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INTRODUCTION

Study of the microstructure of A1203 scales formed on high
temperature alloys has become a more intense field of research over
the last 15 years. This is in large part due to the availability of
scanning electron microscopes to most laboratories, by which magnif-
ication of 10,000X can be achieved routinely High magnifications
are required to study scale features, since the total scale thick-
nesses generally attained are less than 5-10 um. The driving force
behind the SEM scale studies has been the development of oxidation
resistant Ni,Co,Fe-Al alloys, which depend on the production of a
stable adherent G-A1205 scale for their performance in oxidizing
atmospheres at high temperature.

The use of transmission electron microscopy for studying A1203
scales has been much less extensive due, most probably, to experi-
mental difficulties in thin foil preparation and unavailability of
ion thinning procedures. Most of the TEM studies of A1203 scales
have been limited to low temperature/short time transient oxidation
which produced electron transparent scales. The internal structure
of mature A1203 scales has not been studied at all. Furthermore,
the transient oxidation studies were directed towards phase

identification by electron diffraction and gross scale variations

over alloy grain boundaries; thus, even in the transient scales

little information on the fine structure exists.
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The following literature survey will briefly review the

structural studics of a-Al1,0, scales. In addition to the limited

3
TEM studies, the SEM works will also be discussed. Special atten-
tion will be given to the importance of the observed scale struc-
tures to the development of oxide adherence theories as well as the
need for TEM to confirm additional features at submicron-level
resolutions required by these theorics.
A) SEM Studies

Much of the pioneering work on the structure of A1203 scales
was done by Pettit and co-workers on FeCrAl, NiCrAl, CoCrAl, and
Pt-Al alloys. The vacancy sink mechanism put ferth by Tien and
Pettit related oxide adherence to the prevention of voids at the
oxide-metal interfacc.l FeCrAl alloys with Y or Sc¢ additions were
found to form internal oxide protrusions which were thought to
provide surfaccs which served as vacancy sinks. Pure FeCrAl on the
other hand formed voids at the oxide-metal interface, presumably as
a Kirkendall effect caused by the selective oxidation of aluminum,
A dispersion of AI:O3 particles was also found to prevent voids and
oxide spalling in the absence of Y or Sc. This is consistent with
the requirement of additional surfaces to remove vacancies. The
:\1203 scales were found to grow by inward oxygen diffusion on all
the alloys. The scale on the pure FeCrAl had a duplex structure
with fine grains at the gas surface and coarse grains necar the
metal. The gas surface appeared to be dimpled or porous and had

many oxide whiskers. The scale was also wrinkled in the areas where




the interface voids were. Voids were also observed to be present in
the underside of the oxide at these regioni. The scales on the doped
alloys were flat, showed no voids at the oxide-metal or gas surfaces,
and had YAIO3 formation for alloys with 0.1%Y or greater. Alloys
with 0.01Y formed no Y oxides, but were still adherent. It was
therefore proposed that Y-vacancy complexes were also useful in
preventing void formaticn and spalling and that internal oxide pene-
tration (pegging) was not required for adherence.

In an extensive work on NiCrAl and CoCrAl alloys, Giggins and
Pettit found essentially the same features previously reported for
the FeCrAl alloys.2 However, some additional experiments further
complicated the understanding of oxide adherence mechanisms. It was
found that clectropolished samples of undoped NiCrAl did not form
interface voids during oxidation, but the A1203 scales still spalled
profusely. This indicated that voids arc not necessary to cause
spalling, and the generality of the vacancy sink mechanism was
accordingly limited. Also, in compressively stressed Y-doped speci-
mens the oxide was still found to be quite adherent. This indicated
that adherence was not primarily due to the lack of internal stress
in the oxide, as suggested by the growth stress model to be discussed
later. The final conclusion was that the oxide-metal bond was
enhanced by a "micropegging' mechanism due to Y additions,

Some additional interesting Al:O3 structures were observed on
Pt-Al alloys by Felten and Pcttit.3 In a Pt-6%Al1 alloy different

Al,0; morphologies were found over the Pt;Al and PtgAls phases.
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The initial scalc on the PtzAl phase imaged polishing marks on the
nmetal, whereas the Pt5A13 phasc showed no polishing marks after
oxidation., This suggested that the Pt2A1 scale was growing inward,
whereas the PtSAl3 scale was growing outward, The PtzAl oxide was
very thick at oxide grain boundaries and thin over the interior of
the oxide grain. Supplementary TEM studies confirmed this and also
documented some preferred orientation during initiai oxidation. The
PtSAl3 oxide phase was essentially a single crystal made up of highly
oriented subgrains during initial oxidation. This eventually trans-
formed into a polycrystalline oxide, with a grain size finer than
that in the Pt2A1 oxide. At long oxidation times the scales
exhibited a columnar structure. An irregular oxide-metal interface
morphology also developed where alloy protrusions existed in the
underside of the scale. This rough interface or a good Pt-A1203
chemical bond was believed to account for excellent oxide adhesion
in cyclic oxidation tests.

Golightly, Stott, and Wood have explained the adhesion of Y-
doped FeCrAl as due to the minimization of growth stress in the
scale.4 The undoped FeCrAl exhibited oxides which were severely
wrinkled and detached from the metal, whereas Y-doped alloys produced
flat scales in good contact with the metal. Oxide penetration into
the alloy was observed in an 0.82%Y alioy, but not for an 0.023%Y
alloy. Since adhesion was good for both compositions, the effect of
mechanical attachment due to the oxide intrusion was dismissed. The

occurrence of interface voids in the undoped FeCrAl were explained

"




g, M R R

as the result of lateral growth of the oxide. This lateral growth
was believed to result from the short-circuit outward diffusion of
aluminum in addition to the primary transport mechanism of inward
oxygen grain boundary diffusion. Dislocations in the oxide were
felt to be the most likely candidate for these short-circuit paths
which could then be blocked by the segregation of Y atoms at the
cores.

In a more detailed study by the sawme authors, the equiaxed
scale structure of the undoped FeCrAl was explained as a result of
outward aluminum diffusion and growth stresses.s With increasing
amounts of Y, the :quiaxed structure became more of a duplex struc-
ture with columnar yrains at the oxide-metal interface. Cusped
surfaces of oxide gra:ns, where additional material was present near
oxide grain boundaries (at both the gas and metal surfaces) was
helieved to be due to plastic flow of the oxide. This was caused by
growth stresses resulting from oxide formation in the vicinity of
oxide grain boundarices.

Alam, Whittle, and Stringer, and Whittle and Stringer have
explained the adherence effects of rarc-carth additives according to
a third mechanism -- that of oxide peggin .0'7’8 While the growth
stress and vacancy sink models may also apply to some degree, they
believed that the greatest adherence is achieved when a finely dis-
persed assemblage of oxide intrusions is developed. They have
cnhanced adherence by a pre-oxidation treatment of Ht-doped CoCrAl

allovs in order to internally onidize the Hf to a very fine HfO,




dispersion. Upon subsequent oxidation the HfO2 particles presented
rapid paths for oxygen penetration, and Al,0, oxide intrusions formed
on the underside of the A1203 scale.

The foregoing has outlined briefly the tenents of the three
prominent A1203 adherence mechanisms: vacancy sink, growth stress,
arl pegging. As yet, no one argument has been accepted unequivocally
by the oxidation community. The oxide structures as revealed by SEM
have been an important source of information for these theories.

Some features which can be revealed only by TEM could support these
theories, such as the preferential precipitation of vacancy disloca-
tion loops in doped alloys or a large number of dislocations in the
A1203 scale serving as short-circuit paths for aluminum. Although
the major objective of the present work is not to develop an oxide
adherence model, the TEM studies do afford information useful to
these theories of adherence.

B) TEM Studies

Transmission microscopy studies of Alzo3 films on aluminum date
back as early as 1934, as briefly reviewed by Phelps, Gulbransen,
and Hickman in 1946.9 Basically, what was found in these studies
was that small submicron crystallites of Y-A1203 or a-AlZO3 were
formed by low temperature (NSOOOC) short time (5 minute) oxidation
exposures. More recently Scamans and Butler studied oxidation of
aluminum and found that above 475°C crystallites of y-AlZO3

nucleated beneath an amorphous oxide layer after an incubation

. 1 .
period when no crystals werc observed. 0 The crystals were in the
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750-1000 A size region and were highly oriented, but did not exhibit

any unique orientation relationship with the metal substrate.

Thin scales formed on Ni-Al alloys were studied by electron

11

diffraction by Nazarova in 1964, He found a predominance of

y-A1203 for alloys greater than 33 w/o Al in the range of 540-860°C. :

For lower concentrations, NiO and NiAlzo4 predominated. Wood and

Chattopadhyay studied the 600°C transient oxidation of Ni-Al alloys

12

containing from 2-23% Al. They found non-uniform scale structurecs

consisting of dispersed NiO crystallites with an underlying

"healing" layer of y-Alzo3 and a NiAlzo4 reaction layer.

Similar results were observed by Kear, Pettit, Fornwalt, and

i Lemaire for Ni-15Cr-56Al1 oxidized at 1000°C.13 After one minute of

0
oxidation, dispersed crystallites of NiO (>50 A dia.) were observed

with an underlayer of a-CrZO3 (>50 g dia.) and a major intermediate
layer of NiA1204 (<50 A dia.). After five minutes crystallite
} growth occurred and some degree of crystallographic texture was
observed. After 40 minutes randomly oriented grains of a u-AlZO3
were found in a random a-Crzo3 underlayer with both having a 2000 g
grain size. Further oxidation to 20 hours produced only a stable

n-Al,O3 scale as obscrved by X-ray diffraction. Koch and Romeco

studied a Ni-10Cr-13Al1 alloy oxidized at 900°C for 16 hours and

found highly oriented NiAl,O, and NiCr,0, oxides.14
Thus the state of the TEM cobservations is such that the stable
a-Al,O3 scales have never been studied. The purpose of the present

study is therefore to begin to "fill the gap" in the knowledge of
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the substructures of A1203 scales by investigating mature stable
u-AlZO3 as well as the fine structure in transient scales.
Special attention is given in this work to features (or the

lack of such features) which have significance to oxide adherence

% theories. However, a great deal of emphasis is also placed on other

7 promiaent features which are of importance to a fundamental under-

' ! standing of A1203 scale structures and growth processes. The scope

of the work entails a detailed look at scales formed on undoped

| Ni-15Cr-13A1 oxidized at 1100°C from 0.1 to 20 hours. Scale varia-
tiuns through the thickness were studied by successive ion thinning of

a single specimen or by producing multiple specimens at various

levels in the scale. A concerted effort was made to discuss the

S S el e

Al,0, scale structures in terms of buik a-Al,O3 properties.




CXPERIMENTAL PROCEDURE

Button melts of Ni-15Cr-13A1 alloys were made by non-consumable
tungsten arc melting in a copper-cooled mold, Tl approximate
casting dimensions were 1 x 2 x 10cm. Melt charge materials were
all 99.99% pure. The compositions determined by wet chemistry are

as follows: (weight percent)

Ni Cr Al X

bal 15.0 12.6

bal 14.8 12,7 0.47 Y
v

bal 15.3 12.8 0.50 Zr

The castings exhibited a two-phase structure of 25 um wide g-NiAl
primary dendrites in a y/y”° Ni(SS)/NiSAl matrix. The vy particles
exhibited the classic (100) cuboidal morphology as revealed by d..rk
fiecld imaging with superlattice reflections. The vy~ particle siz~
was 500 X and did not change with thermal treatments at IIOOOC;
thus the y* was apparently taken into solution and re-precipitated
after ecach exposurc.

Specimens for oxidation studies were produced by taking 0.6 mm
thick slices, electrodischarge machining 3 um dia. discs from the
slices and manually sanding the discs to 0,25 mm thickness. The
discs were metallographically polished with 3 :m diamond and 0.5 ym
chromic oxide, and ultrasonically cleaned in detergent, then in

ethanol. Oxidation was performed in FeCrAl cups that were pre-

oxidized to form a thick a-Al,0. coating. The cups were pre-heated,
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the specimens inserted, and the aszembly quickly lcwered into a
resistance furnace maintained at 1100:3°C. Oxidation times were
0.1, 1, and 20 hours.

Thin foils of specimens exposed for 0.1 hour were produced by
careful 600 grit sanding of one side of the disc to a 125 um
thickness, electropolishing from this same side only, until trans-
parent to high intensity light, and ion thinning the remaining
oxide film. Electropolishing was accomplished at 35V and 10mA
in a 5-17-78 perchoric acid/acetic acid/butylcellosolve solution
at 3%, TIon thinning was performed at S5kV, with a 10-15° angle of

incidence. Scales formed on the pure NiCrAl for 1 and 20 hours
spalled cleanly at the oxide-mctal interface and could be ion
thinned directly. The 20 hour scale was ion thinned for varying
durations from the top or bottom side to produce foils at different
levels in the scale. Thus, all thin foils studied were produced in
the plane of oxidation. The foils were examined in a JEOL 7A
microscope operating at 100kV. The limits of the specimen stage

were +20° of tilt and +180° of rotation about the specimen axis.




RESULTS AND DISCUSSION

Chapter I. Morphology of Transiont Oxide Scales

A) Pure Ni-15Cr-13Al

1) Metal Structures

a) y/y’® dislocation structures at the Al,gé_pxide-uetal interface.

A large transparant area of y/y” produced by electrpolishing and
ion thinning is shown in Figure 1. The y/y‘ area is relatively
uniform in thickness. The B regions, however, show scattered holes,
n2-3 ym in diameter. These holes arc interpreted as voids in the
metal caused by selective oxidation of Al. The void size is compa-
rable to the 1-2 um voids formed in Ni-42 a/o Al after 0.075 hr
oxidation at 11000(?.15

The entire y/y” region o Figure 1 contained a ''cross-hatched"
array of parallel dislocations. This is shown more clearly in
Figure 2. The arrays consisted of two mutually perpendicul:r sets
aligned along <110>~, as will be shown later, Oxide grains (marked
"X") are also present throughout the y/y° region. Thus, a layered
structure of oxide grains and dislocations in y/y° exists here.
This oxide + metal structure therefore represents the interface
structure where oxide grains arce bonded to the metal substrate.
The dislocation arrays show a periodic spacing of 0.2 ym. Details
of the interface structure in a similar region are shown in Figure
3. Here the periodic dislocation array can, in some cases, be seen

as periodic clusters of dislocations (marked '"C"). The oxide grain

11
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size varied from ~0.05 to 0.10 uym, and is on the order of the

spacing of the periodic clusters. This correlation suggests a

possible pinning effect of oxide grain boundaries on dislocations in
the metal. The intimacy of the oxide-metal bond is jllustrated by
areas showing a sharp oxide-metal interface ("M-X") and interfacial
dislocations ("I'") produced by some crystallographic disregistry at
the plane of contact. The intense '"salt and pepper" contrast
apparent in Figure 3b is damage in the y/y” due to ion thinning.

The projected dislocation line directions are seen to be within
n2° of [110] and (1101 in Figure 4. Because the dislocation pro-
jected lengths, L, are quite long, 3-13 um, it is expected that they
lie nearly parallel to the oxidized surface, and that the true line
directions, u, are also [110) and [110]. The dislocations were
calculated to indeed be only about 1-5° to the plane of oxidation
from sin 0 = t/L, where the foil thickness, t, was estimated to be
1500 X.

Based on this information a simplified account of the disloca-
tion structures can be proposed. The high degree of orientation
indicates that the lines are either pure edge or purc screw in
nature. The Burgers vectors were not determined because of the
complicating effects of the oxide layer on dislocation images.

The stress induced in the metal from oxide growth stresses during
oxidation or thermal expansion differences during cooling are a

maximum at the oxide-metal interface and decrease in towards the
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midsection of the metal substrate. This stress gradient causes a

shear stress which is a maximum in the plane of oxidation. In this

sample the planc of oxidation was (I05), or 10° from (001). If b

is assumed to lie in this plane of maximum shear stress, then it
must be 1/2 <110> for perfect pure screw or pure edge dislocations.
An orthogonal array of pure screw dislocations results in a pure
twist boundary. This configuration could not result from the bi-
axial stress state at the oxide-metal interface. An orthogonal
array of pure edge dislocations, however, can produce a biaxial
expansion in the plane of the array. This is consistent with the
expected stress state of biaxial tension in the metal at the oxide-
metal interfacc.4'1°
The existence of an (001) slip plane is contrary to the (111}
slip planes normally observed for FCC materials. However, the
stress stato at the oxidized surface is dramatically different from

that in a conventional uniaxial mechanical test specimen. During

oxidation the stress is applied directly to the plane of maximum

deformation with a Schmid factor near unity. However, in a uni-
axial tension or compression test, the stress is applied at some
angle to the plane of maximum shear, and the maximum Schmid factor

is limited to 0,5 or less. Furthermore, a recent study has shown

that <110~ slip on {001} planes for FCC Ni. Cu, and Ag single

. . : 17
crvstals deformed in tension,

The dislocation density of Figure 4 was calculated to be

N3

-2 . 18 . . )
lﬂlucm by the method of Ham. (The foil thickness was estmated
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to be W4€g, g = (200).) This value is between those for a well an-
12

2
“~

em .

pJ
-

nealed metal, 108cm” , and a heavily cold worked metal, 10
The diffraction pattern of Figure 4c includes a number of

reflections from the oxide grains as well as from the metal struc-
ture. There is no clear epitaxial relationship between the oxide and
metal, nor is there a preferred orientation of the various oxide
grains in this area. The oxide reflections were indexed as primarily
n-Al:O3 with some possible a~(‘.r203 reflections., In another area a
single crystal pattern was obtained for a large “‘AIEOS grain and
metal, Figure 5. Some planes were found to be parallel: (013)Y H

(0111),, and (131)y H (Oill)u. However, in general, there was no

compelling evidence for a strong cepitaxial effect.
The oxide structure in the pitted areas of the rR-NiAl phase
wis thin enough to show some structural features, Figure 6. No
distinct grain boundaries are cvident, but there arc delineations
of various thicknesses in an undulating pattern. This morphology
agrees with the very porous structure obscrved for AI:O3

. . . . . . . 15 o .
directly above oxidation-induced voids in NiAl. The diffraction

areas

pattern was iwdentitied as primarily H-AlJOS. A rectangular array
of spots suggested the possipility of a single crystal or preferred
orientation pattern for the oxide. Indexing as o {21]2] Al,0;
pattern was possible, although the certainty of any indexing

scheme based on large Eﬁl values of marginal intensity is question-

able, It is noteworthy that the {0330) reflections show a rota-

. . . - Q O .
tional variation of 47, This may have some relation to the Al,0

~
-
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scales to be discussed later, which have preferred orientations
with some rotational variations from subgrain to subgrain in the
oxide.

b) y/y’ dislocation structures beneath the oxide-metal interface.

Metal structures were also observed in areas where no oxide remained
after specimen preparation. Dislocation structures reminiscent of
the long <110> lines found in the plane of oxidation were found
beneath the interface. In addition, networks of dislocations in
subgrain arrays were also observed. The distance beneath the plane
of oxidation for these structures was estimated to be between 1-5
um, but could not be determined by any straightforward technique.
Typical dislocation arrangements arc shown in Figures 7a, b,
and ¢. The low angle grain boundary networks (marked '"A") consist
of jagged dislocations lines. Each scgment direction shows approx-
imate parallelism to segments in neighboring dislocations. Thus, a
definite crystallographic direction is assumed by the dislocation
segments,  The average y° particle width was determined from the
(010} ° dark field micrograph of Figure 7d to be 270 + 70 x.
Referring to Figure 7a, this dimension is characteristic of the
smaller segments of the low angle boundary dislocations. It is
thus belicved that tlrse dislocations dodge the hard y” particles
and remain in the relatively soft y areas between particles.
Longer segments may then extend between two or more particles whose

faces share a common plane. The y° particles in Figure 7d show no
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evidence of dislocations cutting particles, which is further
evidence that the dislocations lie between particles.

At some distance from these jagged dislocation arrays, longer
straight dislocation segments are present (marked "B" in Figures
7a, b, and ¢). Their projected directions were about 40° from
{010) and thus, can be easily described as <110~ lines at 45° to
(010), but at some inclination to the plane perpendicular to the
beam. In Figures 7b and 7c¢ the long dislocation structures can be
seen to gradually '"merge" into the low angle boundary arrays. Thus,
a relationship of the long <110> dislocations found directly at the
oxide-metal interface and the scgmented dislocations in the low
angle boundarics beneath the interface is strongly suggested. It
is proposed that the low angle boundaries resulted from thermally
activated climb of prior <110~ dislocation arrays.

The previously discussed long dislocations at the oxide-metal
interface represent an unrecovered structure produced by oxidation
growth stresses. Thus, a decrecase in dislocation density of the
long <110> lines occurs as a function of distance below the oxide-
metal interface. This is consistent with a decay of the oxidation
growth stresses from the oxide-metal interface into the metal
interior,

¢) B structures beneath the oxide-metal interface. No areas of

R-NiAl were found that were still in contact with the oxide, and as

a result the B structure at the immediate oxide-metal interface was
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not studied. However, B structures were observed at some slight
distancc beneath the scale. The major effect was compositional in
nature. Aluminum depletion caused by selective oxidation resulted
in the formation of the lower aluminum phase'yﬂNisAl. Because of
the planar front of oxidation the y” formed as a layer of numerous
subgrains on top of the parent B phase. The y” subgrains were often
coherent with the 8 and showed a definite crystallographic relation-
ship with 8. Typical y” structures resulting from the aluminum
depletion of g are shown in Figure 8. Voids (Figure la) on the
order of 3 um diameter were produced in the original g phase as the
result of selective oxidation of aluminum. Since voids of this

size were previously identified as interface voids in the oxidation
of NiAl, it is concluded that this foil plane is less than 3 um
bencath the oxide-metal interface. On a finer scale, Figure 8b,
this region is secen to consist of a mosaic of grains or subgrains,

identified as vy~ by electron diffraction. The subgrain size varied
from 0.5 to 3 um, with an average of 2 um. Antiphase domain bound-
aries (APB in 8b) presumably resulted from the growth and impinge-
ment of multiple y” nuclei. Wide thickness contours were also
common ("C'" 1in 8b and 8c) which indicate a relatively flat inter-
face topography, such as a layered structure. The convoluted shape
of these contours favors an interpretation of them as growth APB's

as opposed to the more regular structure of simple grain boundary

friuges.
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An example of a layered y* + B structure is shown in Figure 9.
The extent of the y” subgrain (1 um) is outlined by the thickness
fringes (arrow) formed by the y--g interface inclined to the plane
of the foil. The areas corresponding to g only, layered g8 + y~, and
Y” only are labeled in Figure 9b. The B structure shows a fine
periodic structure ('cross-hatching'" or '"tweed") to be discussed
later. The B + v~ layered structure has produced a series of
Moire patterns resulting from near-alignment of the Bragg planes in
the two phases. The vy~ region contains a large annealing twin,
fine a-Cr from the parent £, and fine cuboids of Y” electropolishing
debris from other areas.

