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SCOPE AND CONTENTS

In this thesis, the growth and structure of nickel
oxide on three single crystal faces of nickel, viz the (100)
(110), and (111), in the temperature range from 500 to 800°C
have been investigated.

A study has been made on the morphological develop-
ment of the oxide and its structures by electron microscopy,
X-ray diffraction and scanning electron microscopy in order
to correlate these structures with the kinetics. Measure-
ments of the kinetics for oxide growth on the different
nickel crystal faces have shown non-parabolic behaviour and
marked anisotropy in reaction rates due to the differences

in crystallographic orientations. The deviation from para-

bolic behaviour and anisotropy in reaction rates are shown
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to be associated with the structural defects arising in the
oxide layer during the growth process, epitaxial relationships
between the metal and oxide, and orientation relationships
between the oxide grains in the scale. The development of
epitaxy can be justified in terms of the coincidence of a
close packed direction between the metal and the oxide.
Preferred growth leads to the formation of a duplex scale.

A model for growth of the nickel oxide films and'
scales based on the simultaneous diffusion of nickel across
the films via lattice defects and short-circuit paths is
advanced to correlate the oxidation kinetics with the oxide
structure. It is assumed in this model that the decrease in
the density of the short-circuit diffusion sites at nickel
oxide grain boundaries is determined by oxide grain growth
processes. This model is shown to account satisfactorily
for the observed oxidation kinetics of the (100) and (111)
nickel faces. Also, the values for nickel grain boundary
diffusion coefficients have been calculated for the first

time for oxide on these two faces.
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CHAPTER 1

INTRODUCTION

Oxidation of a metal is an heterogeneous reaction
involving a gas and a solid. The chemical reaction can be
simply written as:

Me + %02 = MeO
when Me is a divalent metal, O the oxygen, and MeO the oxide.
The product MeO, unless it is volatile usually adheres to the
metal and shares many of the physical properties with the
parent solid.

In spite of its simple overall chemical equation,
oxidation is a complex chemical process involving many
variables and reaction mechanisms. The oxidation process can
be regarded as made up of the following steps: adsorption of
oxygen, formation of the nuclei and the lateral spreading of
these nuclei to form a continuous film. Adsorption and
nucleation are functions of the surface properties such as
crystallographic orientation, crystal defects and impurities,
hence of surface preparation.

The formation of a continuous film when it is compact
and adherent separates the oxygen and the metal and further
reaction is only possible if the reactants can be transported

through this superfacial layer. Thermally activated solid

A



state diffusion via lattice defects has been shown by many
investigators (1,2) to be the main mechanism for transport at
high temperature; parabolic oxidation behaviour, a consequence
of this type of transport, has accordingly been consistently
observed.

Often deviations from the parabolic 1law
have been observed and different models and mechanisms proposed
to explain these deviations. For formation of thin films at
relatively low temperature, Cabrera and Mott (3) have proposad
a film growth model which takes into account the presence of
an electric field set up by the chemisorbed oxygen to derive
equations for most of the observed growth rates. In the
scaling range at high temperature, most deviations from the
parabolic law have been found to be associated with the physi-
cal breakdown of the scales such as blistering, loss of
adhesion, formation of pores and oxide volatility. However,
for the growth of thin oxides prior to the onset of parabolic
behaviour, most metals oxidize too rapidly to be explained by
lattice diffusion.

Marked deviation from parabolic behaviour have been
consistently observed in the intermediate temperature range
from approximately 300 - 800°C. Temperature coefficients of
the reaction rate constant often show an activation energy
of less than half the value for true lattice diffusion.
Furthermore, oxidation studies of many single crystal faces

of metal have reported considerable anisotropy in reaction




3
rates due to crystallcgraphic orientation alone(4). These
observations have been made at thicknesses (>1lu) beyond the
region of electric field transport and on cubic oxides such as
NiO and Cu,0 where lattice diffusion should be completely
isotropic. All these observations are at variance with
explanations based on lattice diffusion alone and another type
of transport mechanism must be invoked.

Structural studies of the oxide films(5+6) have shown
that these films are highly defective: they contain dislo-
cations, pores and usually are made up of very small crystal-
lites. Consequently many investigators have advanced the
hypothesis that rapid growth can occur by diffusion in the
lattice and along paths of low resistance offered by these

(7)

defects. Perrow et al have demonstrated that these
structural defects can act as short circuit diffusion path in
the oxidation of polycrystalline nickel in the intermediate
temperature range and more recently Cathcart(e) has shown

that the anisotropy in reaction rates observed in the oxidation
of the single crystal faces of nickel can be justified by the
density and type of defects set up by the growth mechanism.

In the present investigation the nature and distri-
bution of the structural defects in thin nickel oxides
thermally grown on the three single crystal faces of nickel
exposed to oxygen are studied by the techniques of transmission

electron microscopy, X-ray diffraction and scanning electron

microscopy. Nickel was chosen for a number of reasons.




Besides being the most important metal in the development of
high temperature alloys, oxidation of nickel gives a compact,
adherent, face centered cubic (NaCl) nickel oxide. The
oxygen solubility is low and the thermal expansion coefficients
of nickel and nickel oxide are almost identical. 1In addition,
ample diffusion data of nickel in nickel oxide is available
from the literature.

The experimental results are presented to support
the hypothesis underlining the importance of these types of
defects in the oxidation mechanism of thin films. These
defects are set up by the growth process itself; the crystal-
lographic relationships between the metal substrate and the
growing oxide result in epitaxial nucleation and preferential
growth which in turn affect the distribution and nature of
these defects. A literature review is presented according to
these ideas and experimental results are used to correlate
with the kinetics data. FPinally, an oxide growth model is

proposed to rationalise observations.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The formation and growth of an oxide film on a metal
substrate proceeds by many reaction mechanisms such as adsor-
ption, nucleation and diffusion. The detailed description
of these processes has been extensively examined in monographs

by Benard(g), Hauffe(lo), Kofstad(ll), Kubaschewski and

Hopkins(4).

Since the oxide usually adheres to the metal, many of
its physical properties have been found to be related to the
substrate. One of the most commonly observed features in
many deposit-substrate systems is that a particular orientation
relationship exists between the deposit and substrate. This
property was first systematically studied by Royer(lz) in
1928 who introduced the term "epitaxy" to define the crystal-
lographic relationship between the two grystalline surfaces.

The existence of an epitaxial relationship does not
mean however that the substrate structure is necessarily
continued across its interface and into the deposit altered

only by the expansion or contraction in lattice parameter.

This is illustrated by the frequently reported epitaxial



relationship in FCC structures: (111) oxide //(100) metal
with [011] oxide // [011] metal. The coincidence of the
<110> directions which are the close-packed direction in the
FCC structure has been found to be the most frequently
observed. Gerdes and Young(lS) have reviewed 3000 papers
yielding 600 orientation relationships between the deposit
and substrate. 86% of these relationships for the FCC, HCP
and NaCl type structures can be accounted for by the parallel
alignment of the close-packed directions.

Very often the nuclei have different orientations and
the formation of a continuous film depends on the growth,
migration and coalescence of these nuclei. Pashley(14) has
shown that the films thus formed are highly defective and
contain crystallite boundaries, twins and dislocations which
are all intrinsic parts of the growth mechanism. These types
of defects can play an important role in the growth of oxide
films since they have been shown (8) to alter profoundly the

transport mechanism of the reactants.

2.2 EEitaxx

The formation of an oriented overgrowth on a crystal-
line surface involves the creation of an interface between
the deposit and substrate. While it is generally agreed that
the preferred orientation of the deposit will be in such a
way as to minimize this interfacial energy, the mechanism and
criteria for this minimization remain elusive and often

difficult to define. Many theoretical considerations have




been advanced to justify epitaxial conditions, all of which

are by no means equally accepted today, but often are useful
to explain a portion of the experimental results. (See, for
example, review articles by Neuhaus(ls'ls), Siefert(17) and

Pashley(la’lg)).

The theories which have received broadest application
in the literature include: (1) the least misfit between the
two lattice planes in contact at the interface (Royer(IZ)),
(2) the fulfilment of the coordination number (Drabble(zo)),

(3) the specification of the interfacial reactions (Engel(zl'zz)),
(23,24)

(4) the minimization of the interfacial energies (Bauer ’

(25))

Bauer et al + (5) the pseudomorphic accommodation by dis-

(27))'

(6) the Brownian migration of crystallites (Masson, Metois

locations (Van der Merve(26), Frank and Van der Merve

and Kern(zs)), (7) and the thermodynamic consideration of
nucleation phenomena (Walton(zg), Hirth and Pound(30), Robins

and Rhodin(3l), Feder et al(34)

» Kenty and Hirth(33)); Among
these theories the simple concept of misfit was the most
generally accepted and has been used as one of the criteria

in other theories. The thermodynamic considerations of nuclea-

(33)

tion phenomena have been most successful but by no means

complete since many parameters important to the epitaxial
condition such as deposition rate, impingement flux, inter-

facial energies and epitaxial temperatures have been justified.

2.3 Oxidation of nickel




2.3.1 Structural investigations

Oxidation of nickel leads to the formation of
only one type of oxide, nickel oxide, having a NaCl structure
with a lattice parameter of 4.1769 A (34). The solubility of
oxygen in nickel has been determined to be only .044 at % at
1000°C(35). The coefficients of thermal expansion of nickel
and nickel oxide differ only by .05% in the temperature range
from 25 - 1000 °C. The investigations on growth of the oxide
and its morphology, accordingly, can be broadly divided into
two groups, those dealing with the oxidation of polycrystalliine
nickel and those dealing with the oxidation of nickel single

crystal faces.

(a) Polycrystalline nickel substrate. The early

oxidation stage of polycrystalline nickel in an Hy/H,0 atmos-
phere at 1100°C was studied by Martius(36). The most
noticeable feature was the occurrence of the largest density
of nuclei at metal grain boundaries. The number and the shape
of the oxide nuclei on the metal surface varied with each
individual grain, depending on crystallographic orientation.
The initial oxide always appeared as discrete nuclei which
grew laterally to form a continuous layer.

Perrow et al(7) investigated the structures of thin
oxide films formed at 500 and 600 °C on mechanically polished
surfaces. The films were found to consist of small crystal-
lites ranging from 200 to 800 & in size and the oxide thickness

and orientation varied from one metal grain to another.



With continued exposure to oxygen, structural changes and

grain growth occurred and dislocations were often observed.
Texture studies of thick oxide scales formed on

mechanically polished samples were reported by Gulbransen

and Hickman(37).

At 1 torr oxygen pressure and above 600°C,
the oxide developed a fiber texture. This texture was
believed to arise by growth processes as the oxide thickened
and not to be influenced by the substrate. This preferred
growth has been confirmed by other workers(38’39) to be the
(001) plane of nickel oxide lying parallel to the metal
surface. The influence of the metal substrate was later
investigated by Goswani who oxidized a fiber textured vapor
deposited nickel(40). The studies showed that during the
initial stage of oxidation the oxide has its fiber texture
parallel to the metal, becomes randomly oriented with further
exposure and finally exhibits a preferred orientation. The
type of orientation was found to depend on the oxidation
conditions.

The microstructure of the scales has been subjected to
many controversial interpretations. Sartell and i (41)
reported the oxide scales formed between 900 and 1200 °C to
consist of two distinct layers. Since platinum markers were
located between these two layers, it was concluded that the
inner layer grew by anion movement. Ilscher and Pfeiffer(42)

have oxidized nickel containing 0.1% Mn and also found the

wire marker buried within the scale, the inner oxide layer
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exhibiting a noticeable porosity. In an extensive study,
Berry and Paidassi (43) have shown that at or below 900°C a
single oxide layer is formed its thickness varying from grain
to grain. Above 900°C, a duplex scale consisting of a
compact columnar outer layer is observed along with a fine
grained porous inner layer. Both of these layers grew para-
bolically. The ratio of their thicknesses (outer/inner)
varied from 0.4 at 1000°C to 0.2 at 1200°C. The presence of
the two layers would appear to be associated with traces of
impurities since studies made on 99.98% nickel have reported

only one layer while two layers are observed on 99.95 and

99.97% nickel.

