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ABSTRACT

The'oxidation progerﬁies of‘Nigi, Ni-6 and Ni-32wt.3Al -

.-~

alloys were investigated in one atm oxygen at the temperature

range 1273 to 1573 K. The reaction kinetics were determined

'thermcgravimetrically and by layer thickness measurements. The

reacted specimens were analyzed using light microscopy, X-ray
diffraction, X-ray t0pograéﬁy and electron metallographic
techniques (TEM, SEM, EPMA and AESS. Particular interest was
given to the growth of Al,03 on these alloys.

Ni-2wt.%Al alloy oxidizes parabolically, at a rate
one order of magnitude larger than pure Ni, giving rise to a
scale consisting of an outer Al-doped NiQ layer, an inner
Nio—Ni.l_xle4 layer and an Al,03-allovy internal'precipitation

zone. The growth of the A1203 rodlike precipitates, which is

interpreted by a NiO/Al(alloyi solid state displacement reaction,

is controlled by ox&gen diffusion through the Al-depleted allov
in tne precipitation zone. The increase in the reaction rate
is attributed to the doping effect of dissolved Al on NiO and
the hign affinity of Al for oxygen resulting in internal pre-
cipitation. ’

The oxidation kinetics of Ni-6wt.3Al alloy are irrepro-
ducible due to the formation of an imperfect Al,0; scale con-
taining NiO nodules, localized at alloy grain boundaries, be-

neath which Al,05 is precipitated internally. The transition

from internal precipitation to continuous Al,03 formation is

1ii
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.interpreted by a model involving the impingement of favorably

oriented rodlike precipitates and lateral diffusion of Al from

‘the impingement sites to neighboriﬁg regions of thé precipitation

front. The steady oxidation stage is controlled by thickening
of the Al,0, film. . -

The initial sub-microcrystalline f£ilm, which is formed

- on Ni-32wt,s$Al alloy, "recrytallizes"™ subsequently to a=Al,04

giving rise to a well orizzfed film Tontaining regions of dis-

arrayed polycrystalline o de. Inert marker measurements indi-
cated that the initial film grows by inward oxygen diffusion;
The metallographic observations on the growtn éf the recrystal-
lized a-Al,03 scale are consistent with counter-current Al and
oxygen boundary diffusion in the disarrayed oxide and outward
Al iattice diffusion in the oriented film. Ac&ordingly, the
growth of this scale was interpreted by a short-circuit dif-
fusion model involving simultaneous reactants lattice and

boundary diffusion.
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CEAPTER 1

INTRODUCTION

g
Nickel superalloys find wide applications as construc-

tion materials for gas turbine engines either for aircraft or .
industrial applications, coal combustion furnaces and high
temperature reactors for electric pﬁwer generation. In this
environment, the alloys are subjected to severe corrosive con-
ditions' resulting from hot oxidizing gas. Alloys operating in
such envi;;Jment must fulfill two major reguirements : high
mechanical-and corrosion resistances,

Mechanical resistance is achieved by precipitation
hardening with {Ni3(Al,Ti)} phase, called gamma prime, which
precipitates coherently in the matrix(1). Refractory metals
are added to act’as solid solution strengtheners(1). The pre-
sence of carbides of Ti, Cr and refractory metals inhibits
grain boundary sliding and improves creep resistance(1). Dis-
persion hardening with oxide particles or fibres also contri-
butes to the strength of the alloys(z'a).

Oxidation resistance is achieved by incorporating metal-
lic elements which can be selectively oxidized to form a conti-
nuous, adherent and slow-growing oxide film. Cr, which forms a
protective Cr,04 scale, is the most frequentlz used metal for _‘
this purpose. However, at high temperaturés and in oxygen at-

(4)

mospheres, the formation of volatile oxides of Cr' 'deteriorates



. R . . . . . . / . ‘
the oxidation resistance of the alloys. This phenomenon is en-

hanced d%ring service due to thermal fluctuations and high flow-
. : ‘ . : -
rates of oxidizing gases. Al is a potential competitor to Cr

in this respect, since volatilization of Al,03 in oxidizing at-
(5) |

mosphere is minimal and diffusion in this oxide is much slow-

er than in Cr,0, under the same experimental conditions(G'T).

Considerable effort has been made to achieve each of

these two properties independently. As a result, it is neces- . .

k3

sary to apply a coating on high strength alloys to form a compo-
site system which combines corrosion resistance with mechani-
cal strength, Nickel aluminide coatings based on the interme-

tallic phases Ni3Al (y') and NiAl (B) have been successfully
. . . 8-15 Coas s .
used in this fleld( ). In oxidizing environments , a pro- »

tective A1203 film is formed.