The diffraction pattern obtained from the Y~ area only is
shown in Figure 10a and b. The twin planc was the usual {111} for
FCC materials., Matrix and twin patterns were separated by dark
field imaging (see Figure 9c for é = (111)Y°, matrix reflection).
The diffraction pattern for the 8 phase is shown in Figure 10c and
d. The indexed pattern has identified a number of satellite spots
in <100> directions. These resulted from the intersection of <110>
rel rods with the Ewald sphere for a [100] zone.19 (The origin of
these rel rods will be discussed later.) Extra streaked spots (not
identified) probably resulted from rel rods from a nearby zone.

A superimposcd pattern from the Y matrix is shown in Figure
10d. (10a and 10¢ were obtained at the same foil tilt, and the

(220) and (111) Y  relfections were recorded in the R pattern.)




ST T W

19

Thus, the orientation relationship between y- and g defined by the

diffraction patterns is:

(IOO)B M (IIO)Y,
(011)B || (lll)Y,

The specific lattice strains and rotations required to produce
the Y~ cell with the above orientation can be best described by
examining the unit cells of both structures, shown in Figure 11.
X-ray diffraction lattice parameter was found to be 2.860 * 0.002 x
for the ordered BCC NiAl cell., With this internal standard, a, was
found to be 3.594 *+ 005 g for the ordered FCC Ni,Al cell. The Y*
cell can he described as a 0.45 X contraction along lllO]B and
lilO]S, and a 0.73 X elongation along (00118, At perfect stoich-
iometry the aluminum atoms occupy all of the sites at the cube
corners.  As aluminum is depleted, nickel atoms occupy aluminum
sites in a random substitutional manner.20 The stoichiometric
NigAl cell is produced when half of the NiAl cube corners are
occupied by nichel atoms and by the lattice distortions just
described.

Stereographic projections of the idealized cell orientations
of Figure 11 arec shown in Figure 12. No parallelism of close
pached {110)B and {lll}y, planes has been produced by lattice

‘ . . . o
distortions alone. However, rotating v~ by & = 9,7 about the

(100} ; brings (11i)y. | (01i)8. (Sce 8 in Figure 11.) This is

b
equivalent to the Nishiyama-Wasserman (N-W) BCC-FCC rclatiom‘»hi\p."l
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This is also identical to the relationship found in Figure 10 for
NiAl-NiSAl. Since exact zone axis orientations were not obtained
for Figure 10, it also is possible that [11114 || (1011 . (by
further rotating ¢ = 5.3% in Figure 12). This corresponds to the
Kurdjumov-Sachs (K-S) relations. The following table lists the two

orientation relationships for the BCC ¢ FCC transformation:z1

Kurdjumov-Sachs Nishiyama-Wasserman
(O1)pee (1) pee (O1)gee  ()pee
Hll]BCC IIOIIFCC [100]BCC [110]Fcc

It should be noted that the 6 rotation causes misalignment of
several previously parallel {IIO}Y, and (IOO}B planes. However,
none of these disrupted pairs consisted of two close-packed planes.
The energetically preferred situation is to produce the highest
degree of atom correspondence, i.e., aligned close-packed planes
and directions. Thus, the N-W or K-S relationships should rrevail.

The superimposcd atom positions of the (100)E and (IIO)Y,
planes (i.e., the foil plane) are shown in Figure 13. No signifi-
cant site coincidence has resulted from the N-W rotation, 6.
However, the parallel close packed planes show agreement in d-
spaciag; d (Oli)e = 2.022A, d (11I)Y, = 2,0751. The Moire”
pattern arising from the near alignment of these overlapping Bragg
planes of similar spacing can be described as phase interference
patterns of spacing ]Kél and oriented normal to A§.22 From Figure

o
9¢,A8 = g(Oli)B - g{lli)y, or 80 + 5 A. The measured Moire” spacing
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from Figure 9c was 86 g, which is good agreement with the predicted
value,

The tweed or cross-hatched g-NiAl structure referred to pre-
viously will now be discussed. Figure 14 shows a very fine
modulated structure having a 30-60 R periodicity parallel to (011)
and (011). Diffuse patches (P) also show 60-100 g modulations
parallel to (010) and (001). The diffraction pattern in Figure 14b
shows both [011I) and [011) streaking as well as what appear to be
satellite spots .riented along [002] and {020] directions in
reciprocal space.

These diffraction effects have been observed for other B-phase
alloys and were recently examined in detail for quenched Cu-Zn.lg'zs
It was concluded that the diffuse intensity resulted from all
variants of <110> rel rods in reciprocal space. Thus, for a parfect
zone axis orientation, the diffuse streaking was indeed along <110>
directions. However, at some small angle from ideal Bragg condi-
tions, the Ewald sphere intersccted rel rods from other <110>
directions not in the zone plane. For the case of a [100] zone, it
was found that the rel rods produced satellite spots displaced along
<100> dircctions in reciprocal space. This is exactly what is shown
in igure l4c. It was also reported that as s increased, the

spacing of the satellites increased. This effect is apparent in

Figure l4c.
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The origin of the rcl rods for Cu-Zn was concluded to be a low
frequency phonon wave in {110} planes along <110> directions. The
phonon wave derives directly from the inherent lattice instability
of B-phase alloys in these directions. The likely association of
this phonon wave with the atomic shuffling required to generate
martensitic structures was also mentioned. Since the observaticn
of diffuse scattering effects had been identified as a premarten-
sitic effect, it may be surmised that the phonon wave is a precursor
to the martensitic transformation. Some regions indeed showed
martensite plates in the gNiAl phase in the present study.

Satellite spots werc also observed in aged Cu-Zn alloys as a
result of spinodal dccomposition.23 Again the intensity maxima were
displaced with respect to the fundamental reflections; however, the
degree of displacement did not vary with s, nor did <110> streaking
result when ; = 0, as occurred in the NiAl. Also, <100> cross-
hatching was observed as the distinctive structural characteristic
of the spinodal transformation. Thus, the diffraction effects in
the present study were consistent with the phonon instability phen-
omenon, while the modulated structure (along <100> in Figures 9c¢
and 14b) was indicative of spinodal decomposition. It appears that
both the phonon ..n! spinodal phenomena may occur simultaneously in
R-NiAL.

2) Oxide Structures

a) Random Al,0, scales. An arca of scale was found where the metal

substrate had been completely electropolished. The structure, after
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eight minutes of icn thinning is shown in Figure 15. The scale
shows widely varying thickness froin grain to grain. Some grains,
marked (G), were quite electron transparent, but in general the
scale was too thick to give good diffraction contrast and resolution.
A large amount of porosity, marked (P), is evident. The mean void
diameter was found to be 4301 130 R (l0). After complete ion thin-
ning, ring patterns were obtained in electron diffraction, Figure
16. The even distribution of diffraction spots is clear evidence
for the random orientation of these oxide grains. The d-values
from the indexed pattern are shown in Table I. All but two of the
inner a-Alzo3 lines were present: there were no unexpected absences
that may have indicated a preferred growth direct.v::. The overall
structure of the random a-Alzo3 grains ufter ion thinning was
completed (90 minutes), is shown in Figure 17. Here the average
grain size was 0.14 ¢+ 0.03 um. The voids had varied shapes, from
equiaxed to tubular. In the grain indicated in Figure 17a, some of
the tubular voids can be seen by stercoviewing to be oriented at
various angles to the plane of oxidation. In general, stereopairs
showed the voids to be distributed throughout the foil thickness.
The dverage void size was 10t # 60 R. lLarge variations in vouid size
are apparent from Figure 17; however, few voids approach the 430 2
average void size found after eight minutes of ion thinning. It is
concluded that many of the large voids initially present in the

scale have been removed by ion thinning. It is believed that the
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large voids existed at the oxide-gas surface as was the case for
thicker oxides formed on NiCrAl alloys.;

The average void diameter is plotted as a function of ion
thinning time in Figure 18. This trend confirmed the premise that
a gradient in the void size existed from the outer layer of the
scale. The void size at 90 minutes of ion thinning represents a
true average for all voids present. However, when the scale was
thicker, the fine voids were not observable, and the average values
2t short ion thinning times were biased towards the larger voids.
The criterion for visibility of voids in thick foils (>5§g) is that

they are >0.Sgg.22 This is shown on Figure 18 for § = (1120).

This explains why voids smaller than ~300 X were not observed when
the scale was thick.

The thickness at which the small voids should be invisible is
%3300 Z. The total oxide thickness at 0.1 hr was calculated from
k, (1100°C) = o.oozil"-&/-}c]-'gz—)-z- oxygen (Ref. 15) to be 750 A. This
is clearly too small a value to mask normal ccntrast effects from
small voids or any other feature. Errors in this calculation due
to incorrect kp’ measured time or temperature,or variations in
oxide thickness are unlikely to account for more than a factor of
two error in the thickness calculation. A high degree of surface

porosity may contribute to a thicker oxide for a given weight gain

of oxygen gas, but again it is difficult to rationalize such a

large discrepancy. The thickness after ion thinning was estimated

i
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to be Y400 A from stereopair measurements of a number of grain

boundaries. This appears to he reasonable considering the lack of
thickness fringes and the lack of overlapping grains.

The small grain size precluded any controlled tilting in dif-
fraction mode in order to obtain two-beam conditions for optimum
contrast. LElastic strain contrast features were commonly observed,
however, simply by examining u large number of grains over a range
of specimen tilt. The lincal feature, "A", in Figure 19a is
probably a dislocation. It appears to bisect the grain and weave
arvound two voids in the grain, due to elastic interaction with the
voids,

In other grains the elustic sirain contrast cannot be
resolutely termed dislocations, bhut does indeed appear to be
associdated with the pores (see "B" in Figure 19}, One account for
the strain contrast is the alteration ot internal stresses at the
free surtace of a void.  An alternative way of discussing the origin
of strain contrast around small voids is from surface cnergy
stresses.  The work done in adding material to a curved surfuace is
ARV, where AP is the pressure or stress diftference from the
interior of the material to the external pressure, and JdV ts the
incremental volume change.  This is cqual to the increase in total
surface energy of the system give: by ydA, where Y is surtface
enerey and dA Gy the incremeatal increase in area.  Substitution of
the geometvic relations tor a sphere leads to the Laplace

A
Gpnition:”

o
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2
PP = ;-} (Eqn. 1)

where P is the pressure or stress resulting in the solid, Pr is the
cxternal pressure, and r; is the radius of curvature of a particle.
Concave surfaces may be dealt with by using negative radii. This
relation is equivalent to the derivation by Kuczynski based entirely
on balancing the forces of surface energy and the opposing reaction
stresses at static equilibrium.zs Thus, the surface energy stresses
are seen to always act in the direction that decreased the surface
area. In the case of a small particle an internal compressive
stress is generated, while in tne case of a small cavity an internal
tensile stress results in the adjacent material.

The Laplace equation was applied to the case of voids in the
Ale3 scales. The pressure in the void was found to be negligible
(<<1 atm = 0,1 MPa) bascd on equilibrium vapor pressures calcula-

. . 26
tions for Al,0..

The surface cnergy of AIZO3 at 1100°C was
estimated from y = 1.4 - 2.32x10-4T(°K) Joulcs/m2 in Ref., 27 to be
1.081 Jnules/m:. The resultant tensile stresses acting on the
surface of the voids is shown as the dashed line in Figure 20 for
various void sizes. It can be scen that stresscs well above 100 MPa
are generated for voids with radii less than 200 Z.

The potential for plastic deformation by these stresses is now
considered, Extrapolated strength values for single crystal A1203

28 .
at 1100°C are 100 Mpa, These values are seen to be in the range
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for those calculated for the voids. However, the published values
» represent stresses required for dislocation motion and multiplica-
% tion. In general, there are few dislocations in the oxide avail-
g able for motion , thus the surface energy stresscs cannot operate
% in this mode of plastic deformation.
é The diminution of surface energy stresses with distance from

the void was treated in order to assess the effective range of the

surface stressc,. The void was treated as a thick-walled sphere

with a pressure differential between the internal and external

surfaces. The variation of stress with distance from the center
3]

of the cavity, r, is given by:™’

-

3
e (ro) (rJ -r

Ip 7 3 K) 3
r (r.” - r ")

(Eqn. 2)

where the subscripts "¢ refer to external, and "i'" rvefer to
internal. Since TSI, this relation can be simplified to:

| S
r = om0 - (7})9 (v - ¢ ) (Eqn. 3)

¢ ¢

Since Oc = 1 atm = 0,101 MPa, ui“>ue, and Gr X

r. .
- 143
- (=7 v, for the
r i
important values of r. Notc that positive SR detfined as an
internal pressure, se that the tensile stress acting on the void
surface produced by surface cnergy is here treated as a negative %
“pressure’. The resultant stresses, o, are thus always positive

tensile stresses according to the usual convention. The surface

. ! .
cnergy stresses thus decay rapidly as - - The decay curves for a
-
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number of void radii are shown in Figure 20 as solid lines.
The total elastic strain energy around a void was also

calculated in order to assess the likelihood of nucleating a

dislocation, The strain energy per unit volume is given by:30
o 2
dE _ 1/2 't
a.v.: _/__K__.__ (Eqn. 4)

where op is the hydrostatic stress, given by Eqn. 3 for void

surface energy stresses, and K is the bulk modulus for Al.,O3 at

1100°C (2.258 x 1011 Pa&SI Integrating with respect to volume
yields:
8 n° iy
Er =3 X (ri) a - (—FJ ) (Eqn. Sa)
=21 ) o
A Er = 3,34x10 © T (Joule/A) (Eqn. Sb)

For a 50 A void radius the strain energy over a large field (r) is
mo =19
2.17x10 Joule,

The strain cerergy per unit length for an edge dislocation is

.y
S

given by:

) Gb™ In r(;/r0

E, = dn (1-v) (Eqn. o6a)

. - il - o
where G ois the shear modulus (1.374x10°° Pa for AI,O3 at 1100°¢),
v is Poisson's ratio (0.243), r; is the radius of the grains

0 0

(SO0 A) and r 1s the dislocation core (v10 A). For a dislocation

loop of radius r , the clastic strain cnergy is given by:
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(Eqn. 6b) ?

0

E,= (12.792x107"°) Joule/A * 2nr,

Thus, for a loop twice the average radius of the voids, the dislo-

16 Joule. Since this is three

cation strain cnergy is 8.0x10°
orders of magnitude greater than the elastic strain energy around
the voids, it is unlikely that the voids can nucleate a dislocation.

This is the case for any void in the size range found, for:

r T
= 1.85x10° =, and £ > 1 (Eqn. 8)
- )

3

Ey
Ey
Based on the above energetic considerations, the surface

energy stresses were found to be large enough to cause dislocation
motion of pre-existing dislocations and to produce clastic strain
energy about three orders of magnitude too small to nucleate a
dislocation. The latter is consistent with the low dislocation
density observed experimentally.

b) Oriented Al,0, scales. Much of the oxide scale observed on

®

purc NiCrAl was notably different than the distinct randomly
oriented &1203 grains just discussed. Some degree of preferred
orientation of these new areas was always observed. Individual
grains were seldom resolved, and the structure appeared to be
that of finc slightly misoriented subgrains.

The degree of preferred orientation is shown in Figure 21.

While the major diffraction spots were found to fit an [0001]

Al,0; Zone, numerous other spots of random orientation were also
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present. The {3030} spots were arcs of m7°, thus some rotational
variation of the [0001) subgrains was also present. This [0001])
pattern was obtained with the plane of oxidation tilted 17° about
(0330). Thus, the actual plane of oxidation was not a low index
plane. Coincident oxide and metal diffraction patterns were
unobtainable because thin metal was not present in these areas.
Thus, possible epitaxial relationships with the metal could not
be determined.

The structure of the oriented oxide is shown in Figure 22.
The absence of distinct grain boundaries is evident in Figure 22a.
A high density of fine 100 #* 40 K voids is also present, similar
to the voids found in the random A1203. Other areas in the
oriented oxide had average void sizes of 130 * 55 : and 100 *+ 65 X.
Colonies of distorted Moire” patterns are also present in Figure
22b (arrows). Since the occurrence of Moire” patterns indicates
a layered structure{zthc colonies suggest a layered grain or
subgrain arrangement. In Figure 22b, distinct grains can indeed
be scen to be associated with the Moire” patterns. The subgrain
size was measured from the size of Moire” colonies in various
arcas to be 0.094 ym + 0.033 um. The subject of oriented oxide

-

and Moire” patterns will be treated th:oroughly for the NiCrAl+Y

and NiCrAl+Zr alloys, where more detail was obsecrved.

il
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B) Ni-15Cr-13A1 + 0.5Y

1) Metal Structures

The structures observed in the NiCrAl + 0.5Y substrate after

I
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0.1 hr oxidation at 1100°C were in general similar to those found
after oxidizing the pure alloy. Some differences in detail may be
noted between the two alloys. However, due to the diverse struc-
tural features found on any one particular sample, it is not immed-
iately possible to ascribe these differences to a compositional
effect alone.

a) y/y  structures at the oxide-metal interface. Overlapping y/y°

metal and random Al,,O3 oxide areas were found in this Y-doped alloy,

as they were for the pure NiCrAl. An example of such a structure is

shown in Figure 23. Clearly, in Figure 23a, a mosaic of fine grain
oxide is present in the right half of the micrograph. Towards the
left, there arc faint dislocation images, D, (many beam conditions)

in the y/y, reminiscent of the bi-dircctional arrays found in the

pure NiCrAl. In Figure 23b the dislocations in the same area have
stronger contrast (nearly 2-beam conditions) and a zig-zag nature is
apparent. The segments of the dislocations are on the order of the
grain size of the oxide, i.e., 0.1-0.2 ym. In Figure 24 the oxide-
metal interface is shown in more detail, where a patch of metal
remains in contact with the oxide at the interface (I). The spotty
nature of the metal is believed to be damage from ion thinning. A
scattering of inter- and intragranular porosity (P) is apparent in

tne oxide in both Figure 24 and Figure 23a.




Zone axis diffraction patterns obtained near the orientation of

Figure 23a and b are shown in Figure 25a and b, respectively. The

¢ Gl

patterns were identified as y-Ni (spots) and a-A1203 (rings). The

o0 AN DY

single crystal metal pattern shows no Yy~ superlattice spots; thus,
[ ; the original NiSAl phase has been decomposed by aluminum loss during
| oxidation. The rotational smearing of the spots in Figure 25b is
another indication of lattice distortion due to stresses caused by
oxidation. The ring patterns were unequivocally a-A1203. There is
| ' very little evidence in either pattern for preferred orientations of
the oxide grains.

In an area immediately adjacent to that in Figure 23, a complex

F
' tangle of dislocations was observed, again in the depleted v/vy~
} phase (Figure 26). The dislocation density was estimated to be

'\leIOwcm_2 (the same as for pure NiCrAl). An attempt was made to
study the line direction of the dislocations. While some evidence

’ for <110> alignment was obtained, the wide variation in the
direction of the segments precluded a more substantive determination.

b) F-NiAl structures at the oxide-metal interface. The oxidized

3-NiAl phase showed some features similar to those in the pure
NiCrAl alloy. Basically, y‘-NisAl subgrains formed as a result of

aluminum depletion during oxidation. In Figure 27b, a large 1 um vy~
subgrain has been imaged, as well as 0.1 um oxide grains. Disloca-

tions can be scen in the interior of the subgrain., Diffraction has

shown the presence of both random and oriented sesquioxide. (The

oxide structures will be discussed in the next section.) Here it
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was found that [2010] a-(A1,Cr),05 || [110) vy -Ni Al , i.c., both
0

= 1.408 A7

3

close packed dxrzctxons were parallel. Also d(SOSO)u

d(,m)Y = 1.273 A. Thus, the possibility of some epitaxial relation-

LA e RN AT, SR A A

ship is acknowledged.

Another example of the Y subgrain structure is given in
Figure 28. A number of layered Y~ subgrains are present as well as
areas of B8 NiAl. The B-NiAl areas were identified from dark field
(Figure 28b, g = (200)8)' Oxide grains with random orientations
were also identified. The NiAl areas showed striations which gave
rise to rel ronds in diffraction perpendicular to the plane of the
striations (Figure 28c). The identification of both oxide and metal
phases proves that the oxide-metal interface structures are again
represented here. It appears that both random and oriented oxide
phases may be in contact with the oxidized £ phase. Random oxide
has also been observed in contact with the Y/Y  phase in both purc
and Y-doped material.

2) Oriented Oxide Structures

a) Phase identification and epitaxy. The structure of the oriented

oxide on the NiCrAl + 0.5Y alloy was characterized by small colonies
of 'loire” patterns and linecal precipitate-like features. Since the
treatment of these structurces is based substantially on the analysis
of the diffraction patterns, this section will begin with a discus-
sion of phase identification.

The possible stable oxides which are commonly found on NiCrAl

alloys are the NiO monoxide, Ni(Al,Cr).,O4 spinels, and the
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12,13,14

u-(Al,Cr)203 sesquioxides. The major oxide formed at 1100°¢C

on alloys near the composition used in this study is u-Alzos, with
small amounts of NiA1204 increasing slightly with time. However,

at very short times all the oxides may be found as transient oxides
before steady stute kinetics are achieved. In order to systemati-
cally separate the possible diffraction patterns, it is illustrative
to first consider the three crystal structures. All three oxide
types have been described as nearly close-packed anion structures
with different cation sublattices. Thus, for mixed oriented oxide
structures, it would be expected that the anion lattices match
crystallographically.

NiO and :pinel can be described as FCC arrangements of oxygen
atoms, with {111} and <110> as the close packed planes and direc-
tions. For a mixed oxide with continuity of the oxygen lattice,
the following orientation relationships would be expected for NiO
Ny, NiA1204 (S), and u-A1203 (a):

o001t || (1 [ (1

<1010> || <110~ 1]

<1 lO,\N

A diffraction pattern for the oricnted scale formed on NiCrAl +
0.5Y is shown in Figure 29a. The schematic pattern in 29b shows the
basal zone of Al_,O3 as well as [111) zones for NiO and NiAlzod.
Indexing of the patterns was performed by considering the d-spacings

of all possible oxidce. (Appendix A). The spot pattern was found to

be an [000]] AI,O3 pattern. The arc pattern, nearly coincident with
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the spot pattern, was indexed as [0001) u-(Al,Cr)ZOS. The lattice
parameter of the arc pattern, a = 4.84 :, is between that for pure
Alzo3 (4.758 x) and pure Cr203 (4.954 :). The inner arc pattern
was found to be [111] spinel with a, = 8.25 X, as compared to

8.048 K for pure NiAl,0,. No possible indexing scheme allowed for
the existence of NiO. The rotational variation in the arc patterns
was 15°.

The pattern for a similar area was obtained for the plane of
oxidation (Figure 30). Here reflections from the [0001] zone of
a-(Al,Cr)203 were still observed. The spinel pattern has become
primarily [112]. This spinel zone possesses good correspondence of
interplanar spacing and crystallographic directions with the sesqui-
oxide pattern. The occurrence of (I11) spinel spots eliminated the
possibility of NiO or a different chemistry of sesquioxide as the
second pattern. Both patterns are thus consistent as oriented
sesquioxide + spinel with a fair degree of crystallographic align-
ment. The spot pattern in Figure 29a indicates the presence of
some large grains.

The degree of preferred orientation suggests that the oxide
has grown epitaxially from the metal surface. Unfortunately, most
oxide areas exhibiting preferred orientation did not have suitable
thin metal arecas in proximity. Thus, epitaxial relationships were
not studied extensively. It was occasionally possible, however, to

obtain superimposed metal and oriented oxide diffraction patterns,

as shown in Figure 3la. The intense spot pattern was a [111] zone
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of Y‘-NisAl. The diffuse arcs were indexed as an [0001] zone of
u-(Al,Cr)ZO3 (a =4.83 :), and the spots lying on the arcs were
indexed as an [0001) zone of pure u-A1203 (a = 4.758). A nearby
area produced the pattern in 31b, again being a [111) :zone of v°
with a corresponding oxide arc pattern. The d-spacings of the
arc pattern were high for the oxides in Appendix A. The closest
fit was for NiO with a, = 4.214 : (compared to 4.177). On the
basis of this limited amount of data, the following epitaxial
relationships were found.

(I11)y* || (0001)A1,04 or (I11)Ni0

3
<110>y” || <1010>A1,0, or <110>NiO
Again close packed planes and directions were found to be correlated,
now between metal and oxide crystals. This is to be c¢xpected for
Ni3A1 and NiO, where both metal sublattices are FCC. Similar
orientation rclationships were found for in-situ oxidation of Ni at
600°C, but not exclusively.53 It is believed that the orientation
of subsequent A1203 layers is derived from anion lattice matching

with the initial epitaxial NiO scale.

b) Moire” patterns and precipitates. The arrangement of Moire~”

colonies in the oriented (Al,Cr)203 scale formed on NiCrAl+Y is

o
shown in Figure 32. In general, small 750 A '"subgrains" of Moire”
patterns were dispersed throughout the scale. However, in some cases

numerous subgrains were clustered into large 0.4 um grains as shown

in Figure 32c.

P S
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Moire” patterns are produced by phase contrast produced by the
interaction of two nearly coincident diffracted beams. This com-
monly occurs for a layered arrangement of two crystals having
slightly different Bragg planc spacings (parallel Moire”) or
orientations (rotational Moire®). The resultant Moire” pattern is
a set of parallel fringes whose spacing is —l-and whose direction

o8

is perpendicular to A§.22 The diffraction patterns of the previocus

section have shown that certain Alzo3 and NiAlzo4 planes are nearly

coincident. Thus, it is concluded that the Moire” patterns arose
from a layered arrangement of A1203 and NiAlzo4 subgrains.

The spacing of the Moire” patterns were thus calculated from
1/0g from the diffraction patterns for parallel Bragg planes of
A1,0; and NiAl,0,. For :xactly parallel g = (3030)A1203 and
(440)NiA1204, 1/ag = 33 A. Since considerable rotational variations
in oxide orientation were observed (%150), it is po.:ible to have
rotational Moire” patterns as well. For example, (3030)A1203 and

(44O\NiA1204 planes rotated 4° with respect to each other would
o

produce a Moire  pattern with a 17 A spacing. (Larger rotational

mismatches are clearly possible, but these woulc¢ :roduce Moire’
spacings increasingly more difficult to resolve.)

The actual Moire” spacings were measured from Figure 32c, where
Ag = é(ddo)s - §(3030)u. The =pacings ranged from~2030 i, with an
average spacing of 24 *+ 4 X. Similarly, spacings measured from
Figure 34¢ ranged from 1550 X, with an average of 26 ¢ 7 2.
The Moire” spacing in Figure 32b was 2l g. These values arc in
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accordunce with those previously calculated from the appropriate

o

K% obtained from the diffraction patterns (£33 A).

An additional feature was often observed in the oriented Alzo3
o

scale formed on NiCrAl+Y. Fine 50 A wide plates (P) or blades were

nearly aligned with <1010> directions in Figure 33. 1In Figure 34a,
si.i'ar lineal <1010> aligned features were observed, although they
were less distinct. This area also contained a high density of the
Moire” colonies previously discussed, as shown in the dark field
companion micrograph, Figure 34b. It is therefore reasonable to
expect that both the Moire” structure and plates represent two
forms of the secondary NiA1204 phase -- one as a i1ycred structure,
the other as a Widmanstatten precipitatr. Recently, precipitate
structures in oxides has been reviewed.34 Although the specific
case of spinel precipitates in sesquioxides was not treated, it was
generally true that precipitate morphologies resulted from a
tendency to maintain coherency with the close-packed anion structure
of the parent phase. Thus, for NiA1204 in A1203, the parallelism
of close-packed planes and directions would be preserved for small
coherent precipitates. Since the diffraction pairerns from the
area of Figure 34 exhibited these same close-packed orientation
relationships (see Figure 29), it is reasonable to iaterpret the
plates as spinel precipitates.

One final structure observed in the regions of the oriented
A1203 scale needs to be mentioned, that of large a—A1203 grains.

Here the average grain diameter was 0,200 + 0.068 um, or about
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three times the usual grain sizc of A1203 in the oriented oxide
regions. The typical structure is shown in Figure 35. The large
grains are heavily decorated with intergranular porosity (I.P.)
and are peppered with dispersed porosity (D.P.) inside each grain.
The dispersed porosity was 89 + 35 : on the average, and was found
to be somewhat faceted and to lie within the grain volume by
stereomicroscopy. By comparison the voids in the finer grained
areas of the oriented oxide were also faceted and 110 + 60 : in
diameter. The large grains commonly had orientations similar to
each other as well as to the finer grained oriented scale.
Apparently grain growth of the oriented oxide occurred ct varying
rates in different areas of the scale.

The porosity in the regions of random A1203 was for the most
part intergranular, Figure 36. This form of porosity closely
resembles the long channels of porosity in the large grained
oriented scale (Figure 35). In summary, three types of porosity
were observed in the Y-doped NiCrAl: (1) tubular intergranular
porosity in both random and oricnted scales (Figures 23, 24, 35 and
36); (2) faceted intergranular voids in the oriented oxide
(Figures 32b and 34a); and (3) dispersed porosity in large oriented
grains (Figure 35).

Other fine features were occasionally observed in the random
AIZO3 scale, as shown in Figure 37. These may be aligned spinel

precipitates or mechanical microtwins.
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3) Transition Betwecen Oriented and Random Oxide Structures

Some areas exhibited features common to both the random and
oriented Al,0; scale. Diffraction patterns identified the light
grains in the top of Figure 38 as randomly oriented A1203 grains.
Towards the thicker area of the foil (lower half of Figure 38),
colonies of Moire® patterns are clearly visible (M). It is
believed that the nloire” structures are representative of the
oriented n-(Al,Cr)ZO3 + Ni(Al,Cr)ZO4 structures previously discussed.
Since the Moire” colonies are only present in the thicker areas, it
indicates that the oriented scale is positioned as a layer on the
surface of the random oxide. This interpretation is compositionall;
consistent with the accepted interprctations of transient oxidation.
That is, the first oxides to form contain atl the elements of the
alloy (Ni, Cr, and Al). Further oxidation allows a continuous
scale of the oxide having the lowest free energy of formation,
u-(AIIOS). Thus it appears that the oriented u-(Al.Cr)‘03 s
Ni(Al,Cr)ZO4 was the first oxide to form, and pure AIZO3 formed
beneath this layer by subsequent inward oxygen diffusion.

€C) Ni-15Cr-13A1 + 0.5Zr

1} Oriented Spinel Scale, General Structure

The structures studied on the Ir-deped alloy were limited to
the oxides only. The scales studied were of the spinel structure,
were always in a preferred orientation, and exhibited very fine
features -- such as precipitates, Moire’ patterns, and antiphase

domain boundaries. Porosity in the scale wals 1lso prevalent, as
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it was in the pure and Y-doped NiCrAl.

An overview of one area of the oxide formed is shown in Figure
39. No ion thinning of the scale had been performed at this point.
The scale is seen to be very non-uniform in thickness. The prefer-
ential oxidation of the alloy grain boundaries is indicated by
the arrows.

The preferred orientation of the scale was evident from the
single crystal diffraction patterns shown in Figure 4G6. The as-
oxidized scale was somewhat thict Vo electron diffractiom, but
did show the hexagonal symmetry of an [0001) zone expected for a
corundum-type structure (Figure 40a). After 10 minutes of ion
thinning the {3030}a reflections appeared to remain, but the
symmetry now indicated the {111) zone of cubic structures (Figure
40b). The [I12]) zone in Figure 40c is further cvidence of the

cubic structure. The results indicate that d (rhombohedral)

{3030}Ol

z d{440} (cubic), and that ion thinning has thus exposed a y-A1203

spinel oxide near the midsection of the scale.
°
From Appendix A, d{440} = 1.398 A. This is the same as
o Y

d = 1.395 A found for the a-(Al,Cr)203 formed on NiCrAl+Y

(3030 ,
(section IB). These values were the most consistent with the camera
constant of the microscope, although a gold film calibration was

not obtained on this specimen. It is acknowledged that other
stoichiometries of the rhombohedral and cubic oxides could be
invoked to give d{3030} rhombohgdral = d{440} cubic. For example,

of pure NiAl,0, = 1.423 A would match d of a Cr-rich

d{440} {3030}




sesquioxide, u-(Cr,Al)ZOS. SEM-EDS spectra obtained on the cubic
oxide did not show Ni/Al intensity ratios higher than those for

the oriented a-(Al,Cr)203 scales. It is concluded that an aluminum-
rich cubic oxide, i.e., y-Alzo3 pseudo-spinel, was the major oxide
after removing the outer layer by ion thinning.

Secondary arcs were observed in both Figures 40a and 40b
parallel and adjacent to the {3030}a and {4-10}Y reflections,
respectively. The d-spacing was 1.452 ﬁ as obtained for d{440} of
the oriented Ni(Al.Cr)ZO4 found on NiCrAl+Y. (The {220} spinel
reflection was not observed because of the low intensity of the
pattern.) These arcs disappeared after 20 minutes of ion thinning,
leaving y-Al,0, as the primary oxide. The following summarizes the
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orientation relationships found in the oriented oxides on

NiCrAl+Zr:
1) d{440}Ni(A1,Cr)204::d{440} y-A1203 = d{SOAO}u(Al,Cr)ZO3
o 0 o
(a_ = 8.21 A) {a_ = 7.908 A) (a = 4.832 A)
0 (o] fo)

2) Iy |1 {11y || o001}
3) <110>_ || <110~ || <10l0>
y ' s o

This is similar to the parallelism of close packed oxygen planes
and directions found for (Al,Cr)203 and Ni(Al,Cr)204 scales formed
on NiCrAl+Y.

Similar orientation relationships have been recorded for a
Ni-10Cr-14A1 (w/o) alloy oxidized 24 hours at 900°C (Koch §

Romco).14 However, the diffraction patterns were andlyzed only as
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ring patterns, and no discussion was made of the symmetry or
orientation of the pattern. An analysis of the pattern is given in
Figure 40d. It is immediately clear that two [111) cubic patterns
exist and that a (0001} rhombohedral zone is superimposed on then.
Koch § Romeo indexed the outer arc #8 of the doublets as {440}
NiAlzo4 (1.423 :) and the inner arc #7 as {440} NiCr204 (1.471 :g.
The reflections labeled #3 were indexed as {311} NiAlzo4 (2.427 A)
But such reflections do not possess hexagonal symmetry, nor do they
belong in a [I11] cubic zone. It is more compelling to discuss
these reflections as the {1120}, d = 2.4712, of an {0001] hexagonal
pattern. This is shown in the schematic; the hexagonal pattern fits
the d-spacings of a-(Cr,A1)203 sesquioxide, a = 4,942 z. Measure-
ment of d-spacings from the reproduced photo of the diffraction
pattern showed a large variation for #3 reflections. It is thus
believed that the discrepancy between published (2.42 i) and
proposed (2.47 :) spacings may not be real.

It is interesting to point out the similarities between this
pattern obtained by 900°C oxidation with those obtained after 1100°C
oxidation (Figures 40a and b). In both cases a doublet of the
{440} spinel reflection occurred and in both cases d {440} spinel =
d {3030} hexagonal. The schematics in Figure 40a and b were super-
imposed in Figure 40e. Comparison with the schematic of Figure 40d
shows the striking similarities of the 900°C and 1100°C oxides. The

1100°C scales required ion thinning to reveal all the cubic phases,

and the oxides appeared to be more aluminum-rich.

e




m;w—vA-_._.

T e — ~p——g —

o

44

Oxide orientations on the NiCrAl+Zr alloy were found to be
primarily of one zone over the entire metal dendrite (as replicated
by oxidation). Other metal dendrites were found to have different
oxide orientations formed over them. In accord with the data found
for the Y-doped alloy, epitaxial oxide-metal relationships appear to
be the cause of the preferred oxide orientation found here. The
lack c¢f any thin metal areas precluded study of the specific 2pi-
taxial relationships involved.

The oxide structures to be discussed below were from two
adjacent metal dendrites. One general oxide orientation had
(Oll)y-Alzo3 near the plane of oxidation; the other was near (112).
Both areas had many common structural features such as fine precip-'
itates and Moire” fringes. However, features peculiar to the ([011)
orientation were regular arrays of superlattice reflections and
large irregular domains. The basic structure of both orientations
is typified by that in Figure 41. The structure appears to be
quite similar to the oriented oxide found on the Y-doped alloy.
Colonies of distorted Moire” patterns or strain contours 0.15 #
0.07 um diameter are revealed in dark field (Figure 41b). A disper-
sion of 200 + 100 X voids is also present. The colonies are
believed to represent small subgrains of large areas having
substantially the same orientation.

2) Defect Spinel (Y_AIZOS)
The array of superlattice spots for the area of scale having

an [011] spinel orientation is shown in Figure 42. The schematic
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identifies two subcells in reciprocal space which account for all
the extra spots: set 1 consists of 1/2 g (111), 1/3 g (311); set
2 consists of 1/2 g (111), 1/3 g (311). It is expected that each
superlattice cell represents one of several possible variants
arising from the four {111} planes and the twelve {311} planes in
a cubic material.

Ordered spinel structures have previously been observed in
MgA1204 spinel, as reviewed by Heuer and Mitchell.34 The structure
known as 62 was described as a periodic disruption of the normal
spinel ordering with an array of APB's. An enlarged unit cell
resulted such that a_ = 3/2 a_, b, =2a, ¢

§ § o’ 7§

been described as a transitional phase towards a-A1203 formation.

An attempt was made to determine what (hkl) planes in the §,

=a . This phase has

structure would give rise to 1/2 g {111} and 1/3 g {311} spinel

reflections. The following indices were obtained by the

transformation:
(hkl) Spinel (hk1)s,
Tz iy (3/4, 1, 1/2)
1/3 (311) (3/2, 2/3, 1/3)
1/3 (131) (1/2, 2/3, 1/3)
1/3 (113) (1/2, 2/3, 1)

None of the (hkl)é2 were completely integral, which implied that a
larger unit cell would be required to give reflections at 1/2 g

(111) and 1/3 g (311).
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Antiphase domain boundaries (APB) were commonly observed within
the subgrains of the [011) oriented spinel, Figure 43. The average
domain size was 170 * 60 :. Some degree of linearity and parallel-
ism of the APB's was apparent and suggests a crystallographic
relationship with the lattice. The directions of the APB's were
plotted in Figure 44. Although some grouping of the directions
existed, no specific set of low indice directions was apparent. It
is important to point out that the APB's were imaged with normal
allowed spinel reflections (i.e., (1I1) and (311)). The domains
thus represent regions of order which grew epitaxially from a
parent substrate phase with a less ordered structure, probably
based on NiO. It is not believed that the APB's arose from domains
of the weak superlattice structure shown in Figure 42,

3) Precipitation and Fine Moire” Patterns in Y-Al Spinel

203
In addition to the APB's, fine plate-like precipitates were

observed in the [011] oriented spinel. It was generally necessary

to use precision dark field to resolve these features, because

bright field images were confused by strain contrast or distorted

Moire”™ patterns as in Figure 41, Three orientations of 12 2 wide

blades (viewed end-on) are exhibited in Figure 45a. The right half

of the micrograph also exhibits APB's. In Figure 45b, 150 : wide

blades (B) can be seen as well as 10 X wide blades viewed edge-on.
The directions of these features from five colonies or subgrains

were plotted in a stereographic projection, Figure 46, All of the

projected directions fell into three groupings. Two of the groupings
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near [211] and (2[1], were parallel to the projections of the close-
packed [I01] and [101] directions on a [011] zone. The third group-
ing is not parallel to any crystallographic directions but is 90 #
5° from the (3I1) pole and may thus represent blades lying in the
(311) plane. In fact, the other two directions can be viewed as
planar defects lying in (i11) and (111) planes.

The structure in the {I12] oriented spinel scale over an
adjoining metal dendrite will now be discussed. Features similar
to the fine precipitates in the [Cll] oriented spinel were common.
A dense concentration of parallel blade-like precipitates (viewed
edge-on) is shown in Figure 47. Small blade-like clusters of
Moire” frings are seen to be parallel to the precipitate directions.
In some areas the Moire” fringes are adjacent to and nearly disting-
uishable from the precipitates. The directions of both are shown
in Figure 48. The major directions obtained from Figure 47 (large
triangles) are close to projections of <110> directions on a [[12)]
zone. Directions obtained from other areas, shown as small
triangles, were also found to be parallel to <110> projections.
Features from other areas, however, were parallel to [311].

The blades were not wide enough to intersect the foil surface
along their entire length. (If the habit plane is assumed to be
{111}, as if often the case for precipitation in bulk spinels, then
the intersection of the habit plane with the foil surface can be
determined. These are shown as "X'" in Figure 48. The blade
orientations are thus closer to projected <110> directions than to

{111} intersections with the foil.)




e i N

48

The bulk of the data is thus consistent with a blade morphology
aligned along <110> directions and lying on {111] habit planes.

This is shown schematically in Figure 49. The primary variants
observed in Figure 47 were (111)(0I1) and (II1)(101), which are
sketched as the dotted blades. The additional variants, all on
(I11), represent the blade-like clusters of fine Moire’ fringes a}so
present in Figure 47. The habit plane shown here is near the foil
plane and is thus well suited for phase interference caused by
layered structures (i.e., Moire” fringes).

Since Moire” fringes are perpendicular to Ag and their spacing
equal to IK%I, it was possible to identify the reflections producing
the fringes, given as g = (220) in Figure 47. This exercise gave
the results shown in Table I and thus identified the Ag giving rise
to each orientation of fringes. Attempts were then made to identify
the extra reflections as the superlattice reflections found in the
[011] area of the scale (1/2 {111} and 1/3 {311}1). However, it was
not possible to produce the required Ag by a hypothetical array of
the superlattice reflections. Nor could the necessary Ag be obtained
by reflections from a hypothetical coherent u-Alzo3 structure.
Thus, no structural information on the nature of the precipitates
was obtained. It is clear that a very fine precipitate has formed
from y-M:O3 and probably represents some precursor to the u~A1203
present in other layers.
1) Void Morphology

Faceted voids were also a common feature to the scale formed on

the NiCrAl+lr alloy. A high concentration of voids is shown in
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i Figure 50. Some association with subgrain boundaries is observed

(arrows), but in general the voids are randomly distributed.
0
Average void diameter here was found to be 200 + 100 A, approximately

twice that in the oriented Alzo3 found on NiCrAl+Y.
The edge directions of the voids are shown in Figure 51. They

show a remarkable correspondence to the directions found for the

aligned precipitates in this area, Figure 48. Again alignment is
found along the projections of [0I1), [101], and [110]. Following
the same crystallographic arguments, it can be postulated that the
void faces also lie on {111} planes. The other void edge direction,
[311), was also found for precipitates. The coincidence suggests
that these surfaces are energetically favorable for both void and
oxide precipitation, and perhaps that precipitation is a precursor
or cause of void nucleation.

D) Discussion of Transient Scales

1) Summary of Oxide Morphologies

To discuss the myriad of oxide structures formed, it is essen-
tial to first review the major features of the scales., Differences
between adherent and non-adherent scales should be pointed out,
since structure may be relevant to oxide adherence mechanisms.

The grain sizes for the random Al 03 scales formed on pure and

2
Y-doped NiCrAl were not significantly different (Tablelll). The

ST T

subgrain size of the oriented scales (estimated from dark field
| imaging and the size of the distorted Moire” pattern colonies) also

did not vary significantly from one alloy to another. The Y-doped

a1lloy did exhibit some unusually large 0.2 um AI,O3 oriented grains
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in a limited area. Also the various Moire’ colonies of the oriented
oxidc were often grouped in 0.5 um clusters of ncarly identical
oricntation. However, the grains and subgrain sizes taken as a
whole fell in the range of 0.05 to 0.15 ym. Thus, no distinction
existed between grain sizes of adherent and non-adherent scales.

The void sizes of the random Al,0, scales on the Y-doped alloy

273
was slightly less than that on the pure NiCrA). The void size of

the oriented scale on the Zr-doped alloy was ~io (75 :) greater
than those on the pure and Y-doped alloys. Thus, no trend in void
size with oxide adherence existed. The large 430 : voids noted in
the random A1203 on the pure alloy were located in tlie gas-oxide
surface layer only and did not ecxist after ion thinning. Large
voids in the surface layer of the scales probably existed for the
other alloys as well, prior to ion thinning. The average void
sizes of all the thinned scales were grouped in the range of
60-200 X. There was a trend for the more faceted porosity to exist
in the oriented scale as opposed to spherical and cyvlindrical voids
in the random scale. There was also a tendency for the voids in
both oriented and random scales on the Y-doped alloy to be inter-
granular and cylindrical as opposed to dispersed equiaxed porositv.
The finer structures observed in the oriented scales are listed
in Table 1V. All three alloys contained areas where colonies of
distorted Moire” patterns existed. The Zr-doped alloyv contained
fine aligned Moire” patterns and large APB's resulting from growth

and impingement of domains of y-Al,0;. Both the Y-doped and Zr-

‘oped alloyvs contained needle-like precipitates parallel to the
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close-packed anion directions of the oxides. The structures are
shown schematically in Figure 52. The foils were not prepared j
systematically from various levels through the thickness; thus, it

was not possible to construct an unqualified full cross-section.