In a rather elaborate investigation, Rhines and Wolf(44)

have attributed the origin of the inner layer to the presence
of growth stresses. The following experimental evidence has
been presented by the authors. In the initial stage of oxi-
dation, columnar void free grains extending from the metal
oxide interface to the oxide gas interface were observed.

The formation of these columnar grains is due to the outward
diffusion of nickel ions. Oxygen may also diffuse inwards
via the boundaries between these columnar grains resulting in
the formation of new oxide within the boundaries. The
appearance of this oxide, causes the development of grain
boundary pressure and as a result new fine grain oxide is
formed at the metal/oxide interface.

In view of these conflicting observations many mecha-
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nisms have been proposed to explain the morphological develop-
ment of the oxide structure. To the present, however, an
unique mechanism has not been advanced to account for the
diverse experimental results. It has been suggested that the
boundary between the oxide layers within a scale is simply
the original metal surface. Indeed observations have shown
that the interface is often flat, but it is difficult to
justify this argument. If it is the original interface, it
should be observed on every sample and should be relatively
insensitive to metal impurities. The ratio of the thickness
of the two layers also, should correspond to the volume of the
nickel consumed if metal diffusion only occurs when it is
converted from metal to oxide. This expansion, which is only
18%, is much smaller than the inner layexr thickness.

The position of the markers at the interface between
the two layers has led to the postulation of mobile anions,
but there is little or no evidence of oxygen diffusion via
lattice defects. The diffusion coefficient of oxygen in
nickel oxide was found to be 103 slower than of nickel at
1000°C(45). Oxygen diffusion via grain boundaries is
possible, but it is difficult to justify the presence of the
two layers by this mechanism unless one accepts the argument
of Rhines and Wolf.

Birks and Rickert(46) have proposed a different mecha-
nism based on the oxide plasticity. It is argued that insuf-

ficient plastic flow leadsto the loss of adhesion batween the
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oxide and the metal. This will happen readily in a metal
deficit oxide where there is a "metal consumption zone". The
loss of adhesion will restrict the flow of nickel, causing a
drop in the chemical potential of nickel and a rise in the
potential of oxygen. Nickel oxide will dissociate and supply
oxygen to the metal surface. New oxide is formed and the
inner layer continues to grow by the same mechanism while the
outer layer grows by the outward migration of nickel. This
phenomenon will not be ocbserved at high temperature where the
oxide is sufficiently plastic to prevent loss of adhesion.

(b) Single crystal nickel substrate. The structural

studies of oxides formed on single crystal faces usually deal
with the epitaxial relationships between the oxide and metal.
The development of epitaxy can be partially understood by the
study of the adsorption of oxygen on the metal surface. Due
to its low penetrating power, low energy electron diffraction
(LEED) is very suitable for the investigation of the two
dimensional structures. The results have indicated that prior
to the formation of the oxide, many intermediate structures

of "oxygen nickel" or "O-Ni" may be observed. The number and
type of structure vary with metal crystallographic orientation.

(1) The intermediate structures. The "O-Ni" Structures

found on the (00l) nickel face. Farnsworth and co-workers

(47,48) found that a gradual exposure of the (001) face of
nickel to oxygen at a pressure of 10°6 torr or less gives rise

to two intermediate structures. The first intermediate struc-

4
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ture is the Ni (001) (2x2) which is shown in figure 2.3.1(i)
(a). The (2x2) designation indicates twice the dimension of
the unit mesh of the (001) nickel surface. (For reference, the
unit mesh is drawn in dashed line). With further exposure

the Ni(001)c(2x2) was observed. The c stands for the centered
unit mesh. This is shown in (b). The final structure is the
formation of the oxide with its cube face, (001), parallel

to the metal. These two structures are believed to have
evolved from the exchange between the oxygen and nickel atoms.
Germer et al(49) later confirmed these findings but argued
that the two types of structures are essentially undisturbed
nickel surfaces.

The "O-Ni" structures found on the (011) face. The (01l) face

of a FCC system has a more"open structure" since each nickel
atom has only seven nearest neighbors compared to eight and
nine for the (100) and (111) face. Up to six intermediate
structures have been observed and investigators have not yet
agreed on their types and the sequence of their appearance.
All the six are schematically shown in figure 2.3.1.(ii).
Germer and McRae(so) have reported that the first
structure to appear is the Ni(01ll) (2x1l) shown in (b). This
is followed by the (5x2)l and (3x1l) shown in (c) and (d).
Sometimes the (5x1) seen in (e), is also observed. Park and
Farnsworth(51'52) have found the first structure to be the
(2x2) seen in (a). The next two structures are the (2x1) and

(3x1) shown in (b) and (c). Both groups however agreed on

4
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the final structure of the oxide which is the oxide having
its cube face, ((001) face), parallel to the (011) face of
nickel. This is a very important observation for as we shall
see in the experimental results, the oxide films formed on
this face sometimes exhibit perfect (100) mosaic structure.

The "O-Ni" found on the (111) face. Germer(ss) observed that

the first transient structure was quintuple-spaced and it was
designated as the "Q-structure" shown in figure 2.3.1(iii) (a).
This structure is not observed at room temperature since it
is believed to consist of only oxygen atoms forming an amor-
phous layer. Above 500°C this structure can be detected, but
it is not consistently observed. More recently McRae(54)
found that an exposure to oxygen in the pressure range from
5x10”2 to 1x10~°® torr-sec produced the Ni(11l1l) (2x2) shown in
(b). The (2x2) designation again refers to the mesh dimension
having twice the spacing of the unit mesh of the (111) face.
The unit mesh is drawn by dashed lines in (a). Additional
exposure to 20x10”% torr produced the Ni (111) (V3xv/3) R(30°)
structure. The new mesh has /3 time the unit mesh dimension
and it is rotated 30° with respect to the unit mesh. With
further exposure the oxide is formed having its (111l) face
parallel to the metal.

In conclusion, the LEED studies have indicated that

under very low oxygen pressure, the formation favored a para-

llel orientation for the (100) and the (111) face but for the
(011) face the (100) oxide was fourd to be the stable orien- t

tation.




(c)

(e)

Figure 2.3,1(ii)

(a) Ni(110)
(c) Ni(l1l0)
(e) Ni(110)

(1

The "O-Ni" intermediate structures found
on the (110) nickel face (64)
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(2) The structure of thin films. Thin oxide films are

usually formed in air or pure oxygen on different types of
substrates. These are generally spheres, thin evaporated
films or flat slices. The choice of substrate is dictated by
the convenience and the type of information required from the
experiment. The sphere is difficult to handle but it has the
distinct advantage of having many crystallographic planes
present in one sample. Thin evaporated films can be easily
prepared on appropriate substrates, and if thin enough, they
can be directly examined in the electron microscope. Oxida-
tion can be carried out in situ and the oxide film examined
while on the metal substrate. In addition crystallographic
information between the oxide and metal are readily available
this way. Flat slices are easy to handle and will give a
large amount of oxide on a particular face. They are suitable
for X-ray and gravimetric studies.

The first comprehensive study of the formation of
oxide on single crystal faces of nickel with a carefully pre-
pared, well characterized surface has been undertaken by Lawless
and co—workers(SS). The substrate was a single crystal boule
metallographically polished and subjected to different treat-
ments such as hydrogen bombardment, hydrogen reduction,
vacuum degassing and vacuum annealing to 1072 torr. The
results show that reproducibility is very difficult and only
obtained after heating to 1100 °C in high vacuuri. The reduc-
tion by hydrogen was found to reduce tihe reaction rate and

also to modify the substrate structure. At one atmosphere

eroprr o,
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pressure, and in the temperature range from 78 - 178 «C, con-
siderable anisotropy in reaction rate has been observed as
deduced from interference colors. The (100) face oxidized
the fastest followed by the (110) and (111l) faces. Despite
the lack of good reproducibility the same types of orientations
were always found. On the (100) face of nickel, the (111)
oxide was observed with one of its close packed directions
parallel to a close packed direction in the metal. (The
<110> is the close packed direction in both the metal and
the oxide.) Since there are two close packed directions in
the metal, there are four possible orientations, two of these
are "twin related". (These orientations will be clarified
later.) On the (110) face, the oxide was parallel to the
metal, sometimes the (411) was also present. On the (111)
face, the parallel and its twin related are the usual orien-
tations observed.

(56) and

Other studies on nickel spheres by Otter
Shrank(57) in the temperature range from 450-1450°C reported
similar results; however on the (011) nickel, both the (011)
and the (001) oxide orientations are present.

Thin film substrates are also frequently used. Films

are prepared by vacuum evaporation of nickel on a suitable

(58)

substrate which is usually NaCl. Trillat et al deposited

nickel on the (001l) NaCl substrate and oxidized the sample in

e ——_ bt o .

a diffraction chamber with 0, bombardment while the film was

still on the substrate. They found the oxide to be parallel i




to the metal. By simply heating an (001) foil in air, Shirai
(59) observed the (11ll) orientation with one of the closed
packed direction parallel to the one in the metal.

Pu and co-workers (60) have investigated the influence
of the substrate perfection on the orientations of the oxide.
The (100) and (110) films were prepared by vacuum evaporation
on NaCl while the (111) was deposited on mica. In addition,
the Cu/Ni double film technique was also used. This technique
consists of depositing a thin layer of copper prior to the
nickel and is believed to yield a better film. The orienta-
tions found appeared to be independent of the oxidation con-
ditions. On the (100) face, both the (100) and the (111)
oxide were found, but a better substrate favored a parallel
orientation and for a less perfect one, the (111) dominated.
On the (ill) nickel face, the parallel orientation was always
observed. On the (011) nickel, the "110 fibring" is the main
orientation. The oxide orientations on the latter two nickel
faces seem to be independent of substrate conditions and the
authors have rationalized the above observations in terms of
the number of the close packed directions in the metal.
Since there is only one close packed direction on the (011)
face, oxide can grow in any radial direction around the <110>
fiber axis. The (111) nickel has three close packed direc-
tions which define a plane uniquely and the parallel orien-
tation was always found. These two planes are independent of

substrate conditions. The (100) face has only two close

u;xgﬁrn'“rﬁ—r.—: B Rt T IR e
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packed directions; there will be less restriction for the
oxide to grow and perfection of the nickel has a certain
influence on the oxide orientation.

Similar results on thin film substrates have been
reported by Allesandrini(sl), Allesandrini and Freedman(sz),
and Collins and Heavens(63). On the (001) face, Collins
and Heavens reported both the (111) and the (001) oxide with
the (001) preferred at 450°C. On the (07.1) nickel both the
(011) and the (001) oxides were found and on the (111) the
parallel orientation was always present. Allesandrini found
the parallel oxide on the (001) nickel but also observed
several "transitional phases".

