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ABSTRACT

An investigation has been undertaksn to study the oxidation
behaviour of Fe-10Cr alloys containing Aluminium in the range of 2-
2% by weight in pur#lonyEH at 1 atmosphere pressure and the
general effects of the addit:ions. The 1nvestigations were performed
in the temperature range of 950°c-1050%C under cyclic conditions {3-
hour cycles) in each case,

The cyclic oxidation rssistance as measured by the specific
weight gain values was observed tg have prograessively improved with
increasing aluminium-contents in the alloy. ¥or a particular
aluminium-content in the alloy, however, the oxidaticn resistance
decreagsed with increasing temperatures. The lower aluminium-
containing alloys {2-4%Al) were obszerved to end up with Fe-rich
oxide scales under the experimental conditions at all the
temperatures, whereas those containing aluminium in the range of é&-
E% formed qhhlﬁ% scales. Both the weight of spall releas=zd and the
s1ze of individual spall particles decreased with increasing
aluminium contents. Spall particles released from the lower
aluminium~containing alloys were fragmental, blackish and magnetic
in nature whereas those from the highser aluminium-containing allevs
were powdery, creamy brown and non-magnetic in nature.

Healing layers of Cr,0: and of CryCy/a-Al;0; subscale could be
obeerved under the optical microscepe after breakaway of the

initial protective =cales in the casze of the 2% Al and 4% Al alloys



respectively almest at .all the temperatures of investigation, but
the 6% Al and 8% Al alleys re-formed external a-Al,0; scales at all
the temperatures. Convoluted growth of a—Alfﬁ scale with limitad

lecalized Epjnél growth could be ﬂbéerved'upan these two allay

surfaces,
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CHAPTER 1 :

1.1 General

The continuously mounting demand for higher power ratings in
industry has resgulted in a demand for metal components having
superior mechanical and chemical propertiss at higher temparature.
Since the efficiency and performance of aircraft gas turbine and
similar stationary power plante enginss are significantly improved
with the use of higher operating temperature, the demand for alloys
having strength and resistance to oxidation and corrosion at higher
temperature are enthusiastically felt in this field. In such
applications, the temperature of the metal components frequently
exceeds 1000°C or even 1100% and furthermore they may be highly
stressed. Also the radiocactivity (1) build-up around the primary
coclant system of nuclear water reactor is one of the important
problems from the point of view of the persconal exposure. To reduce
radicactivity buildup in boiling water reactor (BWR), the injection
of some amounts of oxygen into the coolant has been carried out in
crder to protect corrosion.The suitability of metallic alloys {2)
as construction materials in high temperature components is mainly
determined by their mechanical properties and their resistance
against the Eservice senvironment. The latter is governed by the
ability of the material to form slowly growing protective surface
oxide scales on exposurse to high temperature. Fe-Cr-Al based alloys

with about 5 wt% Al can fulfil this regquirement due to the



formation of alumina surface scales by selective oxidation of the
aluminium,

The gaseous environment in these engines are highly oxidizing
and in many cases, are contaminated with ceorrosive alkali salts
such as the chlorides and sulphates of Na, Ca, and even Mg and Pb.
The problem involved, therefore, c¢an broadly be locked upon as a
combination of two part processes: (a) Oxidation due to ths
oxidizing influence of the products of combustion including excess
alr at high temperature and (b} sulphatization of ths component
parts dus to the influence of some of the alkali salts formed
during combustion of the fuel. The damage to metals and alloys by
loss of strength at high tempersture may be of three general types
{3) : (1) by oxidation or exposure to contaminating media with
resultant loss of metal; {ii) by incipient surface cracks brought
about by cyclic thermal stresses and (iii} by changes in the
properties of the metal with increasing temperature with or without
attendant phase changses.

Although thasa phenomena normally proceed together in a
practical internal combustion {I.C) engines and are, therefore,
bnuﬁd to '‘influence each other, the pressnt investigation ia
directly concernsd with the phenomenon of oxidation only.
Furthermore, due to inherent nature of their use, the conditions
obtained in such cémpunents are naormally of cyclic nature either of

a long or short duration, and the major part of the efforts have,

N




therefore, been directed towards investigation under cyclic

conditions.

The basic materials that are ussd in the censtituant parts of
such high temperature equipments are generally based on three major
alley systems: the Fe-Cr alloys, the Ni-Cr alloys and the Co-Cr,
alleys. Of these, the first group forms the basic materials in the
preparation of stainless steels which find wide application amongst
otheré, inhthe construction of certain component parts in the
reactor vessels 1in atomic power plﬁnts, Eupersonic aircraft,
missiles, c¢racking stills, steam turbines, gas turhbines,
turbosuperchargers, aircraft power plants, rocket motcrs, nuctaar

energy fields etc. Work in the field of this group of alloys

including only aluminium does not appear to have been as extensive.

a8 in the two other groups of alloys, especially under cyclic
conditions.

Chromium is the principal alloying element (3) in many of
these alloys, but other elements, such as nickel, aluminium,
silicon enhance the properties imparted by chromium., Steels
containing 5 percent or more of Cr are of great interest to the
eéngineer because they are more resistrant to corrosicn and stronger
at elevated temperature than the low-alloy steels. Small amounts of
reactive alloy additions have been known to produce numerous
beneficial effects upcn the rate of oxzidation, the nature and
morphology of the oxides formed and upon the extent of alloy-scale

adhesion. Some attempt have , therefore, been made to study the




effect of minor additions of relatively comﬁon metal {(like Al} to
the binary alloys. Successive additions of Al have, tharefore, been
mada to the ﬁasa alloy, Pe-10% Cr, and the effects studied under
cyclic dénditions. Quite encouraging results are believed to havg

been obtained.

1.2 General Raturea of the Probloms

The metallurgical problems associated with the operation of
high +temperature machines nearly arise from the very high
temperatures used for the working fluigd, usually gases. Those parts
of the machine in contact with the hot gases must, therefore, be
made of some suitable materials which will maintain adequate
strength at its working temperaturs, will not oxidize or cogrrode
appreciably at that temperature, will not become brittle and not be
seriously subject to the effect of creep.

. Early tasts were often made to measure the highest stress at
which no creep would occur. It gradually becams customary to
stipulate either that the average rate of Creep under the imposed
conditions of stress and temperature should be such that the total
deformation during the expected lifes af the component would be
within tolerable limits, or that the observed deformation within a
given time should not be more tham a given amount.

The importance of “Creep' will be apparent from the following
data in relation to a well-known British alloy widely used{4) for

gas turbine blading : Whereas at 6%0%, an indefinite periogd of
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life is expected, an increase of temperature by only 60'C {from
710% to 770%) reduces the useful life of the material to less than
1/6 th of its life at 710% and only by another 20°C (from 770°C to
790%) reduces it to about 1/30 th of its life at 710%C.

In addition to the ahove, the hot impinging gases may lead to
the oxidation andfor corrosion of the component parts. This will
resulf in a loss of 'useful material from these parts, which will
aggravate the problems of creep and loss of strength at high
temperature. The corropion which thus occurs, is breoadly divided
into two parts: Oxidation and hot corrosion.

Oxidation ﬁccurs due to the contact of the hot oxidizing gases
with the métal parts. Detailed discussion of this vital problem
concerning the materials under investigation appears in the later
chapters. The problems of hot corrosiocn are essentially those of
oxidation, in fact an accelerated form of oxidation resulting in
general from the combination of oxidation and reactions with 5, Ra,
Vv and other contaminates which ma?'ha contained in fuels ingested
with the inlst air. Due to obvious reasons no further discuséioﬂ
about hot-corrosion may be made,

i _

1.3 Hrtarlals

The development of modern high temperature materials was
inaugﬁratad with the test of alloys 1ntended for the blading of
exhaust gas turbines in alrcraft engines. It deescribed a range of

commetrgcial and experimental austenitic Ni-Cr steels with additions



of W, Mo, V, Ti or Ta together with a range of extremely complex
FeuNi—Cr—Cﬁww—Hé alloys with additions of Ti or Ta. With the
cutbreak of the war, the development of the aircraft gas turbineas
assumed the Icharacter cf a race, and the behaviour of the
contéstants was determined by their circumstances.

In Great Britain, the consciousness of limited resources led
to the effort being concentrated upcn a fow materials to be studied
1in detail. These were mostly modifications of the already familiar
sarlier austenitic Ni~Cr alloys {5)}. Aware of their rescources, the
americans started an investigation which grew to he almost a
complete survey of the alloys based on Fe, Ni, Cr, and Co with
various additions of Mo, W, Nb and Ti. The emphasis on reaching the
highsst possible working temperature was greater than in Great
Britain.

The new alloys were few in number, but they represented in
sach cage the result of a series of experiments, and the excellence
of British engines owed something to the confidence with which the
full properties of the materials could be employed. The earlier
materials were not, of course discarded, but continued to be used
where appropriate. Gas turbine rotors at first were made of
austenitic steels but it was soon found possible to copl rotors
sufficiently to keep the temperature below 3550°C and so enable
ferritic steels to be used. Cr-Si-Mo and Cr-Mo steels were the
firet to be chosen, but as engines became powerful, stronger

materials were needed. Vanadium was introduced, and a change was



made to the more complex 3% Cr-Mo-W-V Eteels with which, by a
modification of the heat resistant and an adjustment of the C
content, a steel capable of maintaining high strength at

temperature approaching 600°C could be obtained.

1.4 Pressnt Trends

it has been rTealized that in high temperature oxidation
operationsla scale is formed and maintained on the alloy surface
which prevents or at least reduces the rate of contact hetween the
reactrants and thus coffers protecticn in service.l

For the scale to be protective, it is not actually neceesary
for it to be in intimate contact with the metal, but since the
scale has usually very poor machanical properties (e.g. resistance
to shock anﬁ abrasion] it must be supported by the metal or alloy
for its continued existence over the surface cof the component part.
For all practical purposes, therefore, a scale that is supposed to
be protective must necessarily be adherent as well. A number of
alloys, as already discussed, have been developed Lo possess
sufficient etrength and high temperature properties; but their
usefulness, at present, is limited, besides other factors by thelr
resistance to high temperature oxidation and subseguent spallation
of their oxide scale.

Almoet all the general-purpose high temperature materials used
at present are derived from one or the other of Fe-Cr-Al, Ni-Cr-Al.

or Co-Cr-al alloys: Depending con their composition, these materials



usually develop and maintain either a Cr;0 scale, or an d- ﬁlgﬁ
scale on their surface for their protective ability. Alsoc Fe-Cr-Al
alloys (6) have good oxidation resistance at high temperatures dus
tc the formation of a protactive oxide layer of Al;0;. A wide range
of alloye are now known which will operate satisfactorily under
isothermal conditions, but most of these materials lose, either in
part or whaole, their effectiveness under changing thermal
conditions i.e. cyclic conditions. The oxides that are protective
{for all practical purposes} at the operating temperature under
isothermal conditions, usually =spall and the alley, therefore,
loses its protective ability, at least to a certain degree, at the
end af a particular operating cycle and more s0 in subseguent
cycles. This usually results, as is well-known, in a more rapid
oxidation of the parent material in the subseguent cycles., A
material which is resistant under isothermal conditions may not,
therefore, be so under cyclic conditions. Primarily, therefore,
although superior ecale adhesion is certainly desirable but noﬁ
indispencable under isothermal conditions where the component part
is not subject to shock or abrasien, it is absolutely so under
cyclic conditions, even when the possibilities for the occurrence
of shock or abrasion are apparently absent {due to the epontaneous
development of thermal stresses on cocling). Furthermore, even 1f
the material does possess the requisite strength and resistance to
creep in Eervice, it will prove to be a failure if it lacks in the

requisite degree of oxidation/corrosion resistance, and scale
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spallation under cyclic operating conditions will etill poes a
challenge towards eolving this problem. The major part of recent
research effort in the field of high temperature oxidation and/or
corrosion, therefore, seems to be rightly directed towards tackling
the problem of scale adhesion and its stabilization on the surfacs
of tha component part.

As already knﬁwn,lcertain reactive metal additions decrease
the pxidation rate 'and increase the metal-scale adhesion. As
indicated earlier in this chapter, since Fe-bake alloys possess
some dagree of advantage in ths field of high temparature
operation, efforts are being directed towards more effectively
handling this_vital problem of metal-scale: adhesion with this
series of alloys 1n particular along with the endsavour for -the
development of uewer-allnys.having improved mechanical properties.
at elevated temperatures. Admittadly, however, no material having-
vet been discovered which will carry high stresses continucusly at
elevated temperatures, particularly under the severe conditions
encounterable in modern engines, the sBuccessfiul usze of high
temperature with available materials is a matter calling for cloee
co-operation betwaen the enginesaring designers and the

metallurgists.

1.5 Present State of Art in Bangladesh
Although studies upon the oxidation resistance of binary iron-

chromium alloys have been rather plentiful, but sufficient
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information about the effects of aluminium additions to these
alloys have not been 5o much available. Data upon the properties of
such alloys and their oxidation resistance will be useful iq the
development and selection of sBubstitute materials for our
industries.

The more economical design of mﬁchine parts which are used at
high temperatures such as air-craft gas turbines, steam enginss,
stationary power plants etc, need information about the propertisas
such as oxidafion resistance at high temperaturses. Information
about the high temperature performance of the proposed alloys will
be helpful in the selection and production of substitute materials
for the construction of heat-resistant machine components uzed in
our local industries and this will also serve as a pointear
towards their relative effectiveness against high temperature
oxidation. Pogsibility of using locally manufactured substitute
materials in the construction of high temperature machine parts
will give impetus ta our local industries. This may ultimataly go

to reduce our dspendence upon ‘external resources to some extent.
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CHAPTER 2:5A REVIEW OF LITERATURE

2.1 Nature and Properties of Iron Oxides

Baveral stable oxides of iron are known to be formed on
oxidation " of iron, ag revealed by Biswas {7): hematite EFefﬁ},
magnetite (Fe;0;) and wuetite {FeO; ;). Their fields of existence
have been studied by Darken and Gurry and some important, salient
and relevant information of the three oxides are detailed below:

Ferric oxide (8), Fe;0, , is the stable oxide at ordinary
temperature. The rust which forms on the surfaces of iron and steel
exposed to moist air is a hydrated form of ferric oxide. Pure
faerric oxide is reddish in colour.

Hematite contains 30.05% oxygen and at 1457%C decomposses into
magnetite and oxygen {Po; = 1 atm).Hematite occurs in two
modifications: {a) a-Fe;0;: hexagonal; much more prevalent: (b}
y—Fes0y: cubic ; forms only under special circumstances below 400~
500°C (7). |

The Fe,0; is a metal excess (n-typs) semiconductor {9%),
according to Wagner's concept and the excess c¢ations and an
equivalent number of electrons are locatred on interstitial lattice
sites. Tha observation that electron conductivity decreases with
increasing ﬁfessure of the negative component {i.e. oXygen}
is,thus, an indication of an excess of metal in the semiconductor

just like Zn0, Aly0; , M@0 etc. which are n-type semiconductors,
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Magnetite, Fey0y (8] , is formed when sither of FeO or FeyD,
ie strongly heated in air and is gquite <gtable at elevated
temperatures. The "ecale" which forms on the surfaces of heated
iran and_ steel is practically purs Fe;y and , as might be
anticipated, this oxide is strongly magnetic, Chemically the
maghetic oxide behaves 85 a2 mixture of ferrocus and ferric oxides,

Magnetite is cubic in structure and possesses a stoichiometric
composition. It forms so0lid solutions with hematite at higher
temparatures, the 0/Fe ratio becoming more than the stoichiometric.
Thus, it becomes deficient in iron ions resulting in the occcurrence
of iron ion vacancies, i.e., while oxygen atoms occupy fixed
positions in the magnetite lattice, some positions in the iron sub-
lattice remain unoccupied by iron ions. Such holes or defects
facilitate diffusion of iron ions {or any foreign cations of
comparable s5ize} and permit migration through them.In fact the
reduction of hematite produces a porous product and the structural
metamorphosis from hexagonal to cubic gives rise to volums
axpansion , increased porosity, cracks and fissures. Magnetite has
a very high melting temperature, about 1597°C. At this temperature
it contains 27.64% oxygen (7).