The objECtivé of this research is to study the mecha-

nism of growth of Alzo on Ni-Al alloys at high temperatures

3
in oxygen atmospheres. Depending on the experimental condi-

tions, Al O3 may form as internal precipitates or as a conti-

(18)

2
nuous protective film

+

. Particular interest is given to

the latter case since the growth of a protective Alzo on al-

3
loys containing Al nas been the subject of several controver-
) . 16-29 ) )
sial 1nterpretatlons( ). A major problem encountered in

the task of elucidating oxide film growth is the identifica-
tion of the mobile species responsible for its thickening. In
the present study,a new method, which is based on inert markers

and a surface sensitive electron spectroscepy technique (AES),
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hﬁs been de%eloped to yield this necessary data. The mechanisms
of gro@fh‘of the rodlike 3;203 préciéitates.beneath a Ni0 film
and the transition from internal ogidaéidn éo Ehe‘ﬁevelopﬁent
of a_multi—layered NiO/NiAlzog/A1203 scale have been defined.:

It was also demonstrated that the growth of the protective

N

- /

”;\§1é03 scale can be adequately interpreted with- a model which
is based on Simditaneous diffusion of the reactants along
lattice sites and grain boundaries in the scale.

Several Fechniques have been used to obtain and collate
the necessary daéa : alloy preparation and homogenization, chemi~ ~
cal analysis, sample metallographic.preparation, inert marker
technique, thérmogravimetric analysis, optical microscopy,

X-ray diféraction and topography, electron metailography {(TEM,
RHEED, SEM, EPMA and AES) and ion sputtering techniques.

In the next chapter, a brief description of the oxida-
tion theory of metals is presented in order to emphasize the
fundamental concepts necessary for this study. This is followed
by a literature review of the relevant systems (Chaptexr 3).

The experimental techniques and procedures are describad in
Chapter 4. The results are presented in Chapter 5 under three
sub-headings : internal oxidation, transition from internal
oxidation to continuous scale formation and growth of nrotective
Al,0; scale. Finally, scale growth models are proposed to ratio-

nalize the experimental observations (Chapter 6).



CHAPTER 2 A
PRINCIPLES OF METAL OXIDATION.

2.1 INTRODUCTION

The different aspects of oxidation have been documen-

ed in several monographs (7'30-37)and have been the subject
- I

" (38,39)

-of‘recent reviews

When a bare metal is exposed to oxygen, tihe reaction
is initiated by the chemisorption of oxygen molecules impin-
ging on the surface. Oxygen dissociation by place exchange
with the underlying metal leads to the formation of oxide
nuclei at random sites on the substrate. Subsequent lateral
growth results in complete coverage of the surface with a
micra—crystalline oxide film. Amorphous oxide films have also
been obse:ved at low temperatures.

In order thaﬁ the oxide film continue to thicken, the
reactants ( metal and oxygen ions ) must diffuse in the oxide.
In crystalline substances, diffusion occurs via migration of
point defects, whereas amorphous substances contain open ex-
tended channels in their network through which cations and/or
anions can move.

At low temperatures and in the thin film range ( thick-
ness < 103 nm ), the chemical potential gradient is insufficient
to drive the reaction. However, a large electro§;atic field,

set up across the film due to the ionization of oxygen and the

.,
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metal at the oxide/gas and metal/oxide interfaces, respectively,
acts as the driving force. In this regime, the kinetics follow
éne of -several rate equations, namely - :

- Logarithmic 2 (AW/A) = k; log (at + tg) (2.1)

- Invérse-Logarit@ic (AW/AT1=-b_- kjp log t (2.2) -

Cubic

e

(AW/A) 3= k. t | (2.3)

Parabolic : (AW/A) 2= ky, £+ c (2.4)

where AW/A is the weight gain per unit area,

k is the reaction rate constant,
t is time,
a, b, ¢ are constants.

) 40,4
Several models( 0 1)ha\ve been proposed to explain the

_observed kinetics based on reactions involving transport across

the £film ( cations, anions or electrons ) or surfacg reactions
as controlling steps. However, there is no clear distinction
between one model and the other and different postulated mecha-
nisms often lead to the same kinetic equation.

The growth of thick scales on metals usually follows
a parabolic law. Wagner(42}postulated that scaling occurs by
" ambipolar diffusion " of non-interacting point defects and
electrons under the influence of their electrochemical potential
gradients.

Linear kinetics are observed when the scale cracks al-

lowing direct access of oxygen to the substrate. Surface reac-



tion cont:S;liﬁg steps ( e.9. dissociation of éaseous reactgnts,
wvolatilization of oxidation products, etc.) also give rise to
linear kinetics and are strongly dependént on the gas pressure.
- At intermediate temperatures (T < 0.75 to 0.8 Tm );
the rate of oxidation of most metals is too high tb be explained';
by latticg'diffusion solely. Since the activation energy for
qfain boundary diffusion is much less than for lattice diffusion,
itgis imperative to consider the effect of structural imperfec-
tions on oxidation. Mode}s, which are based on simultaneous |
diffusion in oxide ;atfice and easy diffusion paths, have been '

N -51
advanced by Smeltzer et al.(43 >1)

to account for the observed
oxidation kinetics of several metals. The low resistance paths
are structural imperfections present in the oxide scale ( e.g.

grain boundaries, dislocations,etc.).