The most extensive work on oxidation of a single
crystal of nickel was carried out by Garmon(64). The studies
covered the epitaxy and formation of nuclei on both thin film
and bulk nickel. Thin films were prepared on a hot NaCl sub-
strate. The bulk nickel was a sphere metallographically
polished on alumina and electropolished in 50% H2804 aqueous
solution. This sample was subsequently annealed in hydrogen
and high vacuum. The metal specimens were exposed in a flow
of oxygen at a pressure, ranging from 10_5 to 107° torr for
5 min to an hour in the temperature range of 500-700°C, and
the oxide films subsequently examined by transmission micro-
-Scopy and the bulk nickel by electron reflection diffraction.
The results indicated that oxide is only observed after an

induction period during which oxygen is believed to dissolve

e Ry e
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in the nickel to form a superlattice having a chemical compo-
sition of Ni30. When supersaturation is reached, nickel oxide
is precipitated as discrete nuclei randomly distributed on the
metal surface. Further exposure to oxygen does not lead to an
increase in the number of nuclei, but to a growth of these
nuclei. The density of the nuclei varies with the crystal
face. Typical values for the density of nuclei were 2x1010
nuclei/cm2 for the (001) and 3x109 for the (011) for an expo-
sure of 5 min at 1x10~? torr at 600 °C. For the (11ll) face,
the density was 3%10° for an exposure of 1 min at the same
temperature and pressure. The number of nuclei increased
with the oxygen pressure and decreased with increasing tempe-
rature. Based on the appearance of oxide nuclei for the

Same exposure time, the (111) face oxidized the fastest
followed by the (001) and the (011).

64)

The results of Garmon( are sufficiently extensive
and of importance to this investigation to merit detailed
discussion:

Results on the (001) nickel face. Exposure of the (00l1) face

to an oxygen atmosphere at 2x10_5 torr for 1 min does not
produce any visible oxide nuclei but diffuse rings correspon-
ding to the oxide are observed in the diffraction pattern.
The earliest oxide formed thus exists as a polycrystalline
~aggregate with random orientation. With further exposure at
1x10~4 torr for 5 min, discreté nuclei having distinct geo-

metrical shape become visible. Most of these are equilateral

1
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triangles arranged in a specific way. Sometimes they are

mirror images and sometimes they are rotated 90° from each

other. The epitaxial relationships deduced from the diffraction

patterns are as follow: (111) Nio // (001) Ni. There are
4 possible orientations of this type. The first set of two
has the specific crystallographic relation:
(111) Nio // (001) Ni with [110] wNio // [110] wni
[110] w~io // [110] ni
These two are "twin related" because they are a mirror image
of each other. The two orientations are related by a rotation
of 180° around an axis perpendicular to the film. They are
crystallographically equivalent and cannot be distinguished by
the diffraction pattern. |
The other set is rotated 90° with respect to the first
one. This arrangement is justified in terms of the symmetry
of the (001) face of nickel which has two close packed
directions 90° apart. The epitaxial relationship can be
written as:
(111) Ni0 // (001) Ni with [110] Nio // [110] Ni
[110] wio // [110] ni
The two above orientations are also "twin related". Together
the two sets contribute 12 diffraction spots on the (220)
ring.
Other type of nuclei frequently observed are square
shaped, most of them are arranged in a similar manner but

some of them are rotated 90°. The diffraction patterns con-

B RN
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firmed the two types of orientations:

(001) NiO // (001) Ni with [110] Nio // [110] ni

[110] wio // [100] Nni

The two above nuclei are not twinned related.

Finally, a seldomly found orientation was the

(111) Nio // (001) Ni with [110] wio // [100] Ni
Note that this time, the close packed direction of the oxide
is parallel to the cube axis of the metal. There are also
4 possible orientations of this type. All together up to 10
orientations are observed on this face. They are schematically
represented in figure 2.3.1(iv).

Results on the (011) face of nickel. Only a limited number of

runs have been performed on this face. Nuclei with a variety
of shapes have been observed, usually after an exposure of
5 min at 10”4 torr. The majority of the nuclei appear as
isocele triangles having an apex angle of 70°, some are poly-
gonal and some exhibit rod like shape. The indexed orienta-
tions are respectively:

(001) Nio // (011) Ni

(011) Nio // (011) Ni

(211) wNio // (011) Ni
All the above oxide orientations possess a close packed
direction parallel to the one in the metal. The (211) is
always a minor orientation, the (00l1) is the strongest while
the (011) becomes dominant as the oxide becomes thicker. One

particular feature of this face was a noted degree of poly-
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crystallinity.

Results on the (11ll) face of nickel. Discrete nuclei become

visible usually after an exposure of 5 min at 1074 torr at
600°C. The majority of the nuclei are equilateral triangles
arranged as mirror images. They are twin related and cannot
be differentiated in the diffraction pattern. The epitaxial
relationships are:
(111) Nio // (111) Ni with [011] wio // [011] Ni
[01I] nio // [011] wmi

With further exposure to oxygen, other nuclei appear. They

are also equilateral triangles but are rotated 90° with
respect to the first set. The epitaxial relationship deduced
from the diffraction pattern gives:

(111) wNio // (111) Ni with [011] wNio // [112] Ni
The two orientations above will contribute 12 diffracted spots
to the 220 ring. Some minor orientations are also present;
they are:
(211) Nio // (111) Ni with [011] Nio // [011] wNi
(322) Nio // (111) Ni with [011] Nio // [oIi] Nni
(310) NiO // (111) Wi with [001] Nio // [112] ni
A particular feature of the (lll) nickel face is the increase
in oxide polycrystallinity with the film thickness.

Similar observations have been made cn the bulk nickel.
The minor differences are the longer induction period and a

tendency towards polycrystallinity during the early stage of

oxidation.
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An attempt has been made to correlate the observed
epitaxy with the models of Van der Merve(65:66,67) 5,4
Cabrera(ss) based upon the misfit between the oxide and the
metal lattice. Both models predicted a strained overgrowth
with the lattice spacing either compressed or expanded depending
on whether the oxide lattice is larger or smaller than the
metal. This type of information is readily available from
Moire fringes. When a certain oxide plane having a different
lattice spacing is parallel to the metal, periodic interferences
due to the double diffraction of the electron beam gives rise
to periodic fringes known as Moire fringes(sg). The spacing
of the fringes D is related to the lattice spacings by the
simple formula,
dy d;

3. a,

b= (for a parallel case)

Thus, if the metal lattice is assumed to be unstrained, the
oxide spacing can be calculated from the Moire fringes. Any
positive or negative deviation from the standard value will be
associated with the strain in the oxide.

The results obtained prove to be inconclusive when
applied to the Van der Merve theory and even contradict the
model of Cabrera. It should ke borne in mind, however, that
many parameters have to be assigned arbitrary values and the
results should be taken accordingly.

Flat nickel crystal slices have been also used. Due to
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the ease of handling and large amount of oxides available,

it is very suitable for X-ray studies. The application of
X-ray diffraction to the investigation of thin films has been
made possible by Borie and co—workers(70) who have developed
a very sensitive technique capable of analysing films only

20 A thick. This new technique, not only provides an indepen-
dent check of the experimental results, but also yields
additional information not readily available from electron
microscopy.

Cathcart et al(8)

have used thin flat slices spark
cutted from a single crystal rod. Samples were either elec-
trolytically or chemically polished. Annealing was done in
Hy at an oxidation temperature in the range 400-600°C. Oxi-
dation was carried out in oxygen at 1 atm pressure or less.
The film thicknesses ranging from 25 to 500 A were determined
from X-ray intensities. They found that there is no shift in
the position of the diffracted peak indicating a zero average
strain, but line shape analysis has shown a broadening of the
second order peak. These results can be rationalized in
terms of a strain gradient model, in which part of the film
is in tension and part of it is in compression. From the
width at half the maximum intensity of the rocking curve,

the mosaic spread of the oxide crystallites can be measured.
The mosaic spread was found to be about 4° for the (111) face

while it is only 2 to 3° for the (311) and (100) faces. It

is also independent of the film thickness. These observations
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differed markedly with those made on thin Cu20 films formed

on a copper single crysta1(71).

These Cu,0 films show an
expansion of the lattice on the planes parallel to the metal
surface and a larger mosaic spread, which also changes with
film thickness. 1In comparison, it can be said that NiO films

show a zero average strain and have better aligned nuclei

than Cu20.

The epitaxial relationships obtained from diffraction
analysis are as follows:

(111) Nio // (100) Ni with [0I1] Nio // [oI1] ni

[011] Nnio // [o0I1] Ni

The two above orientations are called parallel and anti-para-
llel by Cathcart. They are simply twin related. The second
set of twins is:

(111) Nio // (100) Ni with [oIl] wio // [o11] wi

[01T] Nio ¢/ [011] Ni

On the (111) face of nickel, there is only one twin set:

(111) Nio // (111) Ni with [0l1] nNio // [o0I1] wi
[011] nio // [0l1] wNi

On the (0l11) nickel, polycrystalline oxide was observed and cn
the (311) metal, the (011) oxide orientation was found. There
is only one type of orientation which has the following rela-
tionship:

(011) NiO // (311) Ni with [0I1] nio // [oI1] ni
With the exception of polycrystalline oxide found on the {(011)

nickel, the observed orientations agreed with the other
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workerxs. The oxide films were composed of very small crystal-
lites having a size ranging from 200 to 500 A. The size
appears to be independent of substrate orientation and oxide
thickness. Dark field microscopy has also revealed that
crystallites of a given orientation are randomly distributed
over the surface. Considerable anisotropy in reaction rate
was also observed. For a typical exposure of 30 min at 500°C,
the (011) face is 5 and 10 times faster than the (100) and

the (311) faces.

The authors have correlated the observed anisotropy
with structural defects in the oxide films. Since the films'
are made up of very small crystallites, the boundaries of these
crystallites can act as paths of easy diffusion for the nickel
ions. And since all the crystallites have the same average
size, the difference in reaction rates can be attributed
solely to the number of incoherent boundaries present in the
films. It is thus argued, that the (110) nickel with its
polycrystalline oxide would contain the largest number of
incoherent boundaries and oxidize the fastest followed by the
(100) face which has two sets of twins, and the (111) which
has only one set of twins. The (311) is the slowest since it
has only one orientation, consequently all the boundaries are
low angle boundaries. Furthermore, for a given nickel orien-
tation, the ratio of parallel to anti-parallel twins can also
alter the reaction rate. For example, if the (111) nickel
face is chemically polished the ratio of anti-parallel to para-

llel twins was found to be 1.7 while for the electropolished
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specimen, the ratio was 5.1. Since the maximum number of in-
coherent twin boundaries is realized when the gquantities of
various orientations are equal, the electropolished samples
were found to oxidize 3 times slower than the chemically
polished ones. The important conclusion by these investi-
gations is that, a direct correspondence between structure
and kinetics has been clearly established. The study has
emphasized the role of structural defects in the mechanism of
oxidation.

2.3.2 Oxidation Kinetics

The oxidation kinetics of nickel have been
extensively investigated over a wide range of temperature and
pressure. Most of the studies have been made on polycrystal-
line nickel and excellent reviews are available on this topic
(72,73,74).

Electrical and thermochemical measurements have shown
that NiO is p-type semi-conductor oxide with cation vacancies
(75'76). At high temperature, the oxidation kinetics have
consistently exhibited parabolic behaviour but below half of
the melting point (=1000°C) many reaction rates and mechanisms

have been observed and proposed.

(a) Reaction mechanisms at intermediate temperature.

Uhlig, Pickett and McNairn(77) studied the oxidation of nickel
in the temperature range from 307-442°C, for films up to 3400 A
thick. A two stage logarithmic behaviour was observed with a

break in the oxidation curve at the Curie temperature at
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353°C. The activation energies were measured to be 19.9 and
21.1 kcal below and above the Curie temperature. The authors
interpret the results by a mechanism of electron transfer from
metal to the oxide as being rate controlling. The observed
rate change at the Curie temperature was postulated to be
associated with the change in electron work function. Engell,
Hauffe and Illschner(78) oxidized nickel at 400°C in oxygen

at pressures within the range 30-240 mm Hg and they expressed
their results in accord with the cubic law. This law was
derived from the model of Mott and Cabrera(3) based on a
strong chemisorption.of oxygen and an electrical field in the
NiO layer. Hauffe et al(79) have observed a logarithmic
behaviour at the early stage of oxidation and derived a fourth
power law under an assumed existence of a negative space
charge caused by the distributiop of nickel ion vacancies in
the growing oxide layer. The fourth power law was derived
under very restricted conditions and is applicable only in a
small region of oxide thickness. At 500°C, for doubly ionized
cations and a value of 3 for the oxide dielectric constant,
the authors have shown the thickness range in which the model
is applicable is only from 300 to 600 A. Gulbransen and

Andrew(so)

investigated the oxidation behaviour between 400-
750°C and interpret the data by the classical parabolic law
based on the analysis of Wagner. Large deviations from para-

bolic behaviour were observed during the initial stage of .

reaction and smaller deviations over long periods of time.