Ferrous oxide, Fel, iz unstable end in contact with air 1is
rapidly oxidized to ferric oxide. At 1524%°C, oxygen-saturated
liqﬁid iron {0.16%.90) is in equilibrium with an immiscible liquid

phase of farrcus oxide containing 22,6% 0. The composition of
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wustite saturated with iron corresponds approximately to FeQ; o or
Pey 10 (7).

According to Wagner's model (9), Fe0 {wustite! is a p-type
[metal-deficit) semiconductors. Yet wustite 1is deficient in
divalent iron icng and 1n order to maintain electiro-neutrality
there must be present some ferric ions, the latter increasing with
the oxygen content of wustite. The occurrence of iron ion vacancies
greatly facilitates diffusion of iron ions through the lattice and
influences the reduction rate and product morpholegy. Thus just
like Nio and Co0, Fe0O i& a metal deficit or am electron-deficit
semiconductor.

Kubaschewski and Hopkins (9} reported that iron forms wustite,
Fe0, is normally unstable below 570°C but on iron oxidized below
this temperature formed a thin layer of Fe0 underneath on Fe;0,
scala. The oXxide layefs of iron and the position of the various
oxides at 625 after 24 hours of exposure are indicated in Fig.

2-1.

2.2 Oxidation 'cof Chromium

Chromium oxidizes in air or oxygen to form the oxide, Cry0,,
which is stabls upto a very high temperature. Other oxides, Cro,
{rutile) and Croy {oTthorhombic) are also formed, but they ars
unstable. The volatile oxide, Cr0; 1is formed under wvery strong
oxidizing conditions (9). Although Cr;0 has been found to exist in

more than one phase, the rhombohedral structure is found in scales
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Fig.2-1 : Hicrosection of scale formed on iren in air at 62sic

after 24 hour, {9).
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and {ilms. Cr,0; is stable to direct decomposition at temperatures
of 1000°C in high vacuo of the order of 10" mm Hg and less. At
temperatures greater than about 1100-1200°C vaporization losses
from CrsQy in the form of the volatile trioxide, Cr0Q; beacomes
excessive, and the oxidation of Cr and high Cr superalloys conforms
to the so-called "paralinear" kinetics (10).

Gulbransen and Andrew{1ll) studied in detail the oxidation
behavicur of high purity Cr in 76 torr oxygsn cver the temparature
range of 700°-1100°C. Below 900°C, they obtained oxidation curves
which fitted to the parabolic rate law. Above 900%C and for a film
thickness of approximately 4800A, the rate of oxidation was
observed tc increase in an unusual manper. This increase in the
rate of oxidation disappeared on further oxidation. At a
temperature of 1050% and higher, a large increasse occurred in the
rate of oxidation suggesting that the oxide film was no longsr
protective for film thicknessees greater than 42C00A.

At lower temperatures in air (500°-700%°C}, an adherent green
scale of Crﬂ% was formad, whereaslabove about 800°C the scale was
a gray black cne on the cuter surface, which on s¢raping showed the
characteristic green ceclour of Cr;0; . It was suggested that only
Cry0; formed at lower temperatures. At 900°C and above, the black
scale formed in alr was presumably Cr;& with some quadrivalent N,
dissolved in it. In fact, X-ray results on thse black scale, 260
hours at 900%C im air, indicated the presence of B-Cr;N along with

Cra0; which could conceivably change the defect structure of Cr;04,
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thereby increasing the oxidation rate. As an alternative
explanation, they also suggested that extansive cracks occurring in
the metal at higher temperatures was responsible for the observed
increase in the rate of oxidatien (12).

Mortimer and Post (13) has suggested that the oxidation of Cr
is'ramarkgbly'dependent upon the experimental technique. Commencing
the experiment by heating in vacuo shows a reduction in subsequant
oxidation at 950°C by a factor of three, while heating relatively
slowly in oxygen does not alter the rate but hastens the onset of
scalelcrackipé.l

Seong et al (14}, after checking ' the possibility of
vaporization of Cryly éia Cr03{g}; concluded that there was little
vaporization of Cry0y. It has been known that chromia {CI}DH} forms
a highly volatile CrQOy above 900%. The Cr-content of the scale
deposit from total metal weight was compared with the Cr-content of
the alloy. The result showed that ¢r remained mostly in the
deposit. This indicated that there was little vaporization of the
chromium oxide in this case.

The addition of Ni to Cr causes a reduction in oxidation rate
and a2 minimum is Teached at the solubility limit of Ni-ions in
CryQ;. Although Cr;0, i generally believed to be a metal-deficit p-
type semiconductor and scale-forming reaction proceeds by the
diffusion of the cation cutward through the scale, changes ars
evidenced in the oxidation mechanism in presence of certain

reactive metals in the form of alloy additions {15).
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2.3 Oxidation of Fe-Cr Alloys

Dxidation of dilute Fe-Cr alloys has been stated to cbey, in
general, a parabolic law {6): {5WKA}2==KF,t, where AW is the waight
of oxXygen reagted, A is the area cof the specimen and t is the time
of oxidation. Thus, if the square of the specific waight gain,
{ﬁWfﬁ}E , be plotted against time, t, it will gensrate a straight
line, where the slope of the parabolic rate constant, Kp in proper
units. Isothermal oxidation kinetics of Fe-10Cr alloy at 1000" hag
been represented in Fig.2-2 as observed by Rhys—Jhones et al {16).

Gardiner et al (17} reported that the oxide film formed on
iron-chromium alloys less than 5 wt% Cr below B73K consisted of two
layers of magnetite and hematite. It has besen found by Tjong st al
{18) and Tjong {19) that for the Cr addition of 3 wt%, the oxide
consisted mainly of iron, and the addition of Cr from % up to 18
wt% resulted in the formation of lavered oxides, i.e. Feﬁ% BXisted
in the outerloxide!gas interface and Fe,; Cr,0y in the inner region
with the predominant chromium oxide next to the substratas.

The scales formed on Fe-28Cr alloy {20) at 1000°C were grey
chromium oxide. The alloy substrate beneath the spalled Bcale was
¥ary smooth with deep channels along the original abrasion droovas
consistent with little contact Letween the scale and the alloy at
the groove location

Rechards and White {21} remarkg from their gquantitative
findings relating to the M;0; - M®y equilibria in Fe-Cr-0 system are

in agreement with results obtained. Rickett and Wood {22) oxidized
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12—28%C;;fa ailoys in oxygen at 9golc and josolc and found spinel
(FeCry0,} and Cry0, on the inside'ané Fe,0; on the outside of the
scale. The nature and number of the layers depended on Cr—cﬁqteut
and temperature. McCullough and Fontana {23} found that spinel
formed next to the metal on stainless steels heated in oxygen to
Qaﬂﬂc, but as the oxidation proceeded Fe,0; was predeminant in the
scale.

Yearian etlal (24) illustrated that two kinds of scale can be
summarized: type A {low rates of attack} ponsisting primarily of
Cr;0; with some dissolved Fe;0; and type P scales where attack 1is
severaed. In the latter scales, the spinel of the type Felr;0, ie
predominant. They also added that the types of scale formed are a
sengitive function of temperature, Cr-content, atmosphere, tima of
gxposure, impurities present and possibly other factors. It has
beén establighed by Wretblad and Arong {25} that Fe,0; and Crj0y form
a continuous series of solid solutions. In addition Yearian et al
(24} and Caplan and Cohen {26} found evidence for some Fe,O;
dissolved in the Cr,0; - Lype scales. The spinel FeCr;dy is not
necessarily Etoichiometric, but this cubic oxide forms a solid
solution series with FeyQ.

From the findings of Seybolt {27}, thermodynamically, the
scaies of lowest oxygen pressure lie closest to the metal and the
srale nearest the gas phase must be of the highest dig=sociation
pressure. In a non-equilibrium experiment, if Cry0;, FeCr;Q and Fey0,

are all found in the scale , they must be present in the order
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lizsted from metal to gas phase. In thie case, eone expects an outer
layer of nearly pure Cr.0;, next a apinel layver, and finally ; Cry0,
- Fe,0; rhombohedral soiid solution of variable composition.

Caplan and Cohen found (26} by X-ray diffraction that tha
lattice parameter of the oxide corresponded to pure Cr;0; which
signifies an Fe 0y content less than 3% during oxidation of Fe-26Cr
alloy batween a?aﬂ-lznoﬂc. Alsc chemical analysis revealed the Fej0;
content ranged from 0.4-2.5% consistent with the x-ray result.
Tharmodynamically, a spine}! is possible if the surface metal were
to become depleted in Cr helow 13%.

Fhys-Jones et al {16} postulateg that, after 70 hours
oxidation, the scale formed on the hase of Fe-20Cr material was
thick, porous and unon-protective with Fe;0; and Fe 0, being
identified by X-ray diffractometry. By contrast, after 70 hours
oxidation, the Fe-10Cr alloy had formed a thick, non adherent and
non-protective scale with a surface comprising cene-shaped grains.
X-ray diffractomster detected Fe,0, and Fa;0, phases.

Mosely et al (28) illustrated by x-ray diffractometry that Fe-
16Cr-5A1 alley heated to 1200lc in air for 17.5 hours show Eome
evidence of oxidation of the hase metal to give an Hy0, phase but
because ¢f the gimilarit% in lattice parameters it 1is not possible

to decide whether M represants Fe, Cr or mixture of the two.
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2.31 Breakaway Oxidation

| The oxidation Process can be divided into three stages (&)
oxidation Ifnllowing a parabolic rate law (1st stage), less
oxidation following é linear rate iaw in comparison to that in the
1st stage {(2nd stage} and the so called breakaway oxidation (3rd
stage}.

This phenomencn appears to be gquite general and has been
observed in many binary alloy systems as well as compleX
guperalloys. Fe-Cr Iallc?s have been known to exhibit a rapid
increage in the oxidation rate, typically in the range of 14-23%Cr,
following an initial protective induction period during which doped
Cr404 scale only is formed (2%). To a lesser extent, Hi-Cr alloys
cshow a similar behaviour (30). Wolf and Sandrock {31} while
attempting to determine the influence cof 8i cn the oxidation of L-
%05, a complex Co-base super-alley, noticed that certain samples of
the_alloy with low Si or Mn contents gshowed an excessive rate of
oxidation at '1100%. They termed this behaviour as "an anomalous
welght increment" to mean that these alloys started to oxidize
parabolically, but then at some time less than 20 hours, the rate
increased abruptly by more than 100 times. After a period of less
than an hour, the rate once again slowed down to approximately the
ipitial rate. It was possible to reproduce the rasults only
gqualitatively. Identical compesitions would differ in the time of
the increase by a factor of ten. Thus it is fairly common for an

alloy to oxidize protectively for a peried, then to exhibit one or
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more stages of accelerated oxidation. Sometimes the first breach of
protective oxide spreads, to degenerate completely, into a limear
rate of growth.

The mechanism involved in this type of oxidation hehaviuur,
hag been discussed in detail by Wood and Whittls (32). Briefly this
involves a loss of contact between the inpitial Cr,0; scale and the
underlying alloy due to stresses develeped in the system and
Vacancy coalescenca at the alloy-oxide interface producing
ballooning often above grain boundaries and specimen corners. This
can happen isothermally, but is meore prevalent on ceooling or
cycling, due to differential contraction affects. The lifted oxide
eventually cracks -and is completely removed, expoeing the
underlyiﬁg"depleted alley, to the full =everity of the oxidizing
atmosphere resulting in rapid oxidation rate. Stratified scale
formation takes place and parabolic oxidation 1s eventually
established. Fig. 2-3 reprecsents the model proposed by Lowell et al
(33} for this type of oxidation.

An alternative mechanism {34) for breakaway oxidation is based
on "Chemical" or "diffusional" phenomenon. This postulates that the
initially formed Cr,0, type layer is transformed from within by ircn
from the depleted alloy. Transformation to Crﬂh—FeEDJSDlid solution
and finally FeFe, ,Cr,0, spinel occurs, enabling the rapid outward

diffusion of Feil

ione to form Feq 0y and Fe,0y layers.
But the validity of the chemical breakaway mechaniem seems to

have been seriously challenged by the dramatic suddenness of the
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onset of rapid oxidation, together with the observance of only
protective Cryd, immediately before breakaway. Such a situation was
actually observed by Islam {35) in his work with binary Co-25Cr
alloy at 1100%c after 1 hour of exposure as shown in Fig.2-4..
whare he actually observed grains of Co0 breaking out through an
window formed by partial sgpallation of the external Crgﬂascale. No
CoCr,0; spinel formation could be observed underneath the Cry0;
scale in' the region of breakaway, as suggested by the chemical
mechanism of breakaway.

Breakaway is likeliest in some respects when the alloy surfage
Cr concentration is low (i.e. in the early stages of coxidation},
hut it lasts longer when the depletion has penetrated deeply,
because healing ie then mors difficult. Potentially, breakaway
could be severed with Ni-Cr allﬁys because the interface Cr
depletion is greater than for Fe-Cr alloys {due to the lower alloy
interdiffusion coefficient), but isothermal breakaway is much more
rare {29). Tha irregylar and interlocked alloy-oxide interface, at
least partly caused by the relatively low alloy interdiffusion
coafficlent, promotes adhesion both isothermally (29} and
presumably under cyclic conditiocns as well. Whereas Ni-20Cr alloy
shows little spalling and scale re-formaticn on cycling, Fe-28Cr
alloy cycled for a number of perieds at 1000%C shows areas with
one, two, three, four or five doped Cr,0; layers {36} depending on
the number cof times scale failure cccurred and re-formation teck

place in a certain location. With Fe-14Cr alloy, cycling favours
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Fig.Z-4 : Scanning electron micregraph of the oxide scale on a Co-
25Cr allﬁy specimen eiposed for 1 hour at 1100%c represantang the
occurrence of a typical breakthrough phencmenon in a Cr;0; scale.
In the center, exposed Cof graing can be seen breaking out throogh
Lhe exlernal scale, while lifting of the Cry;0; scale by Co0 grains

underneath is apparent in the surrounding regioms, x 4200 (35},
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breakdown of the initial doped Cr;0y layer, but subsaquent failure
and progreossive layering is rare as the scale is relatively
adherent. Al;0; scales on Fe-Cr-Al alloys (37) exhibit breakaway

hehaviour of essentially the same nature, Fig.2-5.

