at 1127°C; however, the formation of Ni/Ni sulphide eutectic with a
melting emperature of 635°C is g distinet possibility at lower temperatures.

Scaling of Alloys in H;5-containing Atmospheres

The formation and maintenance of protective surface oxide scales are essenhal in preventing
rapid degradation of structural alloys used i elevated-temperature apphications. In principle,
one of the three oxides (Cra04, AlLCH or 5105) constitutes the major component of a thermally
formed surface scale. In order o understand the development ol protective oxide scales on
a given alloy, it is essential to establish the influence of pO, variation in the gas environment
on the morphology of corrosion-product layers, The inter relationships among partial pressures
of oxyeen and of the second reactant such as sulphur, carbon, nitrogen or halide in the gas
phase, the alloy chemistry, and the test temperature and pressure are of considerable interesi
in establishing the critical oxygen pressures (il any) that are reguired to achieve a stable,
adherent oxide scale on the metal surface,

Behaviour of Cr;05-Forming Alloys

Cr,05 is the predominant constituent of surface scales formed on heat—resistant austenitic
Fe-Cr-Mi allovs, Under 1sothermal conditions, alloys containing a mimmmum of about 14
wL % Cr can be expected to form protective Cr-rich oxide scales 1n oxyegen-rich (single-
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respectively. Figure 8. 10 shows the effect of variation in the pO/pCs{eq) ratio on the scale
thickness and penetration depth for the alloy after a 253-h exposure, at temperatures between
T30 and 930 °C, to gas mixtures with a wide range in oxvgen and sulphur partial pressures,
Resulis from these tesis also indicate that the “transition”™ or “kinetic™ boundary for oxide
10" times the pO), values for

formation in the high-chromium alloys s at a threshold p),
the Cr oxade/Cr sulphide equilibrium.

Transition from nonprotective oxidation of pure chromium takes place at oxygen partial
pressures 30 and 42 times that for Cr oxide/Cr sulphide equilibrium. Such a large deviation
in pld; cannot be explained in terms of 2olid solution effects or 4 reduction in activity of
sulphide to values below unity. Furthermore, the effect of lowering the exposure temperature
15 to increase the threshold p), for oxide formation. For example, the absolute values of pO,
for protective oxide Tormation are approximaiely five orders of magnitude higher than the
thermodynamic eguilibrivm value at 65%C. The consequences of oxygen pressures lower
than the threshold value in the environment are increased rates of scale growth and substantially
deeper penetration of sulphur inte the alloy substrate,

In contrast with the corrosion processes that lead to predominantly solid and sometimes
liquid (at elevated temperatures) corrosion-product phases upon exposure of metallic alloys
to oxygen/sulphur atmospheres, exposure of alloys to environments such as oxygen/chlorine
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Fig. 8.15 Scanning clectron microscopy photographs of different magnifications of the metal side of a scalef
metal interface on an be-25 Cr-20 Ni (wt.%) ternary alloy after exposure to a low-oxygen, high-
sulphur environment.

additions of Nb and Zr. Detailed analyses of gas/scale and scale/metal interfaces indicate that
the additions of Nb or Zr minimize or eliminate the voids at the scale/metal interface. thereby
improving the adhesion of the chromia scale to the substrate. Figures 8.15 and 8.16 show
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formation of aluminum sulphide particles in the Al:0; scale in the vicinity of the gas/scale
interface.

Scaling of Alloys in 50;- containing Atmospheres

A mixed envirenment such as 50 and O5 exhibits both sulphur and oxygen activities, Thus
in order to characterize the corrosion behavior in such an atmosphere. it s necessary o
construct the so called stability diagrams. Stability diagrams allow one to predict the stable
phases likely to form on pure metals. Metal-sulphur-oxygen stability diagrams are given in
Figures 8,19 — 8.22 for Fe, Ni, Cr and Co respectively.

Let us explain the various regions using the Ni-5-0) phase diagram as an example. The
large rectangular area in Fig, 8.20 represents no reaction with nickel. In this region, both
axygen and sulphur activities are too low to form either oxide or sulphide. Hence, this region
is the stable region with no attack. As the oxygen partial pressure increases beyond 102
atm., the nickel changes to NiO. In a similar way, increasing sulphor partial pressure above
10°% atm. would result in the formation of nickel sulphide or sulphides. When bath ps, and
pd: are high, pSa beyond 11 * atm. and pl): more than [0 atm.. NiSO, would be the most
stable phase. Thus, depending upon the partial pressures of sulphur vapour and oxveen gas,
the scale can be oxide, sulphide or sulphate.