A



Two reasons were proposed to explain the deviations: the
cbncentration of impurities decreases as the oxide increases
in thickness, thus decreasing the number of vacancies avail-
able for nickel diffusion, and grain boundary diffusion plays
a role in causing more rapid diffusion of nickel at the early
stage of oxidation. As the film thickens, oxide crystallites
grow and the influence of the boundary becomes small compared
with lattice diffusion.

Following the same idea, Perrow, Smeltzer and Embury(7)
have proposed an oxide growth model in which an effective
diffusion coefficient, Deff' is weighted according to the
grain size.

D = Dl (1-f) + D

eff B
where D; and Dy are the lattice and boundary diffusion coef-

f

ficients, and f is the fraction of sites lying within the low
resistance boundary paths. £ in this case is a time dependent
parameter since its magnitude is inversely proportional to

the grain size. The model has satisfactorily accounted for
the non parabolic behaviour of the oxidation of nickel at

500 and 600°‘C up to an observed film thickness of 8000 4.

In conclusion, there is general agreement that the
oxidation of nickel in the intermediate temperature range
deviated from the parabolic law. Many rate laws and mecha-
nisms have been proposed but there is no general acceptance
of an unique type. Most often confusion exists, since the

same experimental results can be represented by two different
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rate laws based on completely different assumptions. Thus,
the data of Gulbransen have been represented by a two stage
logarithmic equation by Uhlig while Hauffe succeeded to
express it by a fourth power rate equation. The general
drawback of these models is the lack of consideration about
the structure of the film. The important observations of

(8)

Cathcart who has shown definite relationships between the

reaction rates and the types of structural defects, and the
investigation by Perrow et al(7) which extended measurements
over a wide range of film thicknesses have shown that short-
circuit diffusion by structural defects in the oxide must be
taken into account in the analysis of oxidation behaviour at
an intermediate temperature.

(b) Reaction mechanisms at high temperature. At tempera-

tures exceeding 800 °C nickel oxidizes according to the para-
bolic law. Different values of the parabolic rate constant
(Kp) are summarized in reference (39). Although parabolic

behaviour is generally observed, a large range of activation
energies have been reported. They are listed below (Kcal/g

atom) with the appropriate temperature range:

82)

45  (400-900 «c) (81, 55.4  (800-1000°C)

45.1 (980-1260oc) (83) 49.0 (1000-1400 ec) (43/38)
56.7 (900-1400 °c) (84) 67.0 (900-12000c) (41)

and  36.3-43.6 (900-1400 °c) (85)

Impurities such as Mn and Fe have been attributed to cause_ the

L] s s 6
spread in the activation energies reported, but Palda551(8 )
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has definitely shown by recent work that two magnitudes for
the activation energy have been observed which are dependent
upon temperature. It was established that amount of impuri-
ties only changed the values of the activation energy bhut do
not change the presence of the two stages. Below 900 °‘C, an
activation energy of 24 k cal/g atom and above 1000 °C, a value
of 49-57 kcal/g atom have been consistently observed.

(c) Calculation of the parabolic oxidation rate constant.

The large spread in the reported values of activation energy
for this type of oxidation defines the need for a more pre-
cise determination of the parabolic rate constant (Kp).
These values can be measured experimentally under restricted
conditions such as very pure material and good adherence of
the scales. These conditions are difficult to attain at the
intermediate temperatures where adherence of the oxide is
difficult and extrinsic defects such as pores, boundaries and
dislocations can alter the mechanism of transport of the
reactant. The values of the Kp however, can be calculated
from Wagner's analysis if the values of the self-diffusion
coefficients of the nickel and oxygen in nickel oxide and
their dependence on oxygen pressure are known.

Wagner(z) has formulated a quantitative theory for
the parabolic growth rate of a thick oxide scale based on the
following assumptions: (a) The oxide layer should be thick
enough to be beyond region of electrical space charge.

(b) Conditions of ambipolar diffusion Where the current of
positive and negative charges are equal, must apply:;
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(c) Interfacial reactions must be fast enough for local
equilibrium to be attained at the scale interfaces, and
diffusion is the rate controlling mechanism.

For an ideal parallel layer of growing oxide, the rate

of thickening dx can be then expressed as:

dt

dx K

== = R -

3E Veq =< (2-1)
where Veq is the volume equivalent of the oxide; x is the

thickness and KR is the parabolic rational rate constant

which can be expressed in terms of the diffusion coefficient:
a2(0)

pA
= 1
KR Ceq —

* *
Dl + D dlna2 (2-2)
(Nl 2,1
az

2

3 ;

where Ceq Ci2, = CyZy = concentration in equivalent per cm

of metal or oxygen, Zl,Z2 are the valence of the metal arnd
oxygen ions, DI and D; are the self diffusion coefficients,

and a, is the activity of oxygen. The subscripts (i) and

(o) indicate the metal/oxide and oxide/gas interfaces. For

the case of NiO, oxygen diffusion in the oxide is very small(45)

and can be approximated to zero. The expression of KR can

be then written by substituting dlna2 by % dlnPO,.

2
(o)
VA
L1 Dy

: (l |
. z
Poz(l) 2

eq

=
i
N

dlnpo, (2-3)
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From the relation Cy2y = CZZZ’ we can write El = Sg = §3
where the ratio ﬁg is the atomic ratic of oxygen to nickel.

Ny
This ratio can be calculated if the concentration of nickel
vacancies is known. Tretyakov and Rapp(87) have determined
the concentration of nickel vacancies by coulometric titration.

They arrived to the following expression:
1

/6

n - +

[VNi] = .51(PO,) exp 19000R; 8700) (2-4)
At 1245°C, the concentration of vacancies varies from
7.5x10"4 to 9.38:-{10_5 when the oxygen pressure changes from

.21 atmosphere to 10~ atmosphere. Thus the variation of

Ny is very small and the ratio can be assumed to be equal to
N

1
l. The expression for KR is then:
(o)
Po2
K =+ *  dlnp (2-5)
R~ 2 Ceq Dyj dinPo,
(1)
P02

From the above expression , if the values for the self
diffusion of nickel and its dependence on oxygen pressure
are known, Kp can be calculated by carrying out a simple
integration. Values for the self diffusion coefficient have
been measured by the tracer technique using the Ni63 isotope
deposited on the oxide surface. Values of D;i determined
from this method are given in the reference (88). The latest
and also the most precise measurements were done by Volpe °

(89)

*
and Reddy who obtained the following expression for Dyi
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*
D (in NiO) = 4.77 *+ 1.3x10 2 exp (-60,800 + 600) (2-6)
Nj RT

in the temperature range from 1181-1762°Cc. The dependence

of the diffusion coefficient on oxygen pressure was found to
be (Poz)% at the highest temperature and (Poz}/eat the lowest
temperature. The values of D;i and its dependence on oxygen
pressure have been experimentally measured at two temperatures
of 1245 and 1380°C(89). By carrying out a simple graphical
integration of equation (2-5) between the dissociation
pressure for nickel oxide and the outside pressure of one

atmosphere the following values for K_ are obtained (K, and K

P P R

are related by equation (2-11):
-4

K
P

p

An analytical evaluation is possible if the coefficient

(76)

for the pressure dependence is known. Mitoff , Tretyakov

(87)

1.56x10" sec™l) at 1245°C

5.5%x10"2 (g2 cm sec'l) at 1380°C

I

and Rapp have shown that the coefficient is equal to 1/6
at about 1000°C. This value simply means that the cation
vacancies are doubly charged according to the defect equation;

3502=N1U+2® + NioO

The concentration of nickel vacancies [Cﬁ] can be expressed
in terms of the oxygen pressure and the equilibrium constant

K.

1/6

2-7
5 (2-7)

[cg] = x PO

For the oxide, the diffusion coefficient of the metal can be
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replaced by the diffusion coefficient of the vacancies:

1/6

* * _ *
D_. = Ducn = DnK PO2

Ni

By substituting in the above values to the expression for K

R
we have: poz(o)
= 1 * 1/6
K. = = -
R 3 Ceq Du K PO2 dlnP02 (2-8)
(i)
PO2
Integration yields:
1/6 (1)
K =3c,_ b (@ [1.Fo (2-9)

1/6 (o)
Po2 /

po, /6 (1)
Po,1/6 (0)

Due to the 1/6 power, the factor can be neglected.

The simplified expression for Ko is then

*
= D 2-10
KR 3 ceq Ny ( )

For NiO, the value for Ceq - 2p NiO where p is the density
5 M yio
of nickel oxide (6.85 g/cm™). Muio is the molecular

weight (74.7). The rational rate constant is accordingly

related to the parabolic rate constant by the expression:

Ky = NiO K, (2-11)
2
MJ P Nio
and Kp can be expressed in terms of the self diffusion
coefficient
2 Mo * (2-12)
K_ = 6p° w——— Dy
P Myio Nt

where Mo is the molecular weight of oxygen.
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By substituting in the values for the density and the mole-

cular weight of NiO, we have:

*
K =12.91 D -
p Nj (2-13)

The values of the Kp calculated from tracer diffusion data

in the temperature range from 1000-1400°C are plotted in
figure 2.3.2 along with the values determined from the oxi-
dation measurements. The agreement is very good above 1100°C,
Large deviations are observed at lower temperatures which

are possibly due to the influence of impurities and grain
boundary diffusion of both oxygen and nickel in the nickel
oxide scale. Evaluation of the Kp at 500, 600, 700, and 800°C
has also been carried out. These values which are recorded

in Table 2.3.2 will be used later in the analysis of the

oxidation mechanism.

TABLE 2.3.2 ' ‘

PARABOLIC RATE CONSTANT
(calculated from tracer diffusion data from ref. (89)

Temperature (°C) §E(gzcm'4 sec—l)
500 2.69x10"19
600 2.52x10"17
700 9.42x10"16
800 1.78x10" 14
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CHAPTER 3
EXPERIMENTAL PROCEDURE AND OXIDATION APPARATUS

3.1 Sample Preparation

The importance of careful sample preparation and its
influence on the subsequent development of the oxide struc-
ture, has been emphasized by many authors(go'gl). A tech-
nique has been thus developed to produce a flat, strain free
and relatively clean surface.

The nickel single crystals of 99.999 wt % purity were
purchased as rods from Research Crystal Inc. Thin slices
of about 1 mm were cut from the rods with a Servomet spark
cutter using a 5 mil Molybdenum wire. The samples when cut
were in the form of thin wafers 1.5 cm in diameter. A small
hole was spark drilled in each specimen to enable its suspen-
sion in the reaction chamber. The specimen was then hot
mounted in bakelite and metallographically polished on 240,
320, 400, and 600 grit silicon carbide papers using water as
lubricant. It was removed from the mount by taking away most
of the surrounding bakelite with a lathe. The remaining bake-
lite was peeled off taking care not to bend the specimen
because slip lines arise when bending occurs. To avoid the
damage due to the hot mounting process, samples were mounted

on masking tape over a flat surface and final polishing was

42
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done on 6u and lp diamond paste lubricated with kerosene.

| A deformed layer is usually produced by mechanical
polishing and can be removed by electropolishing. The
recurrent problem in electropolishing of nickel is the for-
mation of pits. Different solutions have been tried and their
effectiveness have been assessed. A 80% glacial acetic 20%
perchloric acid solution was found to produce a very high
density of pits and an uneven surface. The 60% sulfuric
aqueous solution with a current density of .6 amps per cm?
gave best results. The temperature of the bath should be
kept near 0°C and vigorous agitation during polishing is
necessary to reduce the formation of pits. Up to 40u of
nickel was removed during the process.