2.2 DEFECT STRUCTURES OF OXIDES

In oxides, bulk diffusion occurs via the migration of

point defects and electrons. Accordingly, they are classified
by their defect structures into :(7'34y

~ Hetal-deficient oxides: ( p-type ) having positive holes and
cation vacancies ( e.g. FeO, Ni0O, Co0O, Cu,0,etc.) or oxygen
interstitials. |

- Metal-excess oxides : ( n-type ) having electrons and cation
interstitials ( e.g. CdO, Zn0O, etc.) or oxygen vacancies (e.g.
Zroz, thos, Hfoz, etc.).

The effect of oxygen pressure on the defect equilibria

in oxides can be best visualized with the aid of Krdger-Vink
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diagrams(7'34).‘k hypothetica; diagram may be derived by writing

the possible defect reactions and applying the law of mass ac-
tion to each reaction‘coupled'with the‘electroheutrality condi-
-tion assuming that the activity coefficients are unity and that
each species occurs in a single iohization state.

The electrical gﬁhductivity of an oxide, K, is rélated
to the concentrations of the electrical ch&rge carriers, their
mobilities and charges. In limiting cases, it may be expressed
as : '

1/n (2.5)

K= a Po,
where the sign and magnitude of the "exponential term depend on
the nature and the ionization state of the defects, respectively.
The deviation from a simple power relationship may be due to
the existence of defects in different ionization states, their
association and interaction to form vacancy clusters or shear

structures(38’39).

2.3 WAGNER PARABOLIC OXIDATION THEORY(42)

Consider a reaction system composed of the reactants

( metal and oxygen } separated by a layer of the reaction pro-
duct ( oxide )+ Assuming diffusion control, the interfaces

may be considered at local equilibrium, i.e. the concentrations
of the réactants are time independent.For a £wo-component
system and at fixed temperature and pressure, Gibbs phase rule
assigns zero degree of freedom for a two-phase system which is
presented nere by the interface. Consequently, the concentra-

tions correspond to those obtained from the phase diagram of



the rélevant system at the appropriate temperature.

Based on the local equilibrium concept énd assuming
that scaling occurs by ambipolar diffusion of non-interactiﬁg
point defects and electrons under the influence of their respec-
tive électrochemical potential gradients, the rational parabolic

constant for scale growth can be ascertained as :

0 -
k c [ao 2| |
(g eq/cm sec) = Cgqq I -;— Dy + Dg) dlnag (2.6)

where ceq is the'average concentration in g eq/cm?,

Dy and'Do are the self diffgﬁion coefficients of the me-

tal and oxygen, respectively,

Iy and 25 age their valences,

as and aé are the oxygen activities at the oxide/gas and

metal/oxide interfaces, respectively.

The model fits the observations for most oxides having

a narrow homogeneity range at high temperatures. At temperatures
below about 0.75 to 0.8 T%, the role of structural imperfections
in the oxide must.be considered since the activation energy for
diffusion along these defects is much smaller than for lattice
diffusion. In oxides having a large concentration of point de-
fects, ( e.g. Fe0 ), association and interaction of vacancies
occur ,as discussed earlier. Whence, a one to one correspondence
is not expected zzjyeen the concentration of vacanties and dif-
fusion; transport being occuring by a cooperative role between

neighboring vacancies rather than by individual jumps(Bg).
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2.4 SHORT-CIRCUIT DIFFUSION IN OXiDE SCALES

Althdugh direct experimedidi evidence fof enhanced dif-
fusion alongAgrain boundaries in metals was obtdined several
years ago(sz), it is only recently that the role of such imper-
fections.on diffusion in oxides has been recognized. The fol-
iowing observations emphasize the role of struqﬁhral imperfec-
tions in diffusion and scale growth :

.= Examination of NiO films, using TEM, has revealed that they ‘
are composed of small crystallites having a high density of
bogndaries which are relatively easier diffusion paths than

(43-45)

the lattice I

- Ni single crystals oxidize anisotropically; oxidation being

dependent on crystal orientatioﬁ(46-49'53'54)

. The ahisotropy
was found to be related to the density of structural imperfec-
tions present in the oxide film formed on eaci face. The latter

y s determined by nucleation and growth processes which are
orientation dependent.
- 2r0, scales are composed of coarse columnar grains extending
from the metal/scale to the scal@/gas interfaces. The presence
of these preferred sites for oxygen diffusion explains the
high oxidation rates of Zr and several other refractory metals(38)1
- A pérous scale is formed when certain refractory metals (e.q.
Mo and W) are oxidized. The porosity, which is due to transfor-
mation to sub-oxides, accelerates oxygen diffusion in the scale(38).

- Diffusion coefficients for polycrystalline oxides are several

orders of magnitude greater tnan for single crystals and are
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sensitive to grainAsize{ss'ss).

: y
- Oxide whiskers have been cbserved during the oxidation of
metéls(57-61); It has been confirmed that these filaments con-

tain linear defects which may be responsible for their relative-
. (59-61) |

LA

ly fast growth
- Scale aging, by anhealing.the pre-oxidized metal in vacuum,
decreases its " permeability " and alte¥§ iis texture. These
changes are reflected by a pronouncefl déérease in the oxidation
rat; upon subsequent exposure to the oxidizing ;tmosphere(GZ). -
Following the argument advanced by Hart(63)for random
diffusion of atoms in the lattice and grain boundaries, Smeltzer
et al.(43-51)have evoked short-circuit diffusion models to ac-
count for the observed oxidétion kinetics of several metals.
They are discussed briefly in the following. According to Hart,
the effective diffusion coefficient for the movement of atoms
in a solid maé}ix containing a random arrawx of line defects
may be expressed as :.
Degg = (1-f) Dy, +.f Dy (2.7)
where Dy, and Dy are the lattice and boundary diffusion coef-
ficients, respectively,
f is the fragtion of easy diffusion sites.
Assuming a linear concentration gradient across the scale, the
flux may be expressed using Fick's first law :
J = = D gg AC (2.8}
The rate of oxide tﬁickening is given by
) éd%c:_ = Dgo¢g %Ea‘ (2.9)

where V is the oxide specific volume.
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Several cases have been 1nvestigated :
(I) The density of easy diffusion paths remains unaltered
during oxidation :

Integratlon of Eqg. (2.9) deflnes an effective parabolic
rate constant .
V kegf = 2 Dggg V Ac - T (2.10)
which lS greater than that predicted by Wagner theory* The oxi-
dation of Zr was found to conform to this behav1or(5°)

{(IL) The densxty of easy diffusion paths decays with time :

{a) The decay is essentially due to grain growth as

. 43~
revealed by TEM in the case of NiO( 49).‘A general expression
for grain growth is :
- a2 = 1 .
D - D3 =k't , (2.11)

where D, and D, are the mean initial diameter and after time t,
respectively. For an array of square blocks, the fraction of
easy diffusion sites per unit area is given by :
£(t) = 2d (2.12)
Dt
where d is the boundary width. Substituting D, from Eqg. (2.11)
in the last exﬁfession, the fraction of easy diffusion paths

becomes

£ = 2d (2.13)
GBI+ K e

(b) - The decay is associated with the ordering of dis-
arrayed oxide at grain bound;}ies driven by growth stresses.
This mechanism has been postulated for Ti, Hf and Zr at inter-
mediate temperatures(51). A first order expression was used to

describe the decay :

- df k't

X k* £ or f = f% e (2.14)
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| After evaluating the effective diffusion coefficient

by substituting.Eq.(2.13) or (2.14) ih.Eq.(2.7),infegration

of Eq..(2.9) yields expressions which describe the growth of
~ oxide films when both lattice and grain.boundary diffusion de-
‘/(términe tﬂé reaction rate.

. 2.5 BINARY ALLOY OXIDATION

oo,

2.5.1 The Diffusibn Paéh Concept
| ‘Referring.to Onsager's-phenomological‘multicoméonent
diffusion theory, as applied by Kirkaldy to oxides and sulfides
( Ref. (35), p.101), the following expressions, which are simi-
lar to Fick's second law, can be derived to relate the concen-
trations of the two'independent components in a ternary system

(2.15)

3C 4 9 aC ] 9Ca
5T - TReLPx tOIRPIaTX .
and
3Ca _ 9 3aC, 3 3Ca : {(2.16)
5t axP313x  t IxPaafx
Assuming parabolic growth, a parametric substitution
X = Ati/2 {(2.17)

may be used to transform the last two expressions to 0.D.E.  The
solutions are given by Equations in the form

Cap = Cald) ’ (2.18)
and

Co = CO(A) i (2.19)
where the solute metal (A) and oxygen (O) are chosen arbitrarily
as the two independent components. A can be eliminated from tne
last two equations to obtain the distribution - !

- Cp = Cp(Co) ©(2.20)



13

" which can be plotted on the.peﬁtihent A=B-0 phaée diagram. The

_ locus obtained is termed the " diffusion path ". For a given

alloy composition, the diffusion path is unique for a given set .
of experimental_cénditions.

Kirkzldy and.Brown(64)h;ve aeveloped seventeen useful
theorems pertaining to the consfruction of the diffusion paths
in ternary multifphaée sjstems. The most impoftant rules are :
(1) the diffusion path must shift away from the cémponent which
is preferentially oxidized and (2) it must cross at least once
or coincide with the straight line‘jbining the oxygen corner
of the phase diagram to the alloy bulk compoéitién. The second
rule is applicable to semi-infinite solid-state couples only.

