SN

'(335A9C3‘17Q756) THE TRANSIENT OXIDATICHN CF _ N85-11221

'SINGLE CRYSTAL Niadl#2r M.S5. Thesis. Final

Report {Case Western Reserve Univ.) 243.p

"HC A11/M4F A01. C3CL 11F cUnelas
G63/26 24372

NASA Contractor Report 174756

The Transient Oxidation of Single Crystal NiAl+Zr

Joseph K. Doychak

Case Western Reserve University
Cleveland, Ohio

September 1984

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Lewis Research Center
Under Grant NAG 3-58






The Transient Oxidation of Single
Crystal NiAl+Zr

J. K. Doychak

The 800°C oxidation of oriented single crystals of Zr doped
g-NiAl was studied using transmission electron microscopy. The
oxide phases and metal-oxide orientation relationships were
determined to characterize the transient stages of oxidation
prior to the transformation to or formation of a-A1,0,.

On (001) and (012) metal orientations, NiA1,0, was the first
oxide to form followed by §-A1,0, which becomes the predominant
oxide phase. Al1 oxides were highly epitaxially related to the
metal; the orjentation relationships being a function of
parallel cation close-packed directions in the metal and oxide.
On (011) and (111) metal orientations, y-A1,0, became the
predominant oxide phase rather than §-A1,0, indicating a
structural stability resulting from the highly expitaxial
oxides. The relative concentration of aluminum in the oxide
scales increased with time indicating preferential y-or

§-A1,0, growth.

Orientation relationships between the metal and oxide existed
for all metal orientations studied. On (001) metal, the Bain
relationship was always present and is given as:

(001) _ I (oo1)
rro01 || rC1101

The orientation relationship on (012) metal was:

(012) [ (112) _

1001 || [110]__
Three orientation relationships existed on (011) metal at short
oxidizing times, but only the Nishyama-Wassermann relationship

persisted when y-A1,0, became the predominant oxide phase. The
three orientation relationships are the Nishyama-Wassermann,

(011) I (ill)ox
[100l || [110]
m 0oX
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The Kurdjumov-Sachs,

(011) | (llf)ox
[1113 |l roill
and a third relationship,
' (011) I (Ill)ox
[2117 H (o113 ,

On (111) metal, the orientation relationship contained three
variants, 120° apart, and is given as:

(111 |l near (021)
[1101_ ||  C100]
m ox

- Simplified computer modeling of the orientation relationships
confirmed geometrical interface theories but did not provide
sufficient information to predict energet1ca11y favorable
orientation relationships.
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Introductior

A) Background

Continuing advancements in high-temperature technology have
placed an increasing demand on the materials used for such
applications. The development of high temperature alloys over
recent decades has facilitated the operation of gas turbine
engines, power generating plants and other high-temperature
equipment. The title of "superalloys" has been given to
metallic alloys designed to have superior strength and creep
resistance at elevated temperatures in the range 800°C -

1100°C.

The improvements in alloy design characteristics of superalloys
are based on optimum use of phase composition and morphology.
The basic alloys consist of an iron, cobalt or nickel matrix
with chromium added to improve strength and corrosion resis-
tance. As operating temperatures are increased, corrosion
resistance is maintained but strength falls off rapid1y.1
Additional alloying elements, each with a specific purpose, are
added to increase the mechanical properties at higher tempera-
tures. As many as a dozen elements comprise some modern super-

alloys.



As can be expected when taking into consideration the number of
elements in superalloys, the corrosion characteristics are
quite complex since they are related to oxide formation on the
alloy surface. The alloying elements allow better mechanical
properties at higher temperatures at the expense of good
corrosion resistance. Two factors are involved in poorer
corrosion resistance: 1) numerous oxide phases not considered
to be protective and 2) degradation of protective oxides.
Corrosion resistance has in the past been, and still is,
obtained by coating superalloy components with a material that
oxidizes to form a protective oxide scale. Oxidation resis-
tance, though not coﬁp1ete]y synonymous with corrosion resis-

tance, is the property that is under consideration.

The basis for using coatings is their ability to form a protec-
tive oxide scale. The requirements for a protective oxide are
thermodynamic stability, and a slow growth rate of a complete,
uniform, adherent scale. The oxides that conform best to these
specifications are Cr203, 5102 and A1203. O0f the three, A1203
has superior properties of a slow growth rate and high
thermodynamic stability at operating conditions. Being an
oxide of a very common and important alloying element, alumi-
num, A]ZO3 is quite convenient to incorporate into the scheme

of oxidation resistance.



Coating alloys must then have a sufficient aluminum content to
provide a continuous alumina scale. An intermetallic compound
such as NiAl would fulfill this requirement. Problems arise,
however, when the entire oxide-coating-substrate system is
taken into consideration. Interdiffusion between the coating
and substrate alloys can result in depletion of the aluﬁinum
content of the coating to an extent where the coating can no
longer supply enough aluminum for a continuous oxide scale.
Chromium can be added to NiAl tc increase the compatibility
between the coating and substrate by decreasing the relative
amount of Al 1in the coating alloy which decreases the composi-
tional gradient. Optimum levels of Cr and Al are near 15 at %

and 25 at % respective1y.2

The ability to maintain a protective oxide scale also depends
upon the ability to resist damage of the initial layer and
reformation of the oxide once it has been damaged. Most
operations involve cyclic conditions where the oxide-metal
system undergoes differential thermal expansions and con-
tractions. Upon cooling of a gas turbine engine for example,
the oxide would be in compression because its thermal expansion
coefficient is less than that of the underlying metal. Cracks
can form in the oxide where local stress states warrant their
formation, the theoretical stresses being much higher than the

limits for the system as shown by Ebert3 and by Garlick and



Lowe114. The oxide scales can also be damaged by debris from
the atmosphere. Therefore, it is critical that the oxide layer
be adherent, free from defects and easily reformed if bare

metal is exposed.

The adherence of an oxide to a metal substrate has been found
to be improved by additions of small amounts of reactive
elements or oxide dispersions to the alloy. A number of
different theories have been proposed to explain the mechanism

by which this phenomenon occurs.

The growth stress mechanism, proposed by Golightly, Stott &
Wood, suggests that dopant additions are incorporated into the
inward growing oxide preventing counterdiffusion of aluminum
cations via grain boundaries or dis1o¢ations.5 Elemental
additions or oxide dispersions added to the alloy were found to

6,7

reduce voids at the metai-oxide interface. This effect is

known as the vacancy sink mechanism and has been observed in
many studies of oxide adherence. The pegging mechanism in-
volves intrusions of oxide into the alloy resulting from dopant

8,9

additions. A final mechanism is that of the possibility of

enhanced chemical bonding between the oxide and metal resulting

10 Of the four mentioned, no single

from dopant additions.
mechanism has been found to be the dominant factor in adher-

ence, but all may contribute. Oxide adherence is only one of



the factors involved in the oxidation resistance of alloys.
Fundamentally, the formation and growth of the oxide layer are
also important. Affecting the parameters involved in the oxide
formation process can have an effect on the subsequent growth
of the oxide and thus on the oxidation resistance of a materi-

al.

Improvements in the oxidation resistance of alumina forming
alloys have been a major topic of high-temperature research.
With the need for improvement in mind, the present oxidation
study was proposed to expand on methods to obtain this goal.
These methods involve controlling the scale growth rate by
control of the scale microstructure. To eliminate other
variables, a single phase, NiAl + Zr alloy will serve as the
substrate. Therefore, it is convenient to review the litera-
ture on the formation and growth of A1203, on these and other
Ni-base alloys. Special emphasis is placed on the transient

stages of A]ZO3 formation and growth.



B) The Formation and Growth of A1,0, Scales

1) Thermodynamics

When a Ni-base alloy containing aluminum is exposed to an air
atmosphere at an oxidizing temperature, a number of different

oxidation reactions can take place. These are;

2A1 (alloy) + 3/2 0, = A1,0, [1]

Ni (alloy) + 1/2 O2 = Ni0 [2]

11

when only Ni and Al are considered. According to Wagner and

Wa1]work12

, these oxide phases can form as external scales
having distinct phase boundaries, or as a mixed compound of the
two oxide phases according to the reaction:

Ni (alloy) + 2A1 (alloy) + 20, = NiAl

2 0 L3
Kear et a113 have described the initial oxidation stages of a
Ni-15Cr-6A1 alloy. The addition of chromium does not change
the overall oxidation process but alters the kinetics of
obtaining an uniform A]ZO3 scale. Upon exposure to an oxidiz-

ing atmosphere where the partial pressure of oxygen exceeds the



dissociation pressure of all possible oxide phases of the
metallic syétém, oxide nuclei form on the surface of the metal
(Figure la). For a Ni-Al alloy, NiC, N1A1204 and A1203 form,
whereas Cr in the metal would also induce formation of Ni(Cr,
A])ZO4 and Cr203. The growth rates of Ni0 and the spinels are
greater than those of the sesquioxides. Therefore, Ni0O and
Ni(Cr, AT)204 would grow and completely cover the metal surface
(Figure 1b). Further nucleation and lateral growth of the
sesquioxides occurs at the metal-oxide interface until a
complete layer of Al,0, forms (Figure 1c). Further growth of

the entire oxide layer at this stage is controlled by inward

oxygen diffusion through the A1203 layer.

Pettit has developed the concept related to the maximum amount
of Al in a Ni-Al alloy needed to form a complete healing layer
of A1203.14 The possible reactions that can take place on the
alloy surface upon exposure to oxygen have been mentioned
above. These reactions take place rapidly at the metal surface
and are not an indication of overall equilibrium, Further

growth of the oxides can be described by the combination of the

above equations to give:
3 N1'A1204 + 2 Al (alloy) = 4 A1203 + 3 Ni (alloy) [4]

4 Ni0 + 2 Al (alloy) = N1’A]204 + 3 Ni (alloy) [5]
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Figure 1

Schematic representation of the initial stages of oxidation on
an A120 forming alloy upon a) nucleation of all oxide phases
b) fofmition of a complete oxide layer and c) formation of a
healing layer of AlZOB' (Ref. 13)



The standard free energies of formation of the oxide phases are
known and can be used to determine activity ratios of the
elements, for both Ni0O and NiA]204 in equilibrium with the

alloy, by applying the mass-action law to equations [4] and
[5].

- 3AG°.
A1,0 N1A1204

- 2 3
20, = RT Tn(a2,,/a%;) [6]

G4 1=44G°

4

where AG° is the standard free energy of formation and s
ay; are the activities of Al and Ni respectively at the met-

al-oxide interface. For equation [4],

azA]/a3Ni = exp[(4AG°A] 0 —3AG°N1A] 0 }/RT] [7]
273 274
and likewise for equation [5],
3 = o - o
a2y /8% = exp[(86°% py o - 486°%.0)/RT] (8]

274
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the activity ratios being proportional to concentration ratios.
Calculations of activity ratios at various temperatures are

tabulated in Table I. Since

|
O
S

(@%a1/8% )57 <(@2p1/@% )47 <<

the aluminum activity can be approximated to be the square root
of the aluminum activity squared over the nickel activity
cubed, i.e., the activity of nickel is approximately unity.

The thermodynamically stable oxide phases of equations [4] and
[5] depend upon the activity ratio given above. The activities
are also dependent upon the oxygen partial pressure, as can be
surmised from equations [1], [2], and [3]. Figure 2 shows this
for the formation reactions of the oxide phases. At 1000°C, an
aluminum activity of approximately 10—17 corresponds to an
equilibrium concentration of 1 ppm Al at an oxygen partial
pressure of 10—6 atmospheres. According to Figure 2, A]ZO3 is
the most stable oxide phase at higher oxygen partial pressures
and high Al concentrations. The relative stability of A1203
increases with decreasing temperatures. It is also evident

that at atmospheric pressures, all oxide phases can form.
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?) Diffusion

A last consideration in the formation of a healing layer of
A1203 involves diffusional processes, and in particular, Al
diffusion away from the reaction layer at the metal-oxide
interface, both inward into the metallic bulk alloy and outward
through the oxide scale. A critical mole fraction of A1203
must be exceeded in the alloy, to permit the formation of an
external scale. If it is not present, internal oxidation will

*
occur. The critical mole fraction, N , is given by:

N = ¢ Zi‘“‘ w,® %Z—B—f/z [10]
9 = critical volume fraction (0.1-1.0)
v = stoichiometry factor in MOv oxide
NOS = mole fraction of oxygen at the surface
DO = diffusion coefficient of cations in the oxide
DAB = alloy interdiffusion coefficient

In alumina forming alloys, the concentration of Al is suffi-

ciently high to achieve a rapidly formed, uniform A1203 scale,
Only after the supply of Al has been consumed by steady state
oxidation or by repeated scale reformation will the alloy not
be able to provide a sufficient Al concentration to maintain a

uniform scale.
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The cxidation and growth process is actually a diffusion
process since mobile species, ionic or electronic in nature,
diffuse through the oxide scale to react at the phase bound-
aries and form oxide. This applies in the growth of an A1203
scale in that the overall oxidaticn rate of an alumina forming
alloy is dependent on the growth rate of the A]ZO3 healing

layer, once it has formed.

Oxygen diffusion in A1203 has been found to occur primarily
along grain boundaries. Studies of grain boundary diffusion in
bulk A]ZO3 by 0ishi and Kingery15 and also by Reddy16 have

18

indicated this. 0 tracer studies were used to determine the

diffusion coefficient in the bulk and in grain boundaries as

18O tracer dif-

well as the activation energies. Studies of
fusion in A]ZO3 scales were performed by Reddy, Smialek and
Cooper17 indicating that 1) growth of the oxide did occur via
inward oxygen grain boundary diffusion and 2) dopant additions
had an effect on outward AT grain boundary diffusion related te

180 tracer study was

oxide growth within the scale. Their
supported by SEM micrographs of the oxide scales. Their
finding that A1203 scales grow by inward oxygen grain boundary

diffusion agrees with Pt marker experimentsG.
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3) Oriented Transient Oxides

Smialek studied A1203 scales on Y-doped and undoped NiCrAl

18 In his work,

alloys using transmission electron microscopy.
the morphological characteristics of the scales were related to
processes such as grain growth, void growth and overall oxida-
tion rate. Not only were mature, stable u-A1203 scales
studied, but also the transient scales involving metastable
forms of A]ZO3 and other metal oxides were given consideration.

The transient oxide scales had a preferred orientation whereas

the mature a—A1203 scale had a random orientation.

These findings were used to speculate on the possibility of
maintaining an oriented mature oxide scale to decrease the
overall growth rate. Changing the misorientation between
grains in metals is enough to cause drastic differences in the
grain boundary diffusion coefficients.19 This same idea, when
applied to /-\1203 scales, would involve a decrease in the inward
oxygen grain boundary diffusion through an oriented scale with
Tow angle grain boundaries as opposed to the randomly oriented

scale with high angle grain boundaries.

The misorientation principle was tested experimentally previous

to Smialek's work. Khoi, Smeltzer and Embury performed an
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oxidation study on single crystal nickel subs’cr‘a’ces.'20 Differ-

ent crystal faces of nickel were oxidized and the growth rates
measured. The slowest growth rates were found to be associated
with the oxide having the highest degree of preferred orien-
tation as found by X-ray diffraction and transmission electron
“microscopy (TEM). The preferential oxide orientations involved
alignment of the closest-packed-direction in the oxide and
metal, the system thus having specific orientation relation-
ships. Excellent correlation between theory and experiment
occurred when both lattice and grain boundary diffusion and

grain growth rates cf the oxide scales were taken into account.

The growth rates of protective oxide scales are compared using

the parabolic rate constant, kp, given as:

_ dx? [11]

P dt
where X is the oxide thickness and t the time. This equation
states that the thickness of the oxide is proportional to the

square root of time,

The growth rates of oxide scales on Ni-Al alloys vary with

composition and temperature as shown in Figure 3. Pettit14

found changes in mechanisms of oxidation for some Ni-rich
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alloys, especially at higher temperatures near 1200°C.

Rybickill

found changes in oxidation mechanisms of a
stoichiometric NiAl alloy at 1000°C. These mechanistic changes
indicate a trend from transient stages of oxidation to final
oxidation states. At higher temperatures and longer times,
changes from NiQ, N1A1204 and A1203 to exclusively A1203 occur,
These changes involve the attainment of a complete external
layer of A1203 as described previously. However, when A]ZOS is
the only scale present, changes in growth rates can result from
transformations of the alumina scale from metastable to more
stable A]ZO3 phases. The metastable forms of A]ZO3 are spinel-like
in structure whereas u—A1203 is rhombohedral and resembles a
hexagonal structure. When found during transient stages of
oxidation, the metastable A1203 phases usually have some

22 found the oxide phases to

specific orientation . Smialek
exhibit specific orientation relationships with each other
while Koch and Romeo found indications of preferred orien-
tation23. Felton and Pettit found that the metastable phases

consisted of very fine, highly oriented oxide crysta11ites.24

There is evidence of oriented u~A1203 scales, but as yet no de-
tailed study of preferred orientation. Hindam and Smeltzer

found large oriented a—A1203 grains on B-NiAl separated by

25

boundaries of small polycrystalline a-A1°O3.“ Rybicki also
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found a similar structure on NiAl + Zr indicating some tendency
for oriented <x-A]20321. Control of the transformation from
the metastable forms of A]ZO3 to<»-A1203 is, therefore,
critical to obtaining a preferred oxide orientation. The
transformation t0cx-A1203 involves a 14% decrease in volume 26,
generating tensile stresses in the oxide. This transformation
involves a rearrangement of atomic positions in the crystal

lattice.

The structure of OL-A1203 is rhombohedral with space group R3c.
The oxygen atoms are in a nearly hexagonal closed-packed array.
The metastable phases of A]203 have various other crystal
structures, most of which are not known unequivocally. A]ZO3
is well known to have many metastable phases and a thermo-
dynamically stable a-A1203 phase. The metastable phases, or
transition aluminas as they are called, are products of the
thermal decomposition of various forms of aluminum hydroxides

27 The

such as gibbsite, boehmite, bayerite, and alliayerite.
final product at high temperature is always a-A1203. Figure 4
is an illustration of thé decomposition sequence of alumina
hydroxides. The most common form of metastable A1,05 is the
gamma phase (Y-A]203). It has a defect spinei structure as

described by Verwey28 with the oxygen atoms in a cubic array.
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The transition aluminas can be obtained by a number of differ-
ent processes, thermal oxidation being the one of interest.
The oxidation of aluminum involves formation of an amorphous

aluminum oxide, then nucleation of crystalline y-A1203 29'33.

34-36

Ditute aluminum alloys also form Y-A]203, initially. NiAl

alloys and NiCrAl alloys are no exception in that early stages
of oxidation involve formation of Y-A1203.22’37 6-A1203 has
been found in the oxidation study of Ramanarayanan38 when moist
air was used as an oxidizing atmosphere. Felton and Pettit
found oriented 6-A1203 on Pt5A13.24 Two other oxide phases,
possibly transition aluminas, have been found in another

study13.

The present and future reliance upon A1203 as a protective
scale for high temperature materials has generated much re-
search as can be attested by the Titerature. However, the
complete understanding of mechanisms of oxidation involving
diffusional growth, oxide adherence and the transformation to
a-A1203 are far from being accomplished. This study is intend-
ed to serve as a basis for future work involving the lowering
of growth rates of a-A1203 scales. It is believed that slower
growth rates will occur from a decrease in oxygen grain bounda-

ry diffusion through lTow angle grain boundaries versus dif-

fusion along high angle grain boundaries., The low angle grain
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boundaries, or lack of grain boundaries, would result from a
highly epitaxially oriented oxide scale. To obtain an
epitaxial u-A]203 scale, the transformation to the alpha
alumina phase must not be associated with the orientation
randomization of the new oxide grains, a phenomenon possibly

dependent on metal and transient oxide orientations.

The oxide phases, as well as the metal-oxide orientation
relationships, are thus critical when predicting resultant
a-A1203 morpho]ogies; The goals of this study are the deter-
mination of the transient oxide phases formed on a NiAl + Zr
alloy, along with the metal-oxide orientation relationships.
This information is fundamental to the overall understanding of

the oxidation of alumina forming alloys.
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II. Materials and Procedure

A master ingot of nickel aluminide plus zirconium was purchased
from TRW, Inc. Single crystals were to be cast using the
selective grain growth process. In this process, the metal is
poured at the selected temperature into a mold onto a copper
chill plate. The chill plate is slowly lowered out of the hot
zone at a controlled rate. Theoretically, a helix in the mold
at the copper chill plate should prevent all grains from
growing, except for that grain having the preferred growth
orientation. This grain will survive the helical portion of
the mold to form single-crystal bars. Unfortunately, in most
of the cast bars, 2-3 grains survived the helix, solidifying
only as a large-grained structure and not as single crystals.

Chemical analysis of the bars is provided in Table II.

Oxidized specimens suitable for transmission electron
microscopy (TEM) observation were prepared by first orjenting
large grains of the as-received metal to the required di-
rections using Laue X-ray diffraction. The metal was sliced
into 1 mm thick sections, from which 3 mm discs were spark
machined. The discs were mechanically ground to a 600 grit
finish and polished with 3 micron diamond paste. Specimens
were then electropolished in a 2:1 methanol to nitric acid

solution at 12V and 0°C.
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_TABLE II

¥
Average concentration of NiAl + Zr

Aluminum --- 29.35 wt#
Nickel — ~-- balance

Zirconium--- 0.11 wt%
Oxygen — Q.Ol Wt%
Carbon  --- 16 ppm

.X.
Results supplied by National Spectrographic Laboratories,
Schiller Industries, Inc., Cleveland, Ohio
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Oxidation of the specimens was performed at the NASA Lewis
Research Center in preoxidized FeCrAl cups in air in a labo-
ratory furnace. Specimens were oxidized for 0.1, 1.0, or 10.0
hours at a temperature of 800°C. Final preparation involved
removing the oxide from one side of the specimen with SiC paper
and back-thinning to the metal-oxide interface. The oxidized
surface was protected by a piece of polyurethane, while the
metal was electrochemically thinned away with a 2:1 methanol to
nitric acid solution at 30V and -20°C. In most cases, a
complete oxide layer remained after the metal had been thinned
away to form a hole as depicted in Figure 5. Specimens were
observed at 125 keV in a Phillips EM 400T transmission electron

microscope.

To properly determine the orientation relationships between two
phases using electron diffraction, diffracted intensities
should be observed from both phases, simultaneously. In some
instances 'in this study, there were insufficient thin areas in
the metal and oxide diffracted intensities were absorbed by
thicker metal regions. When thin metal areas were obtained,
they were often deformed in relation to the bulk specimen since
stresses induced by the oxidation process were sufficient to
cause gross deformation of the thin metal area. In these

cases, the metal and oxide orientations were determined sepa-
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OXIDE-METAL INTERFACE
AS OBSERVED IN THE MICROSCOPE

—— OXIDE

&—4— METAL

Figure 5

Schematic of a thin foii TEM specimen after backthinning to
reveal oxide plus thin metal area.
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rately. Metal orientations were determined using the Kikuchi
map of the metal specimen obtained by removing the selector
aperture, focusing the condenser lens and moving to a thick
region where the map no longer moves when translating the
specimen. Oxide orientations were determined using a large
selector aperture and tilting to various zone axes. For both
metal and oxide, this procedure was performed on as many
stereographic triangles as possible near the center of the
stereographic projection. The projections for both metal and
oxide were plotted then superimposed to determine the orien-

tation relationships.
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III. Results

The data in its entirety were obtained on a Philips EM 400T
electron microscope with X-ray analytical capabilities. The
results, therefore, include mainly electron diffraction pat-
terns and their analyses, bright and dark field images of the
metal-oxide specimens and images from other microscopy tech-
niques such as high resolution electron microscopy and 24 D
imaging. Various camera constants were used to simplify the
presentation of the electron diffraction patterns. The chemi-
cal composition data from Energy Dispersive Spectroscopy (EDS)

will only be presented in semiquantitative terms.

The data will be presented in a metal orientation-time-
temperature sequence. The metal orientations used were (001),
(012), (011), and (111). The specimens were oxidized in air
for 0.1 hr., 1.0 hr., and 10.0 hr. at 800°C. An (001) foil was
also oxidized at 1100°C for 0.1 hr. with an electropolished
oxidation surface to observe the effects of specimen surface

preparation and temperature.

A) Metal Structure - Unoxidized

g=NiAl is an ordered BZ structure consisting of interpenetrat-

ing simple-cubic lattices of Ni and Al, the basis being 0,0,0
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and %,3,4. All reflections of the simple cubic Tattice can
occur because of structure factor considerations. The primary
reason for observing an unoxidized metal specimen was to
characterize the metal substrate prior to oxidation.. One
surface was e]ectfopolished so that it was representative of
the pre-oxidized surface condition. The specimen was then
back-thinned from the opposite side so that the electropolished
surface and the region directly beneath it could be observed in

the electron microscope.

The micrographs in Figure 6 are typical metal structures imaged
under two different diffracting conditions. No grain bound-
aries are present since the specimens are single crystals. The
main features are dislocations and stacking faults extending
approximately 0.2 uymfrom the electropolished surface into the
bulk. The dislocations, in general, are inclined to the speci-
men surface as evidenced by thickness fringes along the dislo-
cation lines. Some dislocations are dissociated as can be
clearly seen by the weak beam dark field image of Figure 7.
These are actually superdislocations with the region in between
the dislocation lines being fau]ted.39 These superdislocations

are common to metals having the B2 structure.
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a) b)
Figure 6 ’

Bright field images of B8-NiAl (B8) near an unoxidized metal surface. The images show disloca-
tions(D) and stacking faults(SF) for diffraction vectors of a) (200)8 and b) (110)8.

o€
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Figure 7 0.2 pym

Weak-beam dark field image showing superdislocations in an
unoxidized specimen.
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The electron diffraction pattern in Figure 8 was taken at 0°
tilt. The [012] metal direction is thus parallel with the beam
direction as indicated by the accompanyingbanaTysis. The
streaking occurs along QJ{D directions and is possibly due to
the premartensitic transformation related to this material as

40

described by Liu. The extra spots at +(100), 4(021) and

$(121) are the resu]tvof defect ordering in the 8-NiAl. At the
stoichiometric composition, all lattice sites are occupied by
Ni and Al atoms on their respective sublattices. In Ni-rich
B-NiAl1, the extra Ni atoms are accommodated by vacancies on the
Al lattice positions. When the composftion of the alloy is
Al-rich, aluminum atoms are substitutional solutes and will be
incorporated info the nickel sublattice. Some long-range
ordering associated with non-stoichiometric defects must then
be occurring. Similar extra reflections are evident in the

diffraction patterns of Figure 9, where extra spots are noticed

at 3(100), %(110), %(021), £(121) and 3(111).

As can be seen from the images and diffraction patterns, no
evidence of any oxide phases could be found. However, an oxide
film might be too thin to detect. The possibility of an air
formed oxide or an anodic film formed by electropolishing
existing on the surface prior to oxidation treatments was

another reason for studying unoxidized metal.
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Figure 9

Diffraction patterns of B-NiAl showing extra reflections due to long-range ordering. The

pattern in a) is an [011] zone while the patterns in b) and c) are two-beam conditions from
an [11218 zone and a [OOlqB zone, respectively.
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B) (001) Metal Orientation - Oxidized

1) 0.1 hours, 800°C

Emphasis will be placed on the description of the results from
(001) oxidized metal specimens since many of the features found
for this metal orientation are characteristic of all metal
orientations. References to the (001) metal orientation will

frequently be used.

The oxide that formed under the above conditions was thin
enough to be transparent to 120 keV eJectrons. The metal,
however, was electron transparent only to a finite distance in
from the hole formed by back-thinning. When observing the
metal, it must be realized that oxide was always present on one
surface. The higher electron absorption of the metal prevented
the oxide layer from being observed when in thick metal
regions. Near the specimen hole where both oxide and thin
metal are located, both the metal and oxide layer could be
studied simultaneously. Figure 10 is a BF image of the oxide
and metal + oxide areas of a specimen. The oxide is relatively
uniform in thickness whereas the metal becomes progressively
thicker towards the bulk. Figure 11 is the corresponding

selected area diffraction pattern (SAD) taken from a thin metal
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oxide

/

metal + oxide

—_—
025 um

Figure 10

Bright field image of an ox%de and oxide plus metal interface
for an (001), 0.1 hour, 800°C specimen.
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region where both metal and oxide diffracted intensities are
transmitted.

The proper analysis of electron diffraction patterns allows the
phases and orientations of the phases to be identified. Both
metal and oxide reflections are present in Figure 11 and
indexed as shown in the aceompenying schematic. This SAD was
taken at 0° tilt of the specimen stage. Both metal and oxide
are within 1° of having their [001] direction lying perpendicu-
lar to the oxidation plane and parallel to the electron beam
direction. " This would indicate that the metal specimen,
oriented by the Laue X-ray diffraction technique, was oriented
so that its surface was not exactly the (001) plane but slight-
ly angled from the exact orientation. The Kikuchi center for
an [001] metal zone (Figure 12) taken in a thicker metal region

was found to be 1.25° away from the 0° tilt condition.

Exact metal-oxide orientations could not be determined simply
by taking separate SAD's of thin areas of both phases because
these ereas frequently contained bend contours. A biaxial
tensile stress is developed at the metal interface upon oxida-
tion because the Pilling-Bedworth ratio of the oxide is greater
than unity. Upon backthinning the metal away, the stress at
the interface becomes large enough to cause gross deformation

in both the metal and the oxide. Figure 13 is a BF image of
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Figure 12
Exact [001] Kikuchi center of 8-NiAl; 1.25° tilt from the as-
oxidized plane.
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Figure 13 5 um

High voltage electron micrograph of thicker metal regions
showing bendocontours in an (001) specimen oxidized for 10.0
hours at 800°C.

+ oxide

metal

oxide
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the thicker regions of metal from a specimen oxidized for 10.0
hours. This micrograph was taken on a high voltage electron
microscope* which enabled the thicker metal regions to be
observed. The bend contours are seen to extend far into the
bulk métal. Specimens oxidized for shorter times should not
have as much deformation, but in thin regions the effect is
enough to prevent exact determination of oxide and metal orien-
tations. Kikuchi maps of thicker, less deformed metal regions
were then used to determine the precise metal orientations.
Oxide orientations had to be determined separately because
diffracted intensities from the oxide were absorbed by the

thicker metal.

The same difficulties occurred when determining the exact
orientation of thin oxide layers. Figure 14 is a BF-DF pair
with the corresponding SAD of the area marked with the dark
arrow. A1l light regions of the DF image have the same [001]
orientation while the orientation of darker regions varies up
to 18°. A selected area diffraction pattern from one of the
miscriented regions is given in Figure 15 and shows that the

orientation is near an [013] zone. Figure 15 also contains the

*Argonne National Laboratories, Kratos/AEl - EM7
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Figure 15

Selected area diffraction pattern of a bent region in Figure 14
showing a near [ 013] oxide zone. The stereographic projection
shows the orientations of the metal, the unbent oxide regions
and the bent oxide regions. The translation from the unbent
to bent oxide stereographic triangles is indicated with arrows.
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stereographic projections of extreme regions along an oxide

bend contour showing the orientation change.

Exact oxide orientations, indicative of the true oxide orijen-
tatfon prior to back thinning, were obtained by finding a
reasonably uniform region of oxide, devoid of bend contours,
that was consistent with the results found on other (001)
specimens. The realization that deviations in oxide
orientations on an (001) metal orientation for short oxidation
times are just bend contours greatly facilitated the

metal-oxide orientation determination.

If certain crystallographic planes and directions of the oxide
tend to align with particular planes and directions in the
metal upon nucleation and growth, the oxide is said to have an
orientation relatiohship with the metal. The preferred orien-
tation between the metal and oxide is a result of epitaxial
growth. The orientation-re1ationships are described by paral-
lel planes and parallel directions or sets of parallel di-
rections in the parallel planes. In this study, the parallel
planes are always the plane of oxidation. The orientation
relationship found for the metal and oxide on an (001) oriented

metal is:
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(OOl)m I (001)OX
[100]m [ [110]0x
[110]m I [010]Ox

This orientation relationship is depicted in Figure 16 with
stereographic projections of the metal and oxide. As can be
seen, the (001) oxide and metal planes are aligned at the
center of the projection but the oxide projection is rotated
45° about the [001] direction. This same orientation relation-
ship need only be described with one of the stereographic
triangles from each of the metal and oxide phases. The orien-
tation relationship mentioned above is commonly known as the
Bain relationship, a classical orientationcre1ationship found

between face-centered cubic and body-centered cubic materials.

The electron diffraction pattern of Figure 11 is again present-
ed in Figure 17 but with a more detailed and complete analysis.
Electron diffraction is a convenient technique for determining
orientation relationships and phases present, as will be
discussed with reference to this figure. The actual metal and
oxide phases present are determined by calculating d-spacings

of the reflections from the equation:
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Figure 16

The Bain orientation relationship represented by stereographic
projections of the metal and oxide phases.
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Figure 17

Diffraction pattern of Figure 11 showing reflections from
metal and two oxide phases. The enlarged inset shows reflec-

tions from g-NiAl, NiAle4 and 6*A1203. Zone axis: near
[001]8, near [OOl]S 5
b4
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L = Rd [12]
R = distance from the central spot

A = wavelength

L = camera length
AL = camera constant

The definition of d-spacing for a cubic crystal is given by:

a
(¢}

d = 1 r13]
(h2 + k2 + 12)° )

where 2, is the lattice constant of the material and h,k{1 are
the Miller indices of that particular reflection.: If the
camera constant for a particular SAD is known, all reflections
should in practice have a unique h,k,1 assigned to them.
Fortunately the metal phase, 8-NiAl, acts as a reference from
which the camera constant can be determined within 1%, usually.
The lattice constant of this B-NiAl material was determined to

be 2.882 i using X-ray diffraction.

The oxide was found to be N1A1204, Y-A1203 or a mixture of
these two. Both N1A1204 and Y-A1203 have spinel type struc-
tures with lattice constants of 8.048 i and 7.908 %, respec-

tive1y41. The published d-spacings for these oxide phases are
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tabulated in Appendix A. The lattice constants are only 1.8%
apart thus making it difficult to distinguish between the two
phases. A rare situation where the two phases are distinguish-
able is near the (330)8-NiAl reflection enlarged in the inset
of Figure 17. Two distinct reflections outside the metal spot
can be seen, the inner one corresponding to the (0.12-0)N1'A1204
reflection and the outer one to the (0-12-0)y-A1203 |

reflection. The measured spacings are within 1% of the

published values.

The parallel planes of the metal-oxide orientation relationship
are taken to be the planes corresponding to the zone axes ét 0°
tilt or actually, the chosen metal plane very near 0° tilt. 1In
the present case, the metal and oxide [001] zone axes are
parallel. The parallel directions in these planes can be
identified by the alignment of the reflections for the phases
of interest. These parallel directions are shown in the
schematic of Figure 17 and correspond with the Bain relation-

ship.

The spinel structure has a face-centered cubic arrangement of
atoms in the sublattices resulting in the normal allowed
reflections for FCC materials in the diffraction patterns of

the oxide. Extra reflections are present in Figure 17 along
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the QIK» oxide directions. They are not associated with the
[001] zone but are rather, higher order Laue zone reflections
resulting from relrod intersections of the first Laue zone with
the Ewald sphere. The relrods result from the thin oxide layer
with the reflections being {311}, {511}, etc. A detailed
explanation for the spacings and locations of the relrod

reflections is given in Appendix B.

Additional relevant information from electron diffraction of
the oxide is shown in the SAD's of Figure 18 and 19. Evidence
of {200} reflections is seen in the SAD of an [001] oxide zone
indicating the possibility that the N1’A1204 spinel phase has

the space group F43m instead of Fd3m according to Heuer and

42 43

Mitchell™ and Smith. The diffuse intensity as outlined in

the accompanying schematics is indicative of the onset of

6-A1203 formation. The structure of 6-A1203 is similar to

y-A1203 in that both have defective spinel-type structures but

s-A1,0, is tetragonal with a c/a ratio approximately equal to

273
27

three. Its a_ value of 7.943 A is Tess than one-half

()
percent larger than that of y—A1203. A more detailed look into
6-A]203 will be given in the discussion. Figure 19 contains
SAD's of a near [101] oxide zone and a [112] oxide zone. In

the [101] zone, extra reflections are noticed alongside the



52

9SNJJIP pue SUOTIOATIAL {00C}

ov8lg ‘(0089 o
Sovt)o $(oot) 0 o
="
ot o L.
%oz} (00a) !
P -
s o _m L J 8 e | O
{0t0) _.m@m__ov _nL.
Ooﬂ. e _Ilm\:
| R
o o o
(9)0%Me g — _
ooy =

(s)%%wIN o

*P91BOTPUT oJB momq<n@.50hu Ly 1susqut
*usurtoads 9,008 ‘moy 1°0 ‘(T00)us woxy 8uoz apfxo [1001]

81 aandtg




53

] o o

o X+ O

o+ ©
o

o © O 4003
o 4o+ o(222)

o
02C) (040
™ (o o °

o 0(40455 0(444)S
o] NiAleq(s)
@double diffraction
+§ -ALOS ()
0 (o] o (o]
o O O
+ + <+
(T @44%
o O O 8B 050 O O
+ 4+ <+
o 0 ©
(220)5
o 0 0
° (440)5 (084)5

Figure 19

Diffraction patterns of 0.1 hour, 800°C oxide from an (001)
specimen tilted to a) near an [101] zone and b) a [112] zone.
Reflections corresponding to 6-A1.0, are indicated.

273
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{220} reflections. These eventually become the {223} 6-A]203
reflections when only 6—A1203 is observed. The extra
reflections are not properly spaced at the {223} 6-A1203
position indicating a possible transition between y-Al1,0, and
6-A1203. Another possibility is that besides NiA1204, the
other oxide phase is a less developed form of 6-A1203. The

presence of 5-A1203 in the [112] oxide zone is evident with

reflections at 4 {220} spacings.

The chemical composition of just the oxide Tayer was determined
using the X-ray energy dispersive apparatus of the electron
microscope. Relative amounts of Al and Ni, as measured, do not
correspond wifh any stoichiometric oxide, however. The A1/Ni
ratio for this oxide was 1.34. This value does not correspond
well with electron diffraction results. According to
diffréctibn pattern analyses, only NiAl,0, and Al,0, (y or )
were present in the oxide layer. The expected minimum Al1/Ni
ratio would be 2.0 which would occur if only N1'A1204 was
present. Since A]ZO3 is a component of the oxide layer, the
A1/Ni ratio should be larger than 2.0. This discrepancy could

arise from nickel fluorescence of aluminum x-rays.

The microstructure of the oxide layer is shown in Figure 20.

The BF image shows a uniform layer with a change in contrast



—_—
05 um

Figure 20a)

Microstructure of the oxide layer on an (001), 0.1 hour, 800°C
specimen. a) Bright field image shows cubical voids, bend
contours and some porosity.
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.

L
9=(4OO)OXIA Figure 20b) 05 um

Dark field image of a) helps to delineate individual oxide
crystallites. The inset is an SAD of the oxide indicating a
uniform orientation of the area not included in the bend
contour.
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resulting from a very mild bend contour. Imprints of cubical
voids from the metal substrate are still evident. The single
crystal electron diffraction pattern indicates the orientation
of the oxide layer to be uniform. The width of the diffraction
spots is a measure of the amount of misorientation of the small
cryéta]lites comprising the oxide layer. The DF image allows
the individual crystallites of oxide to be distinguished. The

crystallite sizes range form 5 to 20 nm.

The combined metal plus oxide microstructure is shown in the DF
image of Figure 21. The interface between oxide alone and
metal plus oxide is indicated. In this thin metal region where
both oxide and metal are present, the interesting features are
the cubical voids and the large number of fringes. The cubical
voids result from oxidation induced vacancies coalescing along

45 The edges of the voids are along the

high energy surfaces.
(HX» metal directions. The voids can be seen to be pyramidal
in nature; therefore, their faces would be {110} planes. This
agrees with results‘by Smialek in an SEM study of oxidized

g-Nia1. 4o

The fringes result from a phase difference between the electron
wave functions of the metal and oxide, and are called Moire

fringes. A geometrical analogue for Moire fringe formation is
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oxide 2 metal + oxide
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g={400)ox(110)m T
50 nm

Figure 21

Dark field image of the oxide and metal plus oxide regions.
Cubical voids and Moire fringes are the main features.
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presented in Figure 22. There are two ways Moire fringes can
form which result in parallel Moire fringes, rotational Moire
fringes or combinations of the two. Rotational Moire fringes
are caused when two érysta1s, having the same lattice spacing
and structure, overlap and are rotated relative to each other.

The fringe spacing, Dr’ is given by:

D o=t [14]
r .
lg sino|
where g = 1/d = the reciprocal lattice vector with dimensions
of (1ength)'1; o = the rotation angle in radians. The fringes

are parallel to the change in g-vectors of the two lattices.

Parallel Moire fringes are formed when two crystals having
different lattice spacings overlap, the g-vectors being of
different length but the same direction. Figure 21 shows that
the Moire fringes in this case run perpendicular to the
g-vector difference. The spacing of paraliel Moire fringes,
D, is given by:

P

I S [15]
P ’gl _gzl

The Moire fringes in Figure 23 result from the difference in

spacing of the (110) g -NiAl reflection and the (400) reflection
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Figure 23 50 am

g :(4oo)ox’(”0)m T

Another region of metal plus oxide showing Moire fringes in a
bright field image. The fringes result from interference of the

(llO)metal and (400)0Xide reflections of Figure 11.
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from NiA1,0,, s-A1203,'and/or v-A1,05. There is also some

slight rotation of the fringes which is caused by thickness
variations of the oxide crystallites and by the rotational
Moire effect from the definite width of the oxide reflection.

The Moire fringe spacing for combined paraliel and rotaticnal

. L . 46
fringes, Dp-r’ is given as:

dyd,

D F
p-r ((d1d2)2 + dldzaz)g [16]

The Moire fringe spacings of Figure 23 range between 3 nm and

8 nm wide. This corresponds well with the calculated parallel
Mojre fringe spacing from the (110) 3-NiAl and (400)

y-A1203 reflections of 6.6 nm. The general direction of the
fringes lies perpendicular to the g-vectors of the more intense
reflections in Figure 17, giving another indication for paral-

lel Moire fringes.

Moire fringes are still observed over thicker metal regions as

shown in Figure 24, indicating the presence of an oxide layer.

However, a high density of dislocations, arrayed in a network

fashion, is also observed. The dislocations lie along <10@>

directions primarily, a common slip direction in alloys with
39

the B2 structure. These dislocations clearly result from the

effects of an oxide layer as evidenced by comparing the unox-
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Figure 24 0.25 um

Bright field image of thicker metal from an (001), 0.1 hour,
8007C specimen. Interface dislocation networks and Moire
fringes are evident.
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idized metal of Figure 6 with Figure 24. The extreme length of
the dislocation lines indicate that they lie in a plane paral-
Tel to the surface. This same type of dislocation network has
been found for NiCrAl alloys and was believed to be a network

of edge dislocations resulting from a biaxial stress in the

metal at the metal-oxide interface.18

2} 1.0 hours, 800°C

A BF image of the oxide and metal plus oxide interface is shown
in Figure 25. Similar features as in the 0.1 hour condition
can be recognized. Moire fringes, approximately 2.5 nm wide,
occur where both oxide and metal overlap. The oxide has
thickened relative to the 0.1 hour condition and can now be
delineated from the metal where they overlap. Individual oxide
crystallites approximately 10-30 nm in diameter can be re-

solved.

The corresponding SAD in Figure 26 shows a Bain type orien-
tation relationship similar to that found in the 0.1 hour case.
However, a definite change in oxide structure has occurred.

The extra reflections at 1/3 (400) spacings are an indication
of 5-A1203. These superlattice reflections occur because the
c/a ratio of tetragonal 6—A1203 is approximately equal to



oxide / metal + oxide

—_—
50 nm
Figure 25
Bright field image of an oxide and metal plus oxide region from

an (001) specimen oxidized for 1.0 hours at 8OOOC. Moire
fringes can be observed where both oxide and metal are present.
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Figure 26

. o
Selected area diffraction pattern from a metal plus oxide region on an (001), 1.0 hour, 800 C
specimen, 6—-A1203 is now evident from the 1/3(400) oxide reflections. Zone axis: near [001]
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three. Only one variant is obvious in the diffraction pattern
but this can be due to being slightly off the zone axis. The
occurrence of these reflections indicates that the-[OOl]
directions of 6-A1,0, lie in the plane of oxidation.
Therefore, the orientation relationship might now be wriften ‘

to include 6-A1203 as:

(001), wsnq || (001)y. |l (010)
[ 1e-mm o NiAT,0,4, ¥-A1,0, o ]6-A1203
100 X 1107, 103
110 .nq 11 (1007 [100]
B=NiA1 NiAT,0,, v-A1,0, 8-A1,0,

The distinct rings in the diffraction pattern correspond to
randdm]y oriented Y—A]ZOB. X-ray analysis of the oxide in-
dicated the presence of less than 1% of Cr, Si, Cu, and Fe as
impurities. These impurity levels are greater than what was
normally found in most oxide scales. The impurities might be

responsible for the formation of the randomly oriented oxide.

A very good indication that NiA1,0, is still present is shown
by the multiple reflections near the (400) 8-NiAl spot. The
middle reflection is from N1'A1204 and the outer reflection is
from 6-A1203 and possib1y'Y—A1203. Another variant of 6-A1203
with the [001] direction perpendicular to the oxidation plane
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could result in {110} 6-A]203 reflections just inside of the
{103}5—A1203 reflections. The d-spacings for these two

reflections are only about 0.7% different.

The A1/Ni ratio for this oxide was measured to be 3.08. This
corresponds to an increase in A]ZO3 formation over the 0.1 hour
condition. The electron diffraction data also represents an
increased A1203 formation over N1‘A1204 in regards to inten-
sities and the presence of both the gamma and delta forms of
A1203. (Summaries of oxide phases and A1/Ni ratios for all
metal orientations and oxidizing conditions are presented in

Table VI and Table VII, respectively).
3) 10.0 hours, 800°C

With increasing oxidation time, 5-A1203 becomes the predominate
oxide phase. A diffraction pattern of an [001] oxide zone is
shown in Figure 27 and is indicative of the entire oxide layer.

This SAD was taken at a tilt of less than 2°.

Figure 28 shows an area of both metal and oxide with the corre-
sponding SAD. The oxide is so thick that an interface between

metal plus oxide and oxide alone cannot clearly be defined.



69

£.2

°[100] :stxe suoy

"POXSpUT ST “Q"TY-9 8y} JO QUBIIBA SUO ATup  * _z uByy SSaT JO 9713 ® 18 uaye} sem uxasrred siyj

‘usuroads 9 00g ‘anoy 0oT

o

(9)50CIv-94
Sz10.8) 4 So0s)

+ +
¢ <+
+ (902) <+
s Hodo+ m
(21:0-0)’B800)° (& 00)
+ +
+
+ +
+ + 4+ 4
+
+
+
+ +

+ + + + + + +

(¢]

(TO0) ue uo Jafe] sprxo ayj Jo uaalyed uorjoBIJIIP BAIW p810313g

L2 dandty




Figure 28a) 05 pm

Bright field image of anooxide and metal plus oxide region from
an (001), 10.0 hour, 800 C specimen. The oxide is too thick
to determine the exact oxide and metal plus oxide interface.



71

.98 g

9 [TOQ) Jeau ““[1( JdBIU :SIXE® 2UOY
(007 ) aesu suop}o8TJaI 9pPIXO BTQNOpP aYj £q umoys swe nwomgfo pus &ngﬂz Jo si1sTsuoo
°PIX0 9yl “°(®gZ aandyd jJo uotdaa apyxo snid Tejsuw 8 woay uralqed UOTI0BIJJIP BOIB Pa}OITaS

(agz eandig
Sbz-0-8)
fose) §
. 5 7(0Qv)
(3)°0°Iv-g 4
SUOIID31j34 pOIRI@ «
(s)’0%viIN o
(&) IVIN- 7@
$(21-0-p)
SOvb) §
700 2)
$210-0)
movovﬂf o ¥ o ¢
ol
+
w&_mo‘nv o_mmoof + ¢
Ott) 3%Q0)
w ® 4+ 8 + @ -
7(020) +
° + + 'Y

F o g o w




72

Remnants of cubical voids‘and Moire frihges are still evident
where the metal is present. A higher magnification micrograph
of the oxide in Figure 29 shows oxide subgrains, not clearly

defined, approximately 100 to 200 nm in size. Possible Moire

fringes are also evident.

The (400) 8 -NiAl reflection and adjacent oxide reflections
again indicate the presence of NiA1204 along with s -A1203.
However, the A1/Ni ratio of 10.20 means that N1A1204 is no
Tonger a major oxide phase when compared with oxide composi-

tions from shorter oxidation times.

Another specimen oxidized under the same conditions showed
quite a different oxide morphology. Figure 30 is a BF image of
this oxide with a SAD from the Tighter region indicated by the
arrow. The oxide in this region corresponds to a randomly
oriented spinel phase having a lattice constant approximately
equal to N1A1204 and Y>A1203. X-ray analysis of the lighter
regions indicated considerably higher levels of Ni and Cr as
compared to the network around the patches. This would indi-
cate that the randomly oriented oxide is most likely nick-

. el-chromate spinel, NiCr204, having a lattice constant of 8.320

A. The patches probably form during electropolishing where the

electrolyte would preferentially erode the chromium rich areas
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oxide subarain

moire fringes

—
50 nm Figure 29

Higher magnification bright field image in just an oxide region
of Figure 28a). Possible oxide subgrains and Moire fringes are
indicated.



O pm a) Figure 30 b)

Bright field image of an oxide and corresponding diffraction pattern from the region indicated
by an arrow. The patches in a) are believed to occur from impurity oxides, probably NiCr,O, .
The SAD of these regions in b) indicates rings from a spinel structure having a lattice constant
near that of NiCrQOu.

VL
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of the oxide thereby reducing the thickness in those regions,

The orientation relationships are the same for 1.0 hour and
10.0 hour oxidation times. Clearly, at Teast twp variants of
6-A1203 are present in the 10.0 hour case, the c-axes lying
perpendicu]ar'to each other in the plane of oxidation. The
possibility remains of a thifd variant with the c-axis in the

direction perpendicular to the foil normal.
4) 0.1 hours, 1100°C

Some specimens were oxidized at 1100°C for 0.1 hours to deter-
mine if the scales consisted of oriented transient phases.
Also, the specimens were nof electropolished prior to oxidation
to determine the effect of a rough surface on oxide orien-
tation. Figure 3la is a BF image of the oxide scale under
these conditions. "Indications of scratch marks are noticed in
the scale. However, this seemed to have Tittle effect on oxide
orientation since the same orientation relationship exists as
that for 511 other (001) oriented specimens. The diffraction
pattern in Figure 31b shows the Bain relationship between the
metal and oxide with slight rotational variations up to 5°.

The oxide consists of N1’A1204 and 6-A1203.
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0.5 um

Figure 3la)

Bright field image of an oxide layer on an (001), 0.1 hour.
11007C specimen. The linear texture highlights scratch marks
on the non-electropolished metal surface.
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The high A1/Ni ratio of 14.1 for the oxide suggests that
6—A1203 is the predominate oxide phase. This agrees with
Figure 31b, because only the more intense reflections of
N1A1204, as determined by X-ray diffraction analysis, are

41 This same effect is seen

evident in the diffraction pattern.
in Figure 32 as the {400} N1'A1204 reflections are strong but

the {220} reflections are almost non-existent.

C) (012) Metal Orientation - Oxidized

1) 0.1 hours, 800°C

Although an (012) oriented metal does not represent an extreme
orientation on the stereographic triangle as the other metal
orientations do, it does represent a low index plane intermedi-
ate between two major orientations which can be used to qualify
some of the results. Also, the [012] direction was a preferred
growth direction in the cast alloy bars thus making this metal

orientation a logical choice for an oxidation study.

The oxide that formed on the (012) metal orientation is highly
epitaxially reilated to the metal. Figure 33 illustrates this
with a) predominately metal and b) only oxide reflections in

these diffraction patterns. The (012) Kikuchi center in Figure
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33a demonstrates the precise metal orientation. The met-
al-oxide orientation relationship for this case was found to

be:

(012) || (112),,
[100] || [110],

The oxide consisted of both N1A1204 and vy or 6-A1203 as de-
termined by the A1/Ni ratio equal to 1.60. Many of the extra
reflections found in these diffraction patterns can be attrib-
uted to double diffraction between B -NiAl and NiA1204.

However, by tilting to other oxide zone axes, evidence of yor
5-A1é03 can be observed which might be hidden by the central
spot of Figure 33b. The extra "wing" reflections near the { 311}
relrod reflections in Figure 34a have a d-spacing similar to
the {222}Y-A1203 reflections but do not correspond with
adjacent higher order Laue zones. (See Appendix B for higher
order Laue reflections.) These reflections could be associated
with 5-A1203, representing the formation of that oxide phase.
This possible 5-A1203 formation is also shown in the [101]
oxide zone in Figure 34b. These extra reflections are located

in the same places as in the [101] oxide zone on an (001)

oriented metal of Figure 19, previously mentioned.
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ORIGINAL PAGE &
OF POOR QUALITY

”winq“ reflections

;‘ ®
o] 0O & o
x 043y
0 (440)

ONiAl_0 (s)
2 4
double diffraceon,

relrod reflectors

+§-a1_C, (60
<05

Lo} o] 0o
o Jo+ O

Figure 34

Oxide zones from an (012), 0.1 hour, 800°C specimen. The extra
"wing" reflections in the [111] zone of a) are associated with
the existence of 6-A120 . Evidence of 6-A1203 is also seen

in b), in an [Oll]iox1dé zone.
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The BF-DF pair in Figure 35 shows the oxide and metal plus
oxide regions at the hole in the metal specimen. The SAD for
this pair is shown in Figure 36. The specimen was tilted so
that an (011) metal direction was nearly parallel to the beam
direction. However, another set of metal reflections indicates
an [012] zone axis. These two interpenetrating single crystal
patterns result from the buik metal specimen and possibly from

a deformed metal area.

Upon increasing the magnification of a DF image, a large number
of Moire fringe patterns are evident on the regions of both
oxide and thin metal. These fringes are a result of interfer-
ence between the (200) BfN1A1 reflection and the (440) N1‘A1204
reflection shown in the previous SAD. Figure 37 shows that the
fringes have a wide range of spacings and directioﬁs. This
variation results from the combined rotational and parallel
contributions to Moire fringe formation from the closeness of
the two d-spacings of the reflections, and the large amount of
rotational variance in the arc reflection of N1A1204. The
schematic drawing of Figure 38 describes the terminology used
when explaining the large rotational and.spacing differences in
the fringes. The angle, o , represents the rotational variance
of the diffracted snots but the angle, Yy , is the actual

rotational variation that the Moire fringes can have. Table
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metal + oxide / oxide

={200),, ,(440),, —
) 50 nm
M sg,, Figure 37a)

Dark field image of an (012), 0.1 hour, 800°C specimen. Moire
fringes are observed where oxide and thin metal overlap.
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(200)

(440)
m? ox 10 nm

N.g:
.
O Gox Figure 37b)
High magnification dark field image of a metal plus oxide

region in Figure 37a). The spacings and directions of fringes
are a function of the metal-oxide g-vector difference.



a gm- ox

Figure 38

Schematic of the geometrical terminology used to describe Moire fringe spacings and directions.
The diffraction pattern of Figure 36 is used as an example.

88
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III is a 1ist of the calculated fringe spacings using the
combined parallel and rotational formula. The angle, o , was
measured from the diffraction pattern in Figure 36 and was
found to be = 10°. The angle, v, was calculated by using the

geometrical formula:

sin a
[T+ (dy/dy)? - 2(dy/dy cos a)] 5 [17]

sin v =

For small a's, the fringe spacings should be the 1argest,
corrésponding to fringes lying nearly perpendicular to the
metal g-vector. From Table III, yis seen to reach 90° near an a
of about 9.2°. The Moire fringes from reflections having this
rotational difference are perpendicular to these at o equals 0°
and are therefore parallel to the metal g-vector. The fringe
spacing for these fringes should be the smallest. Tﬁis proves
to be the case as shown in the indicated g-vectors of Figure
37. From the actual micregraph, the largest fringe spacing,
corresponding to o equal 0°, was measured to be approximately
23 nm, whereas the calculated fringe spacing from known
d-spacings and @ equals 0° is 11.4 nm. This difference is
possible with Tess than a 0.5% change in the d-spacings of the
metal or oxide. The predicted trend is evident, however, that
the largest spacings occur when the fringes are primarily
parallel Moire fringes and the smallest spacings occur when a

maximum rotation effect is present.
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TABLE III

Calculated fringe spacings and angles for Moire frlnges
on an (012), 0.1 hour specimen in Figure 37.

a D(nm) Y

0 11.39 0
0.5 9.36 35.0
1.0 6.66 54.7
1.5 4.93 65.1
2.0 3.86 71.2
3.0 2.66 78.0
4.0 2,02 81.8
5.0 1.62 84.3
6.0 1.36 86.2
7.0 1.17 87.6
8.0 1.02 88.9
9.0 0.91 89.9
10.0 0.82 90.9
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Using these Moire fringes, an oxide crystallite size can be
approximately determined by domains of unidirectional fringes
corresponding to individual oxide crystallites. The domains of
fringes were found to be between 5 and 25 nm in diameter. This
apparent grain size agrees with that found for an (001) metal

oxidized for 0.1 hours.

A simi]ar-crysta11ite size is obtained when Moire fringes are
imaged using a {111} g-NiAl and {440} N1A1204,ref]ection. The
difference in d-Spacing is greater for these reflections;

therefore the Moire fringe spacing will be much reduced.

That is indeed the result as shown in Figure 39. The Moire
fringe spacing varies from approximately 0.6 to 0.9 nm depend-
ing upon the amount of rotation of the g-vectors as listed in
-Tab1e IV. The large fringes can be purely rotational in nature

and result from an overlapping of oxide crystallites.

The boundaries between each oxide crystallite are not always
well defined, but can be noticed by slight changes in di-
rections of the Moire fringe domains. The fringe directions
between most domains (crystallites) generally varies only by a
few degrees, This is evidence of Tow angle grain boundaries
between oxide grains. A Timited number of high angle bound-

aries are observed.
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10 nm : //

g=(1| I)m ,(44O)OX
Figure 39

Moire fringes on an (012), 0.1 hour, 8O_OOC specimen. The
fringe spacing is reduced because the difference in d-spacings

from the metal and oxide reflections used to create this image
is large.
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‘TABLE IV

Calculated fringe spacings and angles for Moire fringes
on an (012), 0.1 hour specimen in Figure 39.

a D(nm) Y

0 0.87 0

1.0 0.87 6.2
2.0 0.86 12.4
3.0 0.8 18.3
4.0 0.81 23.9
5.0 0,78 29.2
6.0 0.75 3.1
7.0 0.72 38.7
g.0 0.68 42.9
9.0 0.65 46.7
10.0 0.60 51.9
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2) 1.0 hours, 800°C

Figure 40 is a diffraction pattern from both a metal and oxide
region of a specimen showing the same metal-oxide orientation
relationship as found for the 0.1 hour condition. The oxide
phases were determined to be N1A1204,'Y-A1203, and 6-A1203 from
this SAD. The presence of 5—A1203 is assured by the 1/2

{110} type reflections. The Al1/Ni ratio was found to be only
1.59, less than that of the 0.1 hour (012) specimen. A higher
fatio is expected since 6—A1203 is present as an oxide phase
for 1.0 hour oxidation moreso than the 0.1 hour case. This
anomaly is attributed to a possible error in x-ray data col-

lection for the 1.0 hour specimen,

The bright field-dark field pair in Figure 41 shows similar
oxide structures at other oxidizing times and metal orien-
tations, Moire fringes again being evident, However, the BF
images in Figure 42 show new structural features relating to
voids, grain morphologies and sizes. Grain boundaries can be
delineated with difficulty, but still show junctions between
grains. Because the orientation difference could be so slight
from grain to grain, a minimum contrast difference exists
between individual grains. Some of the features can be voids

which may not be grain boundary porosity.
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a) bright field

Figure 41

Bright figld—dark field pair of oxide formed on an (012), 1.0
hour, 8007C specimen. Circled regions show Moire fringes.



g? # ¢

)/v ' b ‘ w pe———
9=(440) 005 pm

ox Figure 41b)

Dark field image of the oxide region shown in Figure 4la).
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Figure 42 Ol uym

Bright field images from different areas of oxide on an (012), 1.0 hour, 8OOOC specimen., Moire
fringes(M), grain boundaries(GB) and voids(V) are indicated.

86
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The measured grain size ranges from 0.7 to 40 nm. Most grains
appear to be approximately 20 nm in size. This does not
indicate much grain growth, however, between 0.1 and 1.0 hours

at the oxidation temperature.
3) 10.0 hours, 800°C

No images or X-ray data were obtained for this condition. The
electron diffraction patterns of Figure 43 serve the purpose of
oxide phase determination. There was no change in the orijen-

tation relationship from the shorter oxidation times.

The oxide in Figure 43b is indexed to be predominately 6-A1203.
The same is true when tilting the oxide layer to near a <113>
type cubic zone axis in a different region shown in Figure 43c.
The same {222} "wing" reflections, first discovered in a [111]
oxide zone on a 0.1 hour, (012) metal orientation (Figure 34)
are evident in the well developed 6-A1203 zone shown in Figure

44,
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Figure 43
Diffraction patterns of an (812), 10.0 hour, 800°C specimen.
a) Metal plus oxide SAD at O tilt shows the same orientation

relationships as shorter oxidation times. b) [310] oxide zone
shows 6-A1203 as the predominant oxide phase.
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Figure 43c)

5—A120 zone on an (012), 10.0 hour, 800°C specimen. The
zone cgrresponds most closely to a [113] cubic zone.
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D) (011) Metal, Oxidized

1) 0.1 hours, 800°C

This condition for an (011) metal orientation produced three
distinct metal-oxide orientation relationships. The oxide
consisted on1y of NiA]ZO4 according to electron diffraction
with a A1/Ni ratio of 0.73. Figure 45a is an SAD of both a
metal and oxide region to show the presence of both phases.

The orientation relationship present in the diffraction pattern

is given as;

o), 1l (),

[100] 1 (ol

and is known as the Nishyama-Wassermann (N-W) orientation
re]ationship. The N-W orientation relationship is common to

FCC-BCC systems.

Two extra {440} oxide reflections are also noticed lying nearly
paralliel with a metal <21£> direction. The same region of the
specimen was observed following a very brief ion-thinning
procedure.to "clean=up" the foil and is shown in Figure 45b

with a diffraction pattern. The extra reflections found in the
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o
T00), (200)
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& 2nd (s relationship

Figure 45

Selected area diffractionopatterns of a metal plus oxide region
on a (011), 0.1 hour, 800 C specimen. a) Extra reflections are
from a secondary orientation of oxide. b) Same specimen as in
a2), after an ion thinning treatment from the oxide side. Two
different orientation relationships are present. Zone axis:
[011]8, [ill]s.
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previous figure are seen to belong to another complete oxide
orientation. The same (111) oxide plane lies parallel to the
(011) metal plane as in the N-W orientation relationship, but a
different set of directions in the metal and oxide are aligned
parallel to each other resulting in a different orientation

relationship given as:

(011), ¥ (M),

[2113, IR CI AR

This orientation relationship involves a rotation of the oxide
by 24.7° in the plane of oxidation relative to the N-W rela-
tionship. Dark field images from each orientation relationship
are shown in Figure 46. There seems to be no segregation or
clustering of crystallites from one particular orientation
relationship. Therefore, this effect appears to be random. A
corresponding bright field image of this region in Figure 47
shows voids and possibly individual grains. The grain size is

approximately 10-30 nm by these measurements.

A third orientation relationship is shown in Figure 48. This
SAD was taken from a different region of the same specimen as
in Figure 46 and 47. As in the previous orientation relation-

ship, the same oxide plane lies parallel to the metal but is



Figure 46

Dark field images of oxide on an (011), 0.1 hour, 800°C specimen. The image in a) was obtained
from a {440} oxide reflection of the N-W relationship while the image in b) was from the other
orientation relationship.

901
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—_—
Figure 47 005 um

Bright field image of the same (011) specimen as in Figure 46
showing individual grains outlined by voids and some intra-
granular porosity.
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rotated reiative to the N-W relationship. However, the oxide
plane is only rotated by 5.3° resulting in the Kurdjumov-Sachs

(K—S) orientation relationship given as:

(011), 1 (T11),,

(117, o,

The degree of oxide misorientation is large for this metal
orientation as compared to other metal orientations. This
effect is shown in the diffraction patterns of Figure 49 for a
(11 and {10) NiA1,0, zone axis respectively. The width of
the oxide arcs approach 20° with an indication of a random
orientation from the (440) ring in Figure 48a. Extra re;
flections are from higher order Laue zones as shown in Appendix

B.

To study the possibility of clustering of one particular oxide
orientation,'2§D electron microscopy was used. This technique,

147, is a dark-field imaging technique utiliz-

described by Bel
ing special properties of electron optics to obtain a mock
stereo image. By altering the focus of a dark-field image, new
image areas shift into the aperture positions, the directions
of shifting being parallel with the diffraction vectors. The

shifts create an artificial parallax which make images at two
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Diffraction patterns of oxide zone axes from an (011), 0.1 hour,
800°C specimen. The oxide is primarily NiAl.0,; a) a [111]

zone and b) a [110] zone. The orientations &f oxide crystallites
are quite random as observed by the width of the arecs.



111

different focusing conditions suitable for stereo imaging. The
actual depths observed do not correspond to any spatial differ-
ence but can be related to different positions in the objecti@e
aperture. Regions with different orientations will appear to
be at different lTevels in the stereo image as shown in Figure
50. A 24D pair is shown in Figure 51. When viewed through a
stereoscope, adjacent oxide grains appear to be on different
levels corresponding to different orientations. This indicates
that there is no major tendency to form regions of oxide

crystallites having the same orientation.
2) 1.0 hours, 800°C

The A1/Ni ratio for this condition has increased to 5.11 from
0.73 in the 0.1 hour condition, indicating an increased forma-
tion of A1203. The electron diffraction patterns of Figure 52
indicate that only one orientation relationship now exists
which relates A1,0, to the metal. Both v-A1,05 and §-A1,04
are evident, d-A1203 being indicated by the extra spots in the
(111) zone of Figure 52, but mainly from the 1/3 {400}
reflections in Figure 52b. The orientation relationship is
given as;

(011) [ (Ill)ox

(1001 | (1103
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Schematic of the 24D imaging technique. (Ref. 47)



21D dark field pair of oxide on an (011), 0.1 hour, 800°C specimen. When observed with a stereo-

scope, crystallites are seen not to be clustered in layers but rather are randomly distributed
through the thickness.

€1l
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which is the Nishyama-Wassermann orientation relationship. The
difficulties in describing the structure of 6-A12Oq prevent
exact determination of an orientation relationship of this

oxide phase to the metal, at the present time.
3) 10.0 hours, 800°C

The same N-W orientation relationship exists for the 10.0 hour
oxide but only y-Al,05 is evident as shown in the diffraction
patterns in Figure 53 for two different exposure times.

5—A1203 has either transformed to Y-A]203 or has become a minor
oxide phase. The Al1/Ni ratio for this condition has increased

to 19.42,

A bright field image of the oxide is shown in Figure 54. The
major features in this image are the dark precipitates lying
primarily along (110) directions in the oxide. Similar
Widmanstatten precipitates have been found by Smialek in
oriented Y—A1203 scales formed on a doped NiCrAl a]]oy.z2
These { 111 }, <11@> precipitate blades are attributed to a

transition phase between the spinel to corundum A1203 phases.
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Selected area djffraction patterns from an (011) specimen
oxidized at 800°C for 1.0 hours. a) [01llmetal zone plus [111]
oxide zone. - Both y-A120 and 6-A120 are evident; 6-A1203 by
the "wing" reflections’ g) [100]0x1dé zone showing y-Alzo and
6-A120_ having the same orientation, Because the exact O%ienta—
tion o%’

6—A120 in &) is unknown, indices were not assigned to

the 6—A1203 reflections.
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A £ -NAIA)

a Y—A:203(Y)

Figure 53

Selected area diffraction patgerns of a metal plus oxide region
from an (011), 10.0 hour, 800 C specimen. Two different ex-
posure times indicate that the oxide layer consists of only
y-A1.0, having the Nishyama-Wassermann relationship with the

metal. Zone axis: [011]8, [ill]y.
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Bright field image of oriented y-Al O.3 on an (011) metal speci-
men oxidized for 10.0 hours at 800 8 The Widmanstatten preci-
pitates lie along {11Q) directions.



118

E) (1i1) Metal, Oxidized

1) 0.1 hours, 800°C

A selected area diffraction pattern of oxide is shown in Figure
55a. This SAD was taken at 0° tilt. A nearly symmetric
arrangement of {400} oxide reflections is observed. Figure 55b
shows both metal and oxide are slightly tilted from 0°. The
array of oxide reflections with relationship to the metal is
clearly shown. The oxide was indexed to be N1’A1204 and had an
A1/Ni ratio equal to 0.72, similar to the oxide for the same

oxidizing conditions on (011) metal.

The metal-oxide orientation relationships for this metal orien-
tation were not obtainable from specimens oxidized under these
conditions due to Timited thin area and difficulties in being
able to tilt to required zone axes. However, a similar 0° tilt
metal and oxide pattern was obtained for the 1.0 hour, (111)
metal for which the orientation.re]ationship was determinable.
The relationship is simply stated now but will be explained in
more detail under the 1.0 hour, (111) heading. The orientation
relationship was found to be;

(]]])m || near <02])ox

[110]m I {1OD]OX
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Figure 55

Selected area diffractign patterns from a (111}, 0.1 hour, 800°C
specimen; a) oxjde at O~ tilt and b) oxide plus metal tilted
slightly from O°.
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having three variants, 120° apart.

A justification for three variants being involved in this
orientation relationship is shown in the high resolution dark
field image of Figure 56 of Moire fringes on the O.i hr.,
specimen. The spacings and angles correspond well with the
corresponding diffraction pattern for metal and N1A1204.
Circled regions in the image show directions of Moire fringes
lying at 120° from each other. This is a result of oxide
crystallites from different variants of the orientation rela-
tionship lying next to each other. There does not appear to be
any preference for crystallites from any one variant of the

orientation relationship to be clustered.
2) 1.0 hours, 800°C

The orientation relationship for this condition mentioned

earlier, is again given as;

(111)

metal ll near (021)oxide

[110]meta1 l [100]oxide
having three variants, 120° apart. This orientation relation-
ship was determined primarily by tilting the specimen to each

of the three symmetric <112> metal zones, each being 19.5° away
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‘\j | - Fi » 56
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High resolution dark field image of Moire fringes on a (111),
0.1 hour, 800°C specimen. Three variants ofothe orientation
relationship result in fringe directions 120~ from each other
(circled regions).
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from the [111] zone axis and 61.9° away from each other. At
each 613 metal zone a similar diffraction pattern was ob-
tained, shown in Figure 57. Included in each pattern is an
«HJ) oxide zone axis and extra reflections from two other
variants. The reflections for each diffraction pattern were
plotted on a stereographic projection. Most of the reflections
corresponded to one of the three (011) variants. Threefold
symmetry was established as well as the particular oxide
orientations. When plotted on a [111] stereographic projection
representing the metal orientation, the three oxide variants
are easily distinguished as shown in Figure 58. Figure 59 is
shown to portray the similarities between the 0° tilt

diffraction patterns for a 0.1 hour and 1.0 hour specimen.

According to the diffraction pattern in Figure 60 of a region
of oxide from a different specimen oxidized under the same con-
ditions, the oxide is randomly oriented. X-ray analysis of
this oxide showed impurity levels of Cr and Zr with a relative-
1y higher concentration of Ni than the oriented scale. Double
rings at the (400} and {440} positions help to identify the

phases as N1‘Cr204 and possibly Y-A]203 or N1A1204.
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Figure 58

Stereographic projection of the oriegtation relationship
on (111) metal. Three variants, 120~ apart, account for the
threefold symmetry of the metal (111) surface.
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3) 10.0 hours, 800°C

The increased thickness of the oxide layer for these specimens
prevented detailed analysis. However, Figure 61 indicates the
same orientation relationship as found for shorter oxidizing

times on (111) metal. Y-A1203 is the only oxide phase. The

corresponding Al/Ni ratio for this oxide was 20.86.
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IV, DISCUSSION

The emphasis of this work has been on the determination of
oxide phases that grow on B8-NiAl + Zr and the orientation
relationships that exist between the oxide and the metal
substrate. Therefore, one section of the discussion will be
devoted to each of these two topics. A third section will
relate this material to implications on nucleation and develop-

ment of a-A1203 scales on B-NiAl alloys.
A) Transient Oxide Phases on Oriented g-NiAl + Zr
1) Crystal structure and identification of oxide phases

Many results of this study are based upon characteristics and
changes in the crystal structures of the oxide phases that
form. Therefore, the following discussion is developed so that

comparisons between the oxide phases can be made.

Three oxide phases formed on g -NiAl + Zr at 800°C.for oxida-

tion times up to 10.0 hours. These oxides are N1A1204,

Y—A1203 and §-A1,05. The structures of all three oxides are

48

based on the spinel structure described by Bragg. The

chemical formula is based on an A8204 designation with A and B
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representing divalent and trivalent cations respectively. The
spinel structure contains a face-centered cubic array of oxygen
anions of which there are 32 per unit cell. Eight A cations

occupy one-eighth of the tetrahedral sites in a unit cell while
one-half of the octahedral positions are filled with sixteen B

cations.

The structure just described is termed a "normal" spinel and is
the structure of aluminate and chromate spinels. Most ferrites
have a "inverse" spinel structure in which the A cations and
half the B cations are on the octahedral sites and the remain-
ing B cations occupy the tetrahedral sites. No spinel phase is
strictly normal or inverse, and the degree of randomness of the
cation distribution increases with temperature, changing site

preference energies for particular distributions of cations.49

Nickel-aluminate spinel, N1A1204, is a normal spine]SO, with a

lattice parameter of 8.048 3.41

Measured values of a, for
N1‘A1204 agree well with this value. Its structure is shown in
Figure 62. There is some disagreement as to the space group of
spinel. Fd3m was the generally accepted space group but Grimes
suggested that the space group is Fa3m, one of lower symme-

try.51 Hwang et al, and Tater Heuer and Mitche]142 agreed that

the space group of spinel is probably F43m because of the
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Figure 62

Structure of NiAléOA, a nornmal spinel.
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presence of {200} reflections in an [001] MgA1,0, zone.
However, Smith suggested the possibility of double diffraction
in the first order Laue zone causes {200} relrod reflections to

2
occur in the zeroth order Laue zone.4“

In the present study, weak {200} oxide reflections were ob-
served in [001] oxide zones only, when NiA1204 was present as a
major oxide phase. For an (001) and (012) metal oxidation
plane, the {200} reflections disappear after 0.1 hours oxida-
tion time but persist through 1.0 hour on (Oil) oriented metal.
The persistence of {200} oxide reflections fer 1.0 hours, (011)
specimens could indicate that the same reflections occur from
Y-A1203, another spinel phase. However, y-A]203 has been
described to have the space group Fd3m for for which the {200}
reflections are forbidden. No definite conclusions can be
drawn on the possibility of a difference in space groups

between N1A1204 and y-A]203 because y—A1203 was not present

by itself on any of the specimens.

v-A1,0, belongs to a group of materials known as the transition

273
a]uminas.27

There are at least seven different phases, all
having the formula A1203, which form metastably as natural and
synthetic forms of anhydrous aluminum oxide are heated. Near

1000°C, arA]203 forms, which is the stable phase, and the
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transformation sequence ends. The transformation sequence
involves continuous ordering of cations in a cubic anion
arrangement until further heating causes a rearrangement of the
anion sublattice to an approximate hexagonal array of the

rhombohedra1<x—A1203 structure.

Thermal oxidation of alumina forming alloys also involves the
transformation of metastable phases to C6-A1203. However, only
YHA]203 and 6—A1203 have been found prior to q-A1203
formation. The structure of y-A1203 is a defect spinel

28,53 In one phase, designat-

structure as described by Verwey.
ed y'—A1203 by Verwey, aluminum cations occupy, on the average,
21 1/3 of all available cation positions, the oxygen ions being
arranged in a face-centered cubic lattice. The cations are
randomly distributed over all the octahedral and tetrahedral
positions. In Y—A1203, the cations are in a more ordered

arrangement resembling the spinel structure, but an average of

2 2/3 of the octahedral positions are vacant per unit cell.

The published value for the lattice constant of Y-A1203 is

7.908 A.%1

The measured values for the lattice constant of
y-A1203 found on (011) and (111) metal specimens of 7.906 *

.002 K agrees with this value.
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Most of the Titerature refers to 6—A1203 as being tetragonal
with a ¢/a ratio approximately equal to three. The tetragonal

superstructure was first discovered by Braun when determining

54

the structure of LiFe508, a spinel phase. Van Oosterhout and

Rooiymons defined the structure from a similar superstructure

55

found in gamma-ferric oxide. The space group of this new

structure was P4,, a derivative of the spinel space group.

The similarities between maghemite (y_Fe203) and Y-A1203 were

56 The same superstructures exist between

discussed by Smith.
the gamma forms of iron and aluminum oxide during the transfor-
mation to the stable alpha phases, a-Fe203 being isotructural

with arA1203.

There is some ambiguity in the exact values for the lattice

constants of 6-A1203. Rooymans reported the va]ues:57

The c/a ratio in this case would be 2.94, Tertian and Papée

calculated the values to be:58
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and the c/a ratio is 2.959. When possible, the lattice con-
stants and/or the c/a ratios were determined for 6—A1203 found
in this study. Figure 63 presents portions of diffraction
patterns enlarged to show all phases present with reference to
a g-NiAl reflection. The diffraction patterns are taken from
(012) metal specimens oxidized for 1.0 hour and 10.0 hours
respectively. For the 1.0 hour oxide, three distinct oxide
reflections occur near the metal spot. The reflection nearest
the metal spot was indexed to be a {660}N1'A1204 reflection
‘having a d-spacing of 0.946 R. The middle oxide reflection has
a d-spacing equal to 0.936 3 corresponding to a {660} 6-A1203
ref]ect1on The a, value is calculated to be 7 940 K. The
d-spacing of the outer reflection equals 0.925 A If this
corresponds to a (6-0-18) s- -A1,0, reflection, the c, value is
calculated to be 23.303 Z The calculated c/a ratio is 2.935
which is in good agreement with the published values. The

results of the same calculations for the 10.0 hour oxide are:

(o] (o]
- 7.959 A, Cy = 23,376 A

C/a = 2.937

Similar calculations were performed on (001) metal specimens

oxidized for 1.0 and 10.0 hours. For a 1.0 hour oxide:
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Portions of diffraction panterps from metal plus oxide regions
of a) an (012), 1.0 hour, 800°C specimen and b) an (012), 10.0
hour , 800°C specimen. The multiple reflections near B-NiAl

reflections help in the determination of the lattice constants
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a, = 7.874 A, Cy = 23.354 A
c/a = 2.966

The diffraction pattern showed an { 880} NiA1204 reflection with
a d-spacing of 1.416 K. Using NiA1204 as a reference instead
of B-NiAl, the newly calculated lattice constants of

6-A1203 are:

The lattice constants of 5—A1203 after 10.0 hours oxidation
time on an (001) metal specimen are:

o]

a, = 7.908 A, Coy = 23.064 A

C/a = 2.917

An average c/a ratio for 6—A1203 calculated from many
diffraction patterns of an (001), 10.0 hour specimen was
2.960 + .05 E. This value is believed to be the most realistic

estimate fors -A1203 in this study.

The published and measured values for the lattice constants of
s—A1203 are summarized in Table V. There appears to be no

trend in the change of lattice constants for metal orientation



Tattice constants of 6-41.0
measured values in this study.

a, ()

7.960
7.943
7.940
7;959
7.874
7.913

7.908

O

c ()

23.40

23.5

23.303

23.376

23.354 -

23.470

23.064
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TABLE V

[\

3]

c/a

.94

.959

.935

.937

. 966

. 966

.917

203 from published data and from

Remarks

Ref.

Ref.

(012),

(012),

(001),

(001),
Ref.

(001),

60
61
1.0 hrs.
10.0 hrs.
1.0 hrs.
1.0 hrs,

with NiA12O

10.0 hrs.

4
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or oxidation time. This concern deveioped because of discrep-
ancies found in the diffraction data for 6-A1203. First, the
published d-spacings and indices in the X-ray Powder
Diffraction File, card #16-394, are not accurate enough to be
used as a reference. For example, the (102) and (004) re-
flections are assigned a d-spacing of 6.4 1. Calculated values
using the assigned lattice constants place these reflections
0.7 A apart. Appendix C 1ists published d-spacings and as-
signed indices as well as calculated d-spacings for the same
indices. Also included are the calculated values from the

present study using the lattice constants:

3, = 7.950 A, Co = 23.340 A
which are average values of the measured lattice constants on

(012) specimens being the most consistent valves.

Next, assignment of indices to specific reflections in
diffraction batterns involves relaxing some basic
crystallographic principles. For instance, in the diffraction
pattern of Figure 64, the 6-A1203 zone corresponds to a <112>
cubic zone. Correct assignment of indices requires a
stereographic projection of this particular tetragonal system

to be used. Figure 65 is a tetragonal stereographic projection
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using a c/a ratio equal to 2.936 taken from the averaged
lattice constants. Formulae to determine projection angles are

1.59 One projection is

found in the refekence by Andrews et a
for a variant having the c-axis perpendicular to the pfojection
plane, i.e. an (001) stereographic projection and the other
projection has the c-axis in the plane of the projection ((010)
pfojection). The two poles corresponding to a (112) cubic
pole are the [116] in the (001) projection and the [153] pole
in the (010) projection. Neither pole superimposes exactly
over the position of a cubic QJQ} pole on a cubic (001)
projection, the difference being less than 1° in both cases.
However, in the diffraction pattern of Figure 64, the angle
between the two principal directions is exactly 90°. The
traces of the zones at 90° from each of these tetragonal poles,
do not intersect enough Tow indice poles to account for the
diffraction pattern. There is no rational Tow-indices zone

axis which satisfies exact diffraction conditions of Figure 64.

Therefore, all three orfhogona1 variants of 6—/-\1203 are
assumed to be present to account for the symmetry of the
diffraction patterns. This same conclusion allows for the
similarities between diffraction patterns of 6-A1203 on (012)
and (001) oriented metal oxidized for 10.0 hours. A

variety of 6-A1203 zones along with indexing schemes are given
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Figure 65

Stereographic projections of tetragonal 6~A120 using a c/a
ratio equal to 2.936; a) an (001) projection énd b) an (0I0)
projection.
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Figure 65b)

(010) projection of 6-A1203.
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in Appendix D for different metal orientations. Brief expla-
nations of the diffraction patterns describe the orientations
at which the specimens were tilted to obtain the zones axis

patterns and also similarities or differences between patterns.

5-A1203,is considered to be a transition phase between
y-A]203 and a-A1203, the cations being more ordered than

y—A1203. However, lines of diffuse intensity along c-axis
directions in the diffraction patterns of Figure 66 suggest
that this ordering is still not complete. This same phenomena
was found by Lippens and de Boer in their study of the trans-
formations of aluminum hydroxides.GO‘ The transformation from
6-A1203 to a-A1203 usually involved formation of e-A1203, a
well-ordered monoclinic phase. However, Rooksby61 discovered
that a highly ordered 6-A]203 phase can transform immediately
to a-A1203 without first converting to e—A1203, the transition

63

phase considered to have the highest degree of order. The

amount of cation ordering may be a function of the moisture
content of the transition alumina phasé. 6-A1203 is considered

to be a hydrous phase of A]ZO3 as all of the transition

aluminas are., An important finding was made by Ramanarayaman38

who found 6—A1203 on a Y203 doped NiCrAl alloy at 900°c when

the moisture content of the oxidizing atmosphere was high. In

dry air, only a-A]203 was found at 900°C. Yet
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the opposite is true for the Fe-0 system, The cubic transition
phase, y--FeZO3 is stabilized by high moisture contents, whereas

the tetrageonal form of Fe203 is present under dry conditions.56

In the present study, the moisture content of the atmosphere
was not determined and was assumed to vary between lots of
oxidation runs. However, this seemed to be of minor importance
when a new effect was discovered. Specimens having an (012)
and (011) metal orientation were oxidized side-by-side in the
same furnace yet the oxide phases were quite different. On the
(012) specimen, oriented 6-A1203 was the only evident phase,
the scale being uniform throughout. On an (011) specimen,
oriented Y-A1203 was the predominant oxide phase after 10.0
hours oxidation time. This result is related to the different
strUctuFes of y-A1203 and 6-A1203 and their formation on
different metal orientations. This point will be discussed in
relation to the overall oxidation process occurring on oriented

B-NiAl alloys.
2) Summary of oxide phases and compositions
A summary of the oxide phases that formed on each metal orien-

tation and the oxidation times are shown in Table VI. Table

VII lists the A1/Ni ratios of the oxides for the same vari-
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TABLE VI

Summary of oxide phases found on oxidized single- crystal
B-NiAl + Zr for oxidation times up to 10.0 hours at 800°C.

(001) _(012) (011) (111)
0.1 hrs. -- S, y-8 S, y-6 S,(v) S,(v)
1.0 hrs. -- . 6, S,(y) 8, S,(v) Y, 8, S vy, S
10.0 hrs. -- §, S 8§, S v, S Y, S
() denotes a possible phase

S - NiA1l,0

Y - Y—AlgOé

8 - 8-A1507
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TABLE VII

A1/Ni rotios for oxide layers found on single-crystal
B-N1iAl + Zr for oxidation times up to 10.0 hours at 800°C.

Values in parenthesis are the fractions of A1203 in the oxide
scales.
(001) (012) (011) (111)
0.1 hrs. —- 1.34(.46) 1.60(.55) 0.73(.01) 0.72(.01)
1.0 hrs. -- 3.08(.77) 1.59(.55) 5.11(.86) 5.08( .86)

10.0 hrs. -- 10.20(.93) = cmcmemeee 19.42(.,96) 20.86(.97)



149

ables. The trends occurring in both of these tables will now
be discussed to develop a unified model for the transient

oxidation of oriented g-NiAl.

The oxide phases in Table VI are Tisted in order of predomi-
nance. At 800°C and 0.1 hour oxidation times, N1’A1204 forms on
all metal orientations. On (001) and (012) specimens, 6-A]203
is also evident but does not appear to be well defined. This
may occur because y-A1203 forms initially and immediately
begins to transform to 6—A1203. This phase or mixture of
phases is designated as (y-s)—A1203. The presence of (y-8)-
A1203 explains the difference in A1/Ni ratios of Table VII for
(012), (001) and for (011), (111) specimens. For an (001)
specimen at 0.1 hours, the oxide Tayer consists of approx-
imately 46% A]ZO3 whereas an (012) specimen has about 55%

A1203. The larger atomic scattering factor for Ni might
explain the reason for the low intensity of A1203 reflections

in the electron diffraction patterns.

For 1.0 hours at the oxidation temperature of 800°C, the
percent of Al?Og in the oxide layer has increased for all metal
orientation except (012). Most 1ikely, the percentage of A]ZO3

has increased along the same lines as (001) because of their



150

similar initial condition and current oxide phases. The
percentages of A1203 have increased to 77%, 86% and 86% for
(001), (011) and (111) specimens respectively. The scales on
(001) and (012) orientations now include two oxide phases;
NiA1,0, and 6-A1,05. On (011) orientations, all three oxide
phases are found, whereas on (111) orientations, only NiA1,0,
and y-A1203 are found. Oxides due to Cr and Fe impurities are

also present in some cases. When the impurities are detected,

the oxides attributed to them are randomly oriented spinels.

The reSu]ts for 10.0 hour oxidation times complete the tran-
sient oxide developments for this study. The A1/Ni ratios are
again similar for (011) and (111) specimens and have increased
to 96% and 97% A1203 respectively. The (001) orientation
involved an increase in percent A]ZO3 to 93%. No data were
available for the (012) metal orientation. No change in the
predominant oxide phase occurs since the 1.0 hour oxidation
time but some morphological developments have taken place. The
crystallite sizes of the impurity oxide phases have now in-
creased as evidenced by the distinguishable spots on the rings
in the diffraction pattern of Figure 30. Also, 6—A1203 is no

Tonger evident on (011) specimens.
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Additional information will help in explaining the growth
process of the oxide. A means of determining the relative
thicknesses of the oxide Tayers can be approximated by observ-
ing the diffuseness of the diffraction patterns. Figure 67 is
a series of selected area diffraction patterns of oxide layers
on (001), (012), (011) and (111) specimens respectively at 0°
tilt. A1l diffraction patterns were taken for similar exposure
times. The sharpness of the diffraction spots decreases from
(001) to (111) indicating more scattering and thus thicker
oxide layers. This agrees with the A1/Ni ratios of Table VII
in that (111) has the largest increase indicating more growth

of A]ZO3 relative to the other metal orientations.

Evidence of inhomogeneous oxide growth is provided in the
images of Figures 68-70 from an (011), 10.0 hour specimen.
Bright field images indicate regions where the selector aper-
ture was placed. From the images, pits in the oxide layer are
seen. The pits are covered with a Tayer of randomly orijented
impurity oxide. X-ray analysis showed increased levels of Cr
and Ni in these regions. As the thickness of the oxide in-
creases away from the pits, the oxide becomes predominantly
oriented y-A1203. A stereo pair in Figure 71 indicates that
the random oxide is near the gas-oxide interface and not at the

metal-oxide interface. The same morphology was observed for
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Figure 68

Bright field image of inhomogeneous oxide growth on an (011)
metal specimen oxidized for 10.0 hours at 800 C.- The non-

uniform scale is related to the presence of impurities in the
oxide scale.
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Figure 69

Selected area diffraction patterns from regions in Figure 68. The thicker regions of the
oxide are predominantly oriented y—A12O whereas the thin oxide over the pits in the scale are
randomly oriented cubic oxides containigg impurities.




*suoTSel J9OTYL 98U} UT ST momjw; PO1USTJIO 1BUY SMOUS puB Jys Ul
ut aanjaede aaT109(qo oy3 Jo oFewl oy} £q PajeOTPUT ST PIST UOTIOSTISI dYL °PIIBOTPUT 3utaq
seade owes oyj ‘gy aandIJ Ul uotdag po111d ® Jo qvys Surpuodsedaod ayg YiIm 93w PTSTJ JIB(

0/, 9aN3TA wrl mwp




157

ay3 Jeau

80 073 POUIWJIS18D ST 9PTIXO WOPUBI S,

wr o TL 23Ty

8

*90BJJI9TUT SPTXO-5BSF
9 sandty ut suordax pa3r1d Jo ared osasig




158

the regions of randomly oriented oxide, for the 10.0 hour,

(001) specimen of Figure 30.
3)' Formation and growth sequence of the oxide phases

The first oxide to form on a metal surface at higher tempera-
tures is usually expitaxially related to the metal substrate.

63 64 and Cox et a165

Studies by Howes, ~ Lloyd et al,
on iron-chromium alloys have shown the initial oxide layers
consist of epitaxially oriented spinel phases. The metal
orientation and composition are major factors in determining
the degree of orientation. In their studies, FeCr204 and
Y—FeZO3 wererthe initial oxides to form. These phases corre-
spond to N1'A1204 and Y=A1203 of the Ni-Al system in the present
work and other related studies.zz’37 For the major metal
orientations chosen in the present study, all initial oxide
phases were epitaxially oriented to the metal. The orientation
relationship between the metal and oxide will be discussed

iater,

The growth of the oxide layer is a result of further oxidation
of the metal which is a diffusion process. Therefore, dif-
fusion must occur through the N1A1204,6 —A1203 and Y—-A1203

phases. Questions arise as to what chemical species diffuse
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and in what directions. Since N1A1204 is found only at the
very early stages of oxidation, diffusion of Ni through the
oxide does not contribute to the further growth of.the oxide
layer. This assumption is based on the finding that there is
negligible solubility of NiO in N1’A1204 as compared to A]ZO3 in
N1A1204.66 The growth of the impurity oxides is not considered
here. The diffusing species aFe then Al or O ions. These ions
can diffuse through the oxide layer to form new oxide at the
oxide-gas interface or at the metal-oxide interface. For
simplicity, formation of new oxide within an existing phase is
neglected. If aluminum cations diffuse faster thén oxygen
anions, the new oxide will form at the gas-oxide interface. If
the reverse is true, oxidation will occur at the metal-oxide

interface.

In spinels, cation diffusion is faster than the oxygen dif-
fusion as determined by 0Oishi and Ando in MgA1204.68 The
species of cation as well as the defect concentration will
determine to what extent the cation mobility is greater. For
example, Fe has a very high mobility because of its ability to

alternate valence states between the ferric and ferrous ions.
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Its ability to transfer between octhedral and tetrahedral sites
allows for fast diffusion.69 The mobility of chromium in
NiCr204 is faster than the mobility of Al in N1A1204 as de-
termined by Hauffe and Pschera.70 As the cation mobility
increases, the relative anion to cation diffusion decreases. A
highly defective structure of the cation sublattice, such as
Y-A]203, should involve an increased cation diffusivity because
of the increased number of vacancies. Halloran and Bowen
discussed this in their study of ion diffusion in

71

iron-aluminate spinels, The diffusivity of Al in

y-A1203 would be expected to be higher than in N1A1204.
The differences in structure between Y¥A]203 and’6~A1203
indicate that Al diffusion in these materials could be differ-
ent. § -A1203 is considered to have more of an ordered cation
distribution. A recent microscopy study suggests that the
periodicity of defects in Y%A]203 is imperfect because

antiphase boundaries are only quasi periodic.72 In 6—A12 3

the antiphase boundaries are periodic.

The difference in the oxidation characteristics between metal
orientations found in this study suggests that the substrate
orientation has a definite influence on the transient oxidation
of alumina forming alloys. Results suggest that the (001) and

(012) metal orientations are similar and the (011) and (111)
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metal orientations are similar in their oxidation characteris-

tics.

A schematic of the proposed séquence of oxidation for (001) and
(012) metal is shown in Figure 72. Upon exposure to the atmo-
sphere, nuclei of nickel and aluminum cubic oxides combine to
form a layer of NiA1204 whi;h is highly epitaxially related to
the metal. Since aluminum diffusion is relatively fast,
y-A]203 forms at the oxide-gas interface as an extension of the
N1'A1204 spinel lattice. A solid solution of NiA1204 and
y-A]ZO3 most probably occurs in the early stages. Since the
oxide is still thin, some inward oxygen diffusion may occur
through short circuit paths and form'Y-A1ZO3 at the metal-oxide

interface. This is considered to be a minor contribution,

however,

The transformation temperature from Y—A1203 to 6—A1203 is con-
sidered to be around 850°C (Figure 4). Yet on (001) and (012)
metal orientations, 6—A1203 is stable at 800°C. Y-A1203
begins to transtfm to 6-A1203 with the transformation being
incomplete at 0.1 hours oxidation time. The A1203 transition
phase at this stage is called (y-¢) A1203.
At 1.0 hour oxidation time, the transfofmation to 6-A1203 is

compiete. The oxide layer has thickened with N1'A1204 still
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NiAl+2Zr
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S+ (Y)

S+1¥y T
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Figure 72

V — Y—A1203

{ )—possible phase

Schematic of the oxidation sequence with time at 800°C on (001)

and (012) metal orientations.
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incorporated as an inner layer of the scale. At 10.0 hours,

the scale is too thick to observe diffracticn from N1A1204.

The overall kinetics of stable oxide formation appear to be
slower on (011) and (111) metal orientations during transient
stages. Figure 73 indicates that N1A1204'forms and grows
epitaxially through 0.1 hours of oxidation. NeitherY-A]ZO3
nor 6—A1203 forms a complete layer of oxide. Thelon]y A1203 to
form after 0.1 hours appears to be in solid solution with
N1A1204, if it is present at all. Only one oxide phase, having
a lattice constant near 7.92 Z,‘was evident. This value is
intermediate between the lattice constants of Y~A1203 and
N1A1204, but nearer to Y—A1203.
scale suggests N1A1204 is the predominant phase of the solid

The Tower A1/Ni ratio of this

solution. After 1.0 hours oxidation time, Y-A1203 has formed
and is expitaxially related to the metal. On (011) specimens
5—A12O3 also formed but its exact orientation relationship was
‘indeterminate. However, 6—A1203 did show a preferred
orientation. For (011) and (111) meta1‘orfentations,

Y—A]203 is more stable than 5-A]203 at 800°C. This is believed
to be a result of the crystallographic structural orientation
relationships between the metal and oxide. These metal orien-

tations either stabilize the cubic spinel structure of both

N1A1204 and Y-A1203 or they inhibit the formation of a
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Schematic of the oxidation sequence with time at 800°C on (011)
and (111) metal orientationms.
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tetragonal structure such as 6-A1203. This is evident because
the 6-A1,0, formed after 1.0 hours cn (011) metal, but is not

present after 10.0 hours. Since 6-A1203 did form after 1.0
hour on (011) metal, this phase is probably the more stable
A]203 transition phase at 800°C. However,

6-A1203 is less stable on thgse metal orientations because the
(111) cubic plane that forms on (011) metal has no simple
corresponding plane in the tetragonal structure of

8-A1,0,. Thus, the near (012) spinel plane that forms on (111)

metal would be more stable than a similar plane in

6-A1203.

The transient oxidation of B-NiAl alloys is therefore seen to
be dependent on metal orientation as well as other variables.
6-A1203 is the stable phase at 800°C but does not persist on
(011) and (111) metal orientations because these orientations
tend to stabilize the cubic structure of the spinel phase,
Y—A1203. The transient oxidation of alumina forming alloys

must then be understood in terms of metal-~oxide orientation

relationships as well as thermodynamics.
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B) Orientation Relationships

1) Rationale for epitaxial oxide formatjon

The first oxide to form on a metal surface is a result of the
chemisorption of oxygen ions on the surface. Depending upon
the surface construction of the metal surface, oxygen ions will
fi11 lower energy sites and attempt to match the surface
structure. This matching of the surface structure is only
applicable when a monolayer or so of the oxide phase is pre-
sent. Soon afterward, the crystallographic structure of the
particular oxide phase predominates and no longer attempts to
mimic the metal surface structure. Once monolayer oxide growth
has occured, the original metal free surface is no Tonger
stable. Therefore, the bulk metal structure influences subse-

quent growth of the oxide.

Further growth of the oxide involves a best fit, lowest energy
matching between the metal and oxide structures. Initially,
the cation sublattice of the oxide phase will just be an
extension of the metal lattice. This requires crystallographic
directions and planes of the oxide structure to align with
appropriate planes and directions of the metal structure. The

two main factors affecting the specific directions and planes



167

in the oxide are the difference in structure between the metal
and oxide phase and the difference in spacings aleng cation
close-packed directions. The first factor determines the plane
in the oxide that forms parallel to the metal surface. The
second determines the degree to which the oxide phase wi]1 tend
to orient itself with the metal. The smaller the lattice
parameter differences are along cation close-packed direétions,
the less strain energy is involved with oxide growth.
Therefore, systems with small differences in the above
mentioned lattice parameter will tend to be wei] oriented.

This is a criterion for an epitaxial orientation relationship

between a metal and the initial oxide phase that forms on it.

Many aspects of oriented oxide growth have been neglected to
this point. These aspects involve such questions as to what
occurs when interfacial strains become too large to continue
homogeneous oriented growth and how individual oxide
crystallites, from nucleation, combine and grow together,
These have been the topics of many studies dealing with inter-

faces, to be described below.
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- 2) Interface theories of interphase boundaries

Success in describing and predicting interface structures has
been achieved in terms of models only. There are’too many
parameters involved to predict exactly what is occurring.
Studies on both low angle grain boundaries and on interphase
boundaries have been performed with interphase boundaries being
of concern in this study. Interphase boundaries can occur
through a number of transformations within an already existing
matrix or can be obtained by nucleation and growth, Since
oxidation is a nucleation and growth process, discussion on

interphase boundaries will be limited to this mechanism.

A1l models are based on the assumption that the energy of the
interphase boundary must be at a minimum. Two different
approaches at an interface model have been considered. The
more exact, but also more tedious methods have been proposed by
Frank and van der Merwe73 and by F]etcher74. These models
attempt to determine the energy of a given surface based on

atomic potentials.

Another group of models attempts to predict minimum energy of a
surface based strictly on geometrical calculations. Bollman's
O-lattice concept75 and a model by Rigsbee and Aaronson76 are

examples of geometrical models.
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Given two periodic, superimposed lattices, there will be
regions of good fit between points on the twe lattices separat-
ed by regions of pbor registry. A dislocation placed along the
region of worst fit will accommodate the difference between the
two lattices. These dislocations are known as misfit
dislocations. A1l models assume the presence of misfit dislo-
cations. A review by Kinsman and Aaronson provides experi-

mental evidence of misfit dis]ocations.77

The misfit dislocation model proposed by Frank and van der
Merwe determines the energies of periodic networks of misfit
dislocations. The minimum energy djs]ocation network corre-
sponds to the most probable interface structure. Energies are
calculated assuming the strain energy in the interface plan
consists of two components: 1) elastic relaxation due to
bonding and mismatch of the two different lattices and 2)
homogeneous strain in each lattice. The model by Fletcher
involves nearest neighbor interactions both across the inter-
face and on either side of the interface. This is the most
general interface model but can also be adopted to incorporate
misfit dislocations as in the previous model. The large number
of parameters involved, choice of the correct interatomic
potentials to be used, and computer time put limits on the

efficient use of this model even though its predictive capabil-
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jties are high. One important result from this model indicates
that the majority of strain energy is Timited to the interfa-
cial plane and one or two monolayers on either side of the
interface. This is accomplished by misfit dislocations to form
a semi-coherent interface. An incoherent interface, where no
misfit dislocations are present, would have the strain energies
resulting from contributions at Targe distances on either side
of the interface. Therefore, the assumption of a
two-dimensional system instead of a three dimensional system

appears to be reasonable in most models.

The geometrical models are based on Boliman's 0O-lattice theory.
The O-lattice is the coincident site lattice of the two arrays
of points representing the interface planes of two phases.
Appropriate transformations and calculations allow the O-points
to be determined which are points where the match between the
two interfacial structures are perfect. The boundary of the
Wigner-Seitz cell centered around each O-point represents the
region of worst fit. The cell walls can be considered dislo-
cation lines. The 0O-points are not necessarily lattice points
of either phase. The optimum incoherent boundary involves a
maximum in the number of lattice sites being O-points. A
burgers vector, bi’ is assigned to the dislocation formed by

the O-lattice and the original crystal lattice for a direction,
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i, in both lattices. The distance, di’ is the Tateral spacing

between dislocation lines in the arrays. The two are related

by:
P =137 » [18]
i
where minima in the value of P represent best fit sjtuations.

Ecob and Ralph78 used a parameter, R, where:

This is similar to the P-parameter but takes into account
dislocation interactions. The dependence on d changes from an
inverse square to an inverse dependence making the parameter,
R, a possible measure of relative energetic favorability of an
interface. However, Knowles et al demonstrated that the use of
this parameter or any geometrical parameter to predict minimum

energy is subject to question.79

Based on the above interface models, a simplified approach was
developed to attempt to rationalize some of the findings in the
present study. The concepts of both nearest neighbor calcu-

Tations (assuming the atomic potentials are inversely
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proportional to the nearest neighbor distance) and geometrical
- fit have been combined to characterize an interface between the
metal phase, 8-NiAl, and any of the cubic spinel oxide phases.
For simplicity of compositional nature, Y—A1203 was chosen.
The model superimposes the parallel planes of oxide and metal
found in the orientation relationships determined by electron
diffraction. The parallel planes in both the metal and oxide
phases are comprised of perfect arrays of atomic positions
determined from the appropriate lattice parameters. Because
the exact chemistry of the interface (unoccupied cation sites,
Ni vs. Al positions) is not known, all points represent possi-
ble aluminum ion positions, all having the same valence state.
Each position on the two lattices is occupied by an Al ion

, S . o 80
having an ionic radius of 0.42 A.

The distance between every
metal point and its nearest neighbor in the oxide lattice is
calculated using iterative procedures on an Apple IIE computer.
If the nearest neighbor distance is less than some assumed
fraction of the jonic radii distance, the coordinates of both
the oxide and metal positions are printed out along with the
nearest neighbor distance. Assuming a hard sphere model for
aluminum ions, the overlap area determined by the nearest
neighbor ions is calculated. Figure 74 illustrates the model.

The general programs used for calculating nearest neighbor

distances, coordinates of nearest neighbors and overlap areas
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are listed in Appendix E. Actual calculations will be
discussed as each orientation relationship is considered in the

following section.

It is believed that the amount of overlap area is a relative
measure of the strain energy in the interfacial plane of an
oxide metal system., The more overlap area associated with an
incoherent interface, the less would be the strain energy if
that interface was fully coherent. This model only deals with
incoherent interfaces and assumes only homogeneous strains at
the interface. Contributions to bonding across the interface

have been neglected.

3) Orientation relationships on oxidized, single crystal

B-NiAl

The four metal orientations studied were (001), (012), (011),
and (111). The experimental results for each metal orientation
will be discussed separately. Computer modeling was performed
for (001) and (011) metal orientations. Thé (012) metal
orientation would require more complex alterations to the
program. The (111) metal orientation requires a three dimen-
sjonal model because of the complexity of the orientation

relationships.
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a) (001) metal orientation

The Bain relationship was found to occur for all conditions.

This is given as:

(001)meta1 I (001)0xide
[110] 1
metal || [110]) + .0

The same orientation relationship is found for oxidized iron

81-85 86

and its alloys The metal, in all

and oxidized chromium,
cases, has a body-centered cubic structures and the oxides all
have spinel type structure for this orientation relationship.

In the present study and for jron oxidation, the difference in

lattice constants along the parallel directions is within 3%.

Figure 75 shows the results of the computer modeling tech-
niques. The origin of the matrix is at 0,0. The points
plotted in Figure 75 represent metal lattice positions where
the center-to-center distance of the metal lattice position and
the corresponding metal ion in a superimposed oxide lattice is
0.6 X or less, i.e., the cut-off point equals 0.6 Z. The
regions of best fit occupy blocks around a central point. This
central point, determined by extrapolation of nearest neighbor
distances, corresponds to Bollman's O-points of the O-lattice.

In those terms, the O-lattice for a Bain relationship between
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(001) metal orientation.
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5-NiAl and y—A1203 was determined to be a Square array with a
dimension of 93.59 A along the metal {100 directions. This
implies misfit dislocations to be spaced 93.59 X apart and have
a line direction along <100> metal directions. The <100> Tine
direction corresponds with the dislocations on an (001) ox-
idized metal in Figure 24, where the dislocations dc 1ie along

(100) metal directions.

Another aspect to consider in the computer model is the rela-
tive degree of mismatch. The parameter used to describe this

is designated, o, where:

o]

¢ = overlap area (A)2 ' [20]

grid area (A)2

The overlap area is calculated by summing the individual
overlaps for each nearest neighbor pair in a block of near
coincident sites. For this particular system, the overlap area
was calculated to be 17.45 KZ. The grid area is just the érea
of a unit cell of the O-lattice. For this system, the grid

2 3 32

o
area equals (93.59 A)® or 8.76 x 10° A“. Therefore, for the

Bain relationship between 3-NiAl and y-A1203, o equals 1.99 x

1073,
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Another parameter which appears to be more significant than

is the parameter designated as p, where:

=, r.of coincident sites/grid
" grid area (f)2

This value, in units of K"Z, takes into account the near
coincident site density in each unit cell of the O-1att1ce.
From Figure 75, the number of sites in one grid is 76. There-
fore, p equals 1.73 x 10"5 Z'Z for this system. Both ¢ and o
are dependent upon the limiting criterion of 0.6 A as the
maximum center—to§center distance for a nearest neighbor pair.
fhe actual values of ¢ and e have little absolute significance

but can be used to compare with values obtained from other

orientation relationships.

There appears to be little difficulty in defining the orien-
tation relationship when 6—A1203 is the primary oxide. Refer-
ring to the stereographic projections of Figure 65, two vari-
ants of 5-A1203 have.their c-axes in the plane of oxidation and
a third variant has the c-axes perpendicular to the oxidation
plane. The overall orientation relationship for 6—A1203 and

B-NiAl is given as:
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(001) I (0To0)
B-NiAl 6—A1203
[vio] | [001] *
B-N1Al 6—A1203
o and
(001) Il (o01)
- B=NiAl §-A1,0
_ 2°3
[110] |l [o10]
g=-NiAl 6-A]203

*two variants
b) (012) metal orientation

One orientation relationship was found on this metal orien-
tation for cubic oxides and one for's—A1203. Each orientation
relationship appeared to have only one variant. For cubic
oxides the orientation relationship is given as:

(O]Z)metal fl‘ (}]Z)OXide

[]Oojmeta] ] [11O]oxide

Figure 76 shows the stereographic projection for this orien-

tation relationship. The same close-packed direction as in the
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Orientation relationship on an (012) metal orientation with a
cubic oxide represented by a stereographic projection.
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Bain relationship is present. The (112) plane of spinel is not
necessarily a close-packed plane. However, planes adjacent to
ary {112} b]ane appear to superimpose well over many metal
lattice sites. Therefore, the orientation relationship might
not be a function solely of the interface plane but of adjacent
planes. In the spinel lattice, tetrahedral and octahedral
sites are both incorporated into the {112} planes. Their
degree of occupancy in the defective spinel structure is not
necessarily ordered. Thus, at initial oxidation stages, higher
occupancy cf both sites could allow this strong orientation
relationship to occur. In N1A1204, the local chemistry at the
interface could change on the atomic scale to better mimic the

metal nickel and aluminum sublattices.

When considering the orientation relationship between g-NiAl
ands -A1203, the tetragonal structure of 6~A1203 complicates an
exact orientation relationship. Consider the stereographic
projection of one of the three directions that the c-axes might
be in 6—A1203. Because the c/a ratio is not exactly equal to
three, the {103} reflections and {100} reflections are not at
45° from each other as the {101} and {1003} reflections would be
in a cubic system. This also means that the angTe between
(010) and (123) in the tetragonal projection of Figure 77 does

not equal the angle between (001) and (112) in the cubic
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Figure 77

Stereographic projection of the tetragonal é-Al Dhase.

203
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system. In most cases, the angular difference between the

cubic poles and corresponding tetragonal poles is less than 3°.

If the c/a ratio of 6%A1203 was equal to three, the same
symmetry should exist in the [123] tetragonal zone as in the
[121] cubic zone. Extra reflections from the tetragonal
superlattice should also be in the tetragonal zone. However,
as shown in Figure 78, the same symmetry is present between the
tetragonal zone of 6-A1203 and the cubic zone of N1A1204. This
should imply that the c/a ratio equals three. But the implica-
tion would be incorrect because the c/a ratio was, in all
cases, measured to be less than three. Therefore, the re-
flections in the apparent zone axis patterns of 6-A1203 are
assumed to be a combination of Tow index reflections from each
orthogonal variant of 6-A1203. For two variants, the poles of
the 5—A]203 diffraction pattern in Figure 78 would be near

[123] and a third would be near the [116] pole of the third

orthogonal variant.

The orientation relationship between 6-A1203 scales formed on
(012) oriented metal do not have a low index plane parallel to
the metal plane. However, the same crystallographic directions
as in the cubic oxide orientation relationship are aligned in
the s-A1,0,-metal orientation relationships. These directions

273
are the <100> metal and the [110] or [103] <S—A1203 directions.
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This gives a strong indication that orientation relationships
are more dependent upon alignment of close-packed directions

than on the superposition of close-packed planes.
c) (011) metal orientation

More detailed research has been performed on this orientation
for body-centered cubic metals because of the frequency of
classical BCC-FCC orientation relationships occurring on this
metal orientation. Both the Nishyama-Wassermann (N-W) and the
Kurdjumov-Sachs (K-S) orjentation relationships have been found
to occur for many BCC-FCC systems. The N-W relationship, given

as: L
(011) | (11

[1001_ | [1101

is most prominent for the (011) metal orientation in this study
and is found for all oxidizing conditions. The K-S relation-
ship;
(011)
[111]

[ (111)
[011]

metal oxide

metal ] oxide
involves the same close-packed planes but is rotated by about
5.3° to align the two given directions. Many studies have

indicated these two orientation relationships for
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BCC-FCC systems,82>84,87-91

However, no literature could be
found which cited the third orientation relationship found on

(011) metal in this study, namely:

(011) (111)

metal [l oxide

EZIT}meta1 [ |:Oﬁ]oxide
This orientation relationship, as well as the K-S relationship,
was only found at 0.1 hours oxidation time between spinel and

the metal.

An obvious question arose as to why all three orientation
relationships are present after 0.1 hours but only the N-W
relationship is found after 1.0 hours oxidation time. Both the
K-S and N-W relationship have been found previously in BCC-FCC

79 the predicted

systems. According to Knowles et al,
orientation relationship for a system having a lattice constant
ratio of 1.39 (0.5aO y-A1203/a0 g8-NiA1) should be the same
close-packed (111) oxide plare rotated approximately 1.4° away
from the N-W relationship. A rotation of 5.3° would result in

the K-S relationship.

A detailed examination of electron diffraction patterns pro-
vides some insight. Figure 45 shows that for a 0.1 hour

oxidjzed specimen, the oxide orientations are centered around
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either the N-W relationship or the third relationship men-
tioned. The intensity of the diffraction arcs decreases as the
angle from the exact orientation relationships is increased.
The majority of the oxide crystallites should then he found to
have an orientation very near the exact orientation relation-
ship. The changes in Moire fringe directions of oxide
crystallites in Figure 79 are an indication of the amcunt of
misorientation. The misorientation angles of Moire fringes
were measured from a number of crystallites in Figure 79. The
results are plotted in Figure 80 and are shown to follow a
normal distribution with the mean to be near 0° away from the
exact orientation relationship. The misorientation of islands
away from the exact orientation relationship could result from
strain changes developed upon misfit dislocation formation as

Q
mentioned by Matthews.“z

The same degree of misorientation is found for the N-W rela-
tionship after 1.0 and 10.0 hours but not for the K-S relation-
ship. Figure 48 shows that a complete range of orientation
exists between the K-S and N-W relationships. Therefore, even
though the K-S relationship is found in this one case, it is
not the predominant orientation relationship. In fact, it
appears to be less predominant than the third orientation
relationship mentioned, both of which are secondary to the N-¥

relationship.
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]

NN g= (1), (440) 10 nm
\ m OX

2 Yoy Figure 79

High resolution Moire fringe pattern between metal and oxide
formed on an (011) metal orientation. The majority of fringes
are aligned near the major orientation relationship.
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1IRINIE

Sl0° 5° 0 5o jo° 150

deviation angle from exact orientation relationship

Figure 80

Plot of deviations in Moire fringe directions from the N-W
orientation relationship taken from most of the fringe clusters
in Figure 79,
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A1l three orientation relationships were studied according to
the computer model develcped in this study. The plot of near
coincident sites for the N-W relaticonship is shown in Figure
81. The repeat grid which represents a unit cell of the
O0-lattice is clearly indicated. These results agree with the
geometry of those found for the N-W relationship in other
interface studies.78’91 As in the Bain relationship, the cell
walls represent possible misfit dislocation arrays. From
Figure 82 which shows interface dislocations on an (011) metal
specimen, the dislocations are along -GJJ} metal directions.
The {111 metal directions are the close-packed directions of
the B2 structure, but do not correspond with the misfit
dislocation directions in the computer.simulation. The
interface dislocations may then be a result of a combination of
misfit dislocations as in a stepped configuration mentioned by
Hall et a].gl The values for o andp , the parameters used to
measure the degree of overlap for each orientation
relationship, are just mentioned now but will be discussed
after the results of the other orientation relationships are
presented. For the N-W relationship,o = 1,66 x 1073 and o =

5 g-2

1.31 x 1077 A

Both parameters are slightly less than that found for the Bain

relationship.
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ORIGINAL
OF POOR QUAL

ms

. —_
Figure 82 0.5 um

Interface dislocations in an oxidized (011) metal specimen.
The dislocation line directions are predominantly along {11D
metal directions, with a spacing of about 0.2 um.
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For the K-S relationship, the results are shown in Figure 83.
Wide bands of good fit regions are along the metal [111]
direction. This agrees with both the close-packed metal
direction of the orientation relationship, and also with
interfacial dislocations which would run parallel to the wide
bands. Each band consists of stepped regions of good fit, the
general direction of each step being the [311] metal direction.
The O-Tattice was determined by extrapolation of nearest
neighbor distances as in the Bain relationship. The outlined
grid represents only 1/2 the unit cell of the O-lattice because
the length dimension parallel to the [111] metal direction was
out of the range of the calculations. The regions of best fit
agree with the geometry of those found by Hall et a191. For
the K-S relationship, o= 1.60 x 1073 andp = 1.23 x 10°5A,

The plot of the results for the third orientation relationship
found on (011) metal is shown in Figure 84. Even though there
is some feature to the distribution of near coincident sites,
no repeat distance was found determinable for the dimensions of
the computer simulation. There appears to be regions of worst
fit where misfit dislocations would be expected. Again, the
direction of misfit dislocations are along metal [111] dij-

rections. The values of o and p were averaged by using the

entire calculated area because no unit cell was evident. For
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this orientation relationship, o= 1.76 x 1073 and p= 1.45 x
) _

1075 A2,
The differences among the plots of Figures 81, 83, and 84 are
in the periodic distribution of near coincident sites. The
values of o and o, which were intended to be used as a compar-
ison for the favorability of a particular orientation relation-
ship, did not differ significantly from one orientation rela-
tionship to the other (see Table VIII). To test the validity
of this comparison, a near coincident site lattice was generat-
ed for an orientation relationship 15° away from the N-W
relationship. This puts the close-packed oxide direction
exactly in between the K-S relationship and the third orien-
tation relationship mentioned. This lattice is plotted in
Figure 85. As can be seen, there appears to be no periodicity
to the array of points in the calculated area. No regions of
worst fit are noticed as in Figure 84,-even though the overall
distribution of near coincident points compares best with the
third orientation relationship. The ¢ and ¢ values of o=

3 and o= 1.35 x 1072 A™2 respectively, are not

1.77 x 10~
significantly different than those values for the actual

orientation relationships found in this study.
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Table VIII lists values of ¢ and o found for all computer
simulated orientation relationships. The values are also
calculated for nearest neighbor cutfoff distances of 0.42 Z and
0.21 Ai These values are included to determine if there is a
tendency for certain orientatioh relationships to have a few
near coincident'sites of very good fit rather than many sites
of poorer fit. As can be seen by comparing values for those
orientation relationships that were found in this study and
including the one not found, the parameters of o and p exhibit
no significance trend. However, changes may occur if the same
calculations are carried out on arbitrary orientafions not
containing close-packed planes or directions. The merit of
this computer model might lie simply in the determination of
the periodic arrays of near coincident sites. There are
definitely crystallographic features involving misfit dislo-
cation regions for all orientation relationships, except for
the 15° off-relationship used to test the model. Otherwise,
this model was not able to predict the preference for one
orientation relationship over another. However, the results
might change if the calculations were carried out between

2
sTightly larger lattice constant than y—A]z 3+

3 -NiAl and NiAl 04, allowing for cation sublattices and a
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ORIGINAE PAGE &
OF PCOR QUALITY

TABLE VIII

Values of o (overlap area/ grid area) and o( # of near co-
incident sites/ grid area) for the five computer models in

this study.

3 .
NNC(A) Overiop ArealR2  Grid Area(R)2 [x coincident sites / ynit cell £
x 103 x 103 x 108
Boin
06 17.45 8.76 1.99 76 17.29
04 12.28 - 140 38 6.08
0.2 3.57 -- 0.41 8 0.37
NW
0.6 6.12 368 1.66 29 13.H
C.4 4.27 -- .16 13 4.09
02 0.96 - 0.26 2 0.14
ks
06 0.7 636 1.60 49 1234
04 7.07 - 1.1 22 3.85
0.2 251 -- 0.39 [ 0.37
|
SD
06 4325 24.59 176 203 14.53
04 31.05 - 1.26 94 483
0.2 11.78 - 0.48 27 0.53
we?
0.6 2604 14.68 1.77 a2 13.53
0.4 17.22 -- LT 53 423
0.2 6.48 - 044 15 0.45

1} third orientation relationship found on (O11) metai

2) orientation relationship hoifway between KS and SD

3) nearest neighbor cutoff
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Given the three orientation relationships found on (011) metal,
the differences in 1aft1ce constants along cation close-packed
directions were calculated to determine their significance or
favorability of the orientation relationships in this study.
Table IX 1ists the percent difference for the two pairs of
parallel directions found for each orientation relationship.
Both the N-W and the third orientation relationship have values
along ore pair of parallel directions which are only 3% apart.
The other set of parallel directions has a large misfit for the
N-W relationship (26%) as compared to the third orientation
relationship (19%). The K-S relationship has larger misfits of
37% and 19% and appears to be less favorable. This agrees with
electron diffraction results in that the orientation
relationship is quite diffuse. A range of oxide orientations
between the K-S and N-W relationships are present in the
diffraction pattern of Figure 48. The favorability of the
third orientation relationship over the N-W over the K-S in
terms of percent misfit along cation close-packed directions,

is also portrayed in the 5 and , values of Table VIII.
d) (111) metal orientation
Because of the threefold symmetry of the (111) plane of

B-NiAl, three variants of oxide having the same orientation

relationships grew on the metal surface.
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This orjentation relationship, with three variants, is given

as:
(lil)metal 1] near (021)oxide
[llgjmetal ]l EIOO]oxide
[9ll]metal ]l [1OO]oxide
[101]metal ]I [loojoxide

A study by Wagner et al found this same orientation relation-

8z The

ship to occur on a (111) face of oxidized iron.
stereographic projection of the Bain relationship is shown in
Figure 86 to demonstrate the rotation of the oxide projection
which will give this orjentation relationship. A rotation of
9.7° around the [110] metal direction will result in the
orientation relationship. This translation Teaves the [021]
oxide pole about 1° away from the [111] metal pole. Two sets

of parallel close-packed directions result from this rotation.

They are:

[11oJ || [100]

metal oxide .

and

[111] || r[oi1]

metal oxide

The lattice constant differences in those directions are 3% and
19% respectively. When compared to the oxide (011) metal
orientation, these values are the same for the third orien-

tation relationship found on (011) metal.
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(hk!)- metal ©
(hki)- oxide p

—— This study /
——— Watari and Cowley(Ref 8¢} (100¥ Q)

Figure 86

Stereographic projection of the Bain relationship to show the
translations of the projections needed to result in the ori-
entation relationships found on (111) metal orientationms.
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A similar orientation relationship to the one found in this
study can he obtained by a rotation of the oxide stereographic
projection the same 9.7°, but in the opposite direction tc that
mentioned beforehand. This places a [011] oxide pole on top of
a [111] metal pb]é. When the [1117] metal pole is made to be
the projection normal, the same threefold symmetry can be
realized and the oxide would have three variants. Watari and
Cow]ey7f0und this orientation relationship to occur on oxidized
chromium where a Cr203 spinel Tike phase was formed.88 This
second orientation relationship is given as:

(111)
[110]

(Oll)oxide
[loojoxid

metal 'l
metal ll e
One pair of close-packed directions remains the same as in the
orientation relationships found in this study. However, the
second pair is given as:

[112] [011]

metal !I oxide

and also has a lattice constant difference of 19% in that

direction,

Boggs et al found that on oxidized (111) iron, the first
orientation relationship found in this study occurred when the

single crystal was oriented 2° in the [2I1] direction and 1° in
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the [011] direction.89

The orientation relationship seer by
Watari and Cowley occurred when the single crystal was tilted
less than 2° toward the [211] direction away from the exact
(111) orientation. This shows a high sensitivity to slight
orientationai differences in the initial substrate orientation.

The specimen geometry in this study was not uniform enough to

allow changes of 1° or so to be measured with accuracy.
4) Summary of orientation relationships

Figure 87 shows the stereographic triangle for a Bain relation-
ship and indicates the rotations of the oxide projection needed
to result in the orientation relatfonships found for each metal
orientation. All rotations are seen to occur in major
crystallographic directions. The interesting feature is that
the same 9.7° rotation is needed to obtain the N-W relationship
on (011) metal and the orientation relationship found on (111)
metal. However, the direction of rotation is changed by 35.3°,

the angle between the (111) and (011) planes.

Table IX lists the percent difference in lattice constants
along parallel directions for all the orientation relation-
ships. In all cases, except for the K-S relationship, at Teast

one pair of directions has a difference of only 3%. This



(111)

(001)
(012)
(011)
(111)

(hkl) - metal

| | N(T11)
) (001) . D G b
D)5.3%C)9.7° (001) (012) (011)
E)24.7°
Figure 87

Stereographic triangles of the Bain relationship for metal and oxide. Arrows near (001)
represent translations of the oxide projection needed to result in all of the orientation
relationships found in this study between metal and cubic oxides.

90¢
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difference is usually accommodated by the parallelism of the
[100] or [110] directions of either phase. For the third
orientaticn relationship on (011) metal, the 3% difference
results from the [111] metal direction and the [112] oxide
direction being parallel. The orientation relationships can be
considered to be primarily dependent upon alignment of parallel
directions where the misfit along those directions is a mini-

mum.

Orientation relationships can explain why 6—A1203 is stable on
(001) and (012) metal orientations but not stable on (011) and
(111) orientations. The asymmetry of the 8-A1,05 structure
precludes more than one oxide close-packed direction from
simultaneously a]ign%ng with other close-packed directions in
the (011) or (111) metal planes. The inability of 6-A1,05 to
superimpose properly on the (011) and (111) metal planes along
two close-packed metal directions results in a stabilization of
the cation sublattice of the cubic spinel structure. Thus,
v-A1,0, is the stable oxide phase on the (011) and (111) metal

273
orientations.



208

C) Transient effects on the formation of a-A]203 on

B-NiAl

This study has thus far dealt only with the transient stages of
oxidation of alumina forming alloys. The major goal of this
project, however, is to characterize the transient oxidation
stages so that the formation of Ot—l\1203 or the transformation
to this stable phase can be controlled. Work by Felton and

24 Hindam and Sme]tzer25 and Rybicki and Smia1ek21 and

93

Pettit,
Smialek and Gibala”" has laid a foundation for the detailed
study of a—A]203 formation from transient oxides on alumina

forming alloys.

In the studies by these authors, oriented a—A1203 was predicted
on g-NiAl and Pt-Al at temperatures greater than 1000°C.
Regions of oriented a—A1203 corresponded to the oxide grain
size and were surrounded by ridges of fine-grained random
urA1203. No results on the actual preferred orientation of the
oxide grains were obtained, however.

Many studies have found epitaxially oriented a~Fe203 and
chr203 which are isostructural with u—A1203. However, the
majority of the studies find that the o-phase is epitaxially

related to the spinel phase and not necessarily to the metal.
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The most prominent orientation relationship found has been:

{111} |
sp

inel ' l a~-M,0
{110

(0001)
2

5 3
spinel H <1120> oz—MZO3

The {111} planes of spinel have a hexagonal structure as does

the (0001) basal plane of the a—M203 oxides. This relationship

63,64,83,89

been found for oxidized iron and for oxidized

88 Smialek found this orientation relationship for

18,22

chromium,
oxidized NiCrAl alloys. This orientation relationship is
said to occur because the anion lattices of the two structures
in those orjentations are similar. The final transformation to
a-A1203 involves a restructuring of the cubic anion lattice to

a near hexagonal anion lattice, therefore suggesting this

orientation relationship.

Because of the strong orientation relationship between the
{111} spinel plane and the (011) metal plane, epitaxially
oriented a-AT,0, would be expected on {011} planes of BCC
metals. In the studies mentioned above, the {111} spinel
orientations were obtained by oxidation of the (011) metal
faces. In a study of CrPt growth on sapphire by Baglin and
d'Heur]e,90 no cubic oxide phase was present yet the predicted
orientation relationship occurred. This would indicate that

there is a tendency for the hexagonal anion lattice of O4-M203
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to align itself with the metal much in the same way that the
cation sublattice of the spinel phases are oriented upon

nucleation.

Because of the high negative heat of formation and the rela-
tively slow cation diffusion processes, a-A1203 nucleates and
grows at the metal-oxide interface unlike a-Fe203 on oxidized
iron. Therefore, both the metal and cubic oxides can play a
role in the orientation of the u—A1203. Both should tend to
cause a basal plane orientation of a-A1203 when an (011) metal

interface is oxidized.

The nucleation of a~A1203 at the metal-oxide interface is not
the same as the transformation from the transient A1203 phases
to a-A1203. A restructuring of the anion lattice of the cubic
oxide is involved when this occurs. This restructuring in-
volves a 14% decrease in volume and thus induces tensile
stresses in the pre-existing oxide layer. Even if the oxide is
oriented, the tensile stresses would still develop. Therefore,
it appears that the initial oxide layer could have little

effect once the transformation to a-A1203 begins to occur.

Because the experiments were ended after ten hours of oxidaticn

time, the transformation to “‘A1?Og had not yet begun. Even
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so, there exist differences in oxide phases on different metal
orientations. y-Al1,05 exists on (011) and (111) metal orien-
tations whereas 6-A1203 is present on (001) and (012) metal
orientations. The y- A1,0, on (011) metal appears to be the
best candidate to obtain oriented a-A1203. However, does
y-A1203 transform to a-A1203 or is Y'A1203 stabilized on (011)
metal until the final transformatior? If Y—A1203 transforms to
6-A1203, a different orientation of metal might form 6—A1203
having an orientation more suitable for oriented a-A]203

formation,

The transient oxidation of g-NiAl could therefore be an
important factor in the final structure of the stable a-A1203
scale. The high degree of preferred orientation in the
transient stages of oxidation might be carried over as a—A]203
begins to form. Single crystal or even highly textured
a—A1203 scales should possess the optimium slow growth rate
characteristics. The key to the attainment of these highly
desirable u—A1203 scales might lie in optimizing the transient

stages of oxidation on alumina forming alloys.
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CONCLUSIONS

Results of this study indicate that the transient oxidation of
NiAl+Zr is highly dependent on the metal substrate orientation,
The difference in oxidation characteristics with metal orien-
tation could be a major factor in obtaining slow growing,

"single crystal" a—A1203 scales on these alloys.

At 800°C, for oxidizing times up to 10.0 hours, transient
oxides based on the cubic spinel structure form cn all metal
orientations. The oxides are highly epitaxially related to the
metal substrate. The strong epitaxy is a result of minimal
amounts of mismatch along cation close-packed directions in

both the metal lattice and the oxide cation sublattice.

The (001) and (012) metal orientations produce similar oxida-
tion results. The oxide scales are initially N1A1204_which
becomes a minor oxide phase as 5-A1203 forms and grows by
outward cation diffusion. The orientation relationships
between metal and oxide are based upon the close-packed [100]
metal and [110] oxide directions where the lattice parameter

mismatch is approximately 3% along these directions.
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On (011) and (111) metal orientations, N1'A1204 does not become
a secondary oxide phase as quickly as on the other metal
orientations. Also, Y-A1203, and not 6—A]203, becomes the
predominant oxide phase. The orientation relationships on
these metal orientations again follow the same principles of
cation close-packed directions and appear to play a major role

in the attainment of v-A1,0, versus 6-A1,0,.
2°3 2°3

5-A1203 has a tetragonal spinel structure with an average c/a
ration of 2.9. This appears to be the thermodynamically |
desirable phase at 800°C on g-NiAl. However, structural
stability of y-A1203 on (011) and (111) metal orientations

overrides the thermodynamic favorability of 6-A12 3

The orientation relationships in this study are based on
classical BCC-FCC orientation relationships. On (001) metal,

the Bain relationship exists and is given as:

(001)
[100]

(001)
[110]

metal Il oxide

metal ll oxide
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Cn (012) metal, an orientation relationship occurs which is
less than 1° away from the classical Nishyama-Wassermann

relationship. The relationship is given as:

(012)
[100]

(112)oxid
[110]

metal |i e

metal It oxide

Three orientation relationships occur on (011) metal and
include the Nishyama-Wassermann relationship, and the
Kurdjumov-Sachs relationship and a third orientation relation-
ship which appears to be more favorable than the
Kurdjumov-Sachs but less favorable than the Nishyama-Wassermann

relationship. These are given as:

(wa)v (Oll)metal ’l (lll)oxide
[loo]metal ,’ [llO]oxide
(K-5) (Ol})metal Il (lli)oxide
[llljmetal l] [Olljoxide
(8-D) (Oll)metal l] (ill)oxide
[Zlijmetal ll [Oli]oxide
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On (111) metal, the orientation relationship that occurs is:

near (021)
[100]

(111)
[110]

metal " oxide

metal l, oxide

Computer modeling of these orientation relationships with a
simplified geometrical approach, did not result in the ability
to predict the energetically favorable orientation relation-

ship.

Further work is needed to determine the extent of the metal
orientation effect on the oxidation rates of alumina forming
alloys. Optimium usé of this effort could result in the
formation of desirab1e<x-A1203 scales with the superijor.
property of growth of the oxide scale controlled more so by

lattice diffusion.
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Published d-spacings for NiAl

)’—A|203

4.566(1)

3.954(200)

2.796(220)

2384311

2.283(222)

1.977(400)

1.814(331)
1.768(420)

1.614{422)

1.522(333)

1.398(440)
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Appendix A

20,

and Y—Al203.(Ref. 41) (A)

NiAIZO4

4.650(111)

4.024(200)

2942(220)

2.427(31)

2.322(222)

2.013{400)

1.846(331)
1.800(420)

1.641(422)

1.549(333)

1.423(4 40)
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Appendix B

Relrod formation and positions in (001) and (111) oxide zones.

Relrod formation occurs because the intensity distribu--
tion of diffracted electrons is a function of the sample

geometry. The intensity distribution is given as:

2
F sin(nmts )
1= (—£.)° Z

v <ﬂsz>2

where I = intensity

F = structure factor

VC= volume of a unit cell
t = foil thickness

s = distance from the reciprocal lattice point to the
Ewald sphere in the z-direction.

A plot of this function is shown in Figure Bl and shows that
the intensity is not a spot but actually in the shape of a rod
in the z-direction with a length proportional to 1/1.

Figure B2 is a schematic of reciprocal space of an (001)
NiAl2O4 zone and shows relrod intersections with the Ewald
sphere. The projection of these intersections results in the
two-dimensional diffraction pattern. Just the projection
of a (111) NiAl,0,

from which Laue zone each reflection arises.

zone is shown in Figure B3 to iIndicate
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Intensity
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Figure Bl

Plot of intensity versus distance from the reciprocal lattice
point to the Ewald sphere in the z-direction.
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Appendix C

Published d-spacings of 6-A1.0, along with assigned indices to
compare with the calculated Values of d-spacings of 6—A1293
found in this study. The lattice constants of a = 7.93G"A

¢ = 23.356 K are the average values measured from diffraction
pgtterns.

Published d-spacings(&) (hkl) Calculated d-spacings(4)

7.6 (101) 7.525
(102) 6.570

6.4 {004) 5. 835
5.53 (111) 5,465
5.10 (112) 5,065
4.57 EllBg 4.557
114 4.048

4.07 {(105) 4.025
3.61 (115) 3.591
3.23 gllég 3.199
107 3.075

3.05 {(214> 3.036
2.881 : (117) 2.868
2,728 (222) 2.733
(302) 2.590

2.601 {118) 2.58,
2.460 (312) 2.458
2.402 (313% 2.392
(314 2.309

2.315 {(305) 5 305
2.279 (226) 2.278
2.160 (1-1-10) 2.156
1.986 (400) 1.988
1.953 (0-0-12) 1.945
1.914 (318) 1.904
1.827 (333) 1.822
(319) 1.805

1.810 {27270) 1.79%
(3-1-11) 1.621

1.628 U l420) 1.617
1.604 (1-1-14) 1.598
1.538 (513) 1.529
1.517 (%-1'%5) 1.500
523 1.450

1.407 (440) 1.405
1.39 (4-0-12) 1.390
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Appendix D

§-A1 O3 zone axis diffractionigg%tergs from(001) and (012)
metaf Bdxidized for 10.0 hours at 8007C. The indices of the
zones correspond to a cublc stereographic projection and not

to the tetragonal projection of 6—A1203.
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Appendix E

Computer programs used to determine nearest neighbor
distances in the computer models for the five orientation
relationships mentioned in this study. The basic programs listed
below are adjusted to allow for different rotations and spacings
of the two-dimensional interface lattices.

I DiM ALBRLi182.60)

fg G=4 _ 151 IF H < B THEN BAM = 3,141592
23 TRALE x 5+ AIN (K / Hi
fo NUTRm:: ..,. 168 FOR X =€ TO 58
'} RAI = 2.BEC 170 NNL = 8
31 BhZ = 2" 0-5 ;2 ¥ KAl 182 NNZ = 2
35 A4L = (7,908 / 2) h T e
36 AAZ = 2 B.5 % il B8 TL =R
386130851 M 20872 = 3
3BLl= -128 239 FOR N =270 52
4 FOR .l = -~ 528 T0 5@ 738 BET = @
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