2.32 Healing

1f the composition of the alloy is such that there is
insufficisnt concentration of the protective component to form a
new protective external scale layer (which is the case with alloys
showing breakaway behaviour}, then the protective pxide will still
be formed at the surface of the alloy, but this will take the form
of a discontinuous precipitate rather than a continuous layef.
Siﬁultanacus oxidation of the less protective component will also
take place in such casas resulting in a faster oxidation rate.
Oxygen diffusion and dissclution intq the alloy will now take
place, as the effective oxygen pressure behind the less protective
scale is much higher. This process of oxygen diffusion and
dissolution will result in the internal cxidation of the
preferentially oxidizing component in regions of its higher leocal
concentration leading to the formation of discrets particles which
may eventually form a coherent layer by coalescence, a so called
"healing layer" underneath the stratified scale laver, preventing
or reducing further oxidation. It is interesting to note that
although a doped ﬁrﬁh'scale layer is more readily established on

Fe-Cr alloys than on comparable Ni-Cr alloys (29) because of the
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Fig.2-% : Typical multiple breakaway of oxide scale on an Fe-14Cr-

4A] alloy exposed for 7 6-hour ecyules at JZDDDL’?, f37).
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greatar alloy intefdiffusion coefficient, it i8 less difficult to
heal a stratified non-protective scale on Ni-Cr alloys because the
Ni-rich oxides grow slower than the Fe-rich oxides thereby giving
lass Ecele encroachment on the alloy and absorption of the
coalescing internal oxide. Additionally, the oxygen golution
characteristica in the Ni-Cr alloys are more favourable to the
formation of a dense-linking internal oxide layer.

Because the intrinsic diffusion coefficient for Cr i= higher
than that for the solvent component in alloys of Fe-Cr, Ni-Cr and
Co-Cr, eome fraction of the interstitials supporting scale growth
on these alloys regults in vacancy insertiﬁn at the alloyv/fscale
interface and these vacancies are annihjilated at dislocation sinks
within the diffusion zone of the alloy. Interstitial caticn
creation or wvacancy annihilation by this mechanism  introduces
glastic tensile stfessea in the metal by changing the spacing or
misfit dislocations at the interface. If this interfacial mechanism
would be blocked somahow scale growth by cation diffusion could not
continue, the asscciated growth stresses would be avoided and an
alternative growth mechanism (anion diffusion) would hecome
operative {38). .

i Wei and Stott {20} observed the development of Crzngscales omn
Fe-Cr alloys. Although the growth rates of iron oxides are much
faster than that of Cr,0,, a continuous healing layer of Cry; iE
established rapidly by selective oxidation at the base of the

transient oxides. Very little-iron has been dstected at the
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surface of the scale indicating that this procese ocCccurs rapidiy
for this alloy.

As the healingllayer thickens, it loses contact with the alloy
surface and develops -a conveluted configuration, as shown
schematicéliy in Fig.2-6. There have been many reports of voids
beneath Cr,0; scales on iron base alloys and these features may
result from vacancy condensation effects or the ecale growth
procéssl,ﬂne Euggesticn is that growth of the Crs0, layer involves
cutward transbort of crt ioms through the oxide and inward
transport of oxygen along the grain boundaries. Formation of new
oxide in the oxide grain boundaries causes generation of
cumpressivé cetresses due to volume expansion and wrinkling of theé
scales by plastic deformation. The large siresses ganerated cause
the scales to become convoluted or cracked during oxidation at high
OXYGgen pressurses, buf to deform plastically at low pressures [20}.

For a given oxide scale, Huntz and Schutze (3%} summarized
that the growth mechanism depends on the temperature, the nature of
the substrate, the incorporated impurities etc and is not always
clearly @efined. It can be noted the following: For Crq0y, most of
the results suggested that scale-growth is promoted by cationic
diffusion, unless the substrate is doped with active elements. Then
the growth dirsction is reserved. But réﬁent results on “undoped’
chromia scales indicate that the situation is not so clear: oxygen

and chromium diffusion coefficients are of the same order of
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magnitude and oxygen can even diffuse faster than chromium

A8 1n massive oxide.

2.4 Thermal Cycling .

Most industrial proceseses involve use of superalioys at high
temperature under oxidizing conditions in which the operation is of
a cyclic nature. The cycles may vary from several hours {aircraft
engines) toc hundreds or even thousands of hours {ground power
station turbines}. It is essentially the cyclic nature of the
operation, and not the duratioq of the individual cycles that often
makes the difference causing loss of material in the form of oxide
spallation. The sequence of events in such operations can be
enumerated as follows:
fa) Quring the initial heating periocd, oxidation takes place
forming a protective scale at a more or less constant
temperatura. The growth of such an oxide scale is essentially
parabalic, eince either or both the reacting components must
diffuse through the thickening scale. For most commercial heat-
-resisting superalloys, thie growth rate should be sufficiently
Elow in"order that metal loss under isothermal oxidation is
negligibls,

{b) When the naterial cools down at the end of the heating cycle,
ﬁart_urlalllcf the oxide scale formed spalls off as a result of

thermal stresses generated.
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{c) When the ﬁaterial is reheated for the next cycle, it is now
effectively less protective due to partial or complete
spallation, the oxide being effectively thinner or locally
abeent on the material. Furthermore, the alloy has been more or
less depleted ﬁf the protective component as & result of oxide
formation aﬁdfﬂr spallation.

{d) Due to repeated cycling, the process of agxide formaztion and
Epallatign alsc repeats. The alloy by now, might have been so
much depléted of the protective component that 1t may fail to
re-produce the protective scale and thus lose its protective
nature altogether.

{e) Wwith continued cycling, therefore, other oxides form {and these
form at much higher rates) resulting in a rapid oxidation aﬁd
such, in metal losses, at a much highser rate.

oxidation unda; such thermal cycling conditions, promote
spallation of the protective oxide scale that may initially form on

an alloy surface. The exposed alloy surface then pxidizes 1n a

manner depending on its composition now different from that of the

original alloy. Conseguently, formation of a different lass
protective' oxide on the surface may take place, leading to
catastrophic scaling. Thus in systems where the initially formed
prctectivé oxide iEIEUECEPtiblE té spalling, the alloy composition
at the alioy—uxide interface during selective oxidation is of vital
importance in determining the oxidation behavior in subsequsent

stages.
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2.41 Influence of Cycle Frequency

Whittle {40} has pointed out that when the specimen is beiny
thermally cycled, repeated spalling of Lhe protective oxide becomas
a distinct possibility with many alloy systems. The concentration
of the protective cﬂmbcnent B at the interface is, therefore, of
paramount importance in such cases. Sufficient time must elapse
betwaen successive losses of oxides in order for the concentration
of B at the alloy-oxide interface to return to the value it had
before the loss. of thélfirst oxide. If the alloy interdiffusion
coefficient is high {as 'is the case Hith. B.C.C. Fe-Cr alloy
compared to F.C.C. Ni-Cr and Co-Cr alloys), the limiting
concentratlon. of a B at the alloy-ax1de interface 18 quickly
restared, and seccnd protective layar can be gquickly furmed
provided the concentration of B in the bulk alloy is sufficient for
the re-formation of tha prctectiée scala. If 'a loss of the
protective scale again occurs during fhe next cycle, the sequence
ig repeated if the conditiens continue to be favourable. This 1is
illustrated in Fig. 2-7. On the other hand, due to repeated thermal
cycling and .loss of oxide scale as a result, the alloy may be so
much depleted of the protective component that it fails tﬁ
reproduce the protective scale and thus lose its protective nature
altogether. This results in tﬁe oxidation of the other metal
compenents in the alloy which.oxidize much faster as a rule,

causing metal losses at a much higher rate.
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The variation of the interface composition with time after the
second layer of protective oxide formation is then important as the
subsequent mode of oxidation will depend om the surface composition
at the time immediately after spalling has taken place. A thlrd

layer of protective oxide would, or would not be formed, daperlng
I
on whether the interfacial concentration cof B were above or below

the limiting concentration for the formation of protective oxide
This limiting mole fraction Wy 1is indicated by the horizontal
dashed line in the figure. During the time interval when the curve

representing the interfacial composition of B lies baelow. this
4
horizontal line, a protective oxide layer would not be Iprmed

forfhwith. Thus to a first approximation, 1t may be =said th?t if
|

the spalling frequency is greater than this time interval,
"

continued protection against high temperature oxidation is

unlikely. On the other hand, there are alloys containing higher
mole fractions of B in the bulk alloy, for which the interfacial
concentration does not fall below that necessary for re-

establishment of a protective layer. The concentration of B at the
. 1

metal-oxide intarface may be considered to be maintained aboﬁg the
|

dashed llne in the above figure at all times for all praétlcal
||

purposes Phus with these alloys, unless the frequency cof thermal

cycling and consequently that of spalling is exceptionally rapld

I
continued formation and maintenance of the protective oxide gwould

be axpected.
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Fe-Cr alloys rontaining over 30% Cr form multiple prote?tive
oxide layers {36, 37). Fe-Cr alloys containing 12-20%Cr and Ni-Cr
alloys containing 18-30% Cr form a protective layer at firsﬁt but
suffer rapid apalling because 2 new protective layer is not
immediately formed again, {30). Fe-Cr alloys having less thanJ}B%Cr
do not generally form a second protective oxide layer.

It should be mentioned here that with alloys contgining
sufficient, concentration of the easily oxidizable alement B to form
the protective oxide BO, this oxide may not form immediately on
axposure of the alloy to the oxidizing environment. Thé TE-—

formaticn of the second layer of protective srale is |often

t

proceededhby'a non-gteady state period when roth the elements'A and

E enter the oxide scale. But this non-steady state perind is

usually of short duration {41) and the protective scale is

sventually established in a very short pericd of time. j

2.42 Compositional Changes

Compositional changes taking place in the underlyingiallcy
during protective'oxidaticn. {during an jpdividual cycle  under
cyclic oxidation conditions) have been discussed 1n det#il by
Whittle et al (42) and by Whittle (40},

it is shown for =2 Crioriurming Fe-Cr alloy that during an
infinitesimally short time at the start of oxidation, formation of
Cry0y would cause the Cr concentraticn at the surface of théialloy
to drop virtually to zero. However; the-chromium concentratidn 300N
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rises and continues to increass, appfoaching a constant value A.
This will necessarily mean that Cr from within the bulk $lloy
diffuses towards the interface producing a Cr depletion znde AB
with varying CT concentration. This is schematically shown in Fid,
7Z-8, in which C represents the bulk glloy chromium concentratiqn at
the &start of the <c¢cycle (i.e. the initial Pulk allo# Cr
concentration), Evidently, the depth of the Cr-depleted Izone
increases with time of oxidatieon, the concentration graﬁient
becoming lees steep. AL corresponding times, the depth of deplétion
measured from the original alloy surface is dependent only upoé the
alloy interdiffusion coafficient. Considering that the nxidézing
specimen is in the form of a slab so that only one-dimensional
diffusion is involved and as such will be symmetrical abcutrthe
middls plane of the slab, concentration profile for Cr in the allny
at an initial stage can be represented by ABCCBA in Fig. Z—Q.HLt a
later stage, the zone of depletion will be widened, curves DBJIdue
to continued oxidation/spallation. At some time in coursé of“the
oxidation, the depletion zcone will be wide enough =o that+ the
corresponding concentration profiles 0C-0C will come together at
the middle plane of the specimen. Further oxidation will produce Cr
deplstion to an-extent such that the Cr concentration at the cahter
will fall below thét of the original bulk concentration, and és a
result will even change the Cr concentration at the metal—!lide

interface to a lower value, curve PQP, and thus the surface s%ale

will become thermodynamically unstable, leading to what is kno#L as
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a "rhemical breakthrough”. The time at which this chemical

breakthrough occurs corresponds to the time at which thé Cr
concentration at the alloy-oxide interface falls below that for the
thermodynamic equilibrium of Cr;0; in contact with the alloy.
Practically, this limiting concentration may be taken as zerq, ac

1
Cr0q is thermodynamically very stabla.

2.43 Effect of Variables h

) The effect of increasing the maximum temperature was fDunE to
result in an increased rate of attack with an earlier initiation of
spallation {45}. Failure of protective scale occurred with incrgase
of temperature resulting in an increase in the oxidation rgte.
Increasing the peak temperature also meant increased rates of Cr-

volatilization from the Crﬁﬁ scales hastening their failure, cor

resulting in a paralinesar type of oxidation. “

2.5 HRpalling of Oxide Scales

Hou and Stringer {44} observed, while attempting to determine
the influence of thermal cycling on spallation, that the protecéion
of high temperature =alloys against oxidation is provided by the
formation of slow-growing oxide films which often contain Al,0; and/
or Cry0;. One major factor inhibiting the protection is the tendency
of the oxides to break away from the metal surface or spall, under

thermal -cycling conditions. The degree of spallation dEpendslon

many factors: the specific oxide growth mechanism, the stresses~in

k
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rhe ﬁxide—matal system, the ability of the system to ralieva15uch
stresses, and the fracture resistance of the coxide, the meta& and
the scale/metal interface, .
Oxidation resistance of an alloy at high temperature depends
on the production and maintenance of a protective oxide filmﬂupon
the alloy. To offer continued protection, this film musﬁ be
adherent and have a low or negligible growth rate in  ths
environment. The utility of such a protective scale exists onfy as
long as the film rémains in tact and can provide a barrier beﬁ?een
the reacgaﬁts.IUnfortunataly, this is the exception rather thaﬂ the
rule and most of the protectiva'scéles formed would spallﬁnff
aither at temperature, or on cooling, for one reason or anotﬁef.
Progress in the Bcience of oxidation requires an understandin% of
the causes of such failure of the protective oxide scales (35)].
Two main causes are helieved to act independently to bring
about the failure of protective oxide &cales. These are: W{q}
formation.of intérfacial voide which results in progressive loss of
scale-metal contact, eventually ending up-in a failure of the

scale, and (b) stresses developing in the growing oxide and upon

cooling, which again lead to 1ifting and cracking of the schle

{

2.51 Pormation of ‘VYoide at Metal-Scale interface |

{35).

Whan metal atom is transferred from the metal to the uxiﬁe,

one of the two things happen: either oxide formation occours at the
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gas-scale interface, or it occurs at the metal-scale intarfaceﬂ In
the former case, the metal ion must bodily move across the scﬁle
layer to the outer surface and a vacancy is thus created as a
result of the cation migratien. If no mechanism is avallable to
fi1l1 up this vacancy, void formation will occur at the Ecale—mgtal
interface as a result of coalescence of such vacancies iLnd
adherence will eventually be lost. In the latter instance, when
axids formatien takes place at the metal-scale interface, the oﬂ}de
moleculs will fill up the space left by the metal atom and in tpis
case a mechanism should again be operative to accommodate this

volume change {(as in many cases, the volume of the oxide formad is
il

i

uch a situation was actually cobserved by Islam (35) in his

more than the metal from which it formed).

work with binary Co-25Cr alloy at 1100% after axposure forl12
hours as shown in Fig.2-10 where he found considerable volids on éhe
substfate surface, This alloy showed initially breskaway behavipur
for which spallation of initial protective scale on thermal cyclhng
took place and considerable depletion of Cr behind the Cr,0
subscale was also apparent. It is believabls iLhat scme more alfoy
Cr depletion was yet to take place on continued thermal cycling to
induce a higher degree cof plasticity in the substrate alloy:ko
bring about a further reduction in the number of voids by plasﬂic
Ilow. |
Formation of voids at metal-scale interface has been reportfd

in the oxidation of a range of iron-chromium alloys (45) resulting
. el
'h
g
d

{
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Fieg, 2-10 Soanning electron micrograph of Co-2%0r alloy showing

the substrate surface Appearance after oxidation for 12 hours

{1scthermal) at 11DGJC, X 1000. The extent of void tormation is

1
significant, ([35).
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in loss of contact in the regions of void formation and a negative

deviation in oxidation rate. Such void formation is also Known to

1
take place during the oxidation of Fe-Cr-Al alloy (467). "

The factors involved in the generation and relisef of stresses

2.52 Stresses in Growing Oxide Films

in growing oxide films have been discussed in detail by Striﬂgar
1

{47). He 'points out the origin of the stresses and the mechanisms

of relief of such stresses. While it ia not intended to go into any

datails, thase factors may be cutlined as follows: f

|

(a) fuluma change considerations based on the Pilling Bedworth
model: _
This suggests that 1i1f the ratio, Volums of oxiderUlume"Df
egquivalent amount of metal exceeded unity, then the oxide will g#ow
under compression and will be protective, but 1f this ratio was
less than unity, the film will be non-protective due to grack
formation as a result of tencsile forces developed in the film (48}.
But it has besn pointed ocut that this model is clearly an ovsr-
simplification since oxides with volums ratios less than unity have
been Known to be protective in some cases. Similarly oxides formed
on some metals having volume ratios exceeding unity and supposed %o
be protective according to this model are known to hbe nﬁﬁf
{

protective.



{b} Growth of Oxide within the Oxide Layer:

If the oxide film cracks after a certain time due to
developing stresses, it would allow oxygen in and lead to the
formation of new oxides within the existing oxide body leading to
the generation of compressive stresses. Tylecote {49} has discﬁssad
the suggestion originally put forward by Czerski and Franikrthat
the oxidation of 99.8% Ni at 1300'C proceed mainly by oxygen
penetration along grain boundaries and cnly 30% of the oxide formed
by caticn diffusionloutwards. Rhines and Weolf also gqualitatively
shate this same view {50). They demonstrated the evidence for the
presence of compressive stresses of the order of ahout E\L‘:IIIIIEZI
lbs.!in2 within the scale layaer during the oxidaticn of 99.95%
purity nickel at a temperature of 1000°C, They report that this
stress was over and above those due to differential thermal
contraction. In a recent study, Golightly et al (51) have
suggested this whereas the major reason for oxide gspallation on an
Fe-ETcr—4ﬂ1 alloy on ccoling from 1200°C was believed to be the
result of highly convoluted oxide growth, this configuration igself
was due to the formation of naw oxide within the existing %xide
layer following réaction between oxygen diffuring down th;ough

oxide grain boundariss. and Al diffusing outward through the bulk

oxide.
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2.53 5tress Generation due to Thermal Cycling

Thermal stresses produced due to large temperature variaéinns
as iﬁ cyclic oxidations, is the largest single contributing factor
towards oxide scale spallation. The thermal expansion cocfficients
of oxides are usually smaller than those of the metals from Lhich
they form. Changes of temperature, therefore, result in| the
generapionlof compressive stresses within the oxide scale via
differential contraction of the oxide and ﬁﬁe metal (33). These

thermal stresses could bhe sufficient to cauze srale failurﬁ and
|

hence an increased subseguent oxidation rats.
Evidence for oxide growth stresses was also shown by the shape
of the alloy specimen after long periods of exposurs, witﬂ the

alloy having been pushed out at the edges. This 1s evident :from

Fig.2-11 (20}, | ;

|

|
2.54 Other Factors Associated with Oxide Eﬁallatiun i
{a)}) Metal-Scale Interface Configuration:

Examination of the metal-oxide interface of different systems
of metals and oxides show proncunced difference. In scme cases,
this surface remains fairly smooth even after a thick oxide[|film
has built up, while in others, the interface is uneven and shows
some penetrations along graln boundaries. This latter phenomenQn is
gaid to be respnnsible for the good -adherence of Cry0 scalen 05 Ni-

Cr alloys . This is evident from Fig.2-12 (52}. A flat interface,
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Fig.2-12 :

Oxide scale on Ni-400r alloy oxidized for 25 hours at

1200’0 in 1 atmosphere oxygen, x 14500 approximate, representing

some penetralions along the grain houndaries, (52},

——
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1
|

on the other hand, is often considered to be favourable for non-
adherence and exfoliation of oxide scales. A study of the effect of
scale-metal interface configuration upcon spallation, however, did

not reveal any conclusive evidence to this effect (53).

{b) Scale-Metal Plasticity: :

If the stresses genersted in the growing oxide scale can be
relieved in any form, either by deformaticn of the scale itself or
the- alloy substrate in contact, then spalling is avoided.lThe

q
subject of high-temperature process for stress relief has been

reviewsed by Stringer {47). The gquestion of scale plasticity would
be meaningless if no stress existed in the film either at
temperature {of oxidation) or upon subsaguent cooling. For those
systems where scale formation takes place primarily by aqion
diffusion and the newly-formed oxide is confined, compressive
stresses sufficient to deform or even fracture the scale will bs
generated if there is an increase in volume on oxide formation. On
the other hand, where the reaction occurs by cation diffusion, it
is poeeible that no stresses will result from this source, even Jfor
adherent oxides with very large oxide/metal volume ratic. Moreovar,
in such cases the large number of vacancies lead to the formation
of macroscopic porosities as a result of vacancy condensation and

growth. If a growing porous oxide c¢an withstand the stresgses

without fracturing, enhanced creep will take place resulting in the



i

collapse of vacancies by plastic deformation, and thus reduce the

9

spalling tendency. .
However, if considered in isolaticn, thermal expansion data
can be misleading as pointed out by Tedmen {1GY. While
investigating into the oxidation behaviour of a earies of FETCI
alloys, he found that the deterioration in scale adhesion with-
increasing Cr-content could not be correlated with the therital

expansion coefficients of the alloys.

(c) Effect of Purity:

Small amounts of preferentially dxidizable impuritias appiar
to accumulate at the metal-oxide interface and tend toc increase the
strasses at the point. |

s

It is well—-known that the lower layers of oxide films tendjto
have a fine grain size while the upper layers ara CoOoarser. Tﬂis
seems to be due to the accumulation cf easily oxidizable impurities
inhibiting grain growth. In the outer layers of the film where fhe
purity is greater, large grains form, although in some ca%es
intergranular films rich in impurity elements can be seen toqge
present in these layers (35). il

For alumina scales, the impur:ity accumulation at the
spale/alloy interface is believed to he the major cause for sc;la

failure. Fnr'chromia acales, the dominated effect appeared to be

i

the interfacial morphology which resulted from the cxidation

di
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process, whereas impurity accumulation at the interface is only a

secondary effect (44).

2.6 Bffect of Reactive Metal Additions ﬂ
It has been known for many years that small additions of
reactive metals such as Th, Al, Y, Ce, Ca, Mg, Ti, V etc. improve
oxidation resistance of high temperature alloys. Prominent amﬂnﬁst
the benefits derived through such additions were:
Firstly, these additions visibly imﬁroved the casting quality
by reducing the formation of wvoids, gas cavities etc., and ﬁ
Secondly, the resultant metal possessed higher strength and
better heat-resisting properties as a result of its inherent: fina-
grained structure. *
Two principal factors may be considered to be responsible for
the observed beneficial effects of these reactive metal additions
as reported by Islam ({35) and others in their works. First, the
aeffective parfial pressure of oxygen behind the less protect%va
FeEGEIFe]Di ecale is much lower than the atmospheric and hence
preferential oxidation of Al or Cr will tend to occur in case ofiz%
and 4% Al alloys. The new element, by virtue of its higher
reactivity, enables thé'prntactive element being available at the
interface region without being oxidized in the interior of the

alloy. They, therefore, migrate freely to the interface region

forming stable internal oxide particles ultimataly goalescing into
]

1
1



I
i

51

|
L

an effective protective barrier at the base of any initially forhed
stratified scale,

The second reason for the observed beneficial effects ofl'Al
additions in ths range of 2-4% fcllows as a corollary %o the abqra
phenomencn. Tt has been well known that these oxide particles form
8 zone or network of internal oxide particles close to the
interface region and act as effective sinks for the incom;ng
vacancies, thereby largely eliminating formation of voids at Lha
interface. A Dbetter scale-metal contact is thus maintai?ed
rasulting in improved scale-metal adhesion. ﬁ

Fe-Cr-Al-based alloys (2) with abcout & at% Al can fulfilltc

form slowly growing protective surface ocxide scales on exposure to

high temperature due to the formation of alumina surface scales by
|

I

il

Wang at al (54) discussed about the formation of protactﬂve

gelective oxidation of Aluminium.

oxide Bcale on high heat resistant alloys by reactive met%l
addition like Aluminium etc. They stated that high tamperatuie
alloys exhibit their oxidation resistance by forming a thin oxide
scale on the surface. This oxide scale should remain adﬁarent to
the alloy during both iscthermal and thermal cycling axposur;g,
which 15 considered to be prerequisite to a protective oxide szcale.

Recent investigations have further elaborated the effects éf

I

guch alloy additiens. It has besn proposed that the effects of
[

reactive metals is essentially the same as that of the dispersed

]
|
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stable oxides, and that in fact the reactive metals oxidize
internally ahead of the oxidation front. !

For Al,0; at high temperatures (1000-1300°C} most results
indicate growth contreclled by aniconic diffusion but this is net a
general rule and impurities can have an important effect. At low
temperatures (800-900°%) cationic diffusion seems predominant (39).

The oxide phases formed on Ni-Cr-Al alloys during oxidation at
high temperature were investigated by Brumm and Grabke {55) yho
stated that on the coxide free metal surface oxides &re formed of
each alloying element for which the oxide formation pressuré is
exceadad. 8¢ oxide nuclei of NiO, Crﬁ%'and hlﬂ% ara to be expected
on the surface in the initial stage. ﬁftar a closed oxide layer has
formed, the oxygen partial pressure at the metal-oxide interface
decreases to the formation pressure cof Al,0; which is the loweat
one, At this phase boundary the other oxides are no longer stable
and are undergrown by Al;0;. The othar oxides are only stable at ths
oxide-gas interface. NiQ reacts with Al; to form NiAl,0,. The
hexagonal Cr;04 and g- Al;0, form a continuous Egeclid selution over
the entire composition range. Thus the reaction of @- AL0; or -
Al;0y with Cr;0; leads to the formation of hexagonal (Al, Cr)},0
crystals which can act as nuclei for the formation of hexagonal a-
Al,0; {Pig. 2-13}.

Jedlinski and Borchardt {56} cobserved that the change of the
scale growth direction from the predominant outward metal tc the

prevailing cxygen inward transport occurred at the rather gariy
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stagea of oxidation of Fe-Cr-Al alloys. At these stages of reaction
the development of unstable aluminas is very plausible as already
demonstrated for scales on Fe-Cr-Al alloys. The scales formed dus
to the conditions in this study were analyzed by means of X-ra¥y
diffraction . The results indicated perfect correlation between the
scale growth direction and its phase composition. In the cation-
deficient unstable aluminas an outward metal transport prevailed,
while in ecales consisting essentially of a- hlﬁ% an inward oxygel
short circuit transport predominated.

- Various explanations have been summarized by Ramanathan
{57), Rhys—-Jone=s et al {16} and Rapp and Pieraggi (38} to account
for the beneficial effects of reactive metal additions for the
growth of a chromia protective scale on pure Cr or on an alloy of
Pe-. Ni-, or Co-base. The following affects have been
demonstrated:

1. mechanical keving through formation of oxide pegs into the
alloy;

2. promotion of preferential cationic or anicnic diffusien in the
ccale and thus inducing the formation of oxide at one
preferential inperfﬁce;

3. formatioq of graded.o;ide or interlayers containing the reactive
element;

4. reduction in accumulation of voids at the alloy/scale interface;

5. enhancement of gcale plasticity by modification of the

structurs;
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11.
12.
13.
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The adhsrence of the scale is improved greatly, especially 1in
response to thermal cycling.

The parabolic scaling rate constant for steady state growth ig
reduced, by as much ag a factor of ten or more.

For a binary ailoj, the minimum c¢oncentration of chromium in
the alloy required to achieve g steady state chromia scale is
raducéd considerably, from about 20-3% % Cr to about 10-13% Cr.
The dominant mechanism for scale growth i= changed, from
scale growth at the oxide/gas interface resulting from dominant
cutward cﬁtinn diffusicon {via grain boundaries or other short-
circuits) in the scale to scale growth at the alloy/scale
interface resulting from inward diffusion of oxygen anions
{also via grain boundaries or short-circuits) in the scale.
provisiou of sites for vacancy condensation,

enhancement of oxide nucleation processes,

the rate of oxide growth 1s decreased;

the integrity of the oxide scale 1s improved;

Golightly (37) and Golightly et al {51) reported that the

oxidation of FPe-14Cr-4A1 and Fe-27Cr-4Al alloys proceeded by the

rutward diffusion of 11113'”r tong and the inward dxffusion of of" ions

along grain houndaries occurring simultanegusly. Where these two

fluxes meet within the scale new oxide is formed and rcomprassive

stresses arise as a result and lead to spalling.

Clemendot et al (58), while attempting to determine the

influence of Al on the oxidation of Fe-Cr alloys noticed that Fe-
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Cr-Al type fefritic alloys are used for the manufacture of
resistance wires for high temperature electri¢ {furnaces. These
refractory alleys show a great resistance to high temperature
oxidation. Their high A} content {»5%) allows the formation of an
alumina refractory layer(Al;0,} which protects them. However, the
formation of this oxide layer is associated with the development of
lateral stresses which favour spallation particularly during
thermal cycling. The increase of oxidation rate which fellows this
spalling decreases the in-pervice lifetime of components.

Through the observation of Rapp and Pieraggl (38) for scale
growth at the metal/scale interface resulting from inward anien
diffusion, it has been reported that a very strong chemical bend is
maintained at the metal/scale interface and adherence is excellent
there. For inward scale growth, any insoluble internal or
superficial particles are incorperated directly intc the scale so
that Lthe mefalfscale interface does not have to collect marker-like
particles. Thersfeore, the metal/scale contact and the associated
excellent bonding for inwardly grown scalee ars not reduced by
interfacial impurities.

Relative to the grain size of such a scale, eitremely small
grains are formed inherently for scale growth via anion diffusion.
S5uch an cccurrence is also expected for chroﬁia grains with the
corundum lattice, sc that chromia formed at the metal/scale
interface. by anicn diffusion would be expected to be fine grained

and tightly adherent.
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CHAPTER. 3 :EXPERIMENTAL TECHNTIQUES

3.1 Materials and Preparation

Mild Steel scrap, Ferro-Chrome and Aluminium were used as raw
materials in the production cf the atloys for the investigation.
Mild steel scrap has been purchased in the form of bar, Ferro-
chrome (containing 65% Cr) in the form of lump and Aluminium
{Containing 99§ Al) in the form of ingot have besn also purchased
from the local market.

The :ailoyé were prepared in a high-fregquency induction
furnace. They were cast in the fqr&f of rod about 2.5 cm in
diameter, 30 cm in length. Their nﬁminal compesitions are listed in.

Table 2-1.

Table 3-1 : Nominal composition of alloys [by weight}

Gerial No. %Cr % Al % Fe

1 10 2 halance
2 . 10 4 halance
3 . 10 g balance

4 10 B balance
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Alloys prepared ' in this way have compositions very close fo
trheir nominal values. The portions of the ingots, about 1 mm from
the surface, were liable to he affected by sagregation effects
giving rise to compositicnal inhomogeneity and as such they were
cut off. The specimens were cut out from the ingots-by carborundum
whesels to sizes varying ususlly between 13-15 mm diameter x 1.5-
2.0 mm thick for cyclic oxidation.

The surface preparation cf the apécimens invalved abrading on
succéssively finer grades of 8iC papers of fineness from 3 to 2/0
grit size. Proper care was taken to aveid overheating of the

specimens during cutting and drilling operations.
3.2 Apparatus and Oxidation Procedure.

3.21 Cyclic Oxidation:

The Cyclic oxidation kinetics were followed by oxidizing the
zamples in a horizontal electrically heated furnace followed by
direct weight change measurements (after cooling feor at least 20
minutes} in a manual type balance. A general view of the apparatus
is presented in Fig. 3-1. The furnace used silicon carbide heating
clements having approximately a 6-in. leng hot zone with a
temperature variation of about 5. The specimens for oxidation
were placed on a refractory tray lean against the sides of the
tray. The “specimen' thermocouple was introduced through the long

rafractory tube at the one end of the reaction tube and was



Fig.

3-1 ;

General view of cyclic oxidation apparatus.
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connécted te a patgntiometric measuring device to indicate
accurately the specimen itemperature.

The specimens were laid with their length across the width of
the specimen carrying fra?. Thus a fairly wide gap was maintained
between the bottom of the tray and the specimen surface Lo avoid-
tha effact of any probable temperature difference betwaen the
center aznd the kottom of theitray. Furthermore, both the broad
faces of-the specimen were thus subjected more clasely to identical
conditions of gas flow and pressure.

Hecesaaryljoints ware provided at both ends of the reaction
tube to ensure a proper flow of oxygen. The gas{OE} was passed
through sulfuric acid {}HSDi} contained in the conical flux. At the
exit eud, the outgoing gases were bubbled through a column of
liquid thus providing a visual indicaticon of proper gas flow as
well, besides acting as a protection against the possibility of any
backward suction. Before the start of the run, the furnace was
raised to the desired temperature. The distance from the centar of
the specimen carrying tray to the reaction tube end wasz measured.
The same distance was marked on the thermocouple {bare}. It has
been ensured that the tip of the thermocouple was exactly at the
caentral position on the specimen tray. After ensuring that the
thermocouple had reached a steady temperature, the temparature
reading was obtained with a temperatﬁré controller ({pyrometer}.
Necéssary adjustment on the controller temperature setting was made

to get the exact desired tempsrature on the thermocouple for the



&1

specimen f(i.e. the specimen thermpcouple}. This procedurs
eliminated any probable difference between the actual specimean
temperature on the tray and that at the thermocouple tip inslde the
protecting refractory sheath.

The clean grauqd!pclished specimens were placed con the tray
which was hseld near the end of the reaction tube with the help of
a suitable clamping device. The gas was turned on and adjusted to
approkimately the required flow rate. After about 10 min. the
EpeCclmens were infrcduced inside the furnace and the gas Jjoints
zecurely fitted. The furnace attained the set temperature in about
2 minutes. At the end of the cycle, the specimens were transferred
guickly and cautiougly into previously weighed porcelain crucibles
for the collection of any spall particles likely to be released on

cooling. MNecessary weight change data were recorded.

3.3 Examination Technigques

The following tests were performed on the oxldized specimens:

fa) Macro Examination
It was performed, under ordinary light, to illustrate any
praminent macroscopic feature on the specimen surface. The maximum

magnification employed for the purpose was usually under x &,
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(b} X-Ray Diffraction:

The scale constituents were identified by the foeollowing
procedures:

The oxidized specimens surface were analyzed on an X-Ray
Diffractometer - li 8P, X-Ray Analytical Eguipment, continuously
evacuated version produced by the JEOL, Japan. A copper target ip
conjunction with a Nickel filter at a potential difference of 40 kV
with a current of about 20 mA were used for the purpose. The
different phasses were ildentified by the resulting X-ray patterns as

sepératelpeaks using standard ASTHM data.

{c} Metallography:

The structure and morpholugy'nf the scale in cross-section
were exaﬁined extensively under the optical microscope. The
oxidized samples were mounted on 2 slow heat setting sclid mounting
medium (plastic materials) and a guick setting ligquid mounting
medium {(Quick Powder) using a chemical hardener. The materials for
cold guick setting system have been collected from the Dept. of
Fhysice, BUET, Dhaka. In heat setting system, the specimen was
placed in a stainless steel mould supported by a tongs and plastic
powders were poured well around the specimen. The specific size was
attained under presgure as plastic powder allowed to set through an
electrically heating device. The plastic materials helped to
minimum technical damage to the écaie during the subsequent

.

grinding and polishing operations.
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The résin had a low shrinkage coafficient on setting and
helped to minimum technical damage to the scale during the
subsequent grinding and polishing Ioperations. Specimans ware
positioned and supperted on edge in a small cast iren mould and
ligquid resin carefully poured around the specimen and allowed to
narden.

The mnﬁnted specimens were then ground down on a dry SiC paper
progressively from 3 to 4/0 grit size, followed by wheel polisghing
with wvelvet cloths and finally hand polishing was completed 1in
velvet cloths thugs minimizing "pull-out" of the scale.

The poliched cross-sections Wwere examined using a Swift
Microscope supplied by Swift Instrument INC. (SWIFTMASTER I},
Japan in ordinary light.The scale cross-gsections were photographed

using the 35 mm camera head attached to the microscope.
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CHAPTER 4:RESULTS AND DISCUSSION

4.1 Introduction

Host industrial processes involve the use of metals and alioys
at elevated temperatures followed by cooling to reoom temperatures,
When such heating goes on for quite a large number of times, the
oxidation behaviour and the resultant effects may not necessarily
ke the same as those under isothermal conditicns. The operating
conditions in such plants conform more to cyclic rather than to
isnthérmal processes. The concern of the present projsct has,
therefore, been mainly the oxidation under cyclic conditions, and
given due considerations ‘to the effects of thermal cycling, cyglig
axidation studies may ultimately go to constitute a more realistic
approach towards solving the problem oflmetal COrrosion.

Thermal cycling gensrally consists 1n repeatedly heating the
metal or alley to the test temperature in either still or moving
air, or any other suitable environment, followed by cooling to some
desired lowar temperature {(u2sually room temperature} at any desired
rate. In an isothermal process the oxide or scale formed normally
retards further oxidation as a result of scale build-up with
attendant metal consumption, whereas under cyclic conditions the
crale usually spalls or flakes off as the metal is cooled or heated
up. The more the spalling, the greater the rate of metal
consgmption due either to the exposure of fresh metal surface to

the oxidizing environment or due to thinning down of the scale,



resulting 1in Iincreased diffusion rates. Sometimes, one or more

constituents of the alloy may be depleted which again may result in
an increasead oxidation rate. In other cases, the spalling may be 80

f
severe that parts of the substrate metal are also removed along

with the spall.

If the alloys were used in an application where they are not
thermally cycled or 1f they did not epall appreciably when cycledt
thenn the alloys with the lowast rate constant {(isothermal} would
have tha best oxidation resistance under service conditions)
Although scale spallation usually takes place at a lower
temperature in thermal cycling and the consequence may nat hbe e
severe as spallation under iscthermal conditions when the exposeé
alloy surface, often depleted of the protective constituent, is
immediately exposed to the full severity of the atmosphere at its
highest temperature, but then the extent of spalling iz often
greatest during cycling and repeated removal of large pieces of
zcale can be catastrophic. As partial or complete scale adhesion
©Han bg ag impoartant as the scale composition 2tself, it does not
follow that the most effective scale under isocthermal conditions is
tha most effective during cycling. i

. Cyelic oxidation is difficult to study because there is no
agreed uporn experimental and interpretive approach such as that
generally used in studying isothermal oxidation. In isothermal

studies, the conventional technique i1s to measure weight change as

a function of time at temperature which is generally a direct
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measure of oXxygen pick up, i.e. scale formation, ae shown by the
curve marked “isgothermal' in Fig.4-1. In ecyeclie oxidation, the
sample is usually weighed after a given number of heating ér
cooling cycles when the sample is at the ambient temperature, and
a SPECific weight change versus time curve iz generated, but
because of spallation, a resultant curve such as the one marked
‘sampla*lin Fig.4-1 iz typical. Altsrnatively, the waight chanéa
given for each éycle may represent the value at the middle point of
the high temperature portion of each cycle; generating a curﬁe
which is again essentially of the same form. If on the other hand,
the weight,of'the oxide spall is measured and plotted at each stage
then a curve such as the one marked *gpall' in Fig.4-1 may be

obtained and combining this with the sample weight change for each

1)
t

stage, one can readily obtain a curve such as that marked ‘cycliﬂ

in FPig.4-1 which represents “total specific weight change' or

“oyelice {or combined) specific weight ¢hange' comparable to
I

corresponding specific weight change data under 1scthermal
conditions. *
In all illustrations, unless otherwise stated the term AW/A
will have the usual significance of the waight of total oxygen pick
up 1in mg!cm2 of specimen surface during any time 't'. Obviously,
this quantity 1s the sum of the weight of oxygen 1in the led;
retainaed on the specimen surfare and the weight of oxygen in the

oxide spalled {per unit area of the specimen surface), neglecting

cf course, any losé of oxide dus to volatilization. This quantity
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Specific welght gain

Schematic

representacicon of cyclic ¢xidaticn kinetic

data, {35
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can, therefore, be regarded for all practical purposes, to be the
cyclic gpecific weight gain.

Furtharmore, the parcentage compositions used in this work are
all gravimetric percentages by weight and the oxidaticn in all
cases has been carried out at or near the atmospheric pressure in
flowing oxygen at an appropriate rate. The length of the individual
gycles in the cyclic oxidation runs were of 3-hour duration in alf

CASas ., - !
4.2 Results

4,21 Fe-10Cr-2A1 Alley l

e in pure

The oxidation kinetics of Fe-10Cr-2Al alleoy at 930
oxygen at 1 atmosphere pressure under thermal cycling for 17 3—hnurI
cycles has been represented in Filg. 4-2.

It will be observed from the kinetics curves that a protective
scale initially forms which persists upto about 9 hours {curves DA,
and thl but eventually begins to cause breakaway within the next
cycle resulting an increase in the oxidatlion rates [curves AqBy and!
Aq.B,}. Bubsequently, a protectivae scale further forms causing
decrease in the oxidatinn rates (curves B|C; and EECE}J ultimately
reaching a steady state values in the periecd of 27-51 hours (curves
C,D; and CyDy).

Specific weight gain wvalues, from thermogravimetric data,

during 17 3-hour cycles {i.e. 51 hours) of the same alloy are
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I

ohserved to be about 23.67 mgfcm* on curve DD1 and 19.65 rrtgfcmE on

curve 0Dy for the two specimens treated.

" The kinetics curves for Fe-10Cr-2A1 alloy at 1UUDﬂ

C in pure O,
at 1 atmosphere pressure after 16 3-hour cycles of oxidation are
shown in Fig.4-3.

It reveals that initially the rate of oxidation (as measured
by the specific weight-gain valua} i= somewhat severe and rises to
about 35 m@fcmgin 2 hours which i1s much higher than that of asolc,
Although a protective scale on both the specimens forms but it
subsequently breaks down and shows an increase in the rate of
cxiéatiun ﬁcuryes ABy and A:Bﬂ for the two specimens. The oxidatiqn
rate then begins to decresase (curves B:Cy and BECI} as a result of
the formation of a ;econd protective scale eventually reaching a
steady state rate of oxidaticn for the alloy {curves ClDland Cﬂh}+

The thermogravimetric data shows that the specific weight gain
valueg during 48 hours of oxidation at this temperature are abont
73,93 mg;’cmE and &0, 39 mQJCHﬁ for the two specimens tested {curves
on, and Oy regpectively).

The oxidation kinetics of the Fe-10Cr-2A1 alloy at 1o50fc in
nure Dgat 1 atmosphere pressure after 54 hours thermal cycling can
be observed in Fig.4-4.

The alloy forms a protective scale which offers protection for
about 2-3 hours (curves DAland Dﬁzjsuffering breakaway within the

next few hours (curves AB; and A4B;}. After this breakaway a second

protective scale starts.te form as shown by curves Bﬁa and Bﬁ%.
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Finally , the curves level down abruptly to a still lower rate of
cxidation for the rest of the cycles {(curves Gy and Cﬂh}.

The especific weight gain wvalues as observed from the
thermogravimetric data after 18 3-hour cycles {i.a. 54 hours) of
oxidation for the above alloy are about 264 n‘rg!cm2 Orn CUurve DD1 and
220 mg/cm’ on curve 0D, for the two specimens treated.

Visual examination of the samples shows the existence of
blackish patches running between gray to dark gray areas. After 17%-
3 hour cycles at 950lc a stratified duplex scale ig noticeable in
the optical cross-section of the alley with a subscale at the base
as shown in Fig.4-5. The substrate surface of the specimen shows
the presence of volds as usual. This alleoy also represents the
almost identical microstructure at 1000'c 1n optical cress-section
after 48 houre {16 3-hour cyclag} ag observed at 950'c. on optical
examination of the alloy treated at 1050% for 54 hours {18 3-hour
cyclés} reveals the game microstructure as that shown in Fig.4-bH.
It may be mentioned ﬂere that both ths specimens heated at this
temperature are found to be oxidized completely so that no parent
metal can be observed. Thi=s is also evident from the macro-
examination of the oxidized specimen for this alloy at 1050°¢C
exposed for.54 hours (17 3-hcour cycles) as shown in Fig.4-6.

Spall particles are mostly in the form of broken thin flakes
with larger amounts of finer particles at the lower temperature and

with progressively coarse particles at the higher temperature. They



Chramia
subscale

Fig. 4-5 : Optical cross-secticn of oxide scale on an Fe-10CT-2A1
alloy specimen after an exposure of 51 hours (17 3-hour cycles} at
950%, x 300. This rapidly ocxidizing specimen shows a usual duplex
scale. A continucus, uniform Cry04 subscale layer ie also noticeable

at the stratified scale base.
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are paramagnetic to magnetic¢ in behaviour which is revealed under

magnetic test.

4.22 Fe-10Cr-4Al Alloy

The oxidation kinetics curves for Fe-10Cr-4A1 alloy at 9500C
in pure 0, at 1 atmosphere pressure sxposed for 15 3-hour cycles
can be absgerved in Fig. 4-7.

The above sllecy is supposed to form initially an external
protective scale which persists for about 3-6 hours (curves GA, and
OA;) - and suffers breakaway through a rapid increase in its
Dxldatioﬁ rate within a few hours {curves AyBy ﬁnd hEEﬂ. After this
breakdown a second protective scale starts to form as apparent from
the reduction in oxidation rates Lqurves CiDy and CyDy}, whidh
subzequently levels down to a more or less steady state value.

The specific weight gain values after 15 3-hour cycles (i.e.
45 hours} during oxidation is recorded to be 6.53 mgfcm2 O curve
0Dy and 5.62 mg/cm! on curve 0D, for the two specimens of the alloy
treated.

The ocoxidation kinetics of the above alloy under thermal
cycling at 1000% in pure Q;, at 1 atmosphere pressure is
represented in Fig. 4-8. The initial oxidation characteristics at
this temperature is almost sgimilar as at 950°%. TInitially a
protective scale forms at this temperature as well, which continues
t11l about 1-3 hours {curves OA) and OAETZ Tha very same scale then

starts to breakdown as indicated by an abrupt acceleration in the
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oxidation rates {curves ABy and MAB,). A protective scale forms
afterwards due to which the rates of oxidation for the three
specimens subsequently settle down to Eteady state for the rest of
the rTun.

The thermogravimetric data reveals that the specific weight
gain values after 16 3-hour cycles at this temperature are about
9.97 mgfcmzand .07 mgfcmzfor the two specimens of the ah?ve alloy
under therﬁal cyeling.

The coxidaticn kinetics of Fe-10Cr-421 alloy at IDSU%: during
cyclic oxidation in pure 0, at 1 atmeosphere pressurs can be
ohserved im Fig. 4-9.

This alloy 1s believed to form a protective scale initially
which stays for about 2-3 hours {(curves ORy, and OA,) and suffers
breakdown within ths few szubsequent hours as displayed by an
increase in the oxidation rates and extends upto point By and B;.
After this breakaway the rate of oxidation begins to decline
{curves BiC; and B,C,) and in fact a second protective oxide forms
and reduces the oxidation rate to a more or less steady state value
fourves ¢D, and G;I;) for the rest of the run.

Thermogravimetric data reveals that the specific weight gain
attains after 16 3-hour cycles (i.e. 48 hours) for the above alloy
specimansla%a 171.33 mg/cm! and 166.24 mg/cmi. at this temperaturs.

The optical cross-section of the alloy after 16 3-hour cycles
{i.e. 48 hours) at 1000lc shows & stratified duplex scale with a

subscale at the base as shown in Fig.4-10, The substrate surface of



20
L —

0,950 3% AOT{® Tyy-J201-35 3¢ S0T32UTH UBTIEDIXO oTTadn E-7 ‘814

SN0y * IWtL
mqmqmqmmmmmomﬁqmEmrm_ﬁm@mo

1 ]
T T T I T T 1 T E T T T L]
T

0z

04 ‘
og !
B
=
.rr.p
g ¥
3
-]
e
00l o
3
[ o)
0z 1
0%
09|

- 084




Sk

Iron oxide

.  lron-chromium-
: aluminium spinel

Chromia and/or
w-Aluming subscale

Fig. 4-10: Metallographic cross-section of oxide scale on an Fe-
10Cr—~4Al1 alloy specimen oXidized for 48 hours (16 3-hour cycles) at
1000%, x 1200. A usual duplex scale with a continuous subscale

layer at the scale base can be observed.
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the specimen reveals the presence of voids as usual. The alloy also
dieplays an almost identical microstructure in DP£1C31 CIOSS—
section at both 950lc and 1050°c after 48 hours {16 3-hour cycles)
of expogure as shown in Fig.4-11 and Fig.4-12 respectively that has
bean observed at 1000%C.

Visual examination of the specimens shows the existence of
blackish.patches funning between gray to dark gray areas. Spall
particlas ére mostly in the form of broken pieces of glass with
largér amounps of finer particles at the lower tempsratures and
progrecsively larger particles at the higher temperatures. Spall
particles are magnetic in nature, dark blackish in colour as well

as weakly magnetic in nature.

4.23 Fe-10Cr-6Al Alloy

The oxidation kinetics of Fe-10Cr-6Al alloy at 950°C in pure
0, at 1 atmosphere pressure after 48 hours (16 3-hour cycles) of
oxidation is shown in Fig. 4-13. |

This alley is believed to form a protective scale initialiy
which persists for ahout 9-12 hours (curves OA, and 0A,) but
subsegquently breaks away within a few hours as shown by an increasge
in the oxidation rates {curves MB; and A;By}. The oxidation rates
then start decreasing {curves B Gy and BICE} and eventually levels

down to a more or less steady state condition {curves CDy and Cﬂ%}.
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Chromia subscale

lron-chromium -
aluminium, spinel

Fig. 4-11 : Photomicrograph of an Fe-10Cr-4Al alloy specimen after

oxidation for 15 3-hour cycles at 950°%C, x 12006. Cr;0; particles

are vigible at the scale base.
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Fig. 4-12: Optical cross-section of oxide scale on an Fe-106Cr-4Al
alloy specimen after an exposure of 4B hours {16 3-hour cycles) at

1050%, x 600. a-Al.D, particles are visible at the scale base.
3
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The theromogravimetric data shows that the specific weight
gain wvalues during 48 hours of oxidation of the alloy are ab@ﬁt
3.67 mr;;,"r::rrr:'r andla.aq mgfch for the two specimens tested.

The oxidation kinetics of the above alloy at 1000°C in pure 0,
at 1 atmosphere -pressure can be observed in Fig. 4-14. The initial
axidation characteristics at thig temperature 1is of almost
identical nature as the above (i.e. as at 950°C).

A protective scale forms initially at this temperature as
well, which prolengs upto only about €& hours {curves OAy, GAy, Ghaj.
The scale then starts breaking away as marked by a sudden 1ncrease
in the oxgidation rates {curves ABy, A;B; and AsBy}. A protective
zrale subsequently forms showing decline in the oxldation rates of
the specimens (curves ByCy, BCy and B,C;}. The rest of the taest runs
iz marked by a decreased oxidation rate of the alloy {curves GD,
€Dy and C:Dy).

The specific weight gain after 17 3-hour cycles {i.e. 3l
hours} of oxidation is attained the values of about 5.63 mgfcmz,
443 mg;‘cmz and &.0 mg!cm2 for the three specimens treated.

The kinetics curves for the same alloy at 1050°C under thermal
cycling 1n pure O, at 1 atmoephere pressurs are represented in Fig.
4-15. Tt will be observed that a protective scale is formed
initially {curves OA; and OAy ) which suffers breakdown {curves AB
and AEEE}- After this breakaway, a second protective scale begins
to form as evident from the decrease in the rate of oxidation of

the specimens (curves B;C; and ByCy) which offers protection to the
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alloy till about 27 hours. Unfortunately, this protective gcale 1s
also observed to breakaway resulting in a catastrophic rate of
oxidation as represented by curves Iy and C;D,. Subsequently, the
catastrophic rate of oxidation subsides and ultimately settles down
to a steady state rate as represented by curves IHEIFI and D;EsF,.

The specific weight gain values after 19 3-hour cycles fi.a,
57 hours) during oxidat;on shows GTImg!cmE on OF; and €5 mg;‘cmI an
OF, for the two specimens of this alloy.

Typical appearance of the surface upon macro-examination after
oxidation of this class of alloy at the higher temperatures tested
iz shown in Fig.4-16. The whole of the surface is creamy brown in
colour except a few nodular eruptions here and there which are
grayish black 1in rolour. Por the specimen treated at 95ﬂﬂc}
however, thesg eruyptions are absent..

Spall particles are mostly in the form of a fine powdar
{creamy brown in color) at all temperatures being progressively 1in
larger amounts at the highsr temperatures. They are non-magnetic in
nature.

The optical cross-szsection of this alloy after 17 3J-hour
cycles at 1000°C reveals a more or less continuous convoluted
oxide scale as shown im Fig. 4-17. The substrate surface of the
specimen shows the presence of voids as usual. At 1050'c after an
exposure of 19 3-hour cycles {i.e. 57 hours), the microstructure of
the zame alloy represented ne significant differences with regard

to thickness and structure as shown in Pig. 4-1B.
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Oxide convolutions
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Interfacial void -

W -alumina

Fig. 4-17 : Optical cross-section of the oxide scale on an Fe-10Cr-
6Al alloy specimen oxidized for 17 3-hour cycles at 1000°C, x 1200.
The scale appears to have developed convolutions. Void formation

may 2lso be noticed at the interface region.



Oxide convolutions

o, - alumina

Interfacial void

Fig. 4-18 : Microstructure of oxide scale on an Fe-10Cr-6Al alloy
specimen after an exposure of 19 3-hour cycles at 1050°%C, x 1200.
A more or less convoluted oxide scale with void formations at the

interface region may be noticed.
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4 24 PFe-10Cr-8Aal Alloy

The sxidation kinetics of Fe-10Cr-8A1 alloy at 930 after 51
hours {17 3-hour cycles) of exposure in pure 0; at 1 atmosphere
pressure is presented in Fig. 4.1%. The above alloy is cbservaed to
form a protective scale initially which prolongs upto 1B-27 hours
fcurves OAy and Oh?}. Thiz =scale suffers breakaway resulting in an
increase in the oxidation rates {curves AyBy and hﬂ%}. After this
breakaway a second protective scale begins to form which reduces
the oxidaticn rates. This protective scale continues upto the rest
of the run.

The speciiic weight gain values nof the above alloy for 17 3-
hour cycles {(i.e. 51 hours) are found teo be 0.82 mgfcmz, 0.57
mg,r‘cmE and 0.55 mg{cmE for the three specimens tested.

It may be mentioned that there are virtually no eruptions on
the specimen surface treated at this temperature unlike those
treated at the higher temperatures. The whole surface presents a
creamy brown colour free from any erupticns.

The kinetics curves for the same alloy at 1000“C under thermal
cycling in pure 0, at 1 atmosphere pressure are gshown in ¥Fig. 4-20.
The initial oxidation behaviour at this temperature is almost
identical as that for 950°C.

Initially a protective scale forms at this temperature as well
which persists ﬁor onl? about 5-8B hours {[curves Ohy . OAy, DAH}. This
scala thensstarts to breakaway as marked by a gradual increase in

the rate of oxidation for guite a long period (curves ABy, AjBy,
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Tig. 4-20 : Cyclic oxidation kinetics of Fe-10Cr-8Al alloy at 1000°¢C .
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A8, ). After this breéakaway the rate of oxidation subsides [curves |
By, ByCy, Eacﬂ due to the formation of a second protective scale
which persists till the end of the run.

From the thermogravimetric data, the specific weight gain
values after a pericd of 17 3-hour cycles {i.e. 51 hours) during
thermal treatment of the three specimens of the above alloy are.
recorded to be 1.81 mg!cmz, 1.15 mgfcmI and 0.99 mg/cmi. No
eruptiona could be observed for this 8% Al alloy at 1000"C as wall;
the whole surface, of coursge, is creamy brown in colour as usual.

te during

The oxidation kinetics aof the above alloy at 1050
thermal cycling in pure 0; at 1 atmosphere pressure can bhe observed
in Fig. 4-21. The initial oxidation behaviour at this temperature
is almost similar as that at 9solc and 1000°C.

It can be observed that a protective gcale is also formed at
this teomperature as well which persists upto 3 hours as indicated
in curves OA; and OA, and this scale suffers breakaway {curves A;B
and A;B,). After this breakaway, a second protective scale starts
to form resulting in a gradual! decrease in the oxidation rates as
apparent from the curves BC; and BC;. Unexpectedly, this second
protective 'scale also fails to cffer protecticn and a second stage
breakdown occurs in the course of time again causing a catastrophic
rate of oxidation {curves CB and CyDy 3. Subsequently, the

catastrophic rate of oxidation begins ta subside as repressnted by

CUTrves D1E1I and D2E3+
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The specific weight gain values of the above alloy after 19 3-
hour cycles (i.e. 57 hours) are observed to bs 6. 38 mg,fcrn2 and
5.54 mg/em at 1050°C for the two specimens treated.

Visual examination of the specimens at 1050°C reveals ths
existence of small grayish nodular eruptions less in quantity than
that observed for Fe-10Cr-6Al alloy at the same temperature, the
rest of the specimen surface being of a creamy brown colour.

' pptical cross-section of this alloy after 17 3-hour cycles at
1000°%C shéws a more or less convoluted oxide scale layer as
represented in Fig. 4;22. After 19 3-hour cycles {i1.e. 57 hours)
the same alloy represents a thin, continuous scale at 1050°C in the
optical crosa—-section as observed. in Fig. 4-23. The spall particles
are cobserved in the form of a fine powder, creamy brown in colour
and nonh-magnetic in nature at each of the temperatures, but the
amount of. spall particles are found to be less in gquantity
compared to that observed for the Fe-10Cr-8Al alloy at the game

ftemperature.

4.25 Effect of Aluminium-Content

A4 graph of {combined) specific weight gain vs per cent Al is
shown in Fig.4-24 for all the thres temperaturs levels (950°C,
1000°%C and 1050°C). It will be noticed that the oxidation rate, as
meﬁsurad by epecific weight gain, declines gradually reaching a
minimum value with 8% Al. This is also evident from Fig.4-25b,

Fig.4-26 and Fig.4-27 represented oxidation kinetics of ths alloys
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Oxide convelulions

Interfacial void

Fig. 4~22: Optical cropo-cection of a-Aly04 oxide scale con an Fe-
10Cr-BAl alloy specimen after an exposure of 51 hours {17 3-hour
cycles) at 1000°C, x 1200. A more or lese conveluted oxide scale

with void formation at the interface region may be noticed.
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Oxide convolutigns

Interfacial vaid}

Fig. 4-23: Microstructure of oxide scale (a-Al;} on an Fe-10Cr-8hal
alloy specimen after an exposure for 19 3-hour cycles at 1050%°C,

1200. The scale appears to have developed convcolutions.
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at EEUGC, 1000'c and 1050% respectively, which reveals that the
rate of oxidation decreases with the increasge of aluminium-content.

In Fig. 4-26 the oxidation kinetics of the binary alloy—hotq
1sothermal and cyclic [hypothetical}-have been included along with
the cyclic data for the modified alloys at 1000°C. The isothermal
kinetics curve for the binary Fe-10Cr alloy is cbvicusly situated
much below the cyclic {hypothetical) curve. It will be also noticed

that even the slope of the kinetics curve for the cyclic coxidation

—— -

T
¢*

|

of the 2%Al alloy is much 'lower  than that for the bhinary Fe—lﬂCrf:}

alloy {at 1UUG“C} i.e. the oxidatien rate of the modified alloyL;

with the lowest Al-content is even lower than that for the binary
Fa-10Cr alloy. Clearly, the alloys containing higher Al have
oxidation rates much lower than the 2% Al alloy.

In general, the onset of initial spallation has been found to
be delayed with increasing Al-content. The individual spall
particles are noticed to be progrsssively finer with the increase
of Al-content in ;he base alloy and a gradual decrease in the

amount of spall particles.

To sum up the following general cobservation can be made:
1. Under c?clic conditions, the rate of oxidation in terms of
specific weight gain attains a minimum value with 8% Al in the

alloy.

{
3

q
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The diffarence between sp. wt. gain wvaluss at various
temperatures tends to increase in general as the alley &l-
content decraasés, or in the other words, the effect of thermal
cycling has been observed to be more severe upon the lower Al
allu?é.:

The individual spall particles were grayish black in colour
and are in the form of large thin flakes being magnetic in
nature for 2% Al and 4% Al alloys. On the other hand, the spall
particlés are in the form of a very fine powder being creamy
brown in colour and non-magnetic in nature for the 6% Al and“E%
4} alloys.

On visual examination, the surface appearance shows the
presence of black patches running between gray to dark gray
areas with the 2% Al and 4% Al alloys, but oxidized specimens
for the 6% Al and 8% Al alloys reveals creamy brown areas with
a few large fo gradually small ncdular eruptioneg. The number of
eruptions increases at higher temperatures.

Optical cross-secticn of the oxidized spaecimens at the end of
the run shows the presence of Cr,0; and Cry0;/0-Al;G; subscale
layer at the scale base in 2% ARl and 4% Al alloys respectively

whereas only a-hlzﬂa 5cale can be observed in the 6% Al and 8%

Al alloys under the microscope upon the oxidized Epecimens.

Aym——
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4. 26 Effect of Temperature

Graphs of combined specific weight gain vs time at various
temperaturas for 2% Al, 4% Al 6% Al and 8% Al alloys are shown in
Fig, 4-28, Fig. 4-29, Fig. 4-30 and Fig. 4-31 respectively. It will
be noticed that the coxidation rate in terms of specific weight gain

valuss increases with the higher temperatures for each of the

alloys.

4.3 Discussion

As reported by Wood et al {29), binary Fe-Cr alloys containing
Cr in the range of about 14-25% at 900-1100%C immediately forms a
continuous protective scalae of Cr,0; upon the surface. When a mere
reactive element is present (such as Ce,Al,Y,Ti etc.), thiz Cry;
scale is formed even with much lower psrcentages of Cr i.e. 10-13%
{38). Rhys—Jopes et al {16} observe that such a sgcale iz formed
gven with 10%Cr at lﬂﬂﬂ%lccntaining ag little as 0.9%Ce after 10
minutes exposure in pure oxygen at 100 torr. It appears, therefore,
possible that the initial scale existing on the surfaces of the Fe-
16Cr alloys containing 2% Al and 4% Al at temperatures beotween
950’c and 1050'c is a Cry; scale.

The ogidation kinetics data as represented in Fig.4-2 for Fe-
18Cr-2A1 alloy at 950'c reveals that rnitially a protective scale
forms on the surface of the alloy. It is apparent from the

diffractometer data presented in Table 4-1 that the scale is of

’r
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CrsG; since a Btrong peak for Cry0; is noticeable in the diagram for
& hours specimen. This sxternal Crs04 scale suffers breakaway after
gbout 11 hours, ultimately reaching a more or less steady state in
about 27 hours.

As breakaway proceeds Fe begins to oxidize ae depletion of Cr
in the buik"alloy has already taken place rapidly. This is why the
oxldation rate after breakaway increases to a high walue
corresponding. to that for the formation of Feﬂh!?eﬂh. When an irom
oxidé scale hae thus formed upon the surface, the oxygen "pressure
becomes leés behind this scale and heﬁce internal oxidation of Cr
takes place. In the Enurse of time, Crydy may combine with FeD to
form Fe-Cr spinel, FeCryD;, and also'unﬁlﬁh may combine with bbth
Fel and CryOy to form Fe-Cr-Al spinel’ Fe{Cr,Rl]ﬂ%. These internal
oxide particles will ultimately coalesce tcogether to form a more or
less continuous subscals laver of Cr,0, scale through which the
diffusion of the cation is relatively slow and the oxidation rate,
therefore, settles down to a more or less steady state value. The
presence of the spinel layer is apparent from the X-ray data {Table
4-1) for 31 hours specimen and a more or less continuous subscale
layer 1ig visible in the photomicrograph for the scale at 950°C
{Fig.4-5}.

The phcfomicrograph at 950°C also supports the X-ray data in
whi;h a spinel layer can be observed ir the inner regionm and an
Fe.Q, layer in the outer regicn. The subscale formed by the

coalescence of the particles of Cr;0y at the alloy-oxide interface
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is the principal rate-determining factor for further oxidation and
the cxidation rate, therefore, settles down to a more or less
steady state value,

The kinetics data for this alleoy at 1000% reveals the
breakaway of the initial Cr;0, scale in about 7-8 hours. & final
duplex scale consisting of an Fe,0; at the top with a spinel layer
at the becttom is also believed to pér;ist on the surface of the
aliﬁy at this temperature as well t1ll the end of the run. Thig isg
evident from the data presented in Table 4-1I (for 1000°C) after 48
hours of exposure in which a strong peak of FesO rcan be identified.
The optical cross-section of the scale at this temperature is
cbeerved to be similar to that shown in Fig. 4-5.

A Cr,0, scale also marks the initial stages of oxidation of
this alloy at 1050°C. This is apparent from the diffractometer data
of the specimens oxidized for 4 hours and 9 hours at this
temperature. The Cry04, of course, is gradually converted to spinel,
as evident from these data. The scale finally changes to oxides of
iren probably due to gradual loss of the Crgoaby volatilization and
it is found_to conaist-élmost entirely of Fey0,. It is interesting
to note that although the final scale forms is Fey0, for which the
oxidation rate should have been considerable, yet the gpecific
weight gain of the specimens shows ho increase in their values
during this stage of the run (as apparent from the kinsetics
curves). This paradoxical hehaviour is explained by visual

examination of the specimens which reveals that both the specihans,
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are completely oxidized probably aftsr about 42-48 hours of
exposure. On examination of the specimen, under ths ocptical
m1Croscope, howavef, the specimen was observed to have been
completely oxidized. This probably explains why, after about 42-48
hours thelkinetics curves levels down to a constant specific weight
gain value {x 220-265 mgfcmh.

Progressive coarsening in the size of the individual spall

particles with rising temperature is presumably ralated to a

depletion of Cr from the underiving alloy with consequent changes

in alloy plasticity and sxpanzion properties at the high

temperature as observed by Islam {35) during cyclic oxidation of
Co-16Cr alloy betwean 900-1100°. Morecver these particles are
belisved to be predominantly oxides of iron as suggasted by their
magnetic nature.and dark blackish colour.

The oxidatlon kinetics data of Pe-100r-44a1 alloy represented
in Fig.4-7 for this alloy at 950°C establishes that initially a
protective Cry0y scale forms on the surfaces as already observed for
the 2% Al alloy. When this scale undergoes breakaway, both Al and
Cr probably oxidized internally to form discrete oxids particles
which render. protection to the alloy in subsequent cysles.The Xx-ray
analysie also reveals the pPresence Df_ both Cry0; and a=A140,
particles in the scale as presented in Table 4-1T. The reduction in
oxidafion Yates during the last 12 hours and subsequent flattening
of the kinetics curves will bear testimony to this fact. These

oxlde particles coalesce to form a more or less continuous laver at

~
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the zcale base which eventually levels down the axidation rate to
A negligible value. As usual, the presence of Fes0; and spinel,
FE{Cr,AlhDQ ara also observed 1in the scale on the alloy surface
from the X-ray data.

Optical cross-section of the alicy at this temperature can be
ocbhgaerved in Fig.4-11 in which a duplex scale consisting of Fe 0y at
the top and spinel at the bottom with a Cry0s and/or a-21,0,
subscale at the base i1s produced by the intermal oxidation of Cr
and Al upon breakaway of the initial external scale.

This alloy when treated at 1000°C is observed to be protective
in Ehe initial period of about 1-3 hours as revealed by cxidation
kinstics data due to the formation of a Cr.04 scale, Then breakaway
of the Cry0 séale cccurs within a short time, A final duplex scale
consisting of Fey0y and spinel is believed to exist on the surface
of the alloy at this temperature with an u-ﬁlioi and/or Crgﬁ
subscale at the base which prevzails till the end of the run. This
is evident from the ¥X-ray data precented in Table 4-IT {for 1000%C)
in which strong peaks of Feﬁ% and Fe {Er,hlhﬂ*, spinel can be
1dentified for the 48 hour specimen. This is also supported by
optical cross-section which represents an iron oxide (Fe,0,} layer
in the outer region and Fe{cr,ﬂl]ﬂ%, spinel layer in the inner
region in. Fig. 4-10 with a more or less continuous subscale layer
of Cr;0, andkor 2-Al,0; internal oxide particles. Subscale formation
at the alloy oxide interface due te the internal oxidation of Cr

and/or Al has besen observed by Islam {35} and also others in their

-t
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works on high chromium Co-Cr alloys containing reactive element
additions., The flattening of the curves in the final stages at this

temperature of the above alloy is believed to be due to the

aexistence of the subscale layer {bottom} teogether with the presence :

of the duplex scale layer upon the surface.

Tt is belijieved that = Crﬁ% gEcale also marks the initial stages
of oxidation fer this ;llay at 1050'C as that at 1000°C. The scale
upon ceontinued thermal cycling, subsequently changes %o spinel
FeCr,0,/Fe (Cr,Al},0,. The breakaway, of course, results in the rapid
fermation of- Feq0, as well. This 1& apparent from the X-ray
diffra;fométer'data of the specimens oxidized for 48 hours {1l& 3-

hour cyclsaa) in Table 4-I1I. Formation of internal oxide particles

of Cry0; and/or a-A1,0; alsc are believed to have taken place as

before. As a result, the oxidation rate of the treated alloy ig
primarily controlled by the rate of diffusion of ions {Feh] througﬁ
this subscale layer and eventually settles down to a wvery much
reduced rate of oxidation.

The optical cross—section of the oxidized specimens at thié
temperature is shown in Fig., 4-12. Bright patches, probably of a-
Al,0,, can be observed in the figure.

Progressive coarsening in the size of thas individual spall
particles ét higher temperature is also observed in this alloy as
already explained in case of Fe-10Cr-2A1 alley. More over these
particles are presumably oxides of -iron as confirmed by their

magnetic nature and a dark blackish colour.

i

1 r



Moseley et al {28), Golightly et al (51} and Rapp el al (38)
indicate that binary Fe-Cr alloys containing Cr of akeout 14-28%
along with a more reactive element like Al 1n the range of 4-35%
initially forms an ao-Al,0; scale. Mecseley et al {28} establishes
that an uvﬁl?DH is present as a significant phase on specimens of
Fe-16Cr-5Al1 alloy axidized for 2 hours at 1000°C in air and also on
specimens cxidized for 24 hours at 1200° in air.

The oxidation kinetics of Fe-10Cr-6Al alloy between 950°%C and
10%0%C repreéents that an external protective scale forms initially
which suffers breakaway within a short period. Subsequently, a
second aor even a third protective scale has been observed till the
end of the run and the rates of oxidation, therefore, level down to
a more or less stsady state value. It is apparent from the ¥-ray
diffractometer data for the alloy at 350c presented in Table 4-
I11, that a numbker of strong peakg for u—hlﬁﬁ has been cbserved.
Also the spall particles released from the specimens are in the
fnrmlof a fine powder, non-magnetic in nature, Ccreamy brown 1T
colour and very small in guantity. On the other hand, the spall
particles obtained from the Fe-18Cr-2A1 and from the Fe-10Cr-4A1
alloys are magnetic in mature, grayish black in cclour, larger in
guantity and in the form of broken platelets distinctly different
from those relsased by the high- aluminium alloys.

The surface of the oxidized specimen for the above alloy
{E%21l] at EEUHC is creamy brown in colour, gquite free from any

klarck eruptioh, whereas in case of the previous alloys{2%Al and
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4%A1} dark black patches running between gray to dark gray areas
have been chserved.

Yt may, in the light of the above features, be considered that
the protective scale existing on the surface of the Fe-10Cr-6Al
alloy at 950°C from the very beginning till the end of the run is
of a-Al,0y. As it is believed that the layer of the a-Al,0; forms
at thirs relatively low temperatnre is extremsly thin and it is not
possible to:be observed under ordinary optical microecope.

This alley, when treated at 1000°C and 1050°C, can be obsorved
to behave in an almost jdentical manner as that at 950°C. Tha
kinetics curves are featured by the formation of a second
protective scale at 1000'C and even xbr a third at 1050%. The
surfaces of the spacimeﬁs at both these temperatnres, when visually
examines presented grayish hlack eruptions here and there, the rest
of the surface being of 2 creamy brown coleur all over without'
eruption. The spall particles are powdery, non-magnetic in nature
and ¢f a creamy brown celour as befare, X-ray diffractomster data
at the end of the runs for both temperatures after 51 hours and 57
heours of EHDGSUIEIIEEPECtiVEIFJ as shown in Table 4-TII, confirms
the formation and presence of strong a-41,0y peaks with subsidiary
peaks for spinel.

Microstructure of the scales at 1000°C and at 1050°C can be
observed In Fig. 4-17 and Fig. 4-18 respsctively. It will be
apparant that the scale surfaces bear marks of convoluted growth

with void formation at the interface region. The scale also AppEears
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to have cracked here and there. The convelutions are believed to be
the result of the Jdevelopment of compressive stresses due to
lateral growth of the oxide geale (51) and alsc due to the
differential contraction of the oxide scale and metal during
thermal cycling {33). These two factors are supposed primarily to

be respongible for the formation of cracke in the scale through
which contacts between the hot alloy surface and the oxidizing
environment occursg. This factor together with void formation at the
scale-alloy interface i1s belisved to be responsible for gpallation
of the oxide scale 1n the present instance as well. The ¥-ray data,
the nature of the spall particles, the surface appearance of the
specimens at the end of the rumns, the microstructure of the oxide
scale which is conspicuous by the formation of convelotions upon
the surface with wvoid formation at the scale metal interface-all
support the formation and persistence of an e-A1,0; scale on the
alley surface and the interaction of the various factors
responsible for bringing about the consequent failure or breakdown
of the'protective scales,

The phenomena of multiple breakaway and repsated protective
scale formation, as observed, in the oxidation of this alloy at
10850°C, has been known in earlier literatures {37). Failure of ths
initial external protective scale definitely produces depletion of
the alloy-cﬁntent in the interface region which may even reach the
minimum level of the alloying element necessary for the re-

formation of the protective scale, but this depleticon may be
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evantually replenished to a higher level of alloy content to enable
the formation of a second protective scale. This phenomenon may
repeat as long as the factors responsible for such formation are
favourabls. Although such observation is not possible
metallographically in the present instance, but the kinetics curvas
sufficiently indicate such a possibility and the relevant X-ray
data definitely confi;m the erxistence of an uuﬁlﬁh scale till the
end of the run. That the repeatedly-formed scales upon the alloy
surface are u;hlﬂh and not Cry,0; needs no further emphasis.

It has been postulated that the generation of a complsete
protective scale of alumina on the alloy surface regquires the
aluminium-content in the alley to be above a certain critical value
which is a function of tempesrature. For example, an Fe—4.9%A1 alloy
forms iron oxidee and FeAlﬁh - spiﬁel below 570¢C and aluminium
oxide scales abave 570" {39). An alloy with a8 little as 4.4%Al isll
a@lso reported to form aluminium oxide scales at QDDHC and above
(6G)., In the present study, it is5 obssrved that a Cr;0, subscale
forms with Fhe 2%A1 alloy which has been subsequently replaced by
an external u—hlﬂﬁ g2cale with the #%21 alloy. The 43%Al alloy;
nowever, forms a mixed subscale layer. It,therefore, appears
possible that a minimum Iimit for aluminium glso exists with the
present series of alloys marking the establishment of an external
protective ﬂ—hlﬁﬁ ascale, In fact, the 6%A1 alloy d4id form such a
scale, whereas this was not possible with the 4%A1 alleoy. This

finding confirms the same fact that the minimum level of aluminium
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necessar} for the fermation and maintenance of an a-Al;0;, scals an
the alloy surface is about 5% in the present instance as well.
The cxlidation kinetice data as represented in Fig. 4-19 for
the Fe-10Cr-8Al1 alloy at 950°C may suggest the formation of an
external a-Al,0, scale initially as explained 1n the case of Fe-
10Cr-6A1 alloy. IE is believed that this a-Al)0y; scale suffers
breakaway due to lateral growth of the scale. On continued cycling,
another protective a-Al,0; scale starts to form which subsequently
decreases the rate of oxidation. Examination of spall particles
indicates that these particles consist of a—hlﬂh 5 characterized
by their non-magnetic proparty, charaé&eristic colour and fine
Etaée of subdivision. The above statement is alsoc confirmed from
the ¥-ray diffractometer data for 51 hours specimen as shown in
Table 4-IV, 1ln which a strong peak of q-Al1,0y can be cobserved.
Similar explanation may be put forward to jJustify the
aoxidation kinetics at 1000% for this alloy as that at 9%50°C. The
kinetics data of the above alloy at 1000° reveals the formation of
an inttial a-hlfﬁ arale, This is evident from the X-ray analysis
data presented in Table 4-IV, in which a strong peak of alumina
scale has been observed at 1000°C for the specimen after 6 hours of
exposure. As breakaway proceeds, a2 second protective a—hlﬁﬁ scale
is believed to form which offers protection to the alloy till the
end of the run. A numhér of strong peaks of ﬂ—hlﬁ% Ecale can be

observed in the ¥-ray diffractomater data for the gspecimen exposed

for 51 hours as shown in Table 4-IV. Examination cf spall particles
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indicates that these are a-Al,0y particles as before, as they are
non-magnetic and creamy brown in colour and in the form of a fine
powder,

Unlike the others (at 950°C and 1000°C), the kinetics curves
0f this alloy at the highest temperature are marked by two
breakaways with multiple protective u-hlzoa scale formation. An
initial a-Al,0y scale forms as at the lower temperatures but failure
occurs within a short time as marked by a rapid increase in the
oxidation rate of the alloy {(curves ABy and AB3) in Fig. 4-21. When
a second protective scale forms at this high temperaturse, however,
2 rapid jailure again occcurs within a short time as evident from
curves BiC| and B,C,. The oxidation rata‘finally decreases indicating
the subsequent re-formation of a third protective scale {curveg DyE,
and Dﬂ%). That the scale formed at sach of the stages are all-dé-
Al,0;, iB Dborne out by the non-magnetic nature and the
characteristics colour of the spall particles in every stages. This
15 also confirmed by the X-ray data presented in Table 4-TV, in
which a number of strong peaks of a-Al;0; are 1dentified for the 51
hours specimen. Such a multiple breakaway and repeated protective
ﬂ—hlﬂ% scale formation have been reported by Golightly (37} in his
woTk with Fe-14Cr-4Al alloy at 1200°C as shown in Fig, 2-5.

The microgtructure of the scale at the higher temperatures are
illustrated in Fig. 4-22 and Fig. 4-23. PFrom the convoluted

morphology of the scale, presence of crack and void formation at
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the metal-scale interface, it may similarly be argued that the
scale forms at 1000°C is an ¢-Al,0; scale.

The above statemsnt for the existence of an a-Al,0. scale is
also apparent from the optiecal cragss-section of this alloy at
1050°C as shown in Fig. 4-23 in the present work. It represents
presumably the presence of a-Al,0, layer at the alloy oxide
interface in this case. Thas =cale morphelogy, nature of spall
particles, the specimen surface all confirmed that an a—A1;0
persists on the alloy surface at this temperature. Although an a-
Algﬁ scale is believed to have formed upen the alloy surface at
49509 as suppoerted by the X-ray anﬁiyéiﬁ-and the character of the
spail particles, yet such a scale layer could not be identified
under the optical microscope for obvious reasons.

The rate of oxidation decreases with the increasse of Al-
content due to rapid oxidation of base metal in the lower Al
alloys. It is evident from the observatiou of Mosaley et al (28)
that oxides of base metal (iron) initially grow more rapidly -
coutwards from the metal surface - hut ultimately the surface
becomeslcuvered by a 1ayer of the meore stable oxides {alumina) and
oxidation of base metal ceases in higher Al alloys.

The effect of temperature i.e. thermal cycling has been
observed to be more severe upon the lower Al alloys. This is
supported.bg Islam EBEfIthat the effect of increasing the maximum
temperature is found to result in an increased rate of attack with

an earller initiation of spallation. Earlier failure of the
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protective scale cccurs with the increace of temperature resulting
in an increase in the oxidation rate.

The size of the individual spall particles is obaerved to be
progressively finer and smaller with the increase of Al-content. As
the rate of oxidation increases, oxide laysrs being thick and
stratified and coarsen the spall particles in lower Al alloys. Such
a situation is observed by Moseley et al (28), when the reactive
element is present, the outward movement of cations is thought to
be suppressed-so that there is no growth of gstresses and hence no
spalling ensues,

-Distinctiva colour of the spall particles and of the oxidized
specilmens is likely due to the compositional ¢hanges in the oxide
layers. As per cent Al increases in the alloy,lﬂxidation of Fe and
Cr almost ceases and Al begins teo oxidize preferentially. This is
why, the spall particles released f;om the 6% Al and 8% Al alloys
has been observed to be creamy brown in colour {(most idsntical to

the appearance of u—Algﬁ particles}
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CHAPTER 5 : CONCLUDING REMARKS

5.1 Conclusions

The follewing cenclusions can be drawn regarding the present
studies with the modified Fe-10Cr alloys containing 2-8 per cent

aluminium:

1. 2 general reducticn in the rate of oxidaticn in terms of

specific welght gain values was noticed with increasing

aluminium-content.

2. _The amount of spallaticn decreased with increasing aluminium-
content. The individual =pall particles become smaller in size
and progressively finer accompanied by a change in colour from

blackish to creamy brown.

3. Tendency towards the formation of n—Alﬂh scale was definite
and conspicuous with the i1ncrease of aluminium-content in the

alloy.

4, Bcale thickness reduced progressively with increasing
aluminium-content marked by an almeost complete cessation of

spallation with the £% Al alloy.
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Following the rapid attainment of alloy coverage by oxide,
subsequent oxide growth was slow with increasing aluminium-
content, with maximum beneficial effect of z2luminium in the

range of 6-8%,

Failure of a scale was inhibited either through the immediate
re-formation of an external protective scale or through the

internal oxidation and subsequent formation of a subscale

laysr.

‘A minimum level of aluminium, depending upen temperatures,
exists for the formation of a complete protective scale on the

alleoy surface.
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L.2 Suggestions for Future Work

The following are some of the suggestions for further work:

1. To study the effects of addition of a more reactive elemeant in
order to change the growth mechanism of a—AlEDH scale which
will stabilize the a-A1,0; on the alloy surface aud result in |

an adherent =scale. r

isothermal conditions in Fe-10Cr alloy.

2. To study the effects of Al above 8% both under cyclic and ‘L
b
3. To determine the minimum Al-content for the formation of an i
axternal protective oxide scale on Fe-10Cr alloy under cyclici

and isothermal canditions.

4, To study the effects of temperatures at 1100'C or above on Fe- .
10Cr alloy with increasing Al-content both under cyclic and

isothermal conditions.

o —
1

5. To study the influence of varying Cr-content with gradually
increasing of Al-content both under cyelic and isothermal

conditions.



[

Tad

REFERENCES

T. Tsulii, 5. Eobhayvashi, M. Oda and K. Naito: High Temperature

/

Corrosion of Advanced Materials and Protective Coating, Proc, l\f

Conf., Tokyo, December 1990, p. 115.
D. Clamens,lﬂ. Bongartz, W. Speier, W.J. Quadakkers and EB.J.
Hussey : Fresenius J. Anal. Chem., 1%%3, Vol. 346, Nos. 1-3, p.

318.

. 0.5, Clark 2nd W.R. Varney: Fhysical Metallurgy for Engineers,

CBS publighers and Distributors, Delhi, First Indian Fdition
1987, p. 318, 34B.

R.J. Welsh and G. Waller: The Gas Turbine Manual, Publ.
Templa Press Ltd., Londen, p. 25.

High Temperature Steels and Alloys for Gas Turbines{Special

Heport no.43), Iron and Steel Institute , 1952,

. H., S8himizu, K. Ishii, F. Togashi, K. Yoshioka and T. Kawasaki;

Applications of stainless steel, Proc. Conf., Stockholm, 1932,

Vvol. 2, p. 110%1.

. A, K. Biswas: Principles of Blast Furnace Iron making, {Theocry

and practice}, SBA publications, Delhi, First Indian edition,
1984, (Reprinted: 1991}, p. 6&.

E. Gregory and W.W. Stevenson: Chemical Analysis of Metals and
Alloys, Blackie and Son Ltd, London and Glasgow, 2nd Edition,

1957, p. &8,

L)

[ '



9.

10.
1t.

12.

13.

15.
16.

17.

18.

15.

20.

21.

22.

0. Kubascewski and B.E. Hopkins: Oxid. Metals and Allovs
Butterworths, London, 2nd Edition,18%7, p. 11.

. §. Tedmon: J. Electrochem, Soc., 1%66, Vol. 113, p. 766,

E. A. Gulbransen and K, F. Andrew: J. Electrochem. Soc.,
19587, ﬁol, 104, p. 334.

£.A. Phalnikar, E.B. Evans and W.M. Baldwin: Jr. J.
Flectrochem. Scc., 1956, Vol. 103, p. 429%.

D. Mortimer and M.L. Post: Corr. 3ci., 1963, Vol. 8, p. 4%9.
B.G. Seong, J.H. 3cng, S5.Y. Hwang and K.Y. Eim: High
temperature corrosion of Advanced Materials and protective
coatings, Proc. Conf., Tokyo, December 1962, p. 123.

Y. Hatsuanaga:ljapan Nickel Review, 1933, Vol.l, p. 347.

T.N. Rhys-Jones, H.J. Grabke and H. Kudielka: Corr. Sci.,
1987, vol. 27, No. 1, p. 49,

p.J. fardiner. C€.J. Littleton, K.M. Thomas and K.N. Strafford:
oxidation of Metals, 1%87, Vol. 27, Pp. 57.

s.C. Tjeng., J. Endridge and R.W. Hoffman: Appl. Surface 5ci.,
1982-83, vol. 14, p. 297,

é,c‘ Tjong, Mat. Res. Bull., 19&3, Yol, 18, p. 1327.

F.T. Wai and F.HB. Stott: Corr. Sci., 1989, vol.249, No.7, p.B239.
R.3. Richards and J. White: Trans. Brit. Ceramlc Soc., 1934,
Vol. 53, p. 422,

k.L. Rickett 2nd W.P. Wood: Trans. A.5.M., 19234, Vol. 22,

p. 347..



23.

24.

26,

27

28.

29.

34.
35.
36.
37.
34,

134

H.M, McCullough, M.A. Fontana and F.H. Beck: 1ibid, 1950, vol.
43, p. 404.

H.J. Yearian, E‘CJIHandell and T.A. Longo: Corrosion, 1956,
Vol. 12, p. 515t. |

P.E. Wretblad: Z. Arcng. Chem., 1930, ¥ol. 189, p. 3729,

D. Caplan and M. Cchen: Journal of the Elsctrochem. Soc.,
1965, V¥ol.112, No.h, p. 471.

A.U. Seybolt: Journal of the Electrochem. Soc., 1960, Vol.107,
Ho.3, p. 147.

F.T. Moseley, K.R. Hyde, B.A, Bellamy, G. Tappin: Corr. Seci.,
1984, Vol. 24, No.bB, p. 547.

G.C. Wood, T. Hodgkiess and D.P. Whittle: Corr., Sci., 1966,I
Vol.b6, p. 129.

G.C. Wood, and T. Hodgkiess: J. Electrochem. Soc., 1966, Vol.
113, p. 319,

J.8, Wolf and G6.D. Sandrock: HhSﬂ-TH!D—4?15, 1368,

G.C. Wood and D.P. Whittle: Corr. Sci., 1964, Vol. 4, p. 263.
C.E. Lowell and W.L. Deadmore: Oxid. Mstals, 1973, Vol.7,

E.- 55,

J.0. Edstrom: J. Iron steel Inst., 1957, Vol. 185, p. 450.

M.5. Islam: Ph.D. Thezis, University of Liverpul, 1978,

T. Heodgkiess: Fh.D. Thesis, Univ. Manchester, 1986,
F.&. Golightly : Ph.D. Thesis, Univ. Manchestocr, 1970.
R. A. Rapp and B. Pieraggi: The Electrochem Soc., 1997, Vol.

42-22, p. 51.



39.

40,
41,

43.

43.

44,

5.
46,
47 .

48,

0.

ol.

52.
53.

54.

135

A2.M. Huntz and M. Schutze: Materials at High Temperatures,
1994, Vol. 12, Wo. 2-3, p.151.

D.P. Whittle: Corr. Sci., 1872, Vol., 12, p. HG69.

2.C. Wood, I.G. Wright, T. Hodgkiess and D.P. Whittle:
wWwerkstoffe und ¥orrosion, 1970, Vel.21, p. 900.

D.F. Whittle, D.J. Evans, D. B. 8cully and G.C. Woed: Acta

Met., 1967, Vol. 15, p. 1421.

Lucas Rerospacé Ltd., Report No. B-49-10L, 1973,

P.Y. Hou and J. stringer: Oxidation of metals, 1382, Vol.

38, Ros 5/6, p. 323,

V.R. Howes: Corr. 8ci., 1968, vel. B, p. 221.

J.¥. Tien and F.8. Pettit: Met. Trans., 1972, Vel.3, p. 1587,
J. S8tringer: Corr. Seci., 1270, Veol, 10, p. 513,

N.B. pilling and E.E. Bedworth: J.inst. Metals, 1923, Vol. 29,
p. 529.

R.F. Tylecote: J. iron Steel Inst., 1960, Vol. 183, p. 380,

F.N., Rhines and J.5. Wolf: Met. Trans., 1970, Vol. 1, p. 1701,

F.A. Golightly, F. H. 8tott: Oxid. metals, 1976, Vol. 10,
p. 163.

G.C. Wﬂgd: Workstofie und Korrosion, 1971, Vol.22, p. 491.
C.A, Harrett and C.E. Lowell: NASA-TH-D-7615, 1974,

F. Warig, H. Loy and W.U. Waitac: High Temperature Corrosion of
Advanced Hatarials and Protective Coatings, Proc. Conf., ToKyo,

15590, p. 103,

e



e o

55.

56 .

57.

58,

59.

al.

136

M.W. Brumm and H.J. Grabke: Corr. gci., 1%%2, Vol. 33, No. 11,
p. 1677,

I. Jedlinski, G.1Eo;chardt: The Flectrochem. Soc., 1992, Vol.
92-22, p. 67.

1,.v. ‘Ramanathan: Corr. Sci., 1993, ¥ol.3%, No.5-8, p. 871.

F. Clemendot, J.H. Gras, J.C. ¥an Duysen and G. Zacharie:
Corr. Sci., 1993, Vol.35, Kos.h-8, p. S01.

W.E. Béggs: J. Electrochem. 8oc., 1971, Vol. 118, p. GS06.

W.C. Hagel: Corrocsion, 1963, Vvol. 21, p. 316.

-



	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145