Annealing of specimens was carried out at 800°C in a

vacuum of 3x10”°

torr for a period up to 18 hrs. The influ-
ences of hydrogen treatment and ultra high vacuum anneals
were also studied. For this purpose specimens were trans-
ferred after the conventional anneal to a high vacuum unit
where they were heated in research grade hydrogen at 10”1
torr for 15 min and subjected to an anneal at 10—10 torr for
24 hr. No detectable difference in the surface structure was
found between the two types of surface treatment (91). The
conventional anneal, accordingly, was adopted as a standard
annealing procedure.

The surface after each preparation stage was studied

by X-rays, electron diffraction and replica techniques.
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The results of these studies are given in chapter 1IV.

3.2 Oxidation apparatus

A schematic diagram of the oxidation apparatus is shown
in figure 3.2; The vacuum system which consists of an oil
pump backed by a mechanical pump can achieve a vacuum of
2x10~6 torr as measured by Balzers ionization gauge. The
reaction tube of 3.5 cm diameter was made out of quartz. It
was fitted with a removable head which contained 4 head
winches. A liquid nitrogen trap was inserted between the
reaction tube and the diffusion pump to prevent any back flow
of o0il into the system. Samples were suspended by a platinum
wire to a small quartz rod connected to the winches by a 5
mil platinum wire. This arrangement allowed individual
samples to be lowered or raised into the hot zone of the
reaction tube. Heating was provided by a movable nichrome
furnace. The temperature was controlled to t2°C by a Pyrovane
Honeywell controller with a chromel-alumel thermocouple, in
contact with the outside of the reaction tube. A two liter
flask was connected to the reaction system to prevent any
significant change in volume during oxidation. Ultra high
purity oxygen containing less than 2 ppm of HZO was used. All
oxidation runs were carried out at the.oxygen pressure of
400 torr as measured by a mercury manometer. A sample was
oxidized immediately after annealing to prevent any further

contamination due to the handling.
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3.3 Oxidation procedure

The oxidation apparatus was evacuated to 3x10_6 torr.
The furnace was heated to the reaction temperature and raised
up around the reaction tube so that the center of the hot zone
correspond to the position of the samples. The time required
for the temperature to stabilize was about 30 min. Oxygen
was admitted to the desired pressure and the samples lowered
into the hot zone. This procedure was adopted because the
alternative of raising the furnace around the reaction tube
caused considerable temperature fluctuations for at least
15 min. Since several of the oxidation runs lasted only 5 to
10 min. the second alternative is obviously inadequate.
After oxidation the samples were slowly raised from the hot
zone and oxygen was pumped out. Weighing was done immediately
after cooling on a Mettler microbalance to an accuracy of
$2 ug. They were then stored in a dessicator until examination.

3.4 Stripping the oxide

The film has to be removed from the metal for exami-
nation of the oxide by transmission microscopy. The very thin
films (200-500 A) tend to break into small pieces when stripped
from the metal. The following techniques were tried to
obtain large pieces of oxide suitable for microscopic exami-
nation.

(a) Anodic_stripping

An oxidized sample was ground at the edges with silicon

carbide papers and made the anode in an electrolytic cell
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containing a saturated solution of XCl. The cell was filled
in the middle with glass beads to prevent contamination by the
reaction produces. A potential of 1-2 volts was applied across
the electrodes. The underlying nickel dissolved into the
solution and the oxide film floated in the solution. Good
size sections of the film could be obtained this way but
contamination was heavy and the film was not suitable for
examination.

(b) Acidic_stripping. An acid solution was made in the
following proportions: 30 ml of nitric acid, 10 ml of sul-
furic acid, 10 ml of orthophosphoric acid and 50 ml of glacial
acetic acid. Near 80°C, this solution readily dissolves nickel
leaving the oxide film attached to the metal. The specimen

is then transferred to a beaker filled with water and the
oxide film shaken off; however, microscopic examination
showed that the film was severely damaged.

(c) Iodine_methanol stripping. This method proved to be
most successful for obtaining suitable sections of the films.
The oxidized samples were scored with a scalpel into 2 mm
squares and left in a saturated solution of iodine in methanol.
The solution is freshly prepared and kept near 50°C. About
half an hour later the oxide films begin to flake off. The
specimens are then removed and shaken vigorously in a beaker
containing pure methanol. The oxide flakes are carefully

washed and floated in distilled water. They are collected

on folding microscopic grits of 150 or 100 mesh and washed in
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acetone. This technique gives very good films in the
thickness range of 500 to 4000 A.

3.5 Examination of the oxide film by transmission electron

microscopy.

The oxide films after being removed from the metal
substrate were examined in the electron microscope. Bright
field, dark field along with selected area diffraction tech-
niques were employed. The information concerning these
operation modes of the microscope is given in reference (92).

3.6 Examination of the oxide cross section by scanning

electron microscopy

Due to its high resolution and the great depth of
field, the scanning electron microscope is very suitable for
the study of relatively thin oxide cross sections. Samples
are prepared by embedding them in wax before cutting in half
by a diamond wheel. They are then mounted in cold setting
resin with two strips of stainless steel arranged parallel
to the oxide surfaces. This set up yields good retention of
the oxide edges. Polishing was carried through the usual
sequence of silicon carbide papers using kerosene as lubricant.
This was followed by lapping on wax containing a suspension
of 40y alumina and final polishing was done on 6 and lu diamond
paste. The structure of the oxide can be revealed by etching
in a 1:1:4 solution of hydrofluoric acid, glacial acetic acid
and water. A potential of 3 to 5 volts is applied across the

electrodes for a period ranging from 1 to 5 min. depending on
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the oxide thickness. Specimens are washed in water and
acetone and can be directly examined in the scanning electron
microscope. The oxide grain size could be determined and the

morphological development of the scale structure could be

studied by this technique.

3.7 X-ray studies of the oxide scales.

Transmission electron microscopy cannot be used for
oxide exceeding 5000 A in thickness due to adsorption effects.
Electron reflection diffraction can give some information
about the oxide structure but quantitative measurement is
difficult if not impossible. Oxide scales thicker than 1lu
can be readily studied by X-ray diffraction. Preliminary
observations indicated that the oxidized samples showed
marked preferred orientation, thus an evaluation of the
texture coefficients is necessary to follow the structural
development of the oxides. The inverse pole figure technique

proposed by Harris (93)

is adopted. This method consists of
comparing the integrated intensity of a textured sample with
the intensity of a random sample. The integrated intensity
was measured by counting the pulses at the peak maximum for
a fixed time and subtracting the background count. For this
purpose the counter was equipped with a large receiving slit
set at the peak maximum. To compensate for the surface
irregularities samples are rotated during measurement. A

copper tube was used without a filter, since the counter is

provided with a LiF monochromator.
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CHAPTER 4

EXPERIMENTAL RESULTS

The experimental results can be conveniently divided
into two parts. Part I deals with the structural studies
which consisted of results from electron microscopy, scanning
electron microscopy and X-ray diffraction. Most results
from transmission microscopy are from samples oxidized at
500°C since limited information can only be obtained at
higher temperature due to the thick films formed. The oxide
film thicknesses quoted are average values calculated from
weight gain data. It was assumed that the film thickness is
uniform covering the entire metal specimen and that lug/cm2
of oxide was equivalent to 62.9 A(94). Part II deals with
studies of the oxidation kinetics. The oxidation curves have
been kindly supplied by Dr. Herchl, former postdoctorate

fellow of the Institute for Materials Research.

4.1 Surface preparation investigations.

The need for careful surface preparation can now be
substantiated by considering the following results. Often
mechanical polishing is the only way to prepare a flat surface
and this usually leads to a deformed layer. Figure 4.1l.1 is
a typical X-ray Laue back reflection pattern from the (100)

nickel face after diamond polishing. The pattern is as

50




expected from the (100) single crystal; however, the spots
show considerable asterism indicating an extensive deformed
layer. Since the depth of X-ray penetration is in the order
of 10 to 15y the same surface was examined under reflection
diffraction where the penetration depth of the electron beam
was confined to less than 50 A. A typical diffraction
pattern is shown in figure 4.1.2. The continuous Debye rings
can be identified as polycrystalline nickel; diamond
polishing has thus produced a thin polycrystalline layer on the
surface of a single crystal. It is believed that this poly-
crystalline layer can be formed by the rotating effect of the
diamond wheel which randomized the subgrains produced during
mechanical polishing. The oxide film formed on this surface
is polycrystalline as expected and is shown in figure 4.1.3.
The deformed layexr can be removed by electropolishing
when up to 40u of metal are removed. Laue photographs then
exhibited sharp, well defined spots. The surface is strain
free and it can be concluded that the depth of the deformed
layer is confined to less than 40u. Electron reflection
diffraction of this surface shows the presence of a thin,
oriented polycrystalline oxide film, figure 4.1.4. Electro-
polishing with subsequent washing in water has thus left a
residual oxide layer which must be very thin (<20A) since the
diffracted nickel spots are also present. It can be estab-
lished that the oxide film comes from the electropolishing

since exposure of nickel to dry laboratory air requires at




Figure 4.1.1 Laue pattern of (100) face of nickel after
mechanical polishing.

Figure 4.1.2 Reflection diffraction pattern of (100) face of
nickel after mechanical polishing.
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Figure 4.1.1 Laue pattern of (100) face of nickel after
mechanical polishing.

Figure 4.1.2 Reflection diffraction pattcern of (100) face of
nickel after mechanical polishing.
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least one week before the presence of oxide can be detected.

This oxide film is usually reduced by annealing in hydrogen. ;

Figure 4.1.5 is the reflection diffraction pattern of an elec-

tropolished specimen after reduction in hydrogen for 10 min.

at 700°C. The pattern is typical of a smooth single face of

nickel and oxide was not detected. The same result can be

obtained, however, by simply annealing a sample in a vacuum

of 3x107®«at 800°C for 18 hrs. The reducticn of the film

by this simple vacuum anneal has been attributed to the

carbon in the nickel which diffuses out to react with nickel h

oxide during the annealing process. May and Germer(gs)have

suggested another explanation. Since oxygen diffuses rapidly l

in FCC metals such as nickel, film removal by a vacuum anneal !

is probably associated with oxide dissociation due to the high

driving force and rate for oxygen solution into the metal. gf}

Mass spectrometer analysis failed to detect the presence of ];i

any CO or CO2 and this finding tends to support this view. th
The influence of thermal facetting was also studied. f%

Facets were only observed for a misorientation of more than :

50(91). Laue orientation demonstrated that the majority of

the samples were prepared to a misorientation of less than
3 L

4,2 Transmission electron microscopy results for the (100)

nickel face.

Transmission microscopy results of the oxide films formed

on the (100) nickel face are presented in the following section f
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Figure 4.1.3 Oxide formed at
500 °C on mechanically polished
surface. Oxidation time 5 min.

Figure 4.1.4 Reflection dif-
fraction of (100) face of
nickel after electro-polishing

Figure 4.1.5 Reflection d4if-
fraction of surface after re-
duction in H2 or vacuum anneal.

Beam in <110> azimuth of nickel
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as bright field, dark field and selected area diffraction
micrographs. They are presented in chronological order of
increasing exposure time to give a continuity in the study of
the development of the oxide structure.

4.2.1 Specimen exposure: 5 min

Figure 4.2.1(a) is a bright field (BF) picture
of the film from a sample which has been oxidized for 5 min.
(film thickness =350 A). General featurés of the film are
immediately evident upon close inspection. The film is uni-
formly thick. It is composed of small grains -or crystallites
as evidenced by the diffraction contrast. The crystallite
size is uniform since the film does not exhibit an island
structure. The orientation relationship between the film
and the metal can be deduced by a selected area diffraction
(SAD) mode. A large diffraction aperture covering about 2/3
of the BF area was used to get a good portion of the film.