Most of the oxidising environments do not have a direct sulphur vapour pressure, instead,
sulphur activity 1s in the form of the partial pressure of 50, Theretore 1t 15 converted into
the corresponding pSs by the following equilibriom reaction:
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temperatures For cobalt has been shifted towards the higher temperature side, shifting the
temperature of maximum reaction from 600°C for Ni to Y20°C for cobalt. This shift is due
o two reasons: a higher stabilization temperature of cobalt sulphide Cogs- (780-930%C) and
higher stability of Co-5 Lhguid solotion (about 850°C).

The reaction of iron with S0 i< slightly different than that for Co and Ni. Reaction of iron
measured at TOOTC maimly formed FeQ as the cuter scale. The sulphide FeS was found
enriched in the inner part of the scale next to oxide metal interface. The rate of reaction in
505 was not very different than in air as shown in Fig, 828, The reason for this was that both
Fe() and FeS are equally highly defective oxides, Hence, the diffusion of metal ions does nol
differ significantly, The reaction of Fe in 505 becomes explosive after a temperature of
S40°C, as this is the temperature when a eutectic mixture of FeO+FeS is formed.
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Fig. 8.28 Lifect of pre-oxidation on the sulphidation of iron at 7007,

Chromium, when reacted with S0, at temperatures between 700 to 1000°C, resulted into
the formation of chromia scales, No sulphide was detected. However, extensive blistering of
the surface was detected in a manner similar to that in oxygen.

Corrosion of Binary Alloys in 50,/50,-0, Atmospheres

Reactuon of nckel chromium alloys in 505 bearing environments is dependent upon lemperature.
and the partial pressure of 505, In 1 atm. pressure ol S04, the reaction is very similar to thai
of pure nickel with the rate of corrosion inereasing with temperature from 600 to 800°C;
above this the rate of reaction is much lowes. This is because of the formation of a duplex
MNil) and NizS, scale at these temperatures, however the nickel sulphide melts after 635°C
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and the rate increases up to 800°C. Above B*C, the nickel sulphide 15 not stable and also
at these temperatures, a protective chromia scale starts forming, The reaction in an 50, and
(5 atmosphere also has a similar trend. For an 50-:0; ratio of 2:1, the effect of addition of
chromium to nickel is shown in Fig. 85259,
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Fig. 8.29  Effect of Cr concentration on the oxidation ol Mi In 0. and ©- m
Various lempernlures.

The reaction is guite different when S0, pressure 15 very low. It has been found that the
reaction of a Ni-15Cr alloy 15 faster in 0.2% 504 (balance mitrogen), than in pure 50, The
reason is obvious, as in 0.2% 50, the oxygen concentration is so low that there is no chance
for the chromia scale 1o form. The atmosphere is more reducing, and therefore the reaction
takes place as a sulphidation reaction rather than oxidation and sulphidation, which, as has
been discussed above 15 more severe.

Cobalt chromium alloys are expected to behave better than the Ni-Cr alloys as the sulphides
of Co are stable uwp o much higher temperatures {no Co-5 liquid below 380°C). Above
temperatures ol 880°C the chromia laver is more stable and would form first in either pure
S0y oF SO+, atmospheres, this protecting the alloy from further reaction.

Fe-Cr alloys should also behave better than Ni-Cr alloys because of reasons similar to
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sloww, till at a certain point, the rate increases suddenly and follows linear kKinetics. In other
words, there is an incubation period before corrosion rate rises with fast linear Kinetics, This
type of hot corrosion usually occurs at low temperatures, i.e, the temperature is lower than
the melting temperature of the deposited salt, During the ininal stages of oxadation, kinetics
are just the exidation of the base metal. As the oxidation progresses, the oxidation products
react with the salt deposits and form a complex mixiure of salis which has a lower melting
point than the original salt, At this stage, the corrosion reaction suddenly nses. Fig. 9.2, for
example, shows the corrosion of nickel at 700°C with Na,50, as a deposit. In the nitial
stages, Na,S0, is solid and the corrosion reaction involves the oxidation of nickel to form
MNil), which in the presence of 505, forms NiSO, It is the mixture of Na,S0, and NisO,
which melts at 671°C and at this stage the reaction rate increases,

In coal based power plants, fireside corrosion imvalves hot corrosion of type 11 Na.S0;
or K-80,, formed from the reaction of 50, with NaCl or KCI, present in the coal are the
principle salt deposits in the ash. As the maximum outer wall temperature ol steam generaling
tuhes ranges from 550 o 6530°C, the hot corrosion does not take place ull the sulphates
deposits react with S04 to form pyrosulphates. For the reaction

K:S{}_L + SD:; = KISED? t.l:-}- I )

about 150 ppm of 50 is required and for a similar reaction with Na,50,, the requirement
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Thus a continuous nickel sulphide formation consumes the alloy, The reaction may continue
for a longer duration even with the eriginal amount of sodinom sulphate, as the sulphate is
being continvally formed by the S0, reaction with oxide,

Thus a major difference in the reaction mechanism between acid fluxing and basic Hluxing
i that in the latter, the melt gradually consumes the salt and becomes saturated with NaNiQO,
and the reaction subsides. In acidie conditions, molten Na,50  can be considered as a solvent
for Kis Oy which reacts with nickel migrating ourwards through the inner layer with a continuous
sulphide net work. In these terms. Na.50 4 is not consumed and the reaction continues for
exlended periods of time,

The hot corrosion process, especially with acidic fluxing mechanism, depends very heavily
aon the temperatures. As described earlier, if the temperature of exposure is lower than the
melting peint of the melt, the corrosion would not occur unless a complex mixture of salts
is formed. In the case of nickel, a mixture of nickel sulphate and sodiwm sulphate is formed
which according to the phase diagram given in Fig, %7, has eutectic temperature of 67 1°C,
Thus at temperatures lower than 884°C, the melting point of sodium sulphate, hot corrosion
would result only when the eutectic mixture 15 formed. Formation ol the eutectic mixture
depends upon the temperature and partial pressure of 50, Fig, 9.8 sives the hotl corrosion
rate from 670°C to 834°C., It can be clearly seen that the reaction 1s maximum at a temperature
where the partial pressure of SO5 is maximum. Afier this temperature the pressure of 505
decreases because of the lower stability of 505,

The temperature dependence of hot corrosion of Ni in O, + 4% 50 15 summarized 1n Fig,
949 which shows that the reaction 158 maximum at 700°C. It then decreases at 8002C and
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Fig. 14.1  Schematic of a coal-Tired power plant,

can lead o the formation of non-protective scales or can disrupt normally protective oxide
scales, The principal threats are oxidation and hot corrosion,

Water wall fire-side corrosion generally occurs in regions around the burners, The thick,
hard external scales formed may be quite smooth, but often exhibit cracks or grooves (Fig,
14.2), which resemble an alligator hide. The major causes of corrosion of the water wall
tubes are: the reducing {(substoichiometric) conditions caused by impingement of incompletely
combusted coal particles, and molten salt or slag-related attack,

Reducing atmosphere corrosion can be a result of direct reaction of the water wall tubes
with a substoichiometric gascous environment containing sulphur or partially combusted
char containing iron pyrites, which gives rise to a very localived corrosive environment,
Reducing conditions have two main effects on corrosion, First, they tend to lower the melting
temperature of any deposited slag, which increases its ability to dissolve the normal oxide
scales on the tubes, and second. the Ha$ 15 stable which 1s considerably more corrosive than
the S0); predominating under oxidizing conditions. In presence of H;S, iren sulphide is the
expected corrosion product on tron, rather than the oxides {(Fe 0, and Fe.04). Sulphide
scales are less protective as diffusion of iron cations is much faster through sulphides than
oxides. Cra0 forming alloys such as AISI 31055, Inconel 671 or chromized coatings exhibit
good corrosion resistance in this application.

Molten salt corrosion
Local disruption of the normal oxide film on the wall whbes by molten slag can lead o
accelerated oxidation or to sulphidation-oxidation (if sulphur species are present in the slag).
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105(Ni1-200Co0-15Cr-5Mo-4.5A1-1.4Ti) and
GMR-235 (Ni-15.5Cr-10Fe-3.25Mo-3Al-
2Ti). This corrosive deterioration was called
black plague. An example of hot corrosion in
the rotating blades (made of IN 738) of an
aircraft power plant i1s shown in Fig. 14.5.
The creep failure of these blades, which are
also called buckets, was initiated by
sulphidation. Hot corrosion problems are also
encountered in stationary vanes of gas turbines,
which cause the deterioration that appears as
cracking, swelling or spalling.

The dynamic nature of the environment in
atrcraft power plants promotes this type of
high temperature oxidation/sulphidation of the
main burner components and of downstream
parts, such as turbine blades, vanes, and seals.
Very high thermal and mechanical strains are
produced on these parts because of power
plant operation at elevated temperatures, The
corrosive ash usually present in this dynamic-
oxidation environment 15 Na,50,, which reacts
with power plant materials and causes a
depletion of the alloying elements required
to form a protective oxide film on the surfaces
of these parts. The formation of a protective
scale can also be inhibited by the consumption
of the alloying elements by means of either
acidic or basic fluxing reactions,

Hot-Salt SCC
Hot-salt SCC has been observed mainly in
components made of titanium alloys, such as
the compressor blades. A combination of the
following is reguired to induce this type of
tarlure:

* High stress

+ High temperature (approx. 345°C)

« Exposure to high concentration of

chloride salts

Hot-salt SCC occurs when titanium alloy

Fig. 14.5

il

Adrcraft power plant turbine blades (a) that
were domaged by hot corrosion. (b) Higher
magnification view of corrosion. 35 x. ()
Corroded terbine blades, 55 x.
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Sulphidic corrosion

Corrosion by various sulphur compounds at temperatures between 260 and 340°C 15 a common
problem in many petroleum refinery processes and occasionally in petrochemical processes,
sulphur compounds from crude oils include polysulphides, hydrogen sulphide. mercaptans,
aliphatic sulphides, disulphides and thiophenes, With the exception of thiophenes, sulphur
compounds react with metal surfaces at elevated temperatures, forming metal sulphides,
certain organic molecules and hydrogen sulphide. The relative corrosivity of sulphur compounds
generally increases with temperature. Corrosion is in the form of uniform thinning. localized
attack, or erosion-corrosion, depending on the process parameters, Corrosion contrel depends
on the formation of protective metal sulphide scales that exhibit a parabolic growth. In
general, nickel allovs are rapidly attacked by sulphur compounds at elevated temperatures,
while chromium containing steels provide excellent corrosion resistance {as does aluminium).
The combination of hydrogen sulphide and hydrogen can be particularly corrosive, and as
a rule. austenitic stainless steels are required for effective corrosion control,

Sulphidic corrosion in the absence of hydrogen

This type of corrosion occurs mainly in various components of crude distillaton units,
catalytic cracking units, and hydrotreating and hydrocracking units. Crude distillation
units that process sweel crude oils (less than 006 % total sulphur) experience relatively few
corrosion problems. However, the distillation units, which process mostly sour crude oil
require additional protection against gh temperature sulphidiec corrosion, For example,
low-alloy steels containing a minimum amount of 3% Cr are gsed in furnace wbes, headers
and U-bends, and elbows and tees in transler lines. The hugh processing temperaiures encountered
in the reaction and catalyst regeneration section of catalvtic cracking units reguire extensive
use of refractory linings to protect all carbon steel components from oxidation and sulphidic
corrosion.,

The so-called MceConomy curves can be used to predict the relatve corrosivity of crude
oils and their varnous fractions, Although this method relates corrosivity to total sulphur
content, and thus does not take inte account the vanable effects of different sulphur compounds,
it can provide reliable corresion trends if certain corrections are applied. Plant experience has
shown that the onginal McConomy curves tend to predict excessively lugh corrosion rates,
Owver the yvears, it has been found that corrosion rates predicted by the original MeConomy
curves shounld be decreased by a factor of roughly 2.5, resulting into modified curves as
shown in Fig. 14.8. The curves demonstrate the beneficial effects of alloying steel with
chromium in order to reduce corrosion rates.

Correction factors for process streams with various total sulphur contents, averages of
those proposed originally by McConomy. are shown in Fig. 14.9. As can be seen. doubling
the sulphur content can increase corrosion rates by approximately 307,

Sulphidic corrosion in the presence of hydrogen
The presence of hydrogen in hydrotreating and hydrocracking operations increases the severity
of high temperature sulphidic corrosion, Hydrogen converts organic sulphur compounds in
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4. Determine delect equilibria for an oxide of type M2«

3. What would be the pressure dependence for the defect concentrations for an oxide of
type M, 07

b, State the type of defect i an oxide of type M5, Derive an expression for the
relationship of defect concentration with the partial pressure of oxygen. Also show
this relation graphically, What 1s the name of such a graphical relationship between
pressure and defect concentration’?

7. Can an oxide show different Kinds of defects as a function of pressure? Eaplain using
Brouwer’s diggrams,

3. What are Wagner Hauffe's rules? How do they explain the oxidation behaviour of
various oxides?

%, Show whether the oxidation rate of the following oxides will increase or decrease by
doping Li or Cr into their metal belore oxidation. Zn(), CaQ), FeQ), Zr(),, Fe.();, Ni(),

Chapter 3

. Why is oxidation through short circuit diffusion paths faster compared to that of
volume diffusion?

2. The parabolic rate constant for the oxidation of Nioat 500°C is several orders of
magnitude greater than the calculated one, however, there is complete agreement of
the two at 1000%C. Give reasons,

3. State the various diffusion mechanisms in oxides. Which of these diffusion mechanisms
has the lowest, and which has the highest activation energy for diffusing ons?

4. What is the Kirkendall effect” State its importance, giving an example of the oxidation
of a particular oxide.

3. What is the interdiffusion co-efficient?

6. How does grain size influence the oxidation vate”? Explain why smaller gramm size is
beneficial for the oxidation of an allov, but is detrimental to the oxidation of a pure
metal.

7. What is the limitation of the marker method to determine the mechanism of transporting
species in an oxide?

#. State the principle of the tracer method for determining the mechanism of transport
of oxidising species.

%, What is the role of diffusion in secondary creep?

10, Carburization of pure iron is carried out at 950°C, 1t is desirable o achieve a carbon
content of (L.9% at a depth of (0.1 mm, assuming that the carbon content of the surface
15 maintained at 1.20% and the diffusion coethicient Dir {1ron) = 10 "ms. Caleulate
the time necessary for this process,

11. Two binary alloys containing the elements A and B were inimately joined together

by welding. The composition ol the alloy to the right of the weld is 409 A and that
to the left of the weld. 60% A. The couple 15 heated very rapidly to a temperature T
and held there for 20h. After cooling to room temperature it was found that at a
distance of 1.0 mm to the right of the weld the alloy contains 55.0% A, Estimate the
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4. Why are CVD coatings called ditfusion coatings? Explain with a specific example.

3. What are the main limitations of CVD coatings?

. Under what conditions does one get low activity coatings and high activity coatings?
Which of the two 1s better, and why?

7. Diflerentiate between the properties of flame sprav and HYOF coatings?

3. Do atmospheric plasma coatings have sufficient porosity and bond strength? 1t not
how is it rectified?

B, What are the advantages of the transferred are process over atmosphenic plasma spray?

(), How is the IBAD method different from other ion beam based technigques?
Chapter 13

I. What 15 numerical aperture? How 15 1t related to resolution? What 15 the maximum
resolution obtained from an optical microscope?

2. What is polarized hight? What additional information can be obtained using polanzed
hight?

3. Using optical microscopy, what information can be obtained about oxide scales?

4. What are the main features of scanning electron microscopy” Which signals are used
for topography and morphology of oxide scales? How is swiace composition determined
using SEM?

3. What 1s the man ditference between EDAX and EPMAT

6. What information is obtained from back scattered electrons?

7. What are area scan maps? What information do they give about oxide scales?

#. How can TEM be used to get information about oxide scales?!

3. How s the information obtained by EDAX ditferent trom X-ray diffraction?

10, Describe the principle of AES and XPS, Up to what range of thickness can AES and
XPS be vsed?
1 1. What 15 chemical shift? What iformation does it provide about oxide scales?
12, Howis "0 analysis conducted using SIMS to determine the mechamsm of transporting
species in the oxide layer?
Chapter 14

. Describe the fireside corrosion problems of heat exchanger tubes in coal hased power
plants?

2. How does the presence of chlondes in coal affect the corrosion behaviour?

3. What are the reducing and oxidising conditions in power plants”? How do they atfect
the corrosion of boiler tubes?

4. Explain how hot corrosion occurs in a gas trbine?

5. How is hot corrosion avoided in gas wrhines?

6. What is fitanium fire? How does it affect the aircraft power plant?

7. What is the main cause of corrosion in mumeipal incinerators” What Kind of materials
are recommended o overcome this problem?

®. What is sulphidic corrosion? How does it differ when hydrogen is present?

Y. What is the main effect of a high temperature hydrogen attack?
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IMPORTANT TABLES

Tuble 1. Some of the 81 derived units

Cheaniily Merme Formiila Seeciol svimbol*
Arca Bejuare meter m- -
Volume Cubic meter m? 5
Yelocity Meter per second s -
ensity Rilogram per cubic meter kgfn'r1 -
Concentration Moles per cubic meier moledim? =
Force Mewion k;_:-nur:-.l:r_": N
Encrgy loule kg-mfsee”, Nom J
Stress Paseal h‘ga‘m-:u.:u:. Nim© i
Strmn - i -
Power, radiant Tlux Wait kp-misec’, Jaee W
Viscosiry Tscal-recond kgln-sec Fa-sec
Frequency Hert sec”! (s7') Hz

{ol a periodic

phenomenon
Eleciric charge Coulomb A-see Coul (00
Electric potential Wolt kg-lllzl'.hL'L':-L'l.:llJ] v
Capacitance Farnd sec-conl ok g-rn'-' F}
Electric resistance Chm kﬁ-nf-‘m}c-rnu]: {£3}
Magnetic Tlux Wiher k- fsec-coul Wi
Magnetic finx density Tesla kgfsec-coul, Whim? {7

fpecial svmbols in parentheses are approved in the 1 but not wsed in this wext here, cither the name or
unparcnthesized symbol 15 used,
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Table & Chemical tesis and reactions for seme common metals

Nurinless Nreeds

Rewgeniy Carbone | Thpres Thpees Tapees Tipres Alviimi- MWeagmesiam | Mickel Meonel fiecone!
vl A2 NG Ale A0F A AZE, Fiddid | ndam
47 4305
Mgl 10 Hlzckiens M TEACIIO Clegms A AT “5 i Men
|'|L|.I'ii.' ..II_'iI.I '\I:II'l-iI.L'I_' h|.|lu'r.i.1L'I.' 11 II_'il.L'lil.:lI'l II_'iLI.'1iI\.:lI'I IL"'ilL"lil::lI'l
i lurns Frray arms LU s
nkethannl Bk, Blue,
grech grech
Hyvdrosch- Rcacts Mo reaction Attacks, | Aftacks. | Blackens | Blackens Clcans Cleans Mo
Lovrac aeid 1 clean relensing | leaving | surface | surface surfivee | surface | redction
surfuce Zils bluck
smiud e,
el
HE
odir
[ '|1[:-|:I-::'r |eaves Mg redction Rencls, Mo reacion
sulphate copper leaving
solution cular higavy black
sl g
Sodinm Mo redction Reacts. Mo peaction
hwdroxide leaves
gray
smidge
Sulphuric Cleans Leaves dark Slow attack,  No reaction Stromzly, Mo reaction
nwid surtpre | surfsce with leaving lan reuts,
preen crysiols il EHTHES
il Jepves
I.'Il\.!i!ll'l
Surtace
Line Ml TEacTien Reacts Mo reaction
chloride and
i waler Luriss
hlack
Ferrous Mo reaction Reacts and M reaction
chlorides turns black

“Moter Monel may be distinguished ron nickel which looks alike by the following test, Place o few drops of nital on the sorface
of the .~.|'||.'-:.'i|||q_'||. It seall tagm Eeluse areet it i esther veonel o mckel, Then |'I]i.1L'E a sinall [l ol 2l peon (aonadl will dod s
the soluficn on the sample, IF there is mo reaction, the metal is nickel, but if the iron orns copper colouned, copper ions have
been fransferred Trom the copper i the metal, and a0 can be asaumed that 1113 mesel, which contains copper, zine and tin and
will peact with soomany acids o torn them black, that chamical tests would Be of no valee for them. Silver will twmn black in
:.'l,l'lp'lluri-;.: el
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Tensile Vield
Temperalire strevigih Strengih Flowgation
. by M Py kxi MPa bosd %
Mickel-base allovs
Astroloy, bar
21 Fil 1411 205 [030 152 1n
540 [ I 24i] | =t Qi3 14} 1
LA0 [ 200 1310 RHE 65 140 I8
o0 (B s 1ok a0 132 21
L [ &0 0 112 SN (LA 23
[-479, bar
1 | 71 1410 204 LD 146 15
S AN 1300 15E D25 134 1z
(il | 2000 (AL Jodl Bl 129 21
Ted) L4060 1 {3 H35 a5 17
870 600 345 b a5 44 |8
Hastelloy X, sheet
1 L TB5 114 360 52 43
344 [0 Ga0 o4 200 42 45
60 | 200 A H3 25 4k il
Tod) BT 435 03 26l Lt Al
270 [0 255 37 &0 26 50
IM-102, har
21 Ll i) |34 305 . 47
Jah [EI00 825 124 400 RH 45
Gl | 20000 T 103 400 3B it
L) B 440 v 3RS M I 10
L [t 215 3] 2001 i I 11
MNimaonic 75, bar
21 Fil sl dis == = 41
4 [E1E00 G35 s —_ = 41
630 [ 200 338 T8 42
160 [ 410] 24q0 42 70
Ll [LEINLN 14y 21 = — i
Nimonic 80A, bar
21 Eill 1240 175 G20 ik 24
541} [EH00 R B 530 i 24
(54 [ 2010 [ 145 550 Bk I8
7ol [ 000 760 1o 505 P 20
q70 [ 40000 400 a8 2l 38 34

(i pitid )
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Tensile Vield
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Acoustic emission techmique, 21, 216214 Conventional coatings, 231
Activation energy, 23 Cormosion in 50 and oxyvegen, 162
Active element effect, 220-224 Corrosion measunements, 184
Adsorption, 61=03 Coprosion of alloy Fe-Cr-Al 165
Adlvanced coatings, 242-252 Corrosion of binary allovs in 50, L85
Alumina forming allays, 155 Corrosion products.
Anionic oxidation of Creep, 59

concave surlace, 210 Cr-modilied aluminide coalings,
Anionic oxidation of conves surlace, 207 Crucible test, 154
Arrhenius equation, 23 Cubic law, 22
Assumption of Wagner theory, 72 Current density Vs potential curves, 190
Atomic displacement, 40 CVD coatings, 233
Avger electron, 260 Cyelie oxdation wsts, 12-13

Auger electron spectroscopy (AES )
Dragk freld allumination, 258

Back scattered electron, 26l Drefect concentration, 29
Bead wsi, 184 Prefect eguilibria reaction, 30
Bending method, 214 Defect structure, 27
Braga’s law, 270 Lepth of tocus, 258
Breakaway oxidation of zirconiom, 04 etection of scale eracking
Breakdown of scales and spoliation, 215

in H:5 environment, L&d [Detenation gun, 238
Bright field illumination, 237 Dreviations from Wagner model, 22
Browmian movement, Differential thermal analysis, 12
Burner rig test, 184 Diffusion, 40
Bumer rgs, 14 [iffusion barrier,

iffusion coatings, 233, 235

Cabrera Mottt theory, 63 [Filfusion of wons, 32, 56
Catasirophic oxidation, 1232 Lrilatometry, 12
Cathetometer, 13 Direct Iogarithmic low, 268
Catienic oxidation of concave surface, 2007 Dissociation pressune, 46
Catienie oxidation of convex surlace, 206 Double log plots, 22
Chemisomition, 62
Chromaa Torming alloys, [45-164 Effect of aluminum on oxidation, 122
Chromia layer formation, 224-229, 23]-235 Elffect of chromaum on axidation, |19
Classification, 230, 257 Effect of composition changes
Cobalt oxide oxidation, £ o scale spallation, 204

Coble creep, 59 Effect of nickel on oxidation, 120
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Effect of other alloymg elemens, 122
Electrical conduntivity, 36-37
Electraochemical method For hot corrogion, 184
Electromotive force, 14
Electron beam coatings, 255
Llectron cphical fechnigues, 236-181
Electron probe microanalyvsis, (EPMA), 266268
Electron spectroscopy for

chemical analysis, (E5CA, X5 276278
Elcimental mapping, 269
Ellingbam/Richardson diagrams, 2-4
Ellipsometry, |8
Ely Wilkinsin's theory, G5
Energy dispersive X-ray

analysis (BEDAN), 2652064
Epnaxial relatonship between meral

and surface axide, 203
Eguilibrium dissociation pressiure, =
Examples of hot corrosion, [594-20]
Exchange mechanism, 649
External oxidation, 118

Fehlner and Mot moedel, 67
Ficks laws, 4345

Fires, 253

Flame spray, 237

Frenkel defect, 2325

Clalvanostatic, method for measuring Hilm thickness,
21

Cras phase corrosion, 284

Cirtn size effect, 52

Crravimetric method, 11

High femperature coatings, 230-255
High wemperattre cormasion in
conl based power plants, 282-284
High temperatire cormosion in
municipal mcineraters, 285-1H)
High temperature comosion im
petralenm indastry, 2902492
High temperature corrosion of
atreraft power planis, 286
High temperature cormosion of
combuston trbmes, 283
High temperature hvdrogen anack, 292
Mot corrasion, 1 72-201
Hot corrosion m boalers, 194
Hot cormosion in gas turbines, 145
Hot corrosion of Nickel, 176174
Hot carrosion of Mi-Cr and
Co-Cr alloys, 179184

ot corrosion of super alloys, 183
Hot corrosion of turbine blades
and vanes, 95197
Hot corrosion studies of ER-PYD
and plazma ::pr::n}'n:-:l coatings, 197
Haot dip coatings, 237
Hot-salt 5CC, 2H7-285
HVOF coatimg, 241

Hybewd LPC plasma coating, 244

liimersion test for hal corrosion, 18
[mperfections, 24

Importance of mixed gas environment. 136

Impurity effect, 24
In sitw sputter cleaning, &L
Influence of subatrile

seomelry on stresses in oxide, 205-211

[nfTuence of vacancy generation
m the substeote metal, 2035

[mital Tast growth, 864

[nitial axidation, 50

Interdiffusion coelficient, 50

Interference eolour, 19

Internal oxidation, 111-113

[nternal standard method, 271

[nferstifialey mechanism, 21

[nterstitials, 41

[rwerse logarithmic law, U 63-64

[on beam depoesition, 246

[omic conductivity, 36-37

lom-plating, 232

lonm-sputiering 232

[spcommsion rate curves for
stainless seel, 141

[socormosion rate curves for siecls,

[zothermal oxadanon, 141

Bainctics for low tlemperalune

o Jcdation, 63, 7
Einetics of internal oxidation, 112
rarkendall effecr, 24
Rroeger Vink notation, 24-23
Broceer Wink plois, 36

Laser surfnce alloying, 242-244
Linear. kinencs, 10
Logarithmic law, 4

Marker technigue, 55
Measwrement of infernal siresses, f12
hMechanism of reaction

in SO0y was, 10T



Mewliographic analysis, 19
Mixed pos environment. F35- 136
Mohiliy, 23

hode of diffusion, 205

Moditied coatings, 231

Maolten sall cormosion, Z=45
Morphology of oxide, 261
Multalaver scale growihs, 88

Mabarro Herring crecp, 39
Mapthenic acids corroston, 294
Mature of adsorbed species, 62
Momaographic scale, 3-5
Monstochiometry, 25-26

Cipen circuil polential, 186—187
Oiptical microscopy, 237
Owverlay coatings, 230
Ooadation Kinetics, 11
Crcidation of binary alloy, 110
Oixidation aof carbon and low
alloy ferritic steel, 105
Cixidation ol chromium, 91
Cixidation of cobalt, 86
Oixidation of on, 83
Oixidation of mult component alloys, 122
Oadation of mckel, S1
Doadanion of nwckel base
alloys and super alloys, 127
Oocdation of miobium, 107
Ciciclation of noble metals, 108
Cixidation of palladium, 105
Cicidkation ol platinem, 1O
Oixidarion of pure metals, 79
Oixidatioin of silicon, 24
Oadation of tantalum, 105
Doaudation ol Ulaniuin, 98
Ciidation aof zirconiwm, 10]
Cridation potential, 2
Cixication resistance of stminless steel, 126
Cridation with simultancons
volatilization, 92
Oxide growth with simulianeous
anygen dissolution, 96
Oocide dissalution, 94
Oxide maps, 124

Crgen polential, 92

Yck cementation, 235
faraholic oxidation, &

fndex
Parabolic rome constant, L

Standard free epergy, 2
Standard free encrgy of sulphides, 134
Stresses developed during

thermal cyeling, 211
aulphidation, 137140
Sulphidic corrosion, 220
Sulphidic corrosion in the

absence of hydrogen, 291
Sulphidic corroston in the

prescnce of hydrogen, 200
Sulphur effect, 222
Surface analysis of oxide scale, 271
Surface morphology, 2610

Temperature dependence of diffusion, 33
Testung methods for hot corrogion, 1854
Ternery diagrams, 121123
Theories of active element effect, 22| -222
Thermal barrier coatings, 252
Thermal cyeling, 12, 127150, 211
Thermal spray technigques, 237-234
Thermal stresses, 211
Thermo balance, 12-17
Thermodynamic stabaliy, 2-3
Thermodynamic stabilmy,

diagram Cr-C-0F syatem, (45
Thermodyanamic stability

diagram IN, 147, 671
Thermodyamic stability diagram

MW-5-0) avstem, [44
Thermodynamic stability diagram

iype & M saindess steel, 1406
Thick scale, 72
Thin layer regime, L0
Titamum e, 99
Transferred plasma are, 241
Transmission eleciron

microscope {TEM]), 201
Tranzport of elecirons, 36
Tranzsport of ions, 3L
Tracer technigue, 36
Tunmelling effect, 68
Type L hot corrasion, 172
Tvpe |1 bot cormosion, 172

Vacancies, 24
Yacancy mechanism, 41

222

Yacancy zinks, 222
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Yacuum plasma coatings, 2440
Voltametric analysis, 19

Wagner Hauffe rules, 38
Wagness theory of oxidation, 72
Wavelength dispersive X—-ray
analysis (WDX) 266
Ways to incorporate active elements, 22--221

X-ray diffraction, 269

X-ray photo electron
spectroscopy (XPS). 276
X-rays, 260

Y-modified aluminide coatings, 231
Yitria stabilised zirconia, 252

ZAF Correction, 268
Zinc oxidation, 76