Fig. 2-1 is an isoéherhai section of a hypothetical
phase diagram ( A-B-0 ) on which two possible diffusion paths
are shoyn and the correspondihé concentration profiles across

the séélés. Path P31-Q4-T+4-S1-0; enters a two-phase region coin-

.ciding witn a tie line. Consequently, only single—apase layers

exigt separated‘Py planar interfaces. Path P3-Ra-Q3~Ta-S53-03
crosses tie lines in a two-phase region which implies the exis-
tence of " sugéfsatu;at;sn " in the alloy difﬁusion zone. The
supersaturation ignéelieGEa\by morphological breakdown of the '
interface and/or internal oxidation. A path, which is calcula-
ted based on the assumptioné of the existendh\gf planar inter-
faces and single-phase regions only and is found to enter a
two-phase region, is termed " virtual diffusion path ". Fol=-

lowing the method developed by Kirkaldy(ss), the actual path
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may be calcuiated by raforﬁulating the problem taking into ac—

I3

| R . . . ‘
count the presence of a.precipitation zone, assuming that the
} . . .
- : ¢ . . o s
compositions of the precipitates and the matrix and their rela-

tive amounts are known. The diffusion path concept has been

‘used by Dalvi and Coates to interpret the oxidation behavior

of Ni-Fe and Ni-Cr alloys(se). | )

2.5.2 Internal Oxidation

When there is a large difference in the free energy of
formation of the oxides of alloy components, the one having a
lower free energy is selectively oxidized providing that the
oxygen partial pressure i; the ambient a;mosphere is greater
than its dissociation pressure but smaller than thé other. The
oxide may be precipitated internally. The criteria necessary
for the occurence of internal oxidation are summarized in the
following
- Oxygen should be soluble in the alloy to the extent that its
inward diffusion to the bulk of the alloy is much faster tnan
the outward diffusion of the less noble metal to the surface.
This implies that

DN >> DaNp {2.21)
- Slngg internal oxidation is a nucleation and growth process,
the cbncentratlon of oxygen and the less noble metal should
exceed the oxide so}ubility product.

(67)

- According to Wagner , the alloy bulk concentration of the
less noble metal must \not exceed a critical value, Ni, which

»
causes the transition [from internal to external oxidation. More

recently, Smeltzer and\Whittle(sa)

—/,

expanded this analysis by

e e e e et b e = e L M .

T TRE T |
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treating the binary ellpy'plus oxygen as a true ternary system
to include the effect of 'both .metal and oxygen gradlents in
the alloy on the oxygen flux. The limiting bulk concentration

of the selectively oxidized solute can then be ascertained in

"terms of metal and oxygen diffusivities in the alloy, the Wagner

interaction coefficient between oxygen ahﬁ'solute and the para-

bolic rate constant of recession of the alloy/oxide front.

- A'strong interaction between oxygen and solute favors inter-

nal oxidation since it results in a maximLm in the oxygen dis-

tribution. This factor reflects the interdependence between the

thermodynamic properties of the system and its diffusion behavior.
Rapp(sg) has reviewed the models advanced to describe

internal oxidation and extended them to describe simultaneous

internal oxidation and external scale formation(70)



CHAPTER 3 ‘ :
LITERATURE REVIEW (\/\

3.1 PROPERTIES AND APPLICATIONS OF NICKEL SUPERALLOYS

" Nickel superalloys aré used as construétidn”materials
for gas turbine engines either for airbraft or industrial ap-
plications, COal.combustion furnaces and high temﬁeratura re-
actors for electric power generaﬁion. They consist essential-
ly of a Ni-rich matrix, called gamma, which has a disordered
f.c.c. lattice. Several elements and compounds are added to
impart desired properties to the alloys : |
- Al forms a precipitation-hardenable Wi3Al phase termed gam-
ma prime(1). The effective role of the precipitates in increa-
;ing alloy strengh is by acting as obstacles to dislocation
motion which depends on the coherency between the matrix/pre-
cipihates and particle spacing. Ti is added to control the
lattice misﬁatch between the precipitates (y') and the matrix
(v) since it dissolves in the (y') phase substituting Al atoms
to form {Ni;(Al,Ti)}. Upon aging, the growth of fine precipi-
tates within the (y') particles is accompanied with a loss in

coherency(71-73).

It was concluded that the fine precipitates
are {y) phase which forms during cooling due to the decrease
of Ni solubility in the (y'} phase.

- Refractory metals (Mo, W, Ta, Nb, etc.) are added to act as
(1)

solid solution hardeners. .

17
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- Carbides. of refractory metals and Cr act as di'spersion ‘'strength-

(1)

eners and inhibibitors to grain boundary sliding .

- Matﬁix reinforcement with A1203'pr ThO, particles and Al,03
filaments has been successfully used to improve the mechanical
strength of the alloys(2'3).

- Cr is added to improve the oxidation resistance. Fig. - 3-1 is
an isothermal section in thé Ni-Cr-0 phase -diagram-at 1273 K(74).
It indicates that alloys with compositions greater than few ppm
Cr form Crzo3 at equilibrium. However, Cr,03 is precipitated
internally in this case . Concentrations greater than 15 at.% Cr

are used to insure the formation of a continuous protective scale.At

high temperatures, the formation of several volatile oxide spe-
cies of Cr with a general formula Crxoy results in the_loss of
the protéctive element and the deterioration of the oxidation
properties of the alloys(4). Conversely, excess Cr has delete-
rious effects on the mechanical properties since it promotes
the formation of embrittling phases having a plate-like mor-
phology which enhances crack nucleation and propagation(1).
The aforementioned drawbacks pose serious problems on the use
of Ni alloys designed to form a Cr203 scale.

Al is apotential competitor to Cr with respect to cor- *
rosion protection since volatilization of A1203 in oxidizing
atmospheres is minimal(s)and diffusion of either Al or O in
Al,04 is much slower than Cr in Cr203(6'7). A concentration
exceeding 28 at.% Al is required to form a continuous Al,03

75
scale on Ni~-Al alloys at 1273 K in oxygen atmosphere( ). Alloys



with high Al contgnﬁ are britkle and pose serious problems in
their fabrication and use. However, tﬁe addition of Cr reduces

»

substantially the amount of Al reqguired-to form a continuous

Al,04 scale(75'76).

See Fig.3-2 where the oxides in equilibrium
with Ni-Cr-AllalloYS are mapped on £he ternéry phase diagram.
Because of the'protective properties of Al,03 scales,
coatings based on nickel aluminides are frequently used to im-
prove the environmental resistance of highlstrength alloys.
This topic has received Eonsiderable attention in the litera-

-1
ture (8715

. Coating procedure gonsists of depositing a layer
of Al on the alloy substrate, followed by a diffusion treaat-
ment which results in the formation of an aluminide layer com-
posed of Ni-Al intermetallic éhases. Different methods are used
to produce a diffusion coating on Ni superalloys. The most im-
portant are : Pack cementation, metal or slurry spraying, hot
dipping, electrodeposition, electrophoresis and hot pressing.
Depending on the Al activity in the reaction mixture, one of
two distinct microstructures is obtained after the diffusion
treatment(9-11). They are shown in Fig.3-3.

In oxidizing environment, nickel aluminide coatings ]
form a protective A1203 scale. Coating degradation occurs when
oxides other than Al,;03 become stéble due to Al depletion.

(13,14)

Saveral researchers have arqued that the depletion is

due to the inward diffusion of Al in the alloy substrate during
service, as evidenced by electron microprobe studies(9'14).

Accordingly, " diffusion barriers " formed in a separate pro-
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WEIGHT PLRCINT CHROMIUM

Fig.3-1. Isothermal section Fig.3-2. Oxide "mapping"
%g7§1£%§z? phase diagram at N1§Cr—xl system atp?;?g ngg)
; Aq=few ppm Cr. I = Al,03 internal precipitates,

II = Cry03 layer,
III = Al;03 layer.

A{JAZJ)'
AVAl
sae (44
INT. PREC.

~SUBSTRATE ~—__

Type (I): Low Al activity Type (II): High Al activity

Fi1g.3-3. Microstructures of nickel aluminide coatings(9'11).
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cess by coating with metals, which inhibit Al diffusion such
as Pt, Cr and Ta, were suggesfedrto increase coating life(?3).
Al depletion is more likely due to.repeated formation ana spal-

lation of the Al,0j3 scaleta_?1'14)

. Spalling-may be due to stres-
ses arising from cyclic operation or phase transformation as
discussed in- the next section.

3.2 PROPERTIES OF Ni-Al ALLOYS

3.2.1 Crystal and Defect Structures

(77);

The phase diagram of the Ni-Al is well known see

Fig.3-4. Ni and Al are f.c.c. metals. The atomic radius of Al
is 14.9% larger than that of Ni(vsf. At 1473 K, up to 17 at.%?
Al can be dissolved in Ni to give a disordered f.c.c. solid
solution (y). Also of interest are the intermetallic phases
Ni3zAl (y'}, NiAl (B) and WizAlj (6) because of their wide use
as protective coatings as discussed earlier. These phases are
characterized by wide homogeneity ranges. NijAl {(y') has a f.c.c.
superlattice analogous to CujAu with Al atoms occupying the
cube corners and Ni atoms the centers of the faces in the or-
dered lattice(Tg). The stoichiometric composition of the NiAl
phase (B) has a CsCl structure with one type of atoms occupying
the cube centers and the other the corners(ao). NiyAly (6) has
(81)

a ;etragonal structure ' - .

(80

Hughes et al. ), using X-ray diffraction techniques,
measured the compositional dependence of the lattice parameter
of the (8) phase. Their results indicate a maximum value at the
stoichiometric composition and a linear drop on both sides. They

concluded that on the Ni-rich side, Al atoms are substituted by
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the smaller Ni aﬁoms, while on the Al-rich side, Ni vacancies
re, formad ‘These results have been conflrmed by Taylor et al.

Voids and vacancy dislocation loops have been observed

in as grown or -as cast () NiAl single or POlycrystals(az 84)

Furthermore, it was found that both types of defects grow during

(84'85). The ﬁresence of these defects implies the ex-

(84)

annealing
sistence of a large vacancy supersaturation. Fraser et al.
have suggested the surface oxidation during annealing as a
cause of vacancy supersaturation. The dissociation pressure of
A1203 at the annealing temperature ( 1100 X ), ié 10‘43 atm(as).
Usually annealing is carried_out.in vacuum not better than

10f10 atm ; thence an Alj0q film may form on the alloy surface
by selective oxidation, In the absence of sinks, vacancies,
formed by the outward diffusion of Al to the surface, condense
into voids when their concentration exceeds the saturation

limit (84)

3.2.2 Martensitic Transformation

Rosen andé Goebel (87) have observed a martensitic phase
when Ni-Al alloys with compositions greater than 63 at.% Ni are
quenched from high temperature. This topic has also been studied
by Smialek and Hehemann(as) using resistivity measurements and
metallographic techniques. They concluded that no martensite
forms in the case of the stoichiometric composition of the (é)
NiAl phase because of the high resistance to shearing and the
(89)

strong ordering forces between §i and Al atoms. Smialek

pointed out that stresses associated with a martensitic trans-

(81)-
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formation may ?ontribute to the spalling of the protective
Alp05 scale formed on Ni aluminide coatings and thus lead to

their degradation.

3.2.3 Thermodynamic Properties
(20)

Steiner and Komarek have determined the aluminum

act;vities in Ni-Al alloys using solid/gas equilibration
techniques. Nickel activities were calculated by integrating
Gibbs-Duhem equations(91). These results, Which are shown in
Fig.3-5, indicate a negative deviation from ideality. Further-

more, there is a tremendous change in aluminum and nickel acti-

vities withih the (8) phase. Using a molten electrolyte gal-

(92)

vanic cell ( AlCl3 in NaCl,KCl ), Schaefer determined the

activities in the same system. From the experimental data,
excess and partial molal free energies were calculated. The
- activity results agree with those determined by Steiner and

Komarek. The heats of formation of Ni-Al alloys have been de-

\"-.-

termined calorimetrically by Kubaschewski(gj). The thermo-

dynamic properties of Ni and Al have been tabulated in recent
references(94'95).

3.2.4 Diffusion Properties

The Ni-Al system has been the subject of several dif-

(96-100)

fusion studies . A list of the available diffusion data

is given in Table 3-1.
. (96) . . .
Janssen and Reick have measured the interdiffusion

coefficients of the Ni-rich and intermediate phases using dif-

fusion couples. They were calculated using the Boltzman-Matano
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method from the concentration profiles of the diffusing species
measured with an elethohprobe nicroanalyzer. These data Qave

(97

been re-evaluated by Jaﬁssen )'in a recent pub;iéation.-?rom
the Location of inert markers ( W wires 0,01 mm thick ) in the
.dlfquLOn zone, they concluded that in alloys richer in Ni than
the st01ch10metr1c composition of the {B) phase, Ni dlffuses_
much faster than Al; while Al is much faster in compo&1tlons
richer in Al. Enhanced diffusion along grain boundaries in NijAl
(y') has been observed. Below 1273 K, the activation energy for

diffusion was calculated as 50 kJ/g mol compared with 267

kJ/g mol at highep temperatures.

Table 3-1
Diffusion Data for Ni-Al Alloys

at, s T (K) Phase | D, (cm?%/ E(kJ/ D (cm2/sec) Ref.
Ni sec) g mol (1473 K)
100 | 1273-1673 | nmi 10 253 D*=1.0x1o-g (6)
92-98 | 1533 (Y) D*=1.3x10"3 (98)
86 1273-1573 (v) 272 D =1.4x10"g (97)
75 1273-1573 (y') 267 B o=1.5x10-7, | (97)
73-76 | 1173-1573 (v") 2.84 | 303 D*=5.0x10" (99)
62 1273-1573 (B) 230 B =1.1x10" (97)
0 7234- 923 Al 1.7 142 : - (6)

e _

( D* and U are tracer and chemical diffusion coefficient,raspec.)

Using a radioactive tracer (N163), wittenberger(ga) did
not find a compositional dependence of the diffusion coefficient
in the Ni-rich phase (y) witpin experimental accuracy. Also no
dependence was observed in the NijAl phase (Y')(gg). The self
diffusion coefficient of Ni in this phase was found to be one 1
order of magnitude smaller than ih pure Ni. The author(gg) con-

cluded that it may be due to the large energy for vacancy
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.migration in the highly ordered phase, The recent study of
(100) '

wiDelavignette et al., "has shown that vacancies in the NiAl
phaSe (8) form triangular arrays on the (111) planes after heat
treatment. This ordering may explain the:.unexpected non corres-

- : s
pondence bhetween vacancy concentration and diffusion. -

3.3 PROPERTIES OF Ni-O SYSTEM
| | Considerable\in€9rmatién'exiéts in the literature on the
Ni-0O system. Iﬁ this review, only stugies pertinent to the oxi-

| dationlof'Ni:aqe includédrin the bibliégraphy. For a complete
list of references,the reader is referred to recent reviews {7

43,46,62,101)

3.3.1 Crystal and Defect Structures

When Ni, which %3 a f.c.c. metal, is exposed to oxygen,
a compact, non volatile oxide film is formed which consists
solely of NiO having f.c.c.( NaCl ) structure. The solubility
of oxygen in Ni is low and the coefficients of thermal expansion

of the metal and oxide are almost identical(43). Electrical

(102) (+03)

conductivity and gravimetric

measurements indicate
that NiO is a p-type semiconductor exhibiting a small range of

non-stoichiometry, ~ 10-" on the metal-deficit side of stoi-

(104)

chiometry at 1273 K . Diffusion measurements based on iso-

{105-108) 63 18

tope tracer technigue and O

using Ni have shown

that the diffusion coefficient of oxygen in NiO is two orders
of magnitude less than that of Ni, Accordingly, it was concluded
that the predominant defects in NiO are nickel vacancies (Vyy)

@ and positive holes (h). There is no agreement on the ionization

(103,109,110)

state of nigckel vacancies and the defect reactions
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, for NiO are written in terms of 51ngly or doubly ionized vacan- '

cies as shown by the follow1ng defect equllibrla :

1s2 03 = 04 + V3 + b’ | (3.1)

I - X L] . . .
ia/2 02 00 + VN + 2 h ) ) (3.2)

where 00 is a normal oxygen lattice smte. The application of
the law of nass action to the above reactions leads to the fol-
lowing oxygen pressure-defect concentration relatlonshlps':

174 (3.3)

(w43} = (1"} a (pgy)
w1 = (0°

3.3.2 Epitaxial Growth

(3.4)

Many physical properties of the oxide films are found

' to be related to the metal substrates. In particular, specific

relations do exist between their crystallographic o;ientations.>

The following epitaxial relationships have been determined for .
(46,49,111) K

Ni/NiO :
(100) 500 (M M4i0 // (100)Ni.
and (111)Nio // (111)N1'

During the early stage of oxidation, several other orientations
were observed which eventually convert to those shown above.
Several theories have been advanced to explain the ob-

46)

served epitaxial relationships( . The most accepted one is
based on the least misfit between the two lattices ( metal and
oxide ) in contact at the interface which results in minimizing
the interfacial-energy. It has been also observed that ;he oxide

orientation is always such that the coincidence of the c.p.

directions is maximized.
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3.3.3 Oxidation Mechanism
Kinetics

The oxidation kinetics of Ni have been extensively stu-

-died over a wide range of temperature and pressure. At high

temperatures { T > 1173 K ), they have consistently exhibited

(112,113)

i \ . . o
parabolic behavior ;whereas at low temperatures ( T <

773 K ), several rate laws have been observed (logaritmic,

cubic,etc.) and have been.interpreted by'different mechanisms(1
117 . : . . _

). At intermediate temperatures (773<T<1173 K)', Ni exhibits
a stage of more rapid oxidation before the onset of parabolic

kinetics(43-49,118,119).

The initial stage of oxidation of Ni ( oxide film thick-
ness range 50-300 nm )has been studied at 773 and 873 K by
Perrow et al.(43—45). The oxide films Qere found to be composed
of small crystallites which grow in sizg with time. A short-
circuit diffusion model based 6n recrystallization and grain
growth of oxide crystallites has been employed to interpret
the initial fast non-parabolic oxidation.

Nickel single crystals oxidize at different rates depen-
ding on crystallographic orientations(46_49’53'54). It has been
found that the major crystallographic planes in the order of
decreasing oxidation rates were (100), {111y, (110) and (311).
Cathcart et al.(53) found a direct correlation between the oxi-
dation anisotropy and fhe density of short;circﬁit paths present
in the oxide films formed on the different faces of Ni. The

density of easy diffusion paths is determined by the nucleation

and growth of the oxide which are orientation dependent. Films
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on the (100) plane, whichnbxidizes the fastest were found