Since the electron beam is perpendicular to the oxide
film the diffraction conditions are set up so that a parallel
orientation between'the oxide and the metal is obtained. The
interpretation of the diffraction pattern can be resolved in
terms of the reciprocal lattice planes (Relp). The construc-
tion of these reciprocal lattice planes is explained in detail
in reference (92). The most commonly found reciprocal lattice

Planes of the oxide are given in appendix (A) along with the
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3 faces of nickel. They are drawn to scales so that the inter-
pPlanar spacings between the oxide and the metal can be visually
estimated.

Figure 4.2.1 (b) is a SAD of (a). Superimposed on
the spot patterns is a set of incomplete rings having the same
spacing as the spots. From the camera constant, these rings
can be identified as belonging to NiO. The spot pattern can
be indexed by considering the (100) and the (011) Relps of
the oxide given in appendix (A). By superimposing the two
patterns with matching their common {022} reciprocal lattice
points, the composite pattern obtained accounts for most of
the observed spots (fig. (c)). From this pattern, the
following information concerning the structure of the oxide
film can be obtained: The film is composed of small crystal-
lites; some of the crystallites are randomly oriented with
respect to the metal and they contributed to the faint ring
pattern but most of the crystallites have their (100) and
(011) planes parallel to the metal, i.e.:

(100), (0l1), Nio // (100) Ni
The coinéidence of their {022} reciprocal lattice points
indicated that both the (100) and the (011l) planes of the
oxide have a common [0T1] direction, since a vector from the
origin to the reciprocal lattice point represents the direc-
tion of this plane. Inspection of the diffracted spots shows
that they are well defined and slightly elongated in the

. o
direction of the ring to an angular width less than 5.
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Figure 4.2.1 (a) Bright field (BF) micrograph of oxide y
film formed on the (100) face of nickel.
x 13,500

!
Figure 4.2.1 (b) Selected area diffraction (SAD) pattern ﬁ?
of (a). [

4
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Fiqure 4.2.1(c)

Schematic drawing of the (100) and (011)
reciprocal lattice planes of NiO. Pattern

is obtained after matching the (022) reciprocal
lattice points of the two Relps.
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Consequently, nuclei of given orientation are misaligned
from a given direction within 5°.

Although diffraction contrast in a BF picture
yields an estimate of the crystallite size, accurate measure-
ment is difficult. By using the dark field technique in which
the crystallites contributing to a chosen diffracted beam can
be imaged, crystallites count and measurement are easily
possible. Additional information éan also be obtained from
the DF mode. When the objective aperture is set at a
diffracted spot belonging, viz. to the (100) Relp, the number
of crystallites having this orientation can be semi- quali-
tavely estimated. Figures (d) and (e) are DF pictures taken
with the objective aperture set at spot "x" or "y" of figure

(c) respectively. We can see that the number of crystallites i

B It

having the (100) orientation as shown in (d) is much larger
than the number of crystallites having the (110) orientation.

Visual inspection also indicates that the average sizes of these

two types of crystallites are almost the same. Exact quanti-
tative measurement is not possible, however, since many
crystallites of a given orientation may deviate slightly from
Bragg'sAconditions and their reciprocal lattice points would
not intersect the Ewald sphere. These crystallites will not
be seen in the DF picture.

The film uniformity can now be investigated by
examining another section of the film from the same sample.

Figures (f), (g) are the BF and SAD of this section. No




(d)
(e)
(£)
(9)

(£) (9)

Figure 4.2.1

Dark field picture taken with aperture at "x" x 34,400
Dark field picture taken with aperture at "y" x 34,400
Bright field x 17,000 "
Selected area diffraction of (f) . w'
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visible difference in the general features can be detected
in the BF micrograph. The diffraction pattern however is
different. The detailed interpretation of this pattern is
given in appendix B(3). The following orientations have
been found

6(211), 2(111), 6(233) NiO // (100) Ni

The crystallographic information from transmission

microscopy only gives the parallel orientation between the
oxide and the metal, for example the (100) plane of NiO is
parallel to the (100) plane of nickel. There is still one
degree of freedom since the (100) plane can be rotated around
an axis perpendicular to the plane. If this is the case then
the diffraction pattern can be generated by rotating the (100)
reciprocal lattice plane around its normal axis. The resulting
pattern is a set of continuous rings with some missing rings.
The condition for the missing rings can be set as:

[100] .[hkl] # O
where hkl are the Miller indices of the diffracting plane
subjected to the structure factor consideration(gs). Another
complication may arise when the rotation axis is not quite
parallel to the electron beam. This will result in a set of
arcs instead of the continucus rings. The length of an arc
will depend on the degree of tilt of the axis with respect to
the electron beam. Examination of all the diffraction patterns
shows that is not the case since patterns with well defined

spots were obtained.
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The orientation relationship between the oxide and
the metal cannot be obtained from a film removed from the
metal. Nevertheless, some of the results from reflection

(91)

diffraction and from the literature have reported the

common [110] close packed direction between the metal and
oxide. This condition will determine an unique crystallogra-
phic relationship and is generally known as the epitaxial
relationship. It has been reported in the oxidation studies
of single crystal faces of copper that the degree of orien-
tation changed with exposure time(97); the morphological
development of the film can then be followed by examining the

film structure at different exposure times.

4.2.2 Specimen exposure: 10 min.

Figures 4.2.2 (a)-(f) are the typical BF, SAD
and DF micrographs of a sample oxidized for 10 min (film thick-
ness =420 ). The BF picture (a), still exhibits the same
general features previously observed. The SAD patterns have
the following orientations:

Figure (b) can be indexed as:

(100) NiO // (100) Ni

Figure (c):
(110), (100) NiO // (100) Ni
Figure (4d):

(111), (211) Nio // (100) Ni

Note the elongation of the diffracted spots on the 3rd (220)

ring. This elongation corresponds to a mosaic spread of at
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Figures 4.2.2

(a) BF micrograph
x 22,000

(b) Selected area diffrac
tion pattern of (a)

iR A A

(c) Selected area diffrac
tion pattern of diffe-
rent region of film
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Figure 4.2.2
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(a)

(e)

(£)

Selected area dif-
fraction pattern

Dark field picture
taken with reflection
from (111l) Relp

X 28,000

Dark field picture
taken with reflection
from (211) Relp

x 28,000







65

least 15° for the (111) oriented crystallites. Figures (e)
and (f) are the dark field pictures taken with the objective
aperture set at the diffracted spot belonging to the (111) and
(211) Relp. It can be seen that the number of crystallites
having the (111) orientation are much larger than the (211)
Examination of many other parts of the film leads to the
following conclusions:

- the complex pattern previously observed in figure 4.2.1(qg)
is no more present,

- the background diffracted rings are more continuous and
better defined.

- the (100) and the (1ll) orientations are the most commonly
observed.

4.2.3 Specimen exposure: 20 min.

Further exposure to oxygen does not lead to any
drastic change in the structure of the oxide film. Figures
4.2.3 (a)-(e) are the sequence of micrographs of a sample
oxidized for 20 min (film thickness =700 &). There is no
marked change in the general features of the film as shown
in the BF picture (a). The diffraction patterns are now
composed of continuous rings with superimposed spots patterns.
The (100) is shown in figure (b), the mixed (211) and (100)
in (c¢) and the (110) in (d). The DF micrograph taken with
the (220) reflection of figure (d) is shown in (e).

4.2.4 Specimen exposure: 30 min. and 40 min.

Micrographs from samples exposed to oxygen from
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Figure 4.2.3

(a) Bright field micro-
graph x 21,000

(b) Selected area diffrac-
tion pattern of (a)

(c) Selected area diffrac-
tion pattern of diffe-
rent region of film
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Figure 4.2.3

(d)

Figure 4.2.3

(e)

Selected area diffraction pattern of

other section

park field micrograph taken with (220)
(d) x 50,000

reflection of

of the film
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Figure 4.2.3

(a}

Figurce 4.2.3

()

Selected arca diffraction pattern of
other scction of the film

Dark {icld@ micrograph taken with (220)
reflection of (d) = 50,000
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30 to 40 min (film thicknessx820, 900 &) are given in this
section. The structure of the thicker films are rather
uniform. The diffraction patterns yield mostly the (100)
orientation superimposed on the rather continuous and vell
defined polycrystalline oxide rings. This observation can
be confirmed by the following micrographs.

Figures 4.2.4 (a)-(c) are from sample oxidized for
30 min. The BF begins to show dafk and light regions indi-
cating that the thickness is not quite uniform, however no
abnormally large grains are observed. The diffraction
pattern (b) shows considerable amount of polycrystallinity;
the (100) spot pattern is however much in evidence. The DF
picture taken with the (200) reflection confirms that the
crystallite size has not increased to any large extent.

Figures 4.2.4 (d)-(f) belong to a sample oxidized
for 40 min. The features are much the same as the previous
sample.

4,2.5 Specimen exposures: 70 min and 120 min.

Micrographs from samples oxidized for 70 min and
120 min (film thicknesses =1200, 1500 A) are presented in
figures 4.2.5(a)-(c) and (d)-(£f). The BF pictures now show
regions of uneven thickness. The diffraction patterns
consistently.yield the (100) pattern along with the continuous
rings. Dark field micrographs now exhibit noticeable grain
growth with large spread in size distribution.

4.2.6 Specimen exposures: 180 min and 300 min.
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Figure 4.2.4

(a) Bright field micro-
graph x 42,000

(b) Selected area diffrac-
tion pattern ‘

(c) Dark field picture
taken with (200) re-
flection x 50,000 -
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Figure 4.2.4

(d) Bright field micro-
graph x 22,000

(e) Selected area diffrac
tion pattern

(f) Dark field picture
taken with (200)
reflection x 50,000







Figure 4.2.5

(a) Bright field micro-
graph x 13,500

(b) Selected area diffrac-
tion pattern

R G i

(c) Dark field picture
taken with (200)
reflection x 18,000







Figure 4.2.5

(d) Bright field micro-
graph x 18,000

(e) Selected area diffrac-
tion pattern

(£) Dark field picture
taken with (200)
reflection x 28,000
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Figures 4.2.6 (a)-(c) represent features of a
sample which has been oxidized for 3 hr. (film thickness =22003).
The general features of the film can be represented by the
diffraction pattern shown in figure (b) which is very typical
for the film in this thickness range; however in some other
sections of the film the type of pattern shown in figure (c)
was found. It is essentially polycrystalline with some
evidence of preferred orientation on the (11ll) as shown by the
arcs on the 3rd (220) ring.

Figures (d)-(f) are the micrographs'from a sample
oxidized for 5 hr. The film average thickness is about 3500A.
Some sections of the film were too thick for the electron

beam to pass through, but for most part, it was thin enough

for some information to be obtained by electron transmission.
The BF picture now shows dark patches of thick oxide.
Selected area diffraction of these regions yield the familiar !
(100) spot pattern along with the continuous rings. The DF :
picture taken with the (200) reflection is shown in (£f). Com-
pared with the BF micrograph the crystallite size can be
estimated more easily in the DF micrograph.

For samples oxidized up to 8 hr.,, the films were too
thick over most regions for the electron beam to pass through.
Some BF pictures were taken, nevertheless, for the purpose
of measuring the grain size.

4.2.7 Crystallite size and distribution.

From the DF micrographs the size and distribution

of the crystallites can be determined. (Up to 500 crystallites
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Figure 4.2.6

(a) Bright field micro-
graph x 18,500

(b) Selected area diffrac-
tion pattern

(c) Selected area diffrac-
tion pattern of
different region







Fiqure 4.2.6

(d) Bright field micro-
graph x 22,000

(e) Selected area diffrac-
tion pattern

(f) Dark field micro-
graph taken with (200)
reflection of (e) ’
x 28,000
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having different orientations from each sample were measured
to .5 mm accuracy with a ruler.) The distribution of the
crystallites is plotted as fraction of crystallites vs crys-
tallite size and it is shown in figure 4.2.7 (a). Note the
change in the shape of the distribution curve with exposure
time. The average size is calculated from the distribution
curve for each sample and is plotted vs time. The results
are given in figure (b). The crystallites size remains essen-
tially constant during a period up to 40 min; they then
quickly increase in size, the growth rate decreasing with
increasing exposﬁre time.

4.2.8 Summary of the results of the (100) face.

In the thickness range investigated (300-50004),
the structure of the oxide films formed on the (100) face is
relatively homogeneous and dislocations, twins or pores were
not observed. The films are composed of small crystallites
ranging in size from 300-400A in the early stage of oxidation
to 700-900A after 8 hours of exposure to oxygen. These
crystallites exhibit different crystallographic orientations;
some of ﬁhem are randomly oriented, and some of them are
related to the metal substrate by the following epitaxial
relationships: '

(100),(011),(111),(211),(233) Nio )/ (100) Ni
with [011] Nio // [011] Ni
All together five different orientations have been observed.

They all share a common close packed direction with the metal.
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The (211) and (233) qrientations have been found to occur in
multiple of six. Two of the six orientations can have their
[011] direction parallel to the [011] direction in the metal
and the remaining four have their <011> directions at : 30°
from the close packed direction of the nickel. The latter
four orientations were only observed in the very thin film
range.

The above orientations changed with exposure time
and a trend could be established. 1In thg very thin films,
crystallites with many orientations are present. The
crystallites are well aligned with the metal substrate and
the diffraction patterns are thus composed of many super-
imposed spot patterns without continuous rings. With con-
tinued exposure to oxygen, spots from the low index planes
and continuous rings become more apparent. Finally, the (100)
and to the much lesser extent, the (1lll) orientations dominate
the final stage of film growth.

In conclusion, it can be said that the structure of
the films formed on the (100) face are relatively uniform.
This statement will be clarified and confirmed later when
the results are compared with the other two nickel faces.

A detailed discussion concerning the structural deﬁelopment

of the oxide will be given in chapter 5.
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4.3 Transmission electron microscopy results for the (110)

nickel face

The results for the (110) face will be presented in the
same chronological order as the (100) face. All the relevant
observations concerning the interpretation of the micrographs
explained in section 4.2.1 can be directly applied to this
section. It should be mentioned that the results from the
investigation on the kinetics givén in section 4.7 show that
this is the slowest oxidizing face at 500°C with poor repro-
ducibility and frequent breaks in the oxidation curves.

4.3.1 Specimen Exposure: 15 min. Electron micrographs

of a sample oxidized for 15 min. are given in figures 4.3.1
(a)-(n). The film thickness is about 500 to 600 A. It is
uniform with no abnormally large crystallites as shown in
the BF picture (a). The diffraction pattern in (b) reveals
complex orientation relationships. The detailed interpre-
tation of this pattern with the appropriate comments are
given in appendix B(4). The following orientations have
been found:
(111),(211),(311),(322),(411),(433) and (123) NiO // (110) Ni
Note that all these planes with the exception of the (123)
plane contain the [01l] close packed direction. The (123)
plane does not contain a close packed direction but it is one
of the most densely populated Relp of the FCC system.

The diffraction pattern of another section of the

film is shown in (c). This pattern contains the previously

4
:
|
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indexed orientations but the intensity of the diffracted spots
from the (211) Relp is very strong indicating a highly oriented
film section. The DF picture taken with the (11ll) reflection
fig. (d), confirms this observation.

Very often twins are observed. The BF micrograph seen
in (e) does not reveal any twin plates, however the SAD of
the section of the film shows that twinning has occurred.

The pattern in (f) can be indexed as the (01l) Relp of NiO
which has been twinned on the (111) plane. The composite
pattern can be obtained by rotating the (011) Relp 180° around
the [11I] direction. The rotation around the twin axis
perpendicular to the electron beam indicated that the twinning
plane hence the twin boundary is parallel to the electron
beam. The schematic drawing of this pattern is shown in
figure (g). The DF pictures taken with the objective

aperture set at the main and its twinned diffracted spots are
given in (h) and (k). The DF taken with both spots is shown
in (1). It can be inferred from these observations that
twinning must have occurred on individual crystallites since
evidence of macroscopic twins cannot be observed.

Along with twinning, another feature particular to the
films formed on the (011) face is that in certain sections of
the films very strong (100) single crystal patterns are often
observed. The BF and SAD are shown in (n) and (m). The
strong single crystal pattern indicated a perfect mosaic

structure in which the crystallites differed one from each




(a)
(b)
(c)
(d)

(a) | (b)

(c) (a)

Figure 4.3.1

Bright field micrograph x 18,000

Selected area diffraction pattern of (a)

Selected area diffraction pattern of other region of the film
Dark field taken with the (111) reflection of (c) x 35,000
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Figure 4.3.1

(e) Bright field micro-
graph x 42,000

(£) Selected area diffrac-
tion pattern showing
the presence of twins
(schematic drawing is
shown in (g)).

(h) Dark field micrograph
taken with the objec-
tive aperture set at
the main diffracted
spot (see (9))

x 42,000
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Figure 4.3.1 (q)

Schematic drawing of the (011) reciprocal lattice
plane of NiO which has been twinned on the (111) plane

The main diffracted spots are represented by (e) and
the twinned spots by (x)

(*) Figure added for the purpose of indexing pattern
4.3.1(f)
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k) (1)

(n)

Figure 4.3.1

(k) Dark field taken with the twinned diffracted spots x 42,000
(1) Dark field taken with both diffracted spots x 42,000
(m) Bright field micrograph of different section of the film

x 13,500

(n) Selected area diffraction pattern of (m) showing (100)
Relp of NiO
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other by a very small angular misorientation.

4.3.2 Specimen exposure: 30 min. The structure of

the film from a sample oxidized for 30 min. (film thickness
=700 A) are represented by the micrographs in figure 4.3.2
(a)-(k). The series of SAD patterns show a great number of -
orientations present in the film. The pattern (b) can be
indexed as:

(011), (210), (310) NiO // (011) Ni.
(See appendix B (5) for detailed interpretation.)

The pattern (c) corresponds to:

-

(011), (111), (211) (weak), and polycrystalline Nio // (011) Ni
The pattern (d) corresponds to:
(111),(211),(123),(311),(322),(411), (433)

Nio // (011) Ni

The pattern (e) contains the same orientations as the
previous one in addition the (210) is also present. This
Plane can be recognized by the two diffracted spots on the
(200) ring. (see appendix B(6)). Again the previously observed ‘F
perfect (100) mosaic structure is present. The respeactive !
BF and SAD are shown in (f) and (g). The DF pictures taken {n
with the (200) and the (220) reflection, (h) and (k), confirm
the perfect mosaic structure of this portion of the film.

4,3.3 Specimen exposure: 60 min. A sample which has

been oxidized for 60 min (film thickness = 1200 3) shows
structure irregularities. The dark and light patches of the

BF micrograph (a), indicated that the film thickness has




Figure 4.3.2

(a) Bright field micro-
graph x 28,000

(b) Selected area diffrac-
tion pattern of (a)

(c) Selected area diffrac-
tion pattern of other
section of film
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Figure 4.3.2

(d) Selected area diffrac-
tion pattern of other
section of the film

(e) Selected area diffrac-
tion pattern of other
region

(f) Bright field micro-
graph x 9,000




|



Figure 4.3.2

(g)

(h)

(k)

Selected area diffrac-
tion pattern of (f)
showing (100) single
crystal pattern

Dark field micro-
graph taken with (200)
reflection of (g)

x 9,000

Dark field micrograph
taken with the (220)
reflection of (g)

x 9,000
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become less uniform. 1In addition dislocations are also
observed. (See region in circle.) The diffraction results
now show some degree of polycrystallinity along with the
following orientations, fig. (b):

(111),(211),(011) + Twin NiO // (01l) Ni.
Figure (c) shows a very strong (211) orientation. The DF (d)
taken with the (220) reflection indicated that the crystal-
lites have grown to an irregular shape. Diffraction patterns
of different sections of the film are given in (e) and (f).
The pattern (e) contains the same orientations as the pattern
4.3.2(e). As we have seen, this type of pattern is fairly
typical in this thickness range. 1In (f) the almost (211)
fiber texture is found. It should be mentioned that the (100)
perfect mosaic structure is also observed in this sample. The
micrographs are similar to the previously shown and will not
be presented here.

4.3.4 Specimen exposure: 120 min. For samples oxidized

up to 2 hr. corresponding to a film thickness of about 2000 i,

the structure begins to show some evidence of polycrystallinity

and complex diffraction patterns containing the high index

planes are no longer observed. The BF micrograph is shown in

T R VDR T o .

(a). The most representative diffraction patterns given

below confirmed these observations.

The pattern in (b) contains the following orientations:

(111), (011) Nio // (01ll) Ni




Figure 4.3.3

(a) Bright field micro-
graph x 35,000

(b) Selected area diffrac- X
tion pattern of (a) 5
3
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(c) Selected area diffrac-§
tion pattern of other
section of the film
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Figure 4.3.3

(d) Dark field micrograph
taken with (220)
reflection x 42,000

(e) Selected area diffrac-
tion pattern of other
region

B Y T

(f) Selected area diffrac-
tion pattern of other
film section
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The pattern in (c):

(211),(111) Nio // (011) Ni
The pattern in (d):

(011),(100) NiO // (011) Ni
The DF pictures taken with the reflections belonging to the
three Relps (111), (211), (100) are shown in (e), (f) and (g).
It can be seen from the DF that the crystallites having these
three orientations have approximately the same size distri-
bution.

4.3.5 Specimen exposure: 180 min. The results from

a sample exposed to oxygen for 3 hr. are shown in this section.
The film thickness is only 2000 A which is about the same as
the previous sample. The BF micrograph (a) shows regions of
uneven thickness and the presence of dislocations. The SAD
patterns show the familiar (011) twinned pattern, seen in (b),
and a strong (211) along with the previous orientations shown
in (c). (see for example fig. 4.3.1(b)) The results from
another sample oxidized for 3 hr. show, however, regions of
considerable polycrystallinity and "single crystal-mosaic"
region as indicated by the two patterns seen in (d) and (e).
Note that the degree of orientation orxr polycrystallinity may
vary from sample to sample but the same type of orientations
are usually found. The DF micrograph in (f) shows a large
spread in size distribution of the crystallites.

4.3.6 Specimen exposure: 240 min. Figures 4.3.6(a)-

(d) are from a sample oxidized for 4 hr. (film thickness




(a)
(b)
(c)
(d)

(b)

(c) (d)

Figure 4.3.4

Bright field micrograph x 35,000

Selected area diffraction pattern of (a)

Selected area diffraction pattern of other section
Selected area diffraction pattern of other film section
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Figure 4.3.4

(e)

(f)

(g9)

Dark field picture
taken with reflec-
tion from the (111)
reciprocal lattice
plane x 42,000

Dark field picture
taken with reflec-
tion from the (211)
Relp x 50,000

Dark field picture
taken with reflec-
tion from the (100)
Relp x 50,000
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Figure 4.3.5

(a) Bright field micro-
graph x 35,000

(b) selected area diffrac- |
tion pattern showing
the (0l1l) Relp with
twinning on the (111)
plane
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(c) Selected area diffrac- |
tion pattern of other |
section of the film
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Figure 4.3.5

(d) Selected area diffrac-
tion pattern of
different sample oxi-
dized for 3 hr.
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u
(e) Selected area diffrac- ”'
tion pattern of other 7%
section of the film i
?
a

M e e

(f) park field micrograph
taken with reflection
from (e) x 50,000
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= 3000 A). Dislocations contrast can be seen clearly from the
BF micrograph (a). The single crystal patterns are usually
obtained from different sections of the film. The (211) and
(100) are shown in (b) and (c¢). DF micrographs taken with

the (200) reflection seen in (d) indicated that the crystal-
lites have grown to an irregular shape. Note that the complex
diffraction patterns containing the high index planes are not
observed.

4.3.7 Specimen exposure: 360 min. Further exposure

in oxygen to 6 hr. resulted in an oxide film too thick for

electron transmission; however in some rare thin sections or
at the edges of the film the SAD patterns are very similar to
the previous sample. They are not given here since the 1}
structure of the film has been amply illustrated in the ﬂ;
previous sections.

4.3.8 Crystallite size and distribution. Plots for ;

the size distribution and average sizes of the crystallites
are given in figures 4.3.8(a), (b). Their average size
remains essentially constant at 300 A for approximately 40

min and then increases in size at a continuously decreasing

P T W

rate. Their size after 6 hr. of exposure was approximately

800 A.

4.3.9 Summary of the results of the (110) face.

The most striking features of the oxide films ' 3

formed on the (110) face are the large varieties in structure




(b)

Figure 4.3.6

(a) Bright field micrograph x 35,000

(b) Selected area diffraction pattern of (a) showing the
(211) Relp

(c) Selected area diffraction pattern of other section of

the film
(d) park field picture taken with the (200) reflection of (c! ‘
x 35,000
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along with the presence of twins and dislocations. The
differences in the film structure are evidenced by a large
number of diffraction patterns having completely different
orientations. For example, within a single sample, a pattern
showing perfect mosaic structure, a pattern containing mainly
twins and patterns exhibiting up to six orientations have
been found.

The large number of orientations can be divided into
two sets. The first set is characterized by a common closed
packed direction between the oxide and the metal and is
made up of the following orientations:
(100),(011),(111),(211),(311),(322),(411),(433) NiO // (011) Ni

with [011] nio // [011] ni

The second set has the following orientations:

(210),(310) NiO // (011l) Ni

with [001] wio // [100] Ni
Note that the [100] direction can be the coincident direction
between the metal and the oxide. This direction is also a
close packed direction in a NaCl crystal system. The latter
orientations are very seldom observed. Finally the (123)
orientation is also present. It does not belong to either
set and has one of the [11I] direction parallel to the [100]
direction in the metal.

All together, eleven orientations have been identified.
These orientations changed with the oxide thickness and a

trend similar to the (100) face can be established. In the
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early stage of oxide growth to film thickness of 700 A, a large
number of orientations were found including the high index
planes such as the (433), (411) and (322). 1In this thickness
range, crystallites were well aligned and the diffraction
patterns were composed of superimposed spot patterns with no
evidence of continuous rings. As the oxide becomes thicker,
the high index planes disappear and after 3 to 4 hr. of
eprsure, only the low index planes such as the (100), (01l),
(111) and the (211l) are commonly observed. With the increase
in thickness some dislocations become visible and an apparent

polycrystallinity is more in evidence.

4,4 Transmission electron microscopy results from the (111)

nickel face

Compared to the (110) face, the (111l) face of nickel
oxidized slightly faster at 500°C but still much slower than
the (100) face. The reproducibility in the oxidation curves
is better than that for the (110) face although some iregulari-
ties have been observed.

4.4.1 Specimen exposure: 10 min. Electron micrographs

for a sample oxidized for 10 min. are given in fig. 4.4.1 (a)-
(g). The film thickness is about 500-600 A, It is uniform
and is composed of small crystallites having different orien-
tations as evidenced by the diffraction contrast in the BF
picture shown in (a). The orientation of these crystallites
can be revealed by the diffraction patterns. The pattern in

(b) can be indexed as:




103

(111),(211),(233) NiO // (111) Ni.
All the above orientations occurred in multiple. The (111)
oxide has 3 close packed directions and only two types of
orientations have been observed. The first orientation is
characterized by one of the close packed direction of the
oxide being parallel to one of the <110> directions in the
metal. The other orientation by one of the close packed
directions of the oxide being parallel to the <112> directions
in the metal. The (211) orientation has only one close
packed direction; there are three possible equivalent
orientations according to the symmetry of the (111) face of
the metal. However, a total of six orientations arei
possible if the <112> directions of the metal is parallel to
the closed packed direction of the oxide. 1Indeed, close
examination of the pattern shows that there are 6 (211)
orientations, 3 of these orientations have their <110>
directions parallel to the <110> in the metal while the other
3 have their <110> directions parallel to the <112> in the '
metal. Two of the latter orientations are not readily
recognizable due to the faintness of the diffracted spots.
The (233) orientétion has also one close packed direction
and like the (211) up to six orientations have been observed.

The type of the pattern above is fairly typical of this
sample but other orientations are also present. The SAD
pattern of other section of the film is seen in (c). It has

the following orientations:
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(011), (211) NiO // (111) Ni
There is only one (011l) and two (211) oxide orientations.
Some faint reflections which seem to belong to the (310) Relé
are also present. The first (211) shares a common close
packed direction with the (110) oxide while the other (211)
is rotated 30° with respect to the first one. Thus one of
the (211) orientations must have its close packed direction
parallel to the [110] in the metal and the other has its
close packed direction parallel to the [112] direction in
the metal. The schematic drawing of the 3 above orientations
is shown in fig. 4.4.1(e). 3

Another type of pattern observed is shown in (d). 1In i
this pattern there are four (211) orientations, three of .
those are arranged 60° apart thus correspond to the 3 <110>
directions in the nickel. The fourth one must have its
closed paced direction parallel to the <112> in the metal.

The three above patterns are fairly representative for
this sample. Although they are different the same type of

orientations were found. The crystallites size and their

distribution are represented by the two DF pictures shown in
(£) and (g). It can be seen from these pictures that the

crystallites have very irregular shape and exhibit a large

spread in size distribution.

4.4.2 Specimen exposure: 35 min. Figures 4.4.2(a)-(e)

are the usual sequence of micrographs from a sample oxidized

for 35 min. The film thickness is about 700-800 A. The




(a)
(b)
(c)
(d)

(b)

(d)

Figure 4.4.1

Bright field micrograph x 15,000

Selected area diffraction pattern of (a)

Selected area diffraction pattern of other section of f£ilm
Selected area diffraction pattern of other section of film
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Figure 4.4.1(f) Dark field micrograph taken with the (220) j
reflection. x 50,000

Figure 4.4.1 (g) Dark field micrograph taken with (111)
reflection from (d). x 42,000







(a)
(b)
(c)
(a)
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(c) (a)

Figure 4.4.2

Bright field micrograph X 23,000
Selected area diffraction pattern of (a)
Selected area diffraction pattern of another section of film

Dark field micrograph taken with the (220) reflection
x 42,000




()




109

BF micrograph in (a) shows the usual features previously
observed. The diffraction patterns still show the same
types of orientations but some recrystallization has occurred
in the film. The evidence is indicated in the following SAD
patterns. TIigure (b) can be indexed as:

(111),(211),(233) Nio // (111) Ni
Note that the same types of orientations are observed but the
number of orientations has now decreased. There is only one
(111) oxide orientation and three (211) and (233) instead of
six. It can be inferred from the pattern that the oxide
orientations having one of the <110> directions parallel to
the <112> direction in the metal may not be a stable orien-
tation; consequently it is not observed after the oxide
reaches a certain thickness. Figure (c) is the SAD pattern
of another section of the film. The following orientations
are present:

(011),(211) Nio // (111) Ni.

These two orientations share a common close packed direction;
Again, the multiple orientations are not observed.

A DF micrograph taken with the (220) reflection shown
in (d) indicated that the crystallites have very irregular
sﬁape and exhibit a large spread in size distribution.

4.4.3 Specimen exposure: 60 min. There is no drastic

change in the structure of the oxide film when a sample is
oxidized for 60 min. The BF picture seen in (a) begins to

show regions of uneven thickness as indicated by the dark
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patches in the film. The diffraction pattern of the same
section of the film is in fig. (b). The following orientations
have been indexed:

(111), (211),(233) NiO // (111) Ni.
Note that there are only one (lll) orientation and threé (211)
and (233); the (233)orientation seems to disappear as evidenced
by the faintness of the reflections on the 331 ring. Some faint
spofs which belong to the (011) Relp are also observed. The
SAD pattern of another section of the film is shown in (c).
The pattern is very similar to the previous one but the
reflections from the (11l) orientation are now very strong. S
The same features are observed in the pattern (d) with some
evidence of polycrystallinity as indicated by the almost
continuous rings. It can be concluded from the three patterns
that the film structure is fairly uniform. The DF micro-
graphs taken with the 220 reflections are given in (e) and
(f). Again, note the irregular shape and the large spread
in size of the crystallites. In some instances, dislocations
were also observed; they are shown in the micrograph (g).

4.4.4 Specimen exposure: 120 min. Some change in the

structure is now noticed in the film of the sample oxidized
for 120 min. (film thickness = 1300 A). The most evident
feature is the frequent observation of the dislocations as
seen in the BF picture.(a). The diffraction patterns now
show very strong single crystal properties. The (111) is
seen in (b), the mixed (011) and (211) in (c). Irregular

shaped crystallites are seen in the DF micrograph (d).
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(a)
(b)
(c)
(d)

Figure
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(b)

Bright field micrograph.

Selected area diffraction
Selected area diffraction
Selected area diffraction

x 15,000

(a)

pattern of the same region as (a)
pattern of different region of film
pattern of other region of film
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Figure 4.4.3

(e) DF micrograph taken
with one of the 220
reflection. x 42,000

(f) DF micrograph taken
at different film
section. x 42,000

a

(g) BF micrograph showing
the presence of dis-
locations
x 80,000
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(a)

Figure 4.4.4

(a) Bright field micrograph. x 42,000

(b} Selected area diffraction pattern showing strong
reflections from the (111) Relp.

(c) Selected area diffraction pattern showing the mixed
(011) and (211) Relps.

(d) Dpark field micrograph taken from the (220) reflection.
Note the irregular shape crystallites. X 42,000
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4.4.5 Specimen exposure: 240 min. Exposure to oxygen

for 240 min. (film thickness = 2500 A) resulted in some drastic
change in the oxide structure. The BF picture in (a) now
definitely shows regions of very uneven thickness. The
diffraction patterns consistently yield polycrystalline rings
with some preferred orientation on the (11ll1l) as indicated by
the arcs on the 220 (3rd) ring. Some other orientations may
be present as evidenced by some faint arcs in the (111) ring.
However, positive identification is not possible due to the
considerable polycrystallinity in the higher rings. The
structure is essentially uniform since SAD of other sections
of the film gave similar results. The two diffraction
patterns are given in (b) and (c). A DF micrograph taken with
the objective aperture set at the first two rings is shown in
(d). |

The polycrystalline nature of the film in the thickness
range was confirﬁed by the examination of another sample
oxidized at the same temperature and exposure time. The
results indicated that the film structure is polycrystalline
with some preferred orientation as previously observed.

4.4.6 Specimen exposure: 360 min. The structure of the

film from a sample oxidized for 6 hr. (film thickness = 3500 i)
is very similar to the previous sample. The bright field
micrograph seen in (a) indicated that the film is very thick.
The diffraction patterns from the thin sections of the film

yielded the familiar polycrystalline rings with some preferred
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(a)
(b)

(c)
(d)

(c)

Figure 4.4.5

Bright field micrograph. x 42
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(b)

(a)

,000

Selected area diffraction pattern showing polycrystalline
oxide with preferred orientation. )
Selected area diffraction pattