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ELECTRON tUCROSCOPY STUDY OF THE PASSIVATING 

LAYER ON IRON-NICKEL MARTENSITE 

by 

Sheree H. Chen and J. U. Morris, Jr. 

Department of Haterials Science and Engineering and 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory; 

University of California, Berkeley, California 94720 

ABSTRACT 

A passivating oxide layer is known to form rapidly on the surface 

of Fe or Fe alloys exposed to air at low temperature. The properties 

of this passivating layer largely control the low temperature oxidation 

and corrosion properties of iron. It is hence important that the 

nature of this passivating layer be well understood. The work reported 

here principally involved a transmission electron microscopy examination 

of the thin oxide film formed on the surface of Fe-12Ni alloys on 

exposure to air at room temperature. Using high resolution microscopy 

the oxide particles of the film could be directly resolved and their 

structure and morphology characterized. The following conclusions were 

drawn from these characterization studies: (1) A passivating oxide 

layer (principally Fe
3
o

4
) forms spontaneously on the surface of Fe-Ni 

alloys on exposure to air at room temperature. (2) The orientation 

relation between the oxide and the metal surface depends on surface 

orientation; the Bain relation is obeyed when the alloy surf~cc is 

(100) while the Nishiyama-Wasserman relation is obeyed on other low 
0 

index surfaces. This phenomenon is attributable to the need to 
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accommodate the misfit strain between the oxide and the substrate. (3) 
.. 

The oxide layer consists of dispersed, small {tV20A) oriented particles 

rather than a continuous thin film. (4) The size of the oxide particles 
• 

and the density of their distribution is related to the crystal surface 

orientation and condition. 

r 
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I. INTRODUCTION 

The iron rich martensitic Fe-Ni base alloys (Ni concentration <29%) 

are important engineering materials due to their combination of high 

strength, high toughness and high corrosion resistance. over a very wide 

(1-5) temperature range. The transmission electron microscopy study of 

the microstructure plays an essential role in the understanding of the 

origin of these promising properties. But the TEM study of Fe-Ni base 

alloys is often made difficult by the spontaneous formation of a thin 

oxide layer on the thin foil surface as soon as it is polished. The 

structure and the morphology of this thin oxide layer closely resembles 

those due to ordering or precipitation in the Fe-Ni martensite matrix. 

Thus oxide diffraction spots can easily be mistaken for superlattice 

diffraction spots of the matrix. ( 6• 7) Moreover, high resolution dark 

field micrographs often exhibit a precipitate-like morphology which 

could reinforce the misinterpretation. Thus it is very necessary to 

clarify the existance and the structure of these thin oxide passivating 

layers. 

The morphology and structure of these thin oxide layers on the 

Fe-Ni metal surface is also important in the understanding of oxide 

passivation and corrosion resistance. At high temperature, the oxida-

tion rate is very fast, following the parabolic approximation, and the 

initial transient stage is too short to be observed. However, the slow 

oxidation rate of Fe-Ni alloys at room temperature allows the study of 

the initial stages of oxidation. The low temperature oxidation behavior 

is shown schematically in Figure 1, based on previous experimental 

d t 
(8, 9) 

a a. Initially, the oxidation rate is linear and can be 
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approximated by the dotted line AM. During this period, the oxygen gas 

(9-11) 
is spontaneously adsorbed on the metal surface and forms nuclei 

by the place exchange mechanism. (9 •10 •12- 14) Later the growth of the 

thin oxide layer follows the logarimatic rate approximation, approaching 

a limiting thickness (BC) and finally a steady state (CD). (1:3•15-lB) 

The properties of this steady state oxide layer control corrosion 

(19 20) 
behavior by controlling the time at which breakaway occurs (DE). ' 

After breakaway occurs the oxidation rate is extremely fast and follows 

. (19) 
a linear rate law. 

Several low temperature oxidation studies on Fe and Fe-Ni alloys 

(7 21-25) have been published, ' but the conclusions are conflicting. 