However, it was found that areas of randomly oriented Al 03 grains

2
were definitely in contact with metal, thus establishing that in

some areas random AlZO3 was the inner scale. Some areas on the

pure NiCrAl were known to be a-A1203 through the entire oxide thick-

ress because the scale structure was monitored intermittently during
ion thinning.

2) Comparison to Previous Work

a) Phase identifications and orientations. It is useful to compare

the various phases formed here with those observed during transient
oxidatcion of Ni-15Cr-6Al at IOOOOC, Figure 52b (Kecar, et al).13 i
The sequence of transient oxidation was described as Ni0 and spinel

nucleation, then Cr203 internal oxidation and formation of a contin-

uous inner layer, and finally the formation of a continuous rate-

controlling Al,0; inner layer. The occurrence of substantial

amounts of NiQ and Crzo3 was due to the lower aluminum content and g
lower temperature of oxidation used by Kear. Both of these latter
factors lessened the flux of aluminum to the interface and precluded
the formation of an A1203 film.
It is especially interesting that Kear was able to find distinct
layers of outer oriented spinel and inner random CrZOS' Applying
this sequence to the present Ni-15Cr-13Al1 alloys at llOOOC, the

oriented spinels are scen to represent outer layers which then give
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% . way to inward growing oricnted a-(Al,Cr)_ O, layers, and finally
5 273

random a-Al,0;. It was found that this full sequence is not

PR—

o

;‘ . followed in all areas of the scale, but that some metal grains have

oxidized primarily to oriented (Al,Cr)ZOS, while others have formed

ore o R

only random A1203. The occurrence of differert oxidation sequences
for different areas on the same specimen is probably related to
different grain orientations or phases in the metal, however, the
details of such effects could not be studied. Random a-A1203 was
often found on y/y” metal grains but no statement can be made
regarding the substrate variation of the oriented oxide.

These variations with position on the alloy made it difficult
to conclude any definite effects caused by Y or Zr additions. Yet,
th~re does seem to be a trend toward more amounts of oriented oxide,
especially spinel, for the doped alloys. The adherence effect of
Zr was greater than that of Y, due to tho poor distribution of Y
throughout the alloy. It is thus suggested that preferred orienta-
tion resulting from a strong epitaxial effect may be related to
oxide adherence.

The scales formed by 24-hour oxidation at 900°C of a
Ni-10Cr-13A1 alloy (by weight) were studied by TEM.14 The diffrac-
tion pattern of the oxide clearly showed an orientation effect, but
they did not discuss it. Therefore, an analysis of the pattern was
made in Section IC. The oxide was found to be superimposed
(111 Ni(A1,Cr),0,, (111] NiO, and [0001] a-(CI‘,Al)203 zones (see

Figurc 40d, Section C). As in the alloy studied by Kear at IOOOOC,

these oxide constituents represented lower % aluminum phases than
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thosc observed at 1100°C in the present study. The 900°C oxide
required no ion thinning to clearly reveal the superimposed cubic
and hexagonal textured diffraction patterns. This reinforces the
notion that preferred orientation is a manifestation of epitaxial
effects which prevail at low temperatures and short times.

The intimacy of the various oxide phases is suggested by the
coincidence of d(3030) a—(Cr,Al)ZO3 and d(440) NiA1204 (1.423 :)
for the 900°C scale. Thus, the stoichiomectry of the phases seems
to have been adjusted to allow precipitation or growth of a new
oxide structure with the same anion spacing of the parent phase.
This same phenomenon was found for d(3030) a-(Al,Cr)zo3 and d(440)
y-AIZO3 (1.395 X) of the scale formed on Ni-15Cr-13A1 + 0.5 2r at
1100°C in this study.

It is informative to examine the close-packed oxygen planes of
the q'AIEOS’ NiA1204, and y-AIZO3 structurecs and relate them to the
tendency for coherency between adjacent structures. Figure 53 shows
the close-packed oxygen planes for all three structures as well as
the aluminum atoms in the plane immediately above. Direct super-
pesition of the a-A1203 structure upon the NiA1204 layer produces a
one-to-one correspondence between the oxygen atoms and 6 out of 12
for the aluminum atoms. A similar situation arises for the y-AlZO3
structure, except that here only a fraction, 8/9, of the spinel
cation sites are randomly occupied.

The crystallographic reasons for the formation of oriented

layers of subgrains or Widmanstatten precipitates can be seen from

the similarity of these atom planes. The Moire” fringes and fine
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procipitates in the Y-A1203 scale can be viewed as arising from
special ordering of the aluminum atoms on preferred sites. Another
possibility is occasional changes in the stacking sequence from
ABCABC (cubic) to ABAB (hexagonal). The existence of weak super-
lattice spots supports the premise that ordering has occurred.

The existence of y-Al,0, on the Zr-doped NiCrAl is at odds

273
with the phases observed on the pure and Y-doped NiCrAl at 1100°C
and on the pure NiCrAl alloys at 1000° and 900° .13’14 A review of

the literature on the oxidation of Ni-Al Alloys has shown that
y-Al?_O3 does form, but only at temperatures below NQOOOC. A summary
of all oxide phases observed is shown in Figure 54, Regimes of
oxide types werc classified in the oxide map in Figure 54b based con
the data of Figure 54a. It is seen that a-A1203 is favored as an
exclusive external scale at high temperatures and alloy aluminum
content. y-Al,0; is present in combinationwith other phases over
much of the binary svstem between 1475-850°C. Thus, the \:—AI,,O3
found in the present study may represent a low temperature oxide
formed during heating. The eventual transformation to the stable
u-AXJOS gan be approximated from a Kinetic study of the decomposi-

N

tion of bulk y-Al,OS.A It was reported that «-Al,0. formed at the

3 molefraction

. at llnnOC. Thus, less than 1.6% of
minute

rate of 2.62x10°
the original v would have transformed after the 0.1 hr exposure at

1100°c.

b) TEM structures. The fine structures (Moire’s and precipitates)

13,14

were not deatt with in the prior studies by Kear or Koch.

Magnifications of published micrographs were usually -45,000X as
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compared to 100,000 to 400,000X used here to document features
&£100 :. Also, the orientation relationships between the layers of
oriented spinel and Cr203 were not studiced. Thus, it is likely that
the detailed morphologies of Ni-15Cr-oAl at 1000°C and Ni-10Cr-13Al
at 900°C are closely related to those observed here for Ni-15Cr-13Al
at 1100°C.  Since finer grain sizes were reported for XOOOOC, the
tash of studying the fine structure inside these grains could be
prohibitively difficult. The structure shown by Koch and Romeo for
900°C did contain indications of aligned features at 150,000X, but
they were not discussed.l4

In general it can be stated that the occurrence of Meire’
patterns, APB's, and precipitates has beon related here to composi-
tional transitions from one oxide layer to another. For example,
the large Moire” fringes in the Y-doped alloy were caused by layered
subgrains of oriented spinel and sesquioxide. Also, the ~10f0-
precipitates in .‘\1:03 wore interpreted as plates of spinel.
Similarty, the ~ 110> precipitates and fine Moire” fringe patterns
in »»AIJOS on the Zr-doped allov were interpreted as o transition
phase towards “'A1:03‘ Thus, an intimate velationship was apparent
between oriented spinel and sesquioxide scales,

vonversely, the random a‘AIJO: scales contained few precipitates
and, by detinition, had no crystallographic relationship with prior
scales or the metal substrate in contact with them. 1t appears that
a discontinutty in oxidation mechanism exists between transient

onvtdation (oriented oxides with tfine transitional features) and

steady-state ontdation (random u«Al‘Dx). Possible explanations of
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the loss of epitaxy will be put forth in the next section.
c) Epitaxy. Epitaxial oxide nucleation effects have typically
been discussed as an effort by the oxide to reduce the interfacial
surface energy by matching the metal structure as closely as pos-
sible. That is, the cation structure of the substrate surface plane
is imitated by the cation structure of the oxide. With further
scale growth, the interfacial stresses are increased due to differ-
ences in the specific volume of the oxide and metal substrate per
mole of metal cation. Eventually, the accumulated strain energy
will force loss of coherency, the possible loss of a preferred
oxide orientation, and the nucleation of randomly oriented poly-
crystalline oxide.36

Some additional important insights on the prerequisites for
epitaxial oxide nucleation were gained by in situ TEM studies of
titanium oxidation.37 They found that a metal surface, cold worked
from mechanical polishing, or a surface with a contamination film
left from rinsing, formed a polycrystalline oxide directly upon
heating. The high angle grain boundaries of the polycrystalline
oxide allowed grair boundary diffusion of oxygen to occur and a
tenfold increase in oxidation rate over that of the perfectly
oriented oxide.

The specimens in the present study were mechanically polished
(not electropolished). Also, a considerable level of growth stress
existed as evidenced from the generation of dislocations in the

metal. From the above discussions these factors would tend to

precduce a polycrystalline oxide, either as-nucleated or after some
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growth of an epitaxial scale. The polycrystalline alumina found
adjacent to the y/y”~ metal surface represented the freshest oxide
formed (for an inward growing scale). The oxide in these inner
areas may have changed from an original epitaxial outer scale due
to buildup of growth stresses and loss of coherency. But in some
areas the scale was random polycrystalline alumina through the
entire scale. This may have been caused directly by the cold
worked surface.

Oriented cubic spinel-type oxides have been observed on a
Fe-28 w/o Cr alloy38 and pure aluminum.10 The cubic oxides formed
oriented rhombohedral oxides at lower temperatures and pressures
for the Fe-Cr alloy. The orientations of the cubic oxides were
clearly shown to derive from an epitaxial relationship with the
cubic metal, and it was suggested that this was the driving force
which favored cubic oxides over the thermodynamically stable
rhombohedral oxides. Such an argument is attractive for y-Alzo3
formation on pure aluminum: the possible oxides contain only
cations of Al. However, in the case of Fe and Ni alloys, it can
also be argued that the cubic spinel and y oxides involved both a
structural and a compositional transition with time:

c.g.. NIO*NiALL0 y-AL 0 2a-Al 02

While low temperature epitaxy and cubic oxide structures are

related, it is not clear that epitaxy alone is the cause of the

cubic oxides.




s b O e

58

3) Implications on Oxidation Theories

a) Growth stress, vacancy sinks, and adherence. It would appear

from the above discussion that the production of a highly textured
oxide with few grain boundaries could reduce the oxidation rate.
Thinner scales have less growth stress and in many instances less
tendency to spall on cooling. Y and Zr additions do appear to
increase the amount of oriented oxide, at least at short oxidation
times. And small Y, Zr, and Hf additions have been found to

6,39 Whether this reduction

decrease the oxidation rate slightly.
in kp (+40-060%) could significantly reduce growth stresses and
prevent spalling is questionable. Indeed an experiment with electro-
polished pure NiCrAl showed a Jramatic decrease in oxide buckling
(and growth stress), but nonetheless spalled profusely.2 The
texture, it any, of the oxide was not studied, and it may still have
been random polyverystalline “‘A1303' A systematic study of oxide
textures on controlled orientations of NiCrAl surface planes for
various surface conditions would be required to make a definitive
statement regarding the epitaxy-growth stress-adherence relationship.
The similarity of underlying metal structures for both the pure
and Y-doped alloy is not consistent with a vacancy sink mechanism
of oxide adhorcnce.l Numerous dislocations existed at the oxide-
metal interface of both materials and should be available as excel-

lent conduits for vacancy diffusion. No micro-distribution of

internal Y-oxides or intermetallics was apparent as possible vacancy

sinks. No evidence of vacancy loops in cither alloy was observed.
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The proposed submicroscopic Y-vacancy complex as a mechanism of

void preventionl is not supported by the present work.
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Chapter II. Morphology of Mature Al,0; Scales

It has been shown that the 0.1 hr scales possessed a multitude
of structures. Oriented Ni(Al,Cr)204 spinei and (Al,Cr)203 corundum
structures represented early epitaxial films. The inward growing
scale then formed randomly oriented a-A1203 which was observed in

contact with the metal. This random a—Alzo3 scale persists with
further oxidation during wi.ich coarsening of the void and grain
structure occurs. Variation in the void size and amount with depth
in the scale exists. Numecrous low angle grain boundaries in areas
of preferred orientation also develop in the 20 hr scale. The
description of these features comprises the results of this chapter.
The rerainder discusses proposed models of void formation, diffusion

and deformation processes in Al 03 scales.

2
A) 1 Hr Scale Formed on Pure Ni-15Cr-13Al1 at llOQiE

1) Differentiation of Scales Formed Over y/y~ and g Metal Phases

Very low magnification TEM of the scale revealed a definite
imaging of the alloy microstructure, Figure S55. The oxide over
p-NiAl dendrites could be differentiated from the oxide over the
v/y~ phase. Dark oxide nodules were present over the entire foil
and exhibited a definite linear alignment (arrows). This agreed
with SEM observations which showed thicker oxide growths over
scratches left from polishing.

The micrographs in Figure 56 show the threec large scale

features of oxide over B8, y/y~, and scratch nodules. Selected area
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diffraction patterns were obtained over the areas marked "A'' to "E",
some of which are shown in Figure 57. Patterns from all five areas
were indexed as randomly oriented “'AIZOS‘ The camera constants
used to index patterns from areas over adjacent 8 and y/y” areas
(A" and "B" in Figure 56b) were identical within the accuracy of
determination (0.2%). This indicated that the oxides over B and
v/y* phases possessed the same lattice parameters and stoichiometry.
A gold film internal standard used on the random a-A1203 scale
formed at 0.1 hr had previousiy shown that scale to be pure Al,0,.

273

It is therefore believed that the 1 hr scale is also pure A1203.
The diffraction patterns from areas "C'", "D'", and "E" also indicated
only a 0.6% difference in lattice parameters. (Note that the
difference in lattice parameters and d-spacings between pure a-A1203
and pure a—CrZO3 is much higher and is equivalent to 4.8%,
Appendix A.) These differences in scale structures and thicknesses
thus represent differences in A1203 transport rates (presumably
oxygen grain boundary diffusion) with no detectable change in
crystal structure or composition.

Some slight differences in grain struc.ure between the y/y~
and § oxide can be seen in Figure S8, The y/y~ scale has less
distorted grains than the g scale. This indicates less internal
stress in the oxide over the y/y” phase. Furthermore, the y/y~
scale has a finer grain size than the R scale, i.e., 0.10 + 0.05 um
compared to 0.17 + 0.05 um. This can be seen graphically in the

grain size distribution curves of Figure 59, obtained from measure-

ments of grain diameters in Figure 58. While appreciable overlap
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exists, the grain size differential is significant. Grain size
measurements of the areas in Figure 56a yielded an average diameter
of 0.12 + 0.04 um for the light y/Y~ scale and 0.19 * 0.06 um for
the dark B scale. This is in agreement with the aforementioned
trend.

It should be pointed out that such distinct structural differ-
ences cannot always be observed. The grain size and amount of
distortion also varies with position through the thickness of the
scale. Since this position was not a controlled variable, an
accurate representation of true scale differences was not always
apparent. Grain size distributions were obtained at various other
locations in the foil, without regard to y/y” or B scales, and are
shown in Figure 60. The curves did not fall into two distinct
groupings as might be suggested by Figure 59. Also, no areas studied
showed quite the fine grain size of area "B" in Figures 56b and 58a.
This affirms the need to be cautious in generalizing the overall
scale morphology from studies of only a few areas.

2) Porosity

As in the scales formed at 0.1 hr, the 1 hr scales contained
numerous areas containing intragranular (entrapped) porosity. The
typical microstructure of such an area is shown in Figure 61.
Stereoviewing reveals the dispersion of voids located with individ-
ual oxide grains. Often a decrease in void size with depth into the

foil can be discerned. (The fine grains are located towards the

bottom of the foil.) The correlation of void size and position is
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shown in Ficure 62 for the voids located in the grains marked "1"
and "2". (The vertical position of the voids was determined by
standard stereographic measurements.)88 A linear regression fit to
the data resulted in the straight line equation with a regression

coefficient, r, of 0.72:

vs = 390 - 0.25 y
o
where, vs = void diameter (A)
o
and, y = position in foil (A)

This gradation in void size was also evident in the thick
regions of the foil, away from the ion thinning hole, Figure 63.
The structurc is somewhat complicated by the image of overlapping
grains. However, stereoviewing did confirm that the large voids,
(L), are located within grains at the top of the foil and that the

finer voids, (F), are intragranular and located within the next

layer of grains. This gradation in void size is consistent with the

profile presented in Figure 62. The distribution of void sizes

measured from various micrographs is shown in Figure 64. The peak
distributions lie between 100-200 Z, although each area contained
some voids over 500 z. The macrovoids of Figure 63 are shown as a
separate population; the peak distribution here was at 500 X, with
some voids as large as 1000 :.

A summary of the average grain and void sizes measured from
cight micrographs at 100,000X is given in Table V. The overall
average grain size was 0.18 ¢+ 0.07 um, and the overall average void

0
size was 150 * 90 A, The ratio of average void size to average

grain size was about 1:10. No correlation of void size with grain
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size was observed.
3) Strain

Often highly irregular bend contours were apparent which
indicated the presence of internal stress in the scale (arrows in
Figures 63 and 65). Occasionally more distinct strain features
were observed, as in the large central grain of Figure 66. While
not totally unambiguous, these defects appear to be groups of two
or three dislocations viewed edge-on. Optimur imaging of disloca-
tion structures was made difficult by the fine grain size and the
inability to tilt, in a controlled manner, to proper two-beam
diffracting conditions. Surveys of a large number ¢f grains imaged
under some random orientation did reveal a number of grains that
contained strain contrast resembling dislocations, as did the random
A1203 scale formed at 0.1 hr in Section IA. Some such linear
defects are shown in Figure 67. The features indicated by the
arrows were distinguished from bend contours by tilting a few
degrees, The bend contour configurations moved considerably, while
the defect features remained stationary. Other strongly diffracting
grains (lower left of micrograph) clearly contained no such defect
features.

B) 20-llour Scale Formed on Pure Ni-15Cr-13A1 at 1100°C

The structure of the 20-hour scale exhibited a number of
features common to the random x-Al,G  scales formed at 0.1 and 1

hour: dispersed porosity, overall random scale orientation,

decreasing void size with depth below the scale surface, and precip-

itates associated with fine porosity. Some additional features were




also observed which are of interest: whisker formation at the gas
surface, isolated dislocations in some percentage of the grains,
dislocation arrays in low angle subgrain boundaries, and a definite
(rystallographic alignment of clusters of 20 or more subgrains.
The changes in oxide structure with position in the scale and the
subgrain structures will be presented separately in the following
two parts.
1) Structural Variation Throughout the Scale Thickness

The specimens produced by selective ion thinning of the 1.0 um
thick spalled scale were estimated to be 0.17, 0.50, and 0.73 um
beneath the gas surface. Because of the uneven topography of the
scale, each specimen contained some areas more typical ot other
levels, giving rise to a wide spectrum of structures for each foil.
Examination of a large number of areas permitted the representative
average structure for each specimen to be constructed and the true
variation with position in the scale to he determined.

a) Near the gas-oxide interface. The siructure of the oxide foil

produced 0.17 um veneath the gas surface is represented in Figures
68-69. An area ai the immediate oxide-gus interface was identified
by the appearance of 0.5 um wide X 3 um long whiskers which grew out
into the gas, Figure 68a. The surface of the oxide is covered with
large pores, 0.13 + 0.07 um wide on the average. Since the whiskers
were intact only at thick areas of the specimen, the detailed

structure at the base of the whiskers was not visible. However,

some correlation between pores and whiskers appears possible from
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Figure 68a, (arrows). A segment of one is shown in Figure 68b. A
faint band of reduced electron abosrption can be discerned parallel
to the major growth axis. It is suggestive of the hollow channels
recently observed in TEM studies of Fezo3 whiskers grown on pure
Fe.44 These limited results suggest that whisker formation and
growth may be associated with fast aluminum surface diffusion on
the pore surface in the scale as well as in the channel inside the
whisker.

The more common features of the 0.17 um level foil are shown
in Figure 69. The voids are somewhat smaller than in the area of
Figure 68a; i.e., less than 0.1 um compared to 0.13 um. Smaller
voids, 500 K, developed a faceted surface.

Many of the voids were connected to a nearby grain boundary by
a single dislocation, D, lying parallel to the plane of oxidation.
This is consistent with a low energy configureation of dislocations

often found in bulk polycrystalline material.45’46

Double lobes of
strain contrast probably iundicated some stage of void nucleation,

)
\ such as a vacancy dislocation loop. Dark 200 A precipitates, P,

were often located at the surfaces of grain boundaries or microvoids.

{ Dislocation arrays or Moire” patterns were also observed to divide
grains into two slightly misoriented subgrains (S.G.).

b) Near the scale midsection. The structure of a foil produced at

the 0.50 um levei by equal ion thinning from both sides is repre-

sented in Figures 70-79. The features of this specimen showed

characteristics of the gas-oxide, midsection, and metal-oxide levels.
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A highly porous region, Figure 70a, illustrates that nearly every
grain contains a large void. The porosity in this area was esti-
mated to be 0.045 by point counting. The same area at higher

magnification shows many of the macrovoids are covered with fine
o
50-100 A crystallites. Although the size is consistent with the

dark precipitates in Figure 69, these are more electron transparent.

A high density of crystallites layered over m-AIZOS, and the
corresponding spot + ring diffraction pattern, are shown in Figure

71. The analysis in Table VI fitted the spot pattern to a-Al,0

b)

and the ring pattern to an FCC structure (metal) with a = 3.595 A.
o)

The best candidate metal fits would be Cu (ao = 3.615 A) from ion

(2]

beam sputter deposition from the copper specimen grid, or Ni(Cr),

Ni(Cr)SAl (a0 (max) 3.565 X) from some decomposition process of a

prior NiO/NiAl_ZO4 transient oxide. Verification of copper contam-
ination was obtained by STEM analysis of "clean" grains and grains
covered with crystallites. No Ni intensity was obtained in either
area, while the Cu peak was more than doubled.

The structure which most accurately represents the scale mid-
section is shown in Figure 72. The average grain sicze here is
0.49 ym as compared to 0.35 um in Figure 69 or 0.31 um in Figure 70a.

o
Also, a dispersion of fine 100-300 A voids is present rather than
the large voids located in the center of grains. The vertical
position of the voids can be scen in the stercopair of Figure 73;

no specific arrangement, such as vertical columns of voids, is

apparent.
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The finer structure of the poresity in areas A, B, and C of
Figure 72 is shown in the enlargements in Figure 74, Many of the
voids have dark, spherical precipitates (P) associated with them.
Some of the larger voids (V) also have a mottled structure, as
though the void were not completely empty, but contained an open
lattice - work of oxide. It is believed that the precipitates and
mottled structure may be due to decomposition of transient NiAl,_,O4
or y-A1203 oxides into more dense a-A1203. The volume contraction
associated with such a reaction (V7%) could give rise to void
nucleation. However, the total amount of porosity, especially the
large voids at the gas surface, will require an additional source
of vacancies to be satisfactorily explained. This matter will be
discussed more completely in Part IID.

These basic structures (fine voids plus associated dislocations
and precipitates) were found adjacent to an area showing additional
features of interest, Figure 75. The upper left of the micrograph
shows a thicker region which is populated with clusters of strain
contours. Such features probably resulted from coherency strains
associated with a fine grained u-A1203 layer superimposed on the
larger grains of the scalc midsection. (The strained areas were
not observed in thin portions of the foil.)

The occurrence of isolated dislocations and their loose
relationship with dislocation arrays in subgrain boundaries is
shown in Figure 76. The occurrence of individual dislocations was

definitely not a characteristic of most grains. This point is

difficult to quantify exactly without a systematic check of
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hundreds of grains imaged under at least two different operating
reflections. Nevertheless, some attempt was made to determine the
average number of dislocations occurring in a grain. This was
accomplished by examining many micrographs totalling 476 grains.

The results are shown below:

Grains with no dislocations 416

Grains with some dislocations 60

#/Grain for those having them 2.0 2.7
#/Grain overall 0.36 + 1.41

(Dislocations in low angle boundaries were not counted.) Such
estimates of dislocation frequency are biased downwards by not
imaging the grains under optimum conditions, but they are also
biased upwards by sclectively photographing arcas showing definite
features, such as dislocations. It is concluded that there exist
less than one dislocation per grain on the average.

Low magnification micvographs of relatively featureless
grains over many wicrons are presented in Figures 77 and 78. It is
believed that these pore-tree regions are represcntative of the
structure near to the oxide-metal interface. The few pores that do
exist are located at grain boundaries rather than dispersed through-
out the grain interiors. Figure 78 also shows an interesting
gradation in grain size from the center of the micrograph, \, to the
Jarker (thicker) edges.  This is shown graphically in Figure 79,
where grain size is plotted zpainst radisl distance from X.  The

average grain size decreased from A0.06 pm to 0.3 pym. This can

partially be explained by the variation in grain size with level in
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the scale by assuming that the fine grains in the thick region
belong to the oxide-gas layer. However, the absence of any intra-
granular porosity over this wide spectrum of grain size (position
beneath the scale surface) indicates that considerable variability
in the extent of porosity can exist,

¢) Near the oxide-metal interface. Lastly, some features from

the foil produced near the oxide-metal interface (0.72 um beneath
the oxide-gas surface) are presented. Figure 80 shows a high
density of voids, many of which are faceted and have dark precipi-
tates. A few grains were also observed to have individual disloca-
tions, Figure 81. Many arcas were dislocation- and void-free;
these will be described in a later part on subgrain structure.

d) Summary of structural variations through the scale. Table VII

lists all the grain and void size statistics obtained by TEM from
the three levels in the scale. Values at the immediate gas-oxide
and oxide-metal interface were also obtained by SEM analysis of the
spallied oxide. The average grain and void size obtained from
individual micrographs is listed along with the standard error, s,
and number, N, of measurements. The weighted mean and the pooled
standard crror are also shown for each level.

The plot of this data in Figure 82 shows the very definite
increase in grain size and decrease in void size with depth in the
scale.  There is considerable variation from micrograph to micro-
graph, partially duc to variations in actual depth position of a

given thin toil. However, the average values show a statistically

meaningtul trend. The mean grain size at the gas surface (0.3 um)
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is thus concluded to be one-half of that at the metal surface

(0.6 um). Conversely, the mean macrovoid size at the gas surface
I\

{0.13 um or 1300 A) is concluded to be greater than ten times the

macrovoid size near the metal surface (0.01 um or 100 :).

Often the larger grain sizes obtained for a given depth were
associated with smaller void sizes, and conversely. This suggested
that a void size-grain size relationship held, regardless of the
uncertainty in the depth position of a given micrograph. This
correlation is shown in Figure 83. Here the macrovoids cluster at
the smaller grain size values; the microvoids are clustered at the
larger grain size. The overall mean values (circles) supports this
trend of the individual means (dots).

The overall amount of porosity was also obscrved to decrease as
the oxide-metal interface was approached. An indication of the
amount of porosity was obtained by point counting. (This technique
gives actual volume percent in a strictly planar analysis, but will
tend to overestimate for fine particle or voids dispersed through
the thickness of thin foil TEM specimens.) The qualitative trend
is shown in Figure 84, where void fraction has been plotted as
though a two-dimensional analysis was performed. The trend to
essentially zcro porosity at the oxide-metal interface is nonetheless
clear.

The reconstitution of all the features discussed above into a

schematic cross-section of the 20 hr scale is shown in Figure 85.

The information reflected by the schematic is:
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o increase in grain size with depth

o decrease in void size with depth

o decrease in total amount of porosity with depth

o dislocations associated with voids and grain boundaries

o subgrain boundaries bisecting many grains

o variability of grain and void size for any lateral section
2) Subgrains Clusters and Preferred Orientations

a) Subgrains near the oxide-gas surface. Examples of subgrain

structure found in the foil produced 0.17 um from the gas surface
are shown in Figures 86-89.* The subgrain boundary A-B in Figure
86 cuts a typical a-Al,04 grain in two. A number of single disloca-
tions (arrows) extend into the grain interior. The slight misorien-
tation of the subgrain halves gives rise to phase contrast in the

form of Moire” fringes, Figure 87. In region '"A" two orthogonal
o
sets of fringes can be resolved, with spacings of 15 and 24 A. The
spacings predicted from the diffraction pattern, i.e., Ki' or
0 0 8
dhkl , were 1o A and 25 A, respectively.
5
The treatment of the Moire” pattern is shown in Figure 88.
The direction of the Moire” fringes (M) can be scen to be nearly

perpendicular to the spot splitting, i.c., Aé, in agreement with the
theory of fringe patterns. The Ag vectors are rotational in nature
as scen by the direction of the (3030) and (0006) spot splitting.

0

The results indicate that the Moire” fringes were produced by a 4.9

. . - 0 .
rotation of the (5030) planes and a 5.0 rotation of the (0006)

“These photomicrographs were obtained by Professor Linus Ogbuji of
the University of Flerida at CWRU on a Siemens 102 microscope
operating at 125 AV.)




planc about a [1210] axis.
0
A coarser periodic structure with a 100 A spacing can also be

scen along the entire subgrain boundary, Figure 87. These hands
0
are associatced with nodes in the 15 A spaced set of fringes of

region "A". It is suggested that the regular array of Moire~

e AR e

fringes is disrupted at these nodes by subgrain boundary disloca-

tions. The lower portion of the hcundary, area '"B", shows a single
0 o

set of 20 A fringes which are roughly paralle! to the 25 A fringes

in arca "A". This single set is produced with another subgrain in

an area below the micrograph.

An additional subgrain "Y' can be seen to adjoin the original
subgrains "X" and "2'" in Figure 89a. The projection of the triple
point boundary between all three subgrains,indicated by T-T-,
exhibits a discontinuity in the large 100 K bands. The subgrain
boundary between "Y' and "I" contains two sets of fringes spaced
14 and 30 K; the 14 K set is continuous across the triple point and

is the same set seen in bright field for the X-Z subgrain boundary.

b) Subgrains in the midsection of the scale. The structure and

degree of misorientation is now examined for a number of clustered
subgrains in a foil produced at 0.5 ym from the oxide-gas surface.
However, it is informative to first examine the orientation of a
large number of grains. The diffraction pattern in Figure 90 was
obtained for approximately 300 grains. It shows a reasonably
uniform Jdistribution of spots; as such, no preferred orientation

would be expected.  Analvsis of the ring pattern as a-Al1,0

L¥2]
-

Table VIIL, allowed for no substantial amounts of other phases such




as y-AlZOS. “'Cr2°3' or NiAlzod.

However, on a finer level, substantial numbers of grains showed
similar orientations. The array in Figure 91 has at least 19 sub-
grains whose orientations, normal to the plane of oxidation, were
close to [1011}. (Grain "D" possessed a (2131} orientation and
therefore was not part of the cluster.) Diffraction patterns
bearing out this fact are shown in Figure 92 for areas A, B, C, and
F. Pertinent data describing the individual patterns are given in
Table IX. A number of subgrains were usually sampled at once
because the subgrain siZe was less than that of the selector aper-
ture. This gave risc to some "rotated" diffraction spots due to
the slight misorientation of subgrain to subgrain,e.g., 1-5°.

The near (1011) patterns of Table IX were all obtained within
a +10° range of specimen tilt. The [1011) poles of these and other
subgrains werc plotted on an expanded Wulff net with the plane of
oxidation (foil normal) as the center, Figure 935a. The (1011)
directions clustered in an 18° overall range. The range of subgrain
rotations, Figure 93b, was generally less than 00 (These ranges
are meant to give a semi-quantituative indication of the actual
subgrain misorientations.  The precise method of obtaining two
exact zone axes tor each subgrain and plotting foil normals on a
standard stercogriaphic projection was not feasible for these small
grain sizes and the limited flexibility of the microscope tilt
stagel

The tfollowing tour examples of subgrain structures from Figure

91 are now Jdiscussed in terms of Jdislocation arravs or Moire”

T —
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patterns. The analysis makes usc of the relationships between
crystal rotation and Moire” fringe or dislocation array spacings
for a simple tilt boundary (bottom of Table X). The direction of
a rotational Moire” pattern should be perpendicular to ag of the
operating reflections from the two subgrains. In Figure 94 a
Moire” pattern (M) is shown at the C2-C3 boundary. It is also
shown to be perpendicular to Ag. From Table X, the Moire’ fringe
spacing predicted for an observed rotational angle in diffraction
of 0 = 2.37 is S8 i and is in good agreement with the observed
value of 62 X. The predicted value for a dislocation array is
Q

118 A. The data is therefore consistent with interpretation as a
Moire* pattern. Individual dislocations are present in this micro-
graph, i.e., at the C1-C2 boundary, within C2, and at & boundary
inside C3 (arrows).

In Figure 95 a closely spaced array of what appears to be end-
on dislocations is present at the A4-BS subgrain boundary (arrow).
The spacing and rotational measurements in Table X are consistent

] Q

pattern, i.e., 91 A% 124 A or 1.00:{ 1.4°

with analvsis as a Moire
tor the measured and caleulated values. The fringe pattern in
Figure 96 at the A3-B5 and A4-BS boundary supports the interpreta-
tion as a Moire® pattern.

The loosely spaced dislocation array at the AZ-AS boundary,
Figure Yo, is not regulariy spaced and interpretation as a Moire”
pattern does not appear to be possible.  Indeed the data in Table X

Q

arcconsistent with analvsis as a dislocation array, i.e., 216 A 7

[\

\ ] -0
248 A or 1.V 0 1.3 measured and calculated values,

\
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The F3-F4 array in Figure 97 is a Moire” pattern as indicated
both by the perpendicularity of Ag and M and the agreement in

0 0
measured and calculated spacing (50 A X 47 A) and rotation (2.10 N

2.00). It is thus clear that many of the subgrain boundaries are
imaged as Moire” patterns rather than dislocation arrays. The
image ambiguity between Moire” patterns and a regular array of
dislocations has been discussed for an interface perpendicular to

the eiectron beam.47

This study concluded that the overlapping
strain fields of a closely spaced dislocation array produced a line
pattern essentially equivalent to a Moire” pattern if the spacing
were <0.3£g. From the last column in Table X it is clear that all
the patterns analyzed contained D<0.3£g. The successful analysis
of three boundaries as Moire” patterns can not preclude the
presence of dislocations at these boundaries, but does indicate
that the individual fringe lines are not to be confused with indiv-
idual dislocations. The resolution of individual dislocations at
the subgrain boundaries described in Figures 94 and 96 suggests
that individual dislocations may be present in many of the bound-
aries, even though imaging of the boundaries produced a Moire~
pattern.

The rare case of dislocations not associated with a subgrain
boundary is exemplified by Figure 98. Two inclined disiocations
are shown along with dot contrast, possibly end-on dislocations.

Fringed contrast at a planar void or dislocation loop is also

evident (arrows).
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This specimen was examined in cther areas to confirm the
prevalence of clusters of oriented subgrains. Without too much
difficulty an area on the order of 10-15 grains wide (»7 um) was
found to have a [1011) orientation as before. A sampling of four
subgrains showed that the position of [10II] varied on the order of
5% from subgrain to subgrain; and the rotational variation of poles
in the [{1011) pattern about the [10II) axis was ~8: These varia-
tions are similar to those presented in Figure 93. The important
finding here is that clusters of [1011) subgrains appear to be a
common structure in the mature scale.

€) Subgrains near the oxide-metal surface. Subgrain structure in

the foil produced 0.72 uym from the gas surface was also observed.

A 4 ym wide cluster of 20 subgrains having a [2021] orientation

is shown in Figure 99. The specific subgrain boundaries indicated

by the arrows were examined by diffraction. The pattern for

region "A" including six subgrains indicates a rotational variation

of 5.5°. The fine structure of the subgrains in regions "A" and

"B", Figure 100, were again found to consist of finely spaced Moire”

)

fringes (100 and 60 A, respectively). The angular mismatch of the
subgrains in region "B'" was calculated to be 2.3° from the relation
=Qﬁ£l . These spacings and boundary angles are similar to those

observed in the foil produced at the midsection. The major differ-

ence here is that a [2031] orientation was observed rather than
(1011). The separation of -2031> and <10I1> directions can be as

close as 19.4% (e.g.. (2031) and [10i1), specifically).

The reported observation of [2051] and [IOII] clusters could thus

e
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represent a tendency towards the same overall texture if some
latitude in the degree of orientation is allowed for. (Recall that
the zone directions were +5-15° from the foil normal, so that the
exact scale orientation was probably a high index direction or a
range of directions.)

The subgrain structures shown in Figure 101 were not typical
in that arrays of individual dislocations were observed. The
association of porosity and dislocations were observed. The assoc-
iation of porosity and dislocations is indicated by the arrows.

C) Kinetics of Grain and Void Growth

The average grain, GS, and void diameters, VS, are listed in
Tables XI and XII for the different times studied and for many areas
of each specimen.

The overall mean for each oxidation time is given with a 95%
confidence interval determined by the Students "'t' distribution.

The standard deviation, S, of an individual measurement is listed
and summarized in the pooled standard deviation for each oxidation
time. The standard deviations are large with respect to the means
(rone half) becausc of the wide range of values measured within any
given micrograph. However, the standard error of the mean, S/rﬁ,
is actually quite small (less than one-tenth of the mean values)
due to the large numbor of total observations.

The depth beneath the oxide-gas interface was approximated as
one-half the total thickness for the 0.1 hr and 1.0 hr scales which
were ion thinned equal times on both sides. Also listed is the data

for the 20 hr specimen produced near the oxide-gas interface.
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The total oxide thicknesses were estimated from the previously
quoted kp for these olloys (0.002 mgz/cmd'hr or 0.57 umZ/hr). The
three levels arc all within 0.1 um of each other; therefore plotting
these yrain and void sizes vs. time is a good description of the
coarsening kinetics for the structues near the oxide-gas interface.
Because the nxide-gas surface consists of the first oxide formed,
these kinetics do represent coarsening phenomena and not new oxide
structures.

1) Grain Growt"

This coarsening data is plotted as log-log curves in Figure 102.
Grain growth models generally describe the grain size by GSn—GSon =
th, waere n is an integer, GS,is the original grain size, and kG
is a constant. Linear plots of grain size vs. time were used to
determine GS X+ 0.130 um. Values of kG were determined from GS

0.1

and GS1 The remainder of the curve was then gencerated for

0
n = 2,3. The generated curve for n = 3 coincides with the experi-
mental data, whereas the curve for n = 2 predicts grain growth

rates larger than those observed. It should be noted that because
GS0 is of the same order as the actual data, one is not permitted to
find n simply from the slope of the log-log plot. The slope of the
log-log curve is 0.18 which overestimates n considerably, (n = 5).
SEM ctudic¢s of grain size of /‘\1203 scales formed on NiAl at 1100°C
have also shown n % 5 as determined only from the slope of the
leg-log plo:.lS Recently grain growth of AIEO3 scales on NiAl were
shown to have grow.h exponents of 2 at 1200° and 1300°C.4S Tne

reason for these kineuvic differences is not clear,




gy

e e

8¢

‘"heoretically, n = 2 for a pure system where grain growth is
uninhibited. The observed n = 3 indicates grain growth inhibition.
Pores are not belicved to be directly responsible because in large
part they were not observed on grain boundaries in the mature
oxides. Impurity segregation at grain boundaries is a possible
retarding force, since nicke! containing oxides were formed during
the transient period, and nickel is always available at the oxide-
metal interface.

The value of n = 3 is in agreement with those found in a

49
3
0 o taon0 o

2.8 at 1675°C, 2.6 at 1550 C, 2 7 at 1480 C, and 3.2 at 1450 C.

In another sintering study n was found to be 3 at 1700-1800°C.50

sintering study of bulk AlZO In that study n was found to be

Both of these studies found no change in n with Mg0 additives until
exaggerated grain growth became significant in the undoped A1203
samples. The occurrence of n %} 3 for A1203 grain growth appears to
be a general observation.

Since the primary trensport mode is by oxygen grain boundary
diffusion, it follows that the scale thickening rate will be reduced

s grain growth occurs and the total volume of grain boundaries is

reduced. By nsing the approximations that k_ % Deff v 26DGB and
GS
Gs" = kG-t it follows that the oxide thickness is: *
26D (l-l/n)
X2 _ GB . t where 6DGB = grain boundary
kG (l-l/n} diffusjvity rioduct

kG = grain growth rate
n = grain growth exponent

*A more detailed discussion of grain boundary diffusion equations
is given in Section D.
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Thus, modifications to the parabolic growth rates will occur due to
the grain growth rate. The following summarizes the effect of the

grain growth exponent, n, on the slope, m, of log x vs. log t plots:

n _m_
2 0.250
3 0.333
4 0.375
5 0.400
® 0.500 (parabolic)

The observation of less than parabolic kinetics is commonly
observed for A1203 scales, for example m = 0.4 for A1203 growth on
NjAl.ls This corresponds *o a grain growth exponent of 5, which
was observed in that study. Although this agreement is encouraging,
the consideration of GSO and the variation of grain growth through
the scale thickness will be needed for a more precise model.

The grain size distribution curves for typical areas of the
various scales examined are summarized in Figurce 103. It is immed-
iately clear that even the most extreme curves have a finite region
of overlap. Nevertheless, the coarsening trends with oxidation
time {(curves arb>¢) and with depth in the scale (curves cl+c2+c3)
are apparent. The 0.1 and 1.0 hr distributions are the most similar;
the 1.0 hr curve has more distribution skewed towards larger grain
sizes. The ¢, curve for the 20 hr scale midsection also shows much
intensity shewed towards larger grain sizes.,  The distribution did
not indicate a true bimodal microstructure which would have

indicated cxaggerated grain growth. However, it was common that

B . S
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the maximum grain size in a given micrograph was an order of
magnitude greater than the minimum size.
2) Void Growth

The kinetics of void growth are compared in Figure 102 to model
curves for n = 1,2,3 where vs" - VSOn = kvt. VSo was estimated to
be 0.010 um from linear plots of VS against time. The average VS
data fit the n = 1 model best. However, the data for the 20 hr
scale is believed tc be biased towards the larger voids at the
immediate oxide-gas surface. This is because voids smaller than
O.SF,g (v.03 um) are obscurred by the absorption effects in the
thick portions of the foil, i.e., where the macrovoids were measured.
Therefore, kinetic models for n = 2 or 3 may also be applicable.

The classic Ostwald ripening model predicts n = 3. This mogel
assumes a constant total volume of precipitate (voidage) and predicts
the growth of larger particles at the expense of smaller ones. The
result 1s a reduction in the total number of particles and an
increase in the average particle cize. 7Tt is clear from the micro-
graphs that the number of voids recar the gas surface has decreased
with time; only one macrovoid per grain was observed in many arveas
of the 20 hr scale. The constancy of total void volume was tested
by point counting. Values of 0.06, 0.04, and 0.03 were obtained
for 0.1, 1.0, and 20 hrs, respectively. These values are not
completely accurate because point counting assumes a two-dimensional
surface analysis. It can be shown that from geometric considerations

the true volume fraction, fv' 1s given hy:

.

e
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4/3r'fA
f = where f = measured area function
V ? ll
r = particle radius
7= foil thickness

Therefore the volume fractions are overestimated, especially for
the finer void sizes. The corrected void volume fractions for

Z% 0.1 um are 0.01, 0.01, 0.03. Some increase in total voidage
appears to be real, but the accuracy of these values is uncertain.
The main conclusion of the void growth kinetics is that consider-
able growth and coalescence has occurred. Exact modelling by a
determination of the growth exponent, n, is not possible due to
uncertainties in the 20 hr scale values.

The veid size distributions are compared in Figure 104. The
void growth with time (curves a*b»cl) is clear, although some
overlap exists for the 0.1 and 1.0 hr distributions. The decrease
in void size with depth in the 20 hr scale (curves c1>c2+c3) is also
apparent. It is most interesting that the 0.1 hr and 20 hr metal
distributions both contain the finest voids. This suggests that
the age of the veids in the 20 hr scale near the metal is comparable
to that of a 0.1 hr scale. 7This 1s consistent with accepted models

of inward growth of AI,OX scales, which state that fresh oxide is

formed at the oxide-metal interface.
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D) Discussion of Mature Scales

1) A Mechanism of Void Formation

a) Qualitative equilibrium vacancy profiles. While void growth has

been established as a simple particle coarsening phenomenon, the
reason for void nucleation within the thickness of the scale is not
at all obvious. The gradient in the amount of porosity through the
scale, suggests that void precipitation is related to some property
that also changes across che thickness of the scale. A likely
candidate for this process would be the equilibrium vapor pressures
of aluminum and oxygen across the scale: The equilibrium concentra-
tion of vacancies can be directly related to these pressures; the
pressures dramatically change from the gas-oxide to the oxide-metal
surface.

The following hypothetical reactions show the pressure-vacancy
concentration dependencies (all reactions have been considered
because of current uncertuainiy on the major equilibrium defect

species 1in A1103 51),

" [Ol]

)
o
i}
=
kel
1

1/2 0, (vap) +

i 8 1/2 2
(poz) e Eqn. 8
1/2 0, (vap) + Vg + 2e' = ¢ k9 = 1/71 Wi
i (pO,) “77 Vi1 te'1”
Eqn. 9
(AL ") [0,13
Al (vap) = Ali.‘ + 3¢ }\10 = v i
(pAl)
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v = 3e! k,, = _lel
AL (vap) + Vy, 11 " (pAD) vy Eqn. 11

Reactions (8) and (9) state that higher oxygen pressures (i.c., the
oxide-gas surface) will increase oxygen interstitials and decrease
oxygen vacancies. The Frenkel oxygen defect relation states that
oxygen vacancies and interstitials are inversely related:

Vo 110g1 = kg o Eqn. 12

Thus, regardless of whether (8) or (9) predominates, fewer
oxygen vacancies are at equilibrium at the high pO2 gas surface
than at the oxide-metal surface. From reactions (10) and (11}, it
can be seen that high aluminum equilibrium vapor pressures (i.e.,
at the oxide-metal interface) will increase aluminum interstitials
or decrease aluminum vacancies. The Frenkel aluminum defect
relation states that:

RN A =
(VA]') TAI;] = kp g Eqn. 13

Thus, rcgardless of whether (10) or (11) predominates, fewer
aluminum vacancies will be in cquilibrium at the oxide-metal
interface than at the gas surface.

Finally, the oxygen and aluminum vacancies are inversely
related by Schoitky equilibrium:

3 3

!I‘, vy o
VAT IV = kg Eqn. 14

Irrespective of which defect cquation predominates, oxygen vacan-
cies will be greater at the oxide-metal surface and aluminum

vacancies will be greater at the gas surface.
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Gradients of equilibrium vacancy concentrations can be visual-
zed as in Figure 105a. After further oxidation, the scale thickens
by inward oxygen diffusion (Figure 105b), but the equilibrium
vacancy concentrations at the two interfaces remain the same; they
are governed only by the fixed p02 (gas) and 341 (metal). This has
the consequence that at position "X", the equilibrium concentration
of oxygen vacancies has dropped, while that of aluminum vacancies
has been raised. The precipitation of unstable oxygen vacancies
into voids is thus possible for an inward growing scale. Further-
more, the amount of cxcess vacancies is less for deeper positions
in the scale, a shown by the arrows at Xl’ Xz, and X3. This
agrees qualitatively with the observation that the amount of
porosity decreases towards the oxide-metal interface.

It is interesting to point out that becausc the equilibrium
concentration of cation vacancies is being raised over the existing
concentration, one would predict that no excess of cation vacancies
ever exists for an inward growing scale. On the otyn-°r hand, an
outward growing scale controlled by cation diffusion would exhibit
a continually decreasing cquilibrium cation vacancy concentration
at internal positions in the scale. Thus a situation completely
analogous to that in Figure 105 can also be proposed for precipi-
tation of excess cation vacancies in an outward growing scale.
This version of the model may be cpplicable for outward growing
metal-deficient scales, such as Fe, _0, Ni 0, and Co, _0. Such

1-x 1-x 1-x

cases will be discussed in part ¢ of this section.

R
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The above analysis is purely qualitative and is meant to
provide a framework for discussing a possible source of porosity.
Two quantitative factors are required to fully justify the model:
1) The excess vacancies cannot be annihilated immediately as the

cquilibrium concentration curve is lowered. (A significant

non-equilibrium excess must be allowed to accumulate.)

2) The magnitude of [V;] at the oxide metal interface, and ulti-
mately [Vc')’]ex must be large enough to account for the
observed porosity.

Wagner has discussed the possibility of non-equilibrium
defects for the case of scales with cation Frenkel defects.52 He

has made the assumptions that [M.]

= ’
i’ oxide-metal [\m] that

gas-oxide’

[Mi] = [V ]

. . = 0, and that D = D, = D in order
gas-oxide m’oxide-metal v i

to simplify the calculations. The degree of deviation from equil-
ibrium was then dependent on the magnitude of scale growth rate
relative to the defect annihilation rate due to recombination of
interstitiais and vacancies. He concluded that non-equilibrium
defects could be possible only in high purity compounds, with low
defect concentrations. This analysis is not believed to be applic-
able to the present case of A]303 scales because of the restrictions
concerning the symmetry of aefect concentrations and diffusivities
and the mechanism of defect annihilation., For cxample, A1203

has often been suggested to have primarily Schottky vacancy

. 53,54
detects., ?

In such a case the annihilation of oxygen vacancies
by the vacancy/interstitial rccombination mode would appear to be

minimal. Furthermore, the primary scale growth mechanism is by
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oxygen grain boundary diffusion. Thus, the coupling of the primary

defect flux giving rise to scale growth with diffusivities in the
lattice cannot be made, as Wagner did. Thus, another representation
of vacancy annihilation is presented below using assumptions more
appropriate for AIZOS.

b) Semi-quantitative treatment of non-cquilibrium vacancy profiles.

A model is proposed here to describe the distribution of excess

oxygen vacancies resulting from the two competing processes of a

decreasing tolerance for equilibrium vacancies (2s the scale grows

inward, Figure 105) and the annihilation of vacancies at grain

boundaries. The following major assumptions were used to construct

the model:

1. The scale is inward growing with parabolic kinetics.

2. The equilibrium vacancy concentration is approximated as a
lincar function of position in the scale.

3. DVo is considered to be constant across the scale thickness.

4. CGrain boundarics are the primary locations for vacancy annihila-
tion and are perfect vacancy sinks.

The details of the analysis cun be found in Appendix B. It was
found that the net relative amount of excess oxygen vacancies
remaining at a position "1'" in the scale after total oxidatisn time
"2 ois: (equation Bo)

Avex Y1/
(TEV::T: (- ) (1 )

;
!
i
5
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where AVex = concentration of excess non-equilibrium oxygen j
vacancies i
Vm = equilibrium oxygen vacancy concentration at the
oxide-metal interface, i.e., [Vo]m
V_ = equilibrium oxygen vacancy concentration at the
8 gas-oxide interface, i.e., [Vo]g
AVGB = amount of vacancies able to diffuse to grain
boundaries in time tz-tl.
VT = total amount of excess vacancies assuming no
annihilation at grain boundaries or other sinks.
av L . .
GB/ is given by the analytical function of [4D,, (t,-t,)
AV, Vo 2 1

(6s)°
described in Appendix B.

The vacancies are assumed to precipitate at the dispersed voids
much faster than at the grain boundaries because of the greatly
reduced diffusion distances. Thus, the calculated values of AVex
in effect represent the amount of excess vacancies which can
precipitate as voids. Profiles of the relative excess vacancy con-
centration are plotted in Figure 106 for the three times of oxida-
tion studied: 0.1, 1.0, and 20 hrs. A constant grain size of
0.5 um was used to allow direct comparison between the three

2, 4 -13 2
curves. A value of 0.002 mg”/cm -hr (or 1.58x10 "“cm™/sec) was
used for k
. . -14 2
Also, a defect diffusion constant DVo’ of ~.10 cm”/sec was
. . 0 .
used as an upper limit. (Typical values of DL obtained by extrapo-
lation of Jdata published for bulk A1703 are much lowevr, i.e.,

-21

10"t pp710

R

2 0. . .
cm-/sec at 1100°C.) In Figure 106a the relative excess
vacancy concentration at the gas surface is near the maximum of

unity, i.e., AV __ = Vm-Vg. The excess concentration decreases with
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Y increasing distance and reaches zero at the oxide-metal interface.
At longer times, 1.0 hr in Figure 106b, the profile has flattened
considerably and the value a*t the gas surface has dvopped to less
. than 0.4. A slight inflection point in the curve has also developed.
t And after 20 hours the entire curve has dropped orders of magnitude,
) the inflection point has evolved a maximum very near the oxide-metal
‘ interface, but this maximum is only ~0.01.

The continual decrease in the amount of excess vacancies at the
gas surface is shown in Figure 106 for variou values of JB;;T For
very low values of D, the decay by annihilation at grain boundaries
is very slow; the maximum amount of excess may be continually

-20 cmz/sec (for typical grain sizes of

4

maintained if D, <10
Vo —

~0.5 ym). For the upper limit of 10-1 cmz/sec used previously, the

curve labeled leO_3 sec-l’/2 is appropriate; here the decay of
excess vacancies is complete after 5-10 hours.

Thus, the following points summarize the discussion of non-
equilibrium vacancy concentration and annihilation:
I. At very short times few vacancies can be annihilated at grain

boundarics and more AVCx are available for precipitation into

veids observed in the 0.1 hr scale.

ty

The amount of Avex available for precipitation into voids at

the gas surface is constantly decreasing and is negligible for

a 20 hr scale. This agrees with the prior conclusion that the
total amount of porosity near the gas-oxide surface has not
increased appreciably with time, e.g., 0.01, 0.01, and 0.03 void

fractions for 0.1, 1, and 20 hr scales, respectively.
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3. At long times, even the maximum in Avcx/(vm-vg) is very small.
This agrees with the cbservation that few new voids are pre-
cipitated near the oxide-metal interface in the 20 hr scale.

Since the actual value of Dyo is not known, the effect of
different assumed values of DVO on the excess vacancy profiles was
also determined. Two families of curves resulted as shown in

Figure 108 for a 20 hr scale and a 0.5 um grain size. For

DVO:‘IO'IS cmZ/sec, Figure 108a, nearly linear, monotonically
decreasing curves were obtained. At Dv‘:’f_l()‘20 cm,/sec, diffusion
is so slow that no annihilation at grain boundaries would be
. . av
possible. Thus, from equation B6, ex_ _ At
W (1 l/tz) . When

plotted against distance for a parabolic scale this becomes a
straight line. For higher values of D, the maximum excess (at the

gas-oxide surface) continually decreases.

-14

For DVo in the range of 10”15-10 cmz/sec, the concentration

at the gas surface falls more rapidly than the rest of the curve,
resul ing in a small maximum necar the metal interface. The low

Avox profiles in this range of D's are consistent with a relatively
constant total amount of porosity at any given position in the scale.

. . . o) .
The oxygen diffusion coefficient, D[, was cstimated to be

-15 2 \ . . .
L10 ! em~/see from the relation for defect diffusion, D: =

“VU[YO]' (from the kinetics of Ostwald ripening of voids, section 2,

part a, below). Since [Vo] << 1 for a stoichiometric oxide such as

-15 2 c g
1-A1,0., then DVO => 10 cm /sec. This indicates that the lower

curves in Figurce 108 should apply. Thus the value of
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-14 2 . . . . .
“VO = 10 om used in Figure 100 can be viewed as consistont with
s¢0C

the Ostwald ripening value, or as a lower limit. Higher values will
cause more rapid annihilation and lower Avex profiles.

The initial assumption of a linear gradient of cquilibrium
oxygen vacancies across the oxide in Appendix B was only a first
approximation. The true [Vo]eq gradient may deviate appreciably
from linearity, and this would cause dramatic changes in the excess
vacancy profiles. Consider the extreme case where V = Vg all
through the scale, except for a very thin transition layer at the
immediate oxide-metal interface. The working equation B8, developed

in Appendix B is then:

Mex - AVip
iVM-Vg) uVT
AV [; D (t,-t;)
. GB . . - Vo = 2 1
where again —— = an analytical function of [—2—o—"—
AVT GSZ

The offect of this extreme equilibrium vacancy profile on the
excess vacancy profile is shown in Figure 109 for a 1.0 hr scale.
The basic form is that the maximum excess occurs just bhefore ihe
transition laycr at the oxide-metal interface and is always at the
maximum relative value of 1.0. The minimum value is at the oxide-
gas surface and is always identiccl to that for the linear gradient
case. The implications are that void precipitation close to the
oxidc-metal should occur, at least to the same extent that annihila-
tion at grain boundaries is allowed (both processes arec dependent

on the rate of volume diffusion). This is contrary to the structuril
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observations. It is concluded that some finite gradient of equil-
ibrium oxygen vacancies across the scale rceprescnts a more realistic
view of the scale. The true equilibrium p0, gradient, and hence the
Veq gradient, can be calculated if the variation of ionic conductiv-
ity and transport number are known.89 However, such data are not
available for Al,0. over the entire po, range required or at 1100°C.

2°3

c) Absolute magnitude of av,,_and observed void concentrations.

The remaining requirement of the excess vacancy precipitation model
is to assure that a sufficiently high excess vacancy concentration
can be generated to account for the observed porosity. The maximum
excess, possible at the gas interface for short times (Figure 106),
is w(Vm-Vg). This should be on the same order of magnitude as the
maximum in void concentration. It can be shown* that the volume
fraction of voids, fv, resulting from an excess vacancy concentraticn,
AVCX, is given by:

fv = .77 av
ex

.. fv(max) = .77 (vm-vg) % 77 V_A since jm>>Vg

no. vacancies ,
fv = (no. oXygen sites) X (volume per vacancy) X
no. oxvgen sites per mole A17O3 total vacancy volume
( - o’ ):._
vol AIZOS per mole A1203 vol A1203
. - KN
VX 4/::711'v x 3 N\v
fv = . AV. _ ,\f 77V
”A1203
where: W = mole fraction of vacancies o
r, = radius of oxygen vacancy (1.374 A)
NA" = Avagadro's number (6.023x1023)
. 3
Al,ﬂg = molar volume of A1203 (25.56 ¢cm™)
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Values for the maximum observed porosity ranged from about
0.01 to 0.03, giving Avex=vm = 0.013 and 0.039, respectively. The
existence of vacancy concentrations of 1-4% are considered to be

very high for a stoichiometric oxide such as Al,0 These values

273
can be combined with the Ostwald ripening Di values and the relation
for defect diffusion, D: = DVO[Vo], to estimate DVo' The calculated
values ranged from 1x10'14 to 4x10'13 cmzlsec, which are consistent

with the profiles in Figure 106.

d) Contribution of the oxygen vacancy flux. The non-equilibrium

vacancies discussed above resulted by default; that is, new vacan-
cies were not really created, but the equilibrium level was merely
lowered by a decreasing p02 gradient. Vacancies may also be incorp-
orated into the grains by diffusion due to the vacancy gradient
across the scale. If the vacancy distribution is slightly above
the equilibrium profile, then void precipitation is thermodynamically
possible. In the vacancy flux model presented below, it is assumed
that a vacancy lost to a precipitation process can be immediately
replaced by the continual flux of vacancies flowing from an infinite
source at the oxide-metal interface. It is this key assumption that
allows for accumulation of vacancies into voids to values greater
than 1.0 (vm-vg), which was the maximum excess vacancy concentration
developed in part b.

Two cases of vacancy distributions are considered in Appendix C.
In case A, the vacancy concentration was assumed to be linear from

the gas to the metal. 1In case B, only an outer layer of scale (Xl)
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was equilibratced with the gas; the rest of the scale (xz) maintained
a constant vacancy concentration, V=Vm. The following table gives

1= 0.1 hr

(i.e., the accumulation in the outer layer of the scale after 20 hr):

the vacancy accumulation for both cases if t, = 20 and t

TYPE EQUATION £,

20 1 " D
A) K (Vg-Vg) (@ #ln |‘E2/tl) 7.3 i‘; (Vp-Vy)
B) 2D D

,\—.F; (Vp-Vg) €2/t)) 23.3 k—p- (Vp-Vy)

If DVo:’kp’ then these models for vacancy accumulation allow
values greater than (Vm-Vg). Recall that the excess vacancy model
allowed a maximum of only 1.0 (Vm—Vg). Thus, the contribution of
the oxygen vacancy flux could be of importance if some mechanism
of continual replenishment operates. The maximum values, however,
are still within two orders of magnitude of Vm, and the rationali-
zation of 1% porosity thus requires V_ 3}10'4.

¢) Void precipitation in other oxide systems. The occurrence of

voids in oxide scales formed on metals is not a new phenomenon,
although void occurrence in A1203 scales is not widely known because
of the extremely small void sizes here. Voids have been easily
observed in scales formed on Ni, Fe, and Co based alloys by standard
opticul metallography. The mechanisms of void formation which have
been proposed for these alloys generally require the "injection" of
cation vacancies to the cxide-metal interface whercupon eventual
precipitation occurs. Thus, the key difference between these

mechanisms and the excess vacancy model presented in parts a, b, and




96

( ¢ above is in the location of the precipitation event.
Gibbs described the production of voids in the inner layer of
a duplex Fe,0, scale formed on pure Fe in o, at Soooc.SS An

elaborate theoretical trcatment was presented which was based on the

§
£

following sequence for a cation outward growing scale:
1. Inward cation vacancy diffusion
2. Precipitation of interface voids
3. Dissociation of scale over voided regions and the formation of
a microchannel connected to the gas surface
4. Inward growth of a highly porous inner scale by mctal recession
plus molecular transport of the gas. The molecular transport
takes place through the microchannels in the outer scale and
interconnected porosity in the inner scale.
| f ) Since the heavily voided layer is inward growing, it is
impossible to distinguish voids which may have been precipitated at
the original metal interface from those which may have precipitated
: within the scale. But, because it is inward growing, the excess

oxygen vacancy model presented for Al,0, can be invoked as before

3
in part a. Furthermore, the cation outward version of the excess
vacancy model can be used to explain the voids in the outer scale --
: a microstructural feature not discussed by Gibbs. Also, the proposed
system of microchannels, theorized to be 0.2 uym wide, could not be
resolved or verified in the optical micrographs presented. Finally,
some of the micrographs presented show a low enough amount of

porosity in the inner scale to preclude gaseous transport by inter-

connected pores in this region. Thus, the proof of an interface
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void mechanism, as opposed to void precipitation with the scale,
appears to be lacking.

Another study of pure Fe, oxidized in 1 atm air at 700—900°C.
documented the existence of porosity throughout an outward growing

Fel scale.s6

Again, only the pores at the oxide-metal interface
were discussed, and again as a cation vacancy injection mechanism.
The presence of a large amount of dispersed porosity in the bulk of
the scale was not discussed.

A TEM study of oxides formed on pure Fe at 600°C in 10 torr 02
has shown very fine pores in the Fezo3 and Fe304 outer layers of
the scale.44 Since these layers are not in proximity to the oxide-
metal interface, the cation vacancy injection model cannot account
for them. The position of the voids within an oxide layer again
suggests a bulk precipitation phenomenon as opposed to an interface
void mechanism.

In the case of NiO scales formed on purc Ni, Rhines and Wolf
have observed pores at Ni0O grain boundaries throughout the scale.S?
They have speculated, but not proven, that thesce pores resulted
from gain boundary sliding caused by growth stresses in the scale.
More recently the pores were thought to be “foreign matter" precipi-
tates left from an unclean specimen surface or impurities in the
nickel suhstrate.ss ilowever, a study of various purities of nickel
(30, 200 and 4000 ppm) has shown little correlation between porosity
in the scale and nichel purity.sg Thus, the voids were probably
not artifacts and their production has not been adequately explained.

This then is another example where void precipitation throughout
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the scale may provide the most direct mechanism and most satisfac-
tory explanation of the observed distributions.

Impressive evidence of the power of a change in the po,
gradient, or of the PO, gradient itself, to produce vast amounts of
porosity in an oxide was presented by Yurek and Schmalzried.GO
They annealed single crystal Co0 in 1 atm air at 1200°C for 12 hours.
This was then subjected to 1 atm air (p02=0.2 atm) on one side of
the crystal and to a Co/C02=0.10 gas mixture (p02=1.1x10'9 atm) on
the other side. After 1.5 hr at 1200°C the crystal “eveloped
approximately 5 volume percent of porosity; after 42.5 hr the
crystal was well above 50% porous. For short times, a distinct
increase in pore size with distance from the low p0, side was
observed.

The authors described the pore formation process as the result

of V. diffusion from the high p0, side (IV % 10°%) and

C

precipitation at the low pO2 gas-oxide interface ([V

Co]eq
4

Co]eq v 1077).
The distribution of pores throughout the crystal was explained as
the result of pore migration counter to the vacancy flux (toward

the high pOz side} and coalescence of these migrating pores with
increasing distance traveled. Interface pore marker movement in
Mg0-CoO diffusion couples was presented as the experimental evidence
of pore movement counter to a flow of vacancies. (Here V (pure

Mg0) = 10'4 V (pure CoO) at 1400°C.) However, it appears that

this pore motion towards the CoO side could have simply resulted

from faster diffusion of Co into MgO than Mg into CoO. Indeed, the

edges of Pt markers were also seen to move away from the MgO toward
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the Co0 side of the couple. Thus, more matter accumulated into
the Mg0 side, causing displacement of interface debris into the
Co0 side.

The pore distribution in the Co0 single crystal subjected to
a po, gradient will now be discussed as a bulk precipitation process
(as opposed to a gas-oxide interface precipitation followed by pore
migration and coalescence). The low pO2 environment requires a
much smaller cation vacancy concentration for equilibrium than the
initial pre-annealing treatment in 1 atm air. As a result, the
initial high equilibrium value now becomes in excess of equilibrium.
This provides a driving force for pore precipitation, AG_. From
the relation for critical stable nuclei, re=27/AGp, a qualitative
distribution of pore sizes vs. supersaturation can be put forth.
The direction of AGP can be estimated from the volume free energy
change associated with precipitating a given fraction of vacancies.
From the usual vacancy configurational entropy term in a crystal61

it can be shown that AGp=NVRT1n (NV/N )}, where Nv is the mole

v,eq.

fraction of vacancies in the supersaturated state and Nv eq is that

]
in the equilibrium state (i.e., after pore precipitation).
Yurek and Schmal:zried estimated NV eq to be 10-4 at the low
=20
pO, side and 10 = at the high p0, side. Thus, the maximum N at

the low pO, side before any defect relaxation process occurs is

3

10", From the above cquation this produces a maximum AG of

0
565 J/mole at the low pO, side and an r, of ~400 A (a typical value
of 1.0 J/m” for y was assumed). If Nv eq can be determined as a

function of position across the crystal, T, could then be calculated
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for various positions across the scale.

This exercise was performed by first assumirg a linear
relationship of Nv.eq across the scale, as shown in Figure 110. The
resultant ro is compared to the actual rp (from the micrograph of
CoO at 1200°C, 1.5 hr by Yurek and Schmalzried). The parallelism
of the two curves is exceptional. (The error bars represent * 1l0.)
The curves are not meant to agree quantitatively, since the critical
pore size only gives an indication of how large the pores must have
been to be stable. No account of how large these nuclei may have
grown has been attempted. But, if it is assumed that there should
be some correlation between initial and final pore size (or,
equivalently, initial and final number of pores), then Figure 110
gives testimony to the possibility of pore nucleation in the bulk.
Therefore, it is again proposed that voids nucleate and grow in the
bulk of oxide specimens or scales when subjected to a change in p0,
gradient. The role of the pO2 gradient appears not only to produce
a vacancy gradient and flux, but also to create an unstahle super-
saturation of vacancies. Admittedly, after continued exposure the
vacancy flux must command an increasing role in the growth of voids.
This is concluded because the porosity in CoO was scen to increase
from the 1.5 hr to the 42.5 hr exposure, Thus, pore growth
continued even after the equilibrium vacancy concentration should
have been reached.

As a final note, a transitory stage in the conductivity of NiO
subjected to a poz change has been suggested as a non-equilibrium

62,63

effect. It was found that NiO, equilibrated at 10_S torr 0,,
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exhibited a sharp rise in conductivity as the po, was instantaneously
raised, After some time the conductivity abruptly returned to the
initial value. This time interval substantially increased with pO2
and decreased with temperature. This behavior was modeled by means
of an equivalent electrical circuit. The results supported a
mechanism of mixed kinetics whereby the p0, increase first caused

an instantaneous rise in [VNi] at the oxide-gas surface, which then
decayed as though the oxide was a discharging condenser. The authors
thus believed the transitory effect to be due to a non-equilibrium
defect concentration created by a change in p0, environment. It is
precisely this effect which is being proposed as the cause of voids
in bulk oxides and oxide scales s'bjected to a changing pO2

gradient.

2) Diffusion Processes in A1203 Scales

a) Void growth and Ostwald ripening. The dramatic increase in void

diameter with time and decrease in the number of overall voids dis-
cussed in Section C indicated that the voids were growing, at least
in part, by an Ostwald ripening process. According to this model
the surface of a precipitate (void in this case) builds up a higher
concentration of solute (vacancies) than the bulk material. The
degree of supersaturation is inversely proportional to the particle
radius as given by the Gibbs-Thompson equation:

Cr M

= rp where C_, C, are concentrations at the particle
surface and in the bulk

RTIn /Cw

surface energy
molecular weight Eqn. 16

particle radius
density of particle

DO H B

LU I I [
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A solute gradient and flux is set up from small particles to larger

ones. By taking account of the flux from various sized particles it
was shown by Greenwood91 that the average particle diameter can be
approximated by:
33 SDCMy

rer” = (—;;;70t Eqn. 17
From the appropriate constants and from the void growth data, values
of DC_ can be obtained. It will be recalled that cubic growth laws
were not observed, so that only approximations of the growth rate
could be obtained. These attempts produced DC_ in the range of

4.ax10"16

to S.leo'15 ggi . Since C is really the concentration of
sec

vacancies in the scale and D is the vacancy diffusivity, then DC_ is F

o-

equivalent to the self-diffusion coefficient from DL DVo[VO]'

It the voids were caused by an excess of oxygen vacancies, as

discussed in part 1, then DC_ should reflect oxygen diffusivity.

It will be seen in the following discussion that this value (Fig.111) is

much higher than measured oxygen lattice diffusivities in bulk A1203.

b) Grain boundary diffusivity, scale growth, and grain growth.

Ideally the growth of an oxide scale by volume diffusion controlled
processes can be described by the Wagner equation. This relates the
parabolic growth constant to an integral of conductivity (or diffu-
sivity) over the range of the equilibrium oxygen potential across
the scale thickness, However, for these fine grained Al,0., scales,

273
the contribution of grain boundary diffusion of oxygen is generally

accepted to be of primary importance. The equivalent of the Wagner

equation has not been developed for the case of scale growth by
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combined grain boundary and volume diffusion. Furthermore, the
pressure dependence of diffusivity is not known for bulk Al,0y.
Thus, the classic treatment of scale growth by comparison of
measured and calculated kp's has not been performed for A1,0,
scales.

Although this situation precludes modeling of the transport
processes in the scale, it is useful to perform some calculations
based on a simplified growth model. For this purpose the scale is
envisioned as a moving boundary of fixed composition. Such phase
boundary motion generally follows a parabolic law, and the approxi-

mation is made that:

2 ")
x %D t Ykt
off P Eqn. 18

i.e., Deff X kp

Furthermore, if grain boundaries represent the major short circuit
diffusion path, then

Dge ¥ (1-6)D*+£ Dy Eqn. 19

where Deff = effective diffusion coefficient

DL = lattice diffusion coefficient
DGB = grain boundary coefficieat
f = effective volume fraction of grain boundaries

For columnar grains it can be shown that,

2
f = ﬁ— Eqn. 20
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where § = grain boundary width
GS = grain size
o
Thus, for 6 X 100 A, and 65120008, then £ ~ 0.1 and D gc % 0.9
DL + 0.1 Dop- Since it has been shown that Dgp > DL for oxygen

transport in bulk A120364, the following approximation is valid:

N
ko~ Dege ~ £ Dgp
or Eqn. 21
D, = k_ - GS

From the discussion of microstructures, it was clear that the grain
o
size was on the order of 2000 A at the gas surface; and from studies

it was found that

hr, corresponding to D ¢ = 1.6x10°13 cm?,

sec

on Alzo3 scale growth on NiCrAl alloys39

kp ~ 0.002 mgz/cm4 .

The separation of the terms in 4D-p has been discussed (Mistler and

Coble) in a review of grain boundary diffusion processes.65 The

product can be obtained by diffusion studies giving Deff and DL'
This analysis is essentially what was attempted above. The

quotient of DGB is then obtained by an analysis of grain growth

8

rates. Since this data was also available from the microscopy
study, it will be possible to separate & and Dap and compare these
values to those determined for bulk oxides.

From Mistler and Coble:

D.. GS° - GS2

GB °
t

5= (

Eqn. 22

G-
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D cs? - cs?

or: - (—) 2.12x10% ea”

1

where £ = molar volume of Alzo3 = 25,56 cnslnole

grain boundary energy % 540 ergs/caz*

c =
RT = gas constant X temperature
t = time

Although a parabolic grain growth law was not observed, it was still
possible to determine a range of slopes from a plot of GS2 - ng

against time. Table XIII shows the values of & and DGB calculated

18

from the Mistler and Coble equation withéDy, = 1.58x10” cms/sec

from the kp data. The range of DGB and § resulting from the dif-

ferent initial and final grain growth rates was not too large.

¢) Comparison to grain boundary diffusion in bulk AI’QS'

discussion to follow, an attempt will be made to compare values of

In the

§ and D inferred from the oxidation studies to those determined
from bulk Alzo3 diffusion studies. In order to do so some manipu-
lation of the published data is required.

The major studies of oxygen grain boundary diffusion in bulk
A120 were by Reddy67 and by Mistler and Coble's analysis65 of
Oishi and Kingery's data64. Oishi and Kingery showed a low and
high temperature branch to their diffusivity data and this is shown
in Figare 111. This occurred for their polycrystalline samples as

well as for some single crystal samples. The high diffusivities of

*Estimated as one-half the surface energy at 11000C.27’66
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the low temperature branch appeared to be associated with samples
which had not becen pre-anncaled like the others in 1 atm air at

1900°C.

The data for the polycrystalline material is representative

of Deff and that of the single crystal samples reflects D Thus,

L
as originally determined by Mistler and Coble, GDGB can be calcu-
lated from the equation for effective diffusion coefficient (as in

and 4D

part b). Table XIV lists the relations for Deff’ D B for

L G

Oishi and Kingery's data. Relations for 8D.. vs T were determined

GB
from an Arhhenius plot of values calculated at specific temperatures.
Mistler and Coble calculated GDGB (high tenFD = 515 6 exp (312§§¥S§l&

o
This is the same as that in Table XIV if § & 250 A, Also shown for

comparison are valucs for DL and DB from Reddy. Here 6D,y was
measured directly from 180 profiles in polycrystalline samples
determined by proton activation techniques.

All the é6D.. relations are shown in Figure 112. It is apparent

GB
that the calculated high temperature branch agrees well with Reddy's

direct measurement. This result supports the validity of using the

i e WO 08, N

Deff concept for estimating 6D The low temperature branch shows

GB’
a significant departure from Reddy's data. But there is good
agreement between this calculated low temperature branch and the
value obtained in part b from the oxide growth data at 1100°C.

Values for D., in the bulk can be separated from GDGB if the

GB
grain boundary width is known. Plots of DGB vs. 1/T are shown in

Figure 113 for various assumed values of §. Also shown is the value

for Alzo3 scales formed on the Ni-Cr-Al alloy (from Table XIII).
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It is encouraging that the NiCrAl oxidation data again agrees with
o

the low temperature, bulk A1203 data for § in the range of 100-500 A.
o

Recall that 6 of 450-800 A had been estimated for the A1203 scales

in Table XIII.

Reddy determined 6DGB and § from an analysis of 180 levels and

profiles in polycrystalline A1203.67 His GDGB was shown in Figure

112. Values of § calculated by Reddy and values for DGB which were

inferred from §, are shown in TAble XV. The grain bouirdary widths

o
ranged from 160-500 A for purc hot pressed A1203 and from 1600-
o
2700 A for MgO-doped Lucalox.
o
Thus, the A1,0, scale values of 450-770 A are 3n basic agree-

273
ment with Reddy's data for pure A1203. Mistler and Coble calculated

§ from various grain growth and diffusion data and obtained values

% 65

between 70-150 A. More recently, grain boundary widths were

measured directly for a synthetically produced tilt boundary in a
pure A1203 bicrystal (< 50 ppm total impurities).68 They determined
£ by back-extrapolating optically determined grain boundary groove
widths vs. chemical etching time. They found boundary widths at
zero etching time to be 500-550 X. Also depth-profiling with an ion
microprobe revealed an impurity segregation layer of 600-800 K for
thece reasonably pure samples.

In summary, the A1203 scales possess an effective grain bound-

ary width in accord with values determined on bulk A1203 of reason-
able purity. Some impurity effect is to be expected due to probable
Ni and Cr dopant elements from the alloy. Of more importance is the

agreement of 6D and DGB with the low temperature branch calculated

i & bt B S b
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(:j from the data of Oishi and Kingery. Comparison with an extrapola-
tion of the high temperature branch shows the GDGB and DGB for the
scales to be more than two orders of magnitude too high. Thus, the
following section will discuss the possible causes of the low
temperature branch and its significance to the transport processes
in the scale.

d) Non-equilibrium defects in Al,gs. Oishi and Kingery originally

interpreted the low temperature branch of their data as an extrinsic

effect due to impurities. (See Figure 112.) This was later inter-
preted by Reddy as non-equilibrium effects caused by the lack of
pre-annealing the samples in a pO2 comparable to the 180 exchange
pressure.67 For example, Oishi's samples which were pre-annealed
in 1 atm air at 1900°C exhibited diffusivities lower by a factor
of 2 (at 1600°C) and lower by a factor of 12 (at 1500°C) than com-
parable unannealed samples. The unannealed samples thus exhibited
high diffusivities in the low temperature region because of a high
cencentration of defects, presumably Vé'. These defects remained
from the low pO2 environment during crystal growth or sintering.
This argument becomes more convincing when the annealing effects
observed by Reddy are examined.

Reddy's 018 proiiles on unannealed single crystals showed
deviation in the form of long ''tails'" extending into the crystal.
The following findings were crticial to his final conclusions:

1. The tails were largest in samples which were manufactured at

the lowest po, ('\110_4 torr).
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2. The tails were eliminated by a 1 atm air or 02 pre-anneal
for times longer than the subsequent diffusion test.

2-10'3 torr did not eliminate the

3. Vacuum pre-annealing at 10~
tails.
4. Diffusion tests made at low pressure did not exhibit the tails.
S. The magnitude of the tails was not increased with the number
of short-circuit paths, i.e., dislocations.
These observations were all consistent with his suggestion that
the deep penetrations were due to defects produced by a low PO,
manufacturing process. Equilibration with the high pO, of the
diffusion exposure occurred too slowly to fully eliminate these
defects during a test, especially at lower temperatures, However,
a long pre-anneal in air did allow equilibration to occur. One
further experiment exhibited somewhat of an anomaly, in that the
tails did not reappear in samples first annealed in air then in
vacuum., Whether the vacuum was not low enough or whether a true
irreversible effect existed was not decided.

From Reddy's own experiments and from his interpretation of
Oishi and Kingery's low temperature branch, it appears that oxygen
diffusion car be dramatically enhanced by a low pO2 environment or
perhaps a large pO2 gradient. Thus, agreement between the low
temperature branches of 8Dsp» Dip» and § with the values estimated
for the A1203 scale (in part c¢), suggests that a low pO2 or non-
equilibrium effect is important in the scales. It is precisely
the hypothesis of non-equilibrium [Vo] or a high Vo flux, that was

used in section 1 to account for the void formation. Thus a
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consistent model of scale growth exists based on enhanced grain
boundary diffusion and non-equilibrium oxygen vacancies due to the
extremely low p0, at the oxide-metal interface.

While these diffusion studies presented an interpretation
consistent with the oxidation model, low PO, effects on electrical
conductivity were more difficult to interpret in detail. Neverthe-
less, it is useful to review some of these results to both assess
the credibility of the oxidation model as well as to gain an
appreciation for the many other A1,0, growth processes and scale
morphologies which might occur.

Table XVI summarizes trends in ionic conductivity with PO,

It is clear that in both pure and doped A1203, the ionic conductivity
has been found to increase, decrease, or remain relatively constant
over the range of PO, studied. Samples which showed a 1-2 order

of magnitude increase in 9y with decreasing pO2 suggest that ionic
diffusivities may also increase with low pressures. From the
diffusion data in Figure 111 and 113, the low temperature branch
showed a 104 enhancement in DL and 102 in Dgp (data extrapolated to
1100°C). Since these were explained as a non-equilibrium low p02
effect, the high electrical conductivities at low pOz's could sup-
port such an argument. Of course, no quantitative comparison can

be made unless both conductivity and diffusion studies are performed
on identical samples. The unpredictable behavior of these conduc-
tivity relations with low levels of dopants and prior heat treatment

suggest that any minor changes in A1203 scale composition could

significantly influence transport properties in the lattice and

T
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(L» scale morphology. For examplc, aluminum interstitials could be the
major defect species in a doped Alzo3 scale. Then the 0, gradient
would not necessarily result in oxygen vacancies and void formation.
Recall that the occurrence of void-free grains was also noted in the
prior discussions of scale morphologies.

The effect of hold time in these conductivity tests provided
some additional relevant information. For pure Alzos at ISOOOC, the
instantaneous conductivity was recorded as the p0, was decreased.

This reading was about 2/3 of the value obtained a few hours later

when equilibration had occurred.

In another study the change in total conductivity of poly-
crystalline A1203 was recorded as a function of time after a discon-
tinuous change in the oxygen partial pressure.72 By decreasing the

p0, from 1 atm to <107°

atm the conductivity was observed to decrease
about one order of magnitude over a period of a few hours at 1100°C.
This relaxation time reflected the change of equilibrium defect

concentration from the surface to the bulk of the sample, until

total equilibration is reached. The conductivity experiments do

indicate that finite equilibration times are required for bulk
Al,04 when a change in p0, is imposed. Alumina scales also
exhibited conductivity transients following a pO2 change.73 These
P transients lasted 1/2-2 hours at 1100°C.
It would also be instructive to examine the microstructural
changes in bulk A1203 after a change in pO2 or in an imposed PO,

gradient. Such an experiment could give convincing evidence to the

hypotireses presented above concerning the precipitation of non-
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equilibrium vacancies into voids. The literature dealing with this
type of study is generally directed towards gas permeability in
A1203 tubes. In these studies the internal and external gases are
controlled (usually low PO, and high p0,, respectively). The low
PO, side is monitored for leaks after high temperature exposure.
Explanations are then put forth based on microstructural examination
of the deteriorated tubes.

A sumnary of these experiments is given in Table XVII. In all
cases polycrystalline sintered A1203 tubes were used. After high
temperature exposure, interconnected grain boundary porosity was
observed to form, especially at the low pO2 side of the tube. Prior
to complete channeling through the entire tube thickness, appreciable
rises in the oxygen content inside the tubes were measured. These
were often consistent with a solid state diffusion porocess through
an impermeable skin of large grains where no interconnected porosity
was observed. In the study of hydrogen permeability no interconnected
porosity was observed, but a slight increase in the total amount of
porosity did occur.78

Thus, all these studies do confirm the production of porosity
in bulk A1203 subjected to a low pO2 environment. However, the
explanation put forth did not deal with the production of oxygen
vacancies due to the low oxygen pressures. Rather, the reduction
and volatilization of §i0,, Ca0, or NaZO impurities was suggested
as the reason for the porosity increase. (All the materials
contained “0.1% impurities.) In the hydrogen study, H2 bubble

formation or '"bloating" was suggested as the reason for the

i
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density decrease. These complications do not allow a definitive
statement from the permeability studies regarding the low pO,
effect on vacancy formation. A critical experiment involving
higher purity A1203 would be required. Such a test was referred to
for single crystal A1203.75 No high permeabilities were found, but f

no mention of microstructural changes or pore formation was made.

The observed effects of low oxygen pressures on bulk Alzo3 porosity

remains to be an interesting but poorly understood phenomenon
which may have direct impact on pore formation in Alzo3 scales.
The possibility of pore precipitation due to non-equilibrium oxygen
vacancies resulting from a p0, gradient has not been dealt with.
It is the author's opinion that such a mechanism remains to be a
viable explanation in light of the experiments performed to date
on bulk A1203.
3) Subgrains, Texture, and Deformation Processes

The clusters of subgrains in the 20 hr scale present a new and
interesting feature to the subject of scale microstructures. The
subgrain boundaries appear to be the prime location for individually
resolved dislocations and thus are important to a discussion of
deformation by dislocation glide or climb. The large number of
subgrains in a cluster and the apparent frequency of these clusters
indicate that they may reflect a widespread preferred orientation
of the scale.

The orientations of the clusters, <1011> and <2021>, suggest

that the overall texture of the scale may be close to these
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directions. Some preliminary X-ray diffraction studies performed
on NiCrAl+Y and NiCrAl+Zr oxidized for 20 hours at 1100°C indicated
that the plane of oxidation contained a weak basal (0001) texture.79
Similar work was also performed on TD-NiCrAlY and FeCrAl (HOSKINS
875) oxidized at 1200°C for 500 hr and 100 hr, respectively. Here
stronger (0001) textures were apparent. Ratios of relative inten-
sities from inverse pole figures of the (0006) peak were ~5 for
these alloys, as compared to unity for a perfectly random structure.
It was concluded that the clusters of subgrains observed in the 20
hr scale contributed, on the average, to a weak (0001) texture.
The angles which the {1011} and [2021] directions make with [0001]
are 32.4° and 51.80, respectively. Thus, the TEM information alone
does not reflect the average texture, which is still in a rather
weak state of development.

There are a number of possible causes of the texture, which
are related to the anisotropy of the a—A1203 crystal structure.
They are: a) deformation texture, b) surface energy texture,
¢) diffusional growth texture, and d) elastic strain energy texture.
Experimental evidence of the first two phenomena is available and
will be discussed in detail.

a) Deformation texture and creep models. The occurrence of a

deformation texture in polycrystalline Alzo3 has been widely

observed.4s’46’80’81

Although clusters of subgrains have not been
specifically reported in the microstructural studies of these works,
subgrain boundaries have been the primary location of dislocations

observed. This similarity to the scale structure suggests that
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texture and subgrain boundaries may have common related origins in
bulk A1203 and in thin scales.

The bulk Alzo3 studies all report a moderate (0001) fiber
texture parasllel to the compression axis for uniaxial compression;
that is, the basal plane is parallel to the compression surface.
Ratios of relative intensities of the (0006) peak from inverse
pole figures ranged from 3-20, and were greatest for high tempera-
ture and strains. It is general'y helieved that this texture
results from the occurrence of basal slip and the rotation of the
slip planes perpendicular to the compression axis. Although the
geometry of this texture appears similar to that of the scales,
i.e., (0001) is rotating into the plane of oxidation, the stress
situation is different. The growth stress on the scales is
primarily of biaxial compression in the plane of oxidation, as
caused by the volume expansion during conversion of metallic
aluminum to A1203. One would predict that such a stress state
should rotate the (0001) planes perpendicular to the compression
axes, resulting in (0001) planes perpendicular to the plane of
oxidation. Thus, the predicted deformation texture would be of
the type (hkiO) and is diametrically opposed to the observed (0001)
oxidation texture.

It is discouraging that the oxidation texture cannot be
described by a basal slip deformation texture. However, since
diffusional creep is also considered to be of prime importance to

the deformtion of polycrystalline A1203, it is useful to relate the

scale structures to diffusional processes as well.
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The compressive creep mechanisms in fine-grained (*15 um) Alzo3
have been recently investigated and the primary process has been
identified as interface-controlled diffusional creep.82 That is,
conventional Nabarro-Herring volume diffusion or Coble boundary
diffusion mechanisms account for most of the deformation, but the
overall creep rate is determined by the rate at which vacancies can
be absorbed or emitted at grain boundaries. The critical process
in interface-controlled creep has been theorized to be the climb of
grain boundary dislocations having a component of the Burgers vector
normal to the boundary.83 Thus, it is believed that the most
important structural features in fine-grained Alzo3 are the dislo-
cations observed in high angle grain boundaries; these both control
vacancy absorption/emission and the generation of lattice disloca-
tions which produce a limited amount of basal slip.

It is a curious fact, however, that no observations of lattice-
glide dislocations in basal slip bands were observed. The most
common occurrence of lattice dislocations in fine grained A1203
was in the arrays of low angle boundaries. The question arises as
to the detectability of glide dislocations; they may simply be
emitted and absorbed by grain boundaries in such a rapid fashion
that they are never retained after stress removal for post-test
examination. Thermally activated recovery can also serve to lower
the dislocation density as observed by annealing heavily deformed
A1,0, at 1200 and 1500° 45,84 Lere uniformly distributed

dislocations were annihilated or rearranged into low angle bound-

aries during annealing. Thus, the commonly observed low angle

il i
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boundaries may be due to recovery of glide dislocations.

From these studies on bulk Alzos, the following implications
arise for the Alzo3 scales: interface-controlled diffusional creep,
mote important for finer grain sizes, ought to control deformation
in the A1203 scales, where grain sizes from 0.1 to 1.0 um were
common. The role of dislocation glide is somewhat problematic in
that glide dislocations may not be observable for these extremely
fine grained scales. The occurrence of numerous subgrain boundaries
may reflect the prior interaction of glide dislocations. However,
the exact relationship of glide dislocations and subgrain boundaries
is not clear even for bulk Alzos. Certainly the observed scale
textures do not support the occurrence of (0001) <1210> glide.
However, since diffusional creep is expected to predominate, the
role of subgrain boundary dislocations in the scales may be to
serve as additional climb sources for Nabarro-Herring Creep, as
described below.

An array of edge dislocations in a low angle boundary is shown
schematically in Figure 114, The horizontal solid lines are high
angle grain boundaries parallel to the surface of oxidation. Under
the action of a compressive stress, o, the dislocations will absorb
vacancies by climbing from A to B. This is done most efficiently
if b is perpendicular to o; that is, the rate of climb is propor-
tional to the reduction in strain cnergy due to climb, obcos8é. The
counterflux of atoms and vacancies is such that the grain grows

vertically.
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For Al1,0y, basal <1210> dislocations are the most energetically
favored to exist. Thus, the perpendicular direction of climb, ¢,
»ill most often be [(0001}. Thus, grains oriented such that [0001)
is normal to ¢ will exhibit the fastest rate of climb-assisted
growth., This model qualitatively supports the occurrence of moder-

ate (0001) textures in the scales. It emphasizes the role of

dislocation climb, in accord with expected diffusional creep pro-

cesses, over that of dislocation glide. While addressing the

il

development of (0001) fiber textures, it does not necessarily
explain the existence of subgrains in highly aligned clusters.

b) Surface energy texti-e. The occur ence of (0001) textures in

thin tape-cast Alzo3 provides another mechanism which may account
for both the scale texture and the existence of subgrain clusters.
Bellosi and Vincenzini observed (0001) texturing of tape-cast A1203
nowders, with a (10-10) normalized intensity ratio incrcasing from
1.2 in the as-dried condition to 3.4 after three hours at 1600°C.85
Nakada and Schock observed the (0006) intensity ratio to increase
from 4.4 as-dried to 75 after sintering at 1700°C for four hours.86
They also observed that vacuum and hydrogen atmospheres were less
conducive to texturing than was air. Although some texturing was
caused by the (0001) plate-shaped particles in the unfired slurry.
both studies attributed the more dramatic effects caused by sintering
to the enhanced growth of grains having a low surface energy plane
exposed to the atmosphere, i.e., (0001). They presented hexagonal

surface steps produced by thermal faceting us evidence of the low

surface energy of the (0001) planes. They also related these
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phenomena to a commercial process of texture control in thin Fe-Si
transformer sheet, where diffcrent atmospheres changed the relative
surface energies and resulted in different sheet textures.

The application of this phenomenon to the A1203 scales is
attractive because the scales are usually only a few grains thick,
so that the influence of the surface grains is emphasized. It is
also encouraging that the tape-cast studies proposed that accentu-
ated grain growth occurred for (0001) grains. If such a process
occurred for the Alzo3 scales, then the large grains so produced may
segment under the influence of the growth stress into many subgrains
retaining for the most part the orientation of the parent grain.

It should also be pointed out that exaggerated grain growth is
common for pure bulk A1203 and that this process could also account
for large parent grains.

In retrospect, the surface energy mechanism predicts the
observed scale textures, whereas the basal glide mechanism does not.
Stress-assisted climb of the subgrain dislocations could accelerate
vertical growth of (0001) grains, but could not account for the
extent of subgrain cilusters. Some mechanism to account for the
clusters, such as prior exaggerated grain growth, is also required.
The relationship of the subgrain boundaries to active glide dislo-
cations is not clear, alilv-ugh there is evidence in bulk Al1.C, that
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recovery of glide dislocations into low energy arrays does occur.
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SUMMARY AND CONCLUDING REMARKS

The transmission electron microscopy study of oxide scales
formed on oxidation-resistant NiCrAl engineering alloys has revealed
a wealth of previously unobserved structures. The initial oxidation
process was characterized by oriented scales of a-(Al,Cr)zos.
°'A12°3' and Ni(Al,Cr)204. The orientation effect probably resulted
from an initial epitaxial growth on the metal substrate. The
eventual development of a randomly oriented, stable, pure a-A1203
scale was observed at the immediate oxide-metal interface. The
many features found in the oriented scales, such as aligned precip-
itates, Moire” patterns, and anti-phase domain boundaries, were
interpreted as transition effects frem the Ni,Cr-containing scales
to pure A1203. They can be viewed as variarions in the cation
chemistry and stacking periodicity in a close-packed oxygen lattice.
The scale structures were similar for pure, Y-doped, and Zr-doped
NiCrAl, with perhaps a higher degree of orientation for the doped
alloys. A significant amount of grain boundary porosity was also
observed for the scales on the Y-doped alloy.

The random u-Alzo3 structure was dominated by dispersed
porosity which was most prevalent at the oxide-gas interface. The
voids were seen to coarsen by an Ostwald ripening process until
many grains exhibited only one large void after 20 hours of oxida-
tion. The occurrence of porosity in the form of fine voids in the
midsection of the scale indicated that void precipitation occurred
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continually in this inward growing scale. The distribution of
porosity was consistent with a model of oxygen vacancy precipitation
based on a decreasing pOz gradient and a decreasing equilibrium
level of oxygen vacancies as a function of oxide thickness. Vacancy
precipitation into a uniform distribution of voids occurred in
preference to annihilation at sinks such as grain boundaries becsuse
of the shorter diffusion distances required. The large amount of
porosity could not totally be accounted for by this model; thus, an
outward flux of vacancies from the oxide-metal interface may have
also operated. The effect of the voids on the oxidation process

was not clear; however, the surface energy stresses calculated for
<200 x voids was 100 MPa; high enough to exert attractive forces
on dislocations.

Diffusional analyses based on void growth, grain growth, and
scale thickening rates yielded oxygen lattice and grain boundary
diffusivities much higher than values extrapolated from reported
data for annealed bulk A1203. Agreement was obtained, however,
with grain boundary diffusivities calculated for unannealed material,
which was believed to contain nonequilibrium oxygen vacancies
remaining from low pO2 processing during crystal growth. The
postulate of nonequilibrium oxygen vacancies to account for high
diffusivities in the scale is consistent with the aforementioned
model of void precipitation in the scale.

Free dislocations or precipitates were generally absent from
the random Al1.0, scales. Occasionally small dark spheres, probably
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NiA1204, were associated with fine pores. Clusters of subgrains of
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<1011> or <2021> orientations were readily found in the 20 hr scale
at all levels in the scale. Individual dislocations and Moire~
patterns were frequently imaged in the subgrain boundaries which
represented a slight 1-5° misfit between adjoining subgrains.

These sutgrain clusters were thought to be the beginnings of a
moderate (0001) texture, possibly caused by anisotropic surface
energies in u-Alzo3 in conjunction with abnormal grain growth.
Deformation textures predicted for basal slip processes could not
account for the observed scale textures; however, stress-assisted
climb of basal dislocations in the boundaries did offer another
possible texture mechanism. Theories of deformation in fine-grained
A1203 predict interface-controlled diffusional creep to be the
dominant deformation mechanism in submicron A1203 scales; it was
also noted that stable glide dislocations may simply not be
observable in fine-grained A1203.

The implication of this work on the field of oxidation should
be considered from both a fundamental and applied perspective.
From a basic standpoint, it has been useful to show that transient
oriented (epitaxial) scales are comprised of fine substructural
detail due to the very changing nature of their composition and
crystal structure, while the stable a-A1203 grains are relatively
free from defects other than voids. The transition from the
oriented mosaic of subgrains to a polycrystalline scale is an
interesting phenomenon worthy of further study. The production of
an oriented stable a-A1203 scale would result in reduced short-

circuit grain boundary diffusion and reduced scale growth rates.
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This benefit might also be realized by encouraging the texturing
found in the mature 0-A1203 scales where high angle boundaries would
be replaced by low angle subgrain boundaries.

The proposition that nonequilibrium vacancies are produced and
precipitated in oxide scales offers a different approach to void

formation and transport in scales. Generally, void formatiom is

assumed to occur at the oxide-metal interface only. Nonequilibrium
defects have been previously discounted in models of scale growth
by lattice transport. However, the predominant grain boundary
transport occurring in these fine A1203 scales can allow the scale
to grow without necessarily relaxing the lattice vacancy concentra-
tions. Certainly the copious void precipitation with the scale
emphasizes the role of excess vacancies,.

Finally, the features which were originally thought to be the
most important, based on previous theories of scale adherence,
simply failed to materialize. No evidence of selective vacancy
accommodation in the doped NiCrAl metals or oxides thereof was
found, as might be expected from the vacancy sink model. Nor were
numerous dislocations found in the scale, to serve as short-circuit
paths for aluminum diffusion, as suggested by the growth stress
theory. Although most of the structural evidence obtained by TEM
has not supported these oxide adherence theories, it is acknowledged
that little work has heen done on the mature adherent scale

structures and that this should be an important area for future work.




Appendix A d-spacings of Various Oxides
Formed on NiCrAl Alloys
A, a=cr 0, yaa10,')  mia1 0, wicr0, ) wio!®
4.804(111)
4.650(111)
. 45200000339 4.%66(111)
4.320(0003)9
4.092020In7 4.160(200)
4.024(200)
3.9:s000I)° 3.954(200)
3.633(1012)
3.479011012)
2.942(220)
2.796(220)  2.846(220)
2.666 (2010
2-552(1014)
2.480(1130) 2.509(311)
2.384(311) 2.427(311) 2.4100111
2.3719 1130 2,402(222)
2,322(222)
2.264{0006) 2.283(222)
2,165(0006)
2.176(11%3)
2-085(11%3) 2.088(200
2.119(2021)9 2.080(400)
2.048(2032)
2 .03(2031)9 2.013(400)
1.964 12022) 1.977(400)
1.812(202¢) 1,846(331)
1.800(420)
1.740(2024) 1.768(420)
1.672011%6) 1.698(422)
1.641(422)
1.601(11%6) 1.614(422) 1.601(333)
1.546(2131) 1.579{1232) 1.549(333)
Ls14(1%2) 1.%522(333)
1.51001018) 1.465(1234) 1.471(440) 1.4761220
1.408(2134) 1.431(3030) 1.423(440)
1.374(30%0) 1.398(440) 1.341(442)

(a) Rhombohedral, & = &.758A, c = 12.99)A, ASTM Card $10-)73

®
{b) Rhombohedral, a = 4.95(‘, c = 13.584A, ASTM Card § 6-0504

{c) Cubic . a_ = 7.908 A, ASTM Card # 10-425

(4) Cubic s 8

8.048 A, ASTM Card ¢ 10-339

(¢) Cubic . a_ = 8,320 A, ASTH Card § 4-0763

(£) Cubic A

(g) Double diffraction spots
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4.177 R, ASTM Card ¢ 4-0838
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Appendix B
Development of Excess Oxygen Vacancy Model
1) Linear {Vo]eq Gradient

From the assumption of a8 linear vacancy concentration and the
nomenclature of Figure Bl, the equilibrium vacancy concentration,
Vl’ at any position,xl, can be given in terms of the total thickness,

xz, by the relation:
vl = (Vm'vg)(xllxz) + Vg EQN B1

The total amount of excess vacancies possible is (Vm'vl) or:

AVT = (Vm—Vg)(l-XI/xz) EQN B2
And, assuming parabolic oxide growth kinetics:
AVT = (Vm—Vg)(]- t1/t2 ) EQN B3

Since it is not generally accepted that the oxygen inter-
stitial is a common defect in A1203, Wagner's propcsed mechanism
of vacancy/interstitial recombination cannot be used to account for
the decay of oxygen vacancies. Vacancy sinks represent an alterna-

tive mechanism, and, of the typical candidates for vacancy sinks,

grain boundaries were certainly the most prevalent in the A1203
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scales. Thus the net excess quantity of vacancies available for
forming voids is:

AV, = AV - AV EQN B4

T GB °’

where AVGB is the amount of vacancies annihilated

by diffusion into grain boundary sinks.

The relative amount of vacancy loss to grain boundaries,
AVGB/AVT, can be calculated from the solutions of Crank for uptake
of a solute from a stirred solution by a sphere of radius 'a'.90
The analogy is that the solute represents the vacancy concentration,
the volume of solution represents the grain boundary sinks, and the
uptake of solute by the sphere represents the egress of vacancies
from the grain to the grain boundary. Thus the amount of vacancy
annihilation, AVGB/AVT, equals the amount of absorbed solute at
time t relative to the total amount of absorbed solute, Mt/Mw.
Curves of Mt[Mm Vs Dt/a2 are given in Crank for various Mm/Msolution’
the amount of total uptake by the sphere relative to the total
solute in the solution. Since the grain boundaries were assumed to
be infinite sinks, Mm/Msolution = 0. This curve is shown in Figure

B2. Thus for a given D=Dv » t=net time for annihilation=t,-t ., and
[e] -

1

a=l; grain size, the annihilated vacancies can be calculated. Thus

from EQN B4:

BV = BVL-AVL (M /M) EQN BS
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and combining B3 and BS,

WV = (V) (- [e,78) (1M /M) EQN B6
or: AV /(VpVe) = (- \[t)7€,) (1-tVep/aV,) EQN Béa

where: AVGB/AVT = Mt/b!m is the function of Dt/a2 given

in Figure B2.
2) Zero [Vol Gradient

The above treatment can be easily modified if a flat equilib-

rium vacancy profile is assumed:

let V1 = Vg for all X except XZ’
let Vl = Vm only at XZ'
then AV, = VoVy = Vm~vg for all X except Xys EQN B7

and Avex = (Vm-Vg)(l-AVGB/AVT) EQN B8




Appendix C

Estimate of Vacancy Accumulations

The mole fraction of accumulated vacancies can be approx-

imated from Fick's first law:

df = JAdt = -D(dc¢/dx)dt EQN Cl
vV oy X

R B S e

where dfv = fractional accumulation of vacancies in a
slab after time dt
J = flux of vacancies through area A
V = volume of a slab of material
X = thickness of slab
t dc/dx = vacancy concentration gradient
D=Dvo = diffusion coefficient of oxygen vacancies ]

For the case of a linear gradient as in Figure Cl, dc/dx is depen-

dent on scale thicknes.. Up to time tl, the accumulation of vacan-

cies in the outer slab, Xl, can be approximated by:

t , _ )
£ ! go(vm-»g)/x dt = DV, V) /K EQN C2

v,11 =
o

X

From t, tot, it is assumed that only a fraction of the flux, pro-

portional to the thickness of the slab, XI/X. can be accumulated in

the slab. Thus:

P W

Lo
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t2
fv'lz = tlS(XI/X)D(V"-V‘)IX dt= _%__(Vm-vg)(ln(tzltl) )
P
X
EQN C3

And the total accumulation in the outer slab is:

foa St fha EQN C4

: k
£ 1 = %E (Vm-Vg)(l+ln(t2/t1) )

p
Next consides the case where a steep gradient is maintained

at the gas surface, as in Figure C2. This is closer to the situa -

tion where an equilibrium gradient is only slowly approached.

Thus from to to tl:

_t . - 7 -
£,.11 = 1{DE,V,) dt = 20V v ) EQN C5
t \x K
o p
X

and from t1 to tz:

- , k)
x D(V -V ) dt = ggﬁvm-vg)((tz/tl) -1)
p
EQN C6
and totaled:
foa= St fun EQN C7
_ o, , Y
v = Rl /Y

p
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TABLE I

COMPARISON OF OXIDE RING PATTERN (Fig. 16) AND a-Al;03; d-SPACINGS.

INTENSITY | d (MEASURED) d (e-Al,05)" IL, (X-RAV)®
A
W 3,542 349 O 15
M 2510 2552 (1004 %
S 2319 239 (D) &
A 2165  (0006) q
S 2.098 208 (23 100
W L 967 194 (222 2
M 1.751 L7400 0228 8
M 1.610 L0l (126) 0
M L 552 1546 (23D 4
M 1516 154 (1232 6
- e 1510 (18 8
S 1413 L4d (1234 L1
S L3717 L34 030 50

*ASTM FILE #10-173

CS-80-4049
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TABLE II

COMPARISON OF MEASURED AND CALCULATED

MOIRE”® FRINGE SPACINGS IN Y-Al:0;

ORIENTATION MEASURED CALCULATED FROM 1/A§
(Fig. 47) (Fig. 47)
- ° o
{011) 15.0 + 1.0 A 15.3 + 0.9 A

o

[101] 14.4 + 1.9 16.7 + 2.0 A

o

(110] 14.8 + 3.6 17.1 + 1.1 A
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TABLE III

SUMMARY OF AVERAGE GRAIN SIZES AND AVERAGE VOID

SIZES FOR RANDOM AND ORIENTED SCALES.

GRAIN DIAMETER, VOID DIAMETER,
um A
RANDOM ORIENTED RANDOM ORIENTED
NiCrAl 0.14 0.10 100 110
NiCrAl + Y Al .05 65 110
NIiCrAl + Zr .09 .10 100 185
C$-80-4050
TABLE IV
SUMMARY OF ORIENTED OXIDE MORPHOLOGY
OXIDE PHASE | MOIRE" FRINAGE SPACING, | PRECIPITATES
NiCrAl a-(Al, Cny0, 55
NIiCrAl +Y |a-(Al, Cr04; 25 50 A, <10Tz_,>a
Ni(Al, Cr))0,
NiCrAl + Zr | y-Al,04 25,15 10-15 A, <10>,
150 A, AU,
Cs~-80-4052
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TABLE V. SUMMARY OF GRAIN AND VOID SIZES

IN A 1 HR Al1,0, SCALE

2°3
]
AVG. GRAIN SIZE * lo (um) AVG. VOID SIZE % lo (A)
1) 0.12 * 0.04 (v/¥") 100 + 50
2) 0.17 + 0.05 (B) 80 + 50
3) 0.16 + 0.09
4) 0.17 + 0.05 160 + 110
S§) 0.20 + 0.07 130 + 70
| 6) 0.20 + 0.09 210 + 140
7) 0.20 + 0.06 190 *+ 180
8) 0.22 + 0.07 160 + 50
0.18 + .07 um 150 + 90 g
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TABLE VI.

PATTERN

SPOT

Q. c. = a.
w N
I

3.476 A
1.597
1.387

1.500

o
[ a¥]

i

(2]
(7]
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ANALYSIS OF n-Alzo3 SPOT AND FCC

RING PATTERNS FROM FIGURE 71

RING PATTERN
a-Al,0, a (FCC) = 3.595
[¢) - 0
3.479 A (1012) d; = 2.076 A 2.076 (111)
1.601 (1126) d, = 1.803 1.797 (200)
1.404 (2133) d; = 1.266 1.271 (220)
1.514  (0113) d, = 1.084 1.084 (311)
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TABLE VIII. ANALYSIS OF RING PATTERN IN FIGURE 90
A5 RANDOMLY ORIENTED a-Al,0,
MEASURED d-SPAgING a-A1,0, SPACINGS (hkil)
(A\L = 6.0 cm-A (ASTM CARD #10-173)

—_— 4,320 0003
3.935 3.928* 1011
3.504 3.479 1012
2.559 2.552 1014
2.386 2.379 1120
2.162 2.165 0006
2.084 2.085 1123
— 2.030* 2021
1.967 1 964 20322
1.739 1.740 2024
1.600 1.601 1126
1.543 1.546 2131
— 1.514 2132
1.506 1.510 1018
1.404 1.404 2124
1.367 1.374 3030

*Double Diffraction

A
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TABLE XI. GRAIN SIZES NEAR THE OXIDE-GAS SURFACE AS A
FUNCTION OF TIME, (AVERAGE GRAIN SIZES FROM

INDIVIDUAL MICROGRAPHS, WEIGHTED MEANS AND
95% CONFIDENCE LIMITS, INDIVIDUAL AND POOLED
STANDARD DEVIATIONS).

Approximate
Time Level GS (um) S N
0.1 hr (>0.04 um) 0.173 0.045 20
0.102 0.035 14
0.087 0.024 28
0.162 0.053 28
0.139 0.031 19
0.170 0.057 20
0.129 0.047 76
0.135 £ 0.006 0.044 205
1.0 hr (0.12 um) 0.101 0.047 65
0.123 0.035 30
0.168 0.052 62
0.188 0.060 30
0.163 0.089 25
0.166 0.051 41
0.195 0.074 30
0.198 0.092 26
0.202 0.061 35
0.216 0.065 34
0.166 + 0.006 0.060 378
20.0 hr (0.17 um) 0.310 0.124 29
0.340 0.187 19
0.350 0.140 27
0.336 0.195 67
0.347 * 0.029 0.175 142
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H TABLE XII. VOID SIZES NEAR THE OXIDE-GAS SURFACE

i AS A FUNCTION OF TIME. (AVERAGE VOID

: SIZES FROM INDIVIDUAL MICROGRAPHS;
WEIGHTED MEANS AND 95% CONFIDENCE LIMITS;
INDIVIDUAL AND POOLED STANDARD DEVIATIONS)

Appro.imate

Time Level VS (um) S N

0.1 hr (0.04 pm) 0.0119 0.0071 49
0.0074 0.0039 23
0.0132 0.0055 47
0.0112 0.0064 o8
0.0138 0.0090 23
0.0080 0.0057 23
0.0069 1.0029 17
0.0074 0.0039 23
0.0106 * 0.0007 0.0059 286

1.0 hr (0.12 um) 0.0101 0.0047 34
0.0083 0.0046 32
0.0163 0.0108 26
0.0131 0.0071 37
0.0209 0.0138 38
0.0189 0.0182 33
0.0159 0.0049 38
0.0149 * 0.0031 0.0103 238

20.0 hr (0.17 um) 0.129 0.066 31
0.033 0.023 38 j
0.121 0.077 7 g
0.083 * 0.011 0.050 76 |
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Figure 4b. ([001] y/y' zone diffraction pattern

Figure 4« [001] y/y' zone and a-Al ring
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Figure 5. Superjmposed Y-Ni and o-Al-0 spot

a patterns
B [013]y, [0111] vy-Al1,0;.

)
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Figure 7c. bright field

"igure 7d. (010)Y"' dark field
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Figure 12,

171

Stereographic projections of [100]8 and [1I0]y' showing
the production of a K-S or a N-W relationship between

f and Yy phases.
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[ ) Atoms in y' lattice
@) Atoms in {3 lattice

= e = Trgce of close-packed planes, (01-1-)e and (lﬁ)y,

@ — e = Trace of Moire' pattern direction, fig. 9(c¢)

Figure 13. Atom site coincidence pattern for the (100)3 and (110)Y'
planes having (011]f |l [111]y'; these planes give rise
to the Moire' patterns for Figure 9c.
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Figure

a)

b)

17. Grain and fine void morphology in the

scale after ion thinning 90 minutes.
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Ficure 20. Calculated surface energy stresses (A) and decay
curves (B) for varicus void sizes.




*€QZTV-0 pa3juaafio jo auoz [T000] *1Z 2an31J




e i e e e i

Figure 22, Structure of oriented oxide.
a) faceted voids, thin area.

b) distorted Moire' patterns, thick area.
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g=(111)y

-NiAl near the oxidized surface.
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Figure 31. P ible epitaxy of oxides and metal in some areas.
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Figure 32. Colonies of Moire' patterns in the oriented scal

a, b) bright field
c) dark field of a new area, g =(3030) ;
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Figure 34, Precipitate directi - id ind Moire patterns in

b) lark field, « 4 ited ibgrains resolved
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Figure 37. Lineal defects in random a-Al;0; grains.
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Figure 61. Stereopairs showing void distribution throughout the

foil thickness; tiit -3.5°  0.0Y for left-right pair.
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lispersed porosity in the area of

Figure 74. Details of the «
Figure 72. Dark precipitates, "P" associated with
formed voids, "V"

many of the voids; incompletely R
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showing mottled structure: lobes, , of strain
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