Gillet et al. ( 2l) and Wagner et al. ( 22 ) suggested that the oxide phase 

is Fe
3
o

4 
with the usual spinal structure and that the orientation rela­

tionship between the Fe
3
o4 and the b.c.c. a substrate is of the Bain 

type (Fig. 2). (26 ) Keown et al. ( 24 ) agreed with the Fe
3
o

4 
structure 

but disagreed with the Bain relationship and suggested instead the 

Nishiyama( 2l) and Wasserman( 2B) relationship (Fig. 3). In addition, 

they proposed a multi-zone model to explain the appearance of forbidden 

diffractions in the [100] zone orientation. A. reconsideration of 
a 

these proposed structures, models and explanations is one of the 

purposes of this paper. 

The morphology of this oxide passivating layer can be observed 

using the high resolution dark field image technique. This technique 

allows not only an observation of the layer, but also a study of the 

actual behavior of the low temperature oxidation process in Fe-Ni 

alloys. This is the other purpose of this investigation. 

• 
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II. EXPERIMENTAL PROCEDURE 

The primary material investigated here was an Fe-12Ni binary alloy. 

The investigation was extended to Fe-12Ni-0.25Ti, Fe-6Ni-2Mn, Fe-8Ni-4Mn 

and Fe-25Ni alloys, which are under investigation in this laboratory 

(2 29) 
because of their cryogenic properties. ' The chemical compositions 

are given in Table I. All the materials yielded similar experimental 

results. 

The ingots were homogenized under vacuum at 1473°K for 48 hours, 

furnace cooled, cross forged into 2 em thick plates at ~1373°K and then 

air cooled to room temperature. 3 The plates were then cut into 3x2x2 em 

blocks. The heat treatments are given in Table II. Thin slices of 

3x2x0.05 cm3 size were taken from the interior of these blocks to prepare 

thin foils. One of these thin sliced specimens was then selected for 

heat treatment at 1273°K for five hours in a hydrogen furnace. 

The slices were chemically polished to 0.0025~.005 em thickness in 

an electrolyte containing 20 ml H2o2 and 15 drops HF. The polished 

specimens were then cut into discs with a spark machine and subjected 

to five different kinds of polishing techniques (Table III). 

The transmission electron microscopy was carried out on a Philips 

301 electron microscope equipped with a high tilting stage, a high 

resolution stage and a hot stage. The operating voltage was 100 kV. 



-4-

III. RESULTS 

It was found that diffra~tion patterns taken from the freshly 

polished clean samples do show diffraction spots other than those of 

the Fe-Ni solid solution a-phase (Fig. 4-Fig. 7). In order to eliminate 

the possibility that these additional diffractions were due to ordered 

phases, precipitate phases or internal oxide particles, a series of 

heat treatments was done. This series included a very fast quenching 

treatment from extremely high temperature, an extended aging treatment 

done after vacancy saturation, and high temperature hydrogen furnace 

annealing. It was found that the additional phase is heat treatment 

independent. Thus, it was tentatively concluded that the phase was not 

internal to the Fe-Ni martensite matrix. 

In order to determine whether the superlattice spots are due to an 

artifact of the polishing process, the specimens were subjected to 

various kinds of thinning procedures. These included both different 

polishing solutions and different polishing techniques, for instance, 

jet polish, window polish and an ion thinning procedure which was 

preceeded by jet polishing. The extra spots persisted, independent of 

polishing technique. (5 8-Given the conclusion of previous researchers ' 

ZO) h h f . f h i i 1 h 1 f tat t e. ormat1on o. t e pass vat ng ayer on t e samp e sur ace 

is unavoidable, it was hence reasonable to conclude that this peculiar 

structure corresponding to the passivating surface layer formed either 

during or immediately after the sample was polished. 

• 
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A. Electron Diffraction Analysis 

Four different orientations of selected area electron diffraction 

patterns were taken from freshly polished samples, and are shown in 

Figure 4 through Figure 8 together with their analysis. As described 

below, it may be concluded from this evidence that: 

(1) each diffraction pattern contains one variant of body-centered 

cubic (b.c.c.) a-iron nickel solid solution phase and another one or 

two variants of a cubic spinel structure phase, (2) the face-centered 

cubic (f.c.c.) spinel structure is due to the oxide phase of Fe
3
o4 or 

NiFe 2o4 , (3) the orientation relationship between the a-iron nickel 

solution phase and the oxide phase follows either the well-known Bain 

(26) (30) (27) relationship as illustrated in Figure 2 or the Nishiyama 

and Wasserman(2S) (N-W) relationship as shown in Figure 3, ( 30) 

depending on the foil orientation. 

The lattice parameters of the crystal structures were calibrated 
I 

using a standard gold ring pattern. The lattice parameter of b.c.c. 
0 

a-iron nickel solid solution phase was determined to be 2.87 ± 0.05A, 

consistent with previous X-ray experimental data. The lattice 
0 

parameter of the spinel phase was calibrated as 8.36 ± 0.05A. This 

value is common to the Fe3o4 and NiFe2o
4 

oxide spinel structures 

according to standard X-ray data. However, of the various oxides of 

iron, Fe 3o4 is thermodynamically preferred under the condition of 

formation of the passivating layer. The lattice parameter of Fe
3
o

4
, 

0 0 

8.3963A, and that of NiFe2o4 , 8.339A, are too close to determine 

whether this oxide spinel phase is Fe
3
o

4 
or NiFe

2
o

4 
from the electron 

diffraction data. 
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The diffraction pattern in Fig. 4(a) was taken from an area with 

[100] and also [100] "d zone orientation. From the analysis shown a --- ox1.e 

in Fig. 4(b), 

[100] 'd -- OX1 e II [100] a. 

(OlO)oxide II (011) a 

(001) . d -- OX1 e II (011) a 

The orientation relationship between the a. and the oxide phase follows 

the Bain relationship, Fig. 2. Only one variant of the oxide phase is 

present. 
(22) 

This result is consistant with that of Wagner et al., hut 

disagrees with the conclusion of Keown et al. ( 24) The consequence of 

this result will be discussed later. 

The diffraction pattern in Fig. S(a) was taken with crystal 

orientation close to the [llO] or [110] zone. These two matrix a. a 

orientations give identical diffraction patterns and surface structures, 

by symmetry. In Fig. S(b) the matrix diffraction pattern is indexed 

assuming the [110] orientation. Indices corresponding to the [llO] a a. 

orientation are also shown (in brackets). Two oxide zones, [lll] id --OX e 

and [211] id are present together in this diffraction pattern. The --ox e 

orientation relations are 

(Oll) . d II --- OX1 e 

(In) . d --- OX1 e II 

(001) a 

(llO) a 

and the angle between (lOl)oxide and (lll)a. is about 5°, (110)
0

xJde and 

(11~) about 23° and (ljl) 'd and (ll2) about 4°. All of these are 
0. -- OX1 e 0. 

consistant with the N-W relationship shown in Fig. 3. Fig. 3 also shows 



-7-

the orientation relationships [lll] "d I I [llO] and [211] id I I [110] • 
-- OX1 e a -- OX e Ct 

Since these two matrix orientations are identical by symmetry, both oxide 

variants are expected to appear on the surface. 

The diffraction patterns, Figs. 6(a) through 6(d), -show the crystal 

in the [210] or [120] orientation. These orientations are also a a 

identical by symmetry. The index of the matrix diffraction pattern is 

given for the [120] orientation, with the corresponding [210] indices a a 

shown in brackets. Again, two oxide variants appear, of which one is in 

the [211] id zone orientation and the other in the [111] id zone. -- ox e -- ox e 

The angles between the oxide diffractions and the b.c.c. a-phase dif-

fractions exactly follow those of the N-W relationship. Also, according 

to Fig. 3, the angles between the [210] and [Zll] id , and the [120],. a --ox e u. 

and [111] id direction are both ~1° in the N-W relationship. There­-- ox e 

fore the N-W relationship also explains why the [211]
0
xide and [111]

0
xide 

orientations occur simultaneously on the {210} surface. In Fig. 7(a) 
a 

through (d), the sample orientation is located between the [3ll]a and 

[2ll]a zones, but is closer to the [2ll]a zone. As expected from Fig. 3, 

the [llO] "d zone appears in Fig. 7(a). Diffraction patterns were also 
-- OX1 e 

studied for a number of additional orientations of the iron foil, 

including the [111] , [113] , [130] and [122] zones. The results were 
a a a a 

as given above; the N-W relation is obeyed. The present investigation 

hence shows that the orientation relationship follows the Bain relation-

ship when the crystal surface is in the [100] orientation, and the N-W a 

relationship when it is in other low index surface orientations. 

The occurrence of the forbidden diffraction spots {])3}oxide and 

{115}oxide in the diffraction patterns near the [lOO]a and [100]
0
xide 
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orientation (Fig. 8) causes some ambiguity in the interpretation of the 

electron diffraction pattern. These anomalies can, however, be 

attributed to relrod effects due to the small size of the diffracting 

particles. 
(31) . . (32) 

According to Thomas et al. and H1rsh et al., in the 

very thin regions of the foil (e.g. near the edge) where the relrods of 

the reciprocal lattice points are quite long, it is possible that the 

relrods from the· next layer of reciprocal lattice intersect the reflect-

ing sphere and give rise to forbidden reflections. The unit vector of 
o o_1 reciprocal lattice of Fe 3o4 or NixFe

3
_xo

4 
is l/8.36A ~ 0.12A • The 

half-width of the central peak of a~ oxide diffraction can be calculated 

as 1/w; w is the thickness of the thin oxide layer. If we assume w = 

20~, <4 •5 •9) then 1/w ~0.05~-l which is almost one half of the reciprocal 

lattice vector. The existence of satellites about the central peak will 

make the peak appear still larger, as illustrated in Fig. 9. Therefore, 

it is not surprising that some bending of· the specimen or a small devia-

tion from the exact symmetrical orientation will result in the occurrence 

of the forbidden first Laue zone diffraction spots. Comparing the angle 

between the g vectors shown on the diffraction path by Fig. 8( 9) with 

the angle calculated from the equation 

cos e 

the diffraction pattern can be indexed as shown in Fig. 8(c). Since 

hu + kv + tw = 1 for (113) id , (115) id , (ll3) "d , and (ll5) id -- ox e -- ox e -- ox1 e -- ox e 

while Hu + kv + tw = -1 for (llJ) id , (llS) id , (llJ) id , and 
-- OX e -- OX e -- OX e 

(llS) id , all diffraction spots are accounted for if it is assumed --ox e 

, 
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that the foil orientation deviates slightly from [100] ; hence the Ewald a 

sphere is tilted slightly with respect to the exact [100]
0
xide zone axis 

(Fig. 9). The disappearance of the forbidden spots in the exact [lOO]a 

orientation (Fig. 4) supports this interpretation. 

Since the thinnest area of the foil (i.e. near the edge) was 

examined in the present investigation for the purpose of obtaining very 

high resolution dark field images, forbidden diffraction spots occur not 

only from oxide phase but also from b.c.c. a-phase. In Fig. 6(a) the 

two additional spots indicated as triangles are due to the next layer of 

the reciprocal lattice and are (110) and (i:'io) diffractions which are a a 

forbidden in [210] zone. In Fig. 7 the angle between the [3ll] zone a a 

and the [2ll] zone is 10.03°. These two zones occur simultaneously, a 

probably because of the streaking of the diffraction spots. 

B. The Morphology of the Thin Oxide Layer 

By using high resolution dark field electron microscopy, it was 

found that the oxide layer formed at room temperature consists of 

extremely fine oxide particles as shown in Fig. 10. This morphology can 

be explained in terms of a relatively large number of nucleation sites 

at the surface of the foil with a rather limited growth rate at room 

temperature. 

Figure lO(a) is a dark field image from the (113) id diffraction --ox e 

when the foil is in the [113] orientation. A dark field taken from a a 

(40~)oxide spot from a region with [llO]a' [lll]
0
xide and [_!_12]

0
xide 

zone axes is shown in Fig. lO(b) and indicates that the particles are 
0 

1~30A size, of irregular shape, and lower density than the other two 
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orientations shown. Fig. lO(c) shows a dark field micrograph from the 

(113) id diffraction, illustrating the detailed morphology of the thin 
--ox e · · 

oxide layer with the sample approximately normal to the [100] and a 

[100] id direction. --ox e 

The density of the oxide particles in the region with crystal 

surface close to the [110] orientation is apparently much less than a 

that on crystal surfaces in the [100] and [113] orientations. a a 

Previous research indicates that the epitaxial growth rate of thin oxide 

1 i h . . d d (9, 18) ayers s very muc or1entat1on epen ent. The most closely packed 

plane in a-iron is the (110) plane. Since the oxygen atom has less a 

contact with the metal surface on the closest packed surface than on 

other orientations the formation of oxide on the ~urface with [110] a 

orientation is expected to be relatively difficult. However, the 

surface of the thin transmission electron microscopy specimen is not 

exactly [110] oriented throughout, and the oxygen atoms will preferen­a 

tially aggregate on ledges to form the nuclei. This is believed to be 

a principle cause for the wide separation of oxide particles on the 

[110]a surface. 

Careful examination of diffraction spots from the oxide phase 

reveals that the diffraction spots are elongated perpendicular to the 

radial direction, and that the higher the index the longer is the 

elongation. These observations indicate the existence of a slight 

misorientation of these tiny particles on the sample surface which is 

probably due to the roughness of the surface or thermal statistical 

rotations of the small islands on the substrate surface. 

' 
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IV. DISCUSSION 

Reason for Spontaneous Oxidation 

0 

Surface adsorption has been shown to occur spontaneously whenever a 

clean metal surface is brought into contact with .a gas. (S, 9 ,lO) There 

are two possible mechanisms which could account for this adsorption: 

physical reactions and/or chemical reactions. The occurrence of chemi­

sorption can be determined by the Rideal and Jones equation (1 7 
•
18 • 33

) 

!:IE <f> - K 

where !:IE is the activation energy, <I> the work function which represents 

the energy required to move the electrons across the metal/gas interface. 

K is the sum of the electron affinity, the dissociation energy and the 

. d . h d i f . 1 1 0 4) energy assoc1ate W1t a sorpt on or a g1ven gas mo ecu e. When 

the work function <1> is less than K, the activation energy !:IE will be 

negative, and no energy barrier will exist. For the chemical adsorption 

of oxygen molecules on the surface or iron, !:IE is approximately 

-5.6Sxlo5 J/mole. (4 •9) Hence, it is reasonable to expect that the oxygen 

atoms will automatically be chemisorbed on the Fe-Ni TEM sample surface 

as soon as it is polished. For the physical adsorption of oxygen, the 

energy barrier is about 2.09x104 J/mole. (9) Thus it is reasonable to 

expect the physical or chemical reaction may proceed to some extent even 

at room temperature. The reason why an oxide layer forms first on the 

a-FeNi solid solution surface rather than a nitride layer or a hydridE! 

layer can be also explained by Rideal and Jones' equation. The ioniza­

tion energy of N2 and H2 are 1.50Xl06 J/mole and 1.49xl0
6 

J/mole which 

6 (35) 
are much larger than that of oxygen, 1.16Xl0 J/mole so that the 
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constants K for N2 and H2 are smaller than that of oxygen. It is found 

that ( 36 • 37) the i · AE f f i i id d h d id act vat1on energy u o orm ng n tr e an y r e on 

5 5 the surface of iron in atmosphere is about -1.25Xl0 ~-1.67Xl0 J/mole 

which is relatively less negative than that of oxide formation. There-

fore, the oxygen molecules are first picked up by the metal to form an 

oxide. In addition to this, both the carbon dioxide gas and the water 

vapor which are in the atmosphere could contribute to the oxidation of 

a Fe-Ni alloys. 
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2. Nature of the Adsorbed Phase 

It is kngwn that the_lattice parameters and the structures of 

Fe
3
o

4 
and NiFe2o

4 
are too similar to be distinguished from each other 

by electron diffraction analysis alone. However, the electrode 

potential for Fe (-0.44 eV) is higher than that of Ni (-0.25 eV), (35) 

and Ni is more stable than iron. It is expected that during the 

oxidation of Fe-Ni martensite, iron will be selectively oxidized 

first, leaving a nickel-enriched zone due to the depletion of iron 

atoms. When the Ni concentration inside the Ni-enriched zone reaches 

a certain level, the Ni Fe
3 

o
4 

phase starts to form, the value of x x -x 

being a function of Ni concentration in the matrix, temperature and the 

distance to the metal oxide surface. (5 • 38) Therefore it is presumed 

that the spinel phase formed spontaneously at room temperature is either 

3. Orientation Relation 

The reason why the grains with [100] orientation show the Bain a 

relationship while the other orientations show the N-W relationship, 

can be explained from strain energy considerations. It is well 

(39) . ~ 
known that an f.c.c. structure w1th a lattice parameter close to ~2 

times that of a b.c.c. structure can be derived by rotating the b.c.c. 

~ ~ 

lattice by 45° around the c axis, and then expanding the c axis of the 

b.c.c. lattice to match the lattice difference in the c direction. 

This is the origin of the Bain relationship. The lattice parameter of 
0 

the Fe
3
o

4 
spinel structure is about 8.36A or approximately 2/2 times 

0 

the lattice parameter of a-iron nickel, 2.87A. When the f.c.c. phase 
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grows epitaxially on the a-iron nickel surface along the (100) 
a 

orientation, the c-axis is perpendicular to the surface; hence its 

contribution to the strain energy is zero and the Bain relationship is 

followed. When the f.c.c. phase grows on a surface of a-iron nickel 

-)­

with orientation other than (100) , the lattice mismatch along the c a 

axis is prominent and the strain energy due to this has to be 

taken into consideration. Then the familiar N-W relationship is 

followed by 9° rotation from Bain relationship to minimize the strain 

energy. 

In contrast to our conclusion that Fe
3
o

4 
is Bain related to a-Fe 

(24) 
on the (lOO)a surface, Keown et al. concluded that the N-W relation-

ship holds at all the orientations. However, to apply their interpreta-

tion to the oxide present on the (100) foil surface, one must assume a . 

the presence of at least three oxide variants whose orientation with 

the substrate is off by several degrees from the N-W prescription. No 

such complexity occurs when the Bain relation is assumed; all diffrac-

tion spots are then attributable to fundamental reflections or relrod 

effects from a single oxide variant as described above. 

4. Oxide Horphology 

The principal observation concerning oxide morphology is that the 

oxide film consists of small, discrete particles which do not completely 

cover the sample surface. This observation suggests that the particles 

form predominantly by heterogeneous nucleation at favorable sites which 

are saturated either by consumption or poisoning before a complete 

oxide film is established. The linear strings of particles commonly 

• 

, .. 
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observed in' the dark field micrographs (Figure 10) suggest that the 

favorable sites are often ledges in the crystal surface. The ohserva-

tion that the particles often cease growth before impingement, and are 

hence seen as separate particles on the surface, may simply be due to 

the accumulation of elastic strain due to particle growth; even when 

favorably oriented the oxide particles retain a lattice mismatch of 

~2.9% with the substrate. Other mechanisms, such as impurity 

accumulation at the growing interface, may also play a role. 

The discrete particle morphology of the oxide layer may contribute 

to the oxidation resistance of the alloy since the particles may form a 

protective coating without sustaining the high internal stress whicl1 

would be present if the oxide formed as a continuous film. Such unre-

laxed stresses would make the film liable to failure and promote 

k . d b k f h 1 (19,20,40,41) crac 1ng an consequent rea a\V"ay o t e protective ayer. 

V. CONCLUSIONS 

(1) Passivating oxide layers form spontaneously on Fe-Ni alloys, 

independent of previous heat treatment. The passivating oxide layers 

have spinel structures and consist of Fe
3
o

4 
or NixFe

3
_xo

4 
with low x 

value. (2) The orientation between the oxide passivating layer and the 
\ 

metal matrix follows the Bain relationship when the crystal surface is 

in the (100) orientation, and the NishiyamaandWasserman relationship a 

when the crystal surface is in other low index plane orientation. The 

forbidden diffraction spots appearing in the [lOO]a and [10QJ
0
xide zone 

orientation. are due to streaking from the next reciprocal lattice 

layer. (3) The oxide layers consist of dispersed tiny orientated 
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particJ.es insteady of continuous thin films. (4) The size and the 

density of distribution of the oxide particles are related to the 

crystal surface orientation and condition. 
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Table I 

Chemical Compositions (wt. %) 

Fe Ni Cr Mn c N 

Fe-12Ni-0.25Ti Bal. 12.07 -- -- 0.001 0.014 

Fe-12Ni Bal. 12.04 -- -- 0.002 0.003 

Fe-8Ni-2Mn Bal. 8.03 -- 1. 97 0.001 0.001 

s p 

0.004 0.003 

0.002 0.001 

0.006 0.001 

Ti 

0.26 

0.006 

0.17 

I 

I 

I 

I 

i 

~ 

I 
N 
0 
I 
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T~ble II 

Thermal.Tr.eatments 

a-1 As annealed 

a-2 a-1 + 573°K/30 min. in vacuum sealed quartz + ice brine quench 

a-3 a-2 + 873°K/8 hrs. in dynamic argon gas 

a-4 a-2 + 773°K/8 hrs. in dynamic argon gas 

a-5 a-1 + 923°K/l month in air 

a-6 A-1 + 823°K/l month in air 

a-7 a-1 + 117 3°IQ'8 hrs. 

Table III 

Polishing Techniques 

c-1 Ordinary jet polishing technique using a solution containing 

150 g cr
2
o

3
, 800 ml CH

3
COOH and 40 ml of water. 

c-2 Ordinary jet polishing technique with solution containing 10% 

perchloric acid, 90% acetic acid. 

c-3 Window technique with the solution similar to c-1. 

c-4 Chemical polish with HF + H2o2
. 

c-5 c-1 plus ion thinner technique. 
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Fig. 1. Low temperature oxidation behavior. 
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Stereographic projection representing the Bain relationship 

between body- and face-centered cubic materials 
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Fig. 5. (a) Diffraction pattern taken from an area showing the [llO]a 

zone (or [llOlN zone) and two variants of the oxide ([lll] .d 
"" -- OXl e 

and [211] 'd zones). (b) Index of the diffraction pattern 
-- OXl e 

(o - [110] zone of [110] zone. x - [211] .d zone. a -- ox1 e 
I - [lll] . d zone. fj - Double diffraction spots). (c) Index 

-- OXl e 
of the [lll] .d zone corresponding to the [l10] zone. (d) -- ox1 e a 
Index of the [211] .d zone corresponding to the [110] zone. -- ox1 e . a 
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Fig. 6. (a) Diffraction pattern taken from an area showing the [210]a 

zone (or [ 120] zone) ·and two variants of the oxide ( [2ll] . d . a -- ox1 e 
and [111] 'd zones). (b) Index of the diffraction pattern 

-- OX1 e · 
(o - [210] zone or [120] zone, e- [2ll] 'd zone, I -a a -- ox1 e 
[111]

0
xide zone, ~ ~ Relrod effect from next layer of the 

reciprocal lattice of the b.c.c. matrix). (c) Index of the 

[211] 'd · zone corresponding to [210] zone. (d) Index of --- ox1 e a 
the [111] 'd zone corresponding to [120] zone. --- ox1 e a 
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c D XBB 7512-9239 

Fig. 7. · (a) Diffraction pattern taken from an area with a l!latrix zone 

orientation betw·een [2ll] and [3l1] showing the [llO] .d a a · -- ox1 e 
zone. (b) Index of the diffraction nattern (o - [2ll] zone , a 
or [3l1] zone, e -

a 
[1l0] id zone. (c) The [llO] 'd -- ox e -- ox1 e 

zone. ·(d) Enlargement and index of the [110] 'd zone. 
" OXl e 
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A 

c XBB 7512-924!: 

Fig. 8. (a) Electron diffraction pattern taken from an area which 

shows the [100] and [100] 'd zone with relrod effect. 
a. -- OXJ.. e 

(b) The angular relationship between the diffraction spots. 

(c) Index of the diffraction pattern. 
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Fig. 9. The diffraction condition for the occurrence of the relrod 

effect ~ue to a small misorientation of the exact [100] id --ox e 

zone. 
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Fig. 10. Morphology of the thin oxide layer. 
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(a) The dark field micrograph taken from the (113) .d 
-- OXl e 

diffraction with sample oriented in the [113] direction. (b) Dark field micrograph taken a 
from the (404) .d diffraction spot with sample oriented in the [110] zone. (c) Dark --- oxl e a 
field micrograph taken from the (ll3) .d diffraction spot with sample oriented in the 

-- OXl e 
[100] orientation. a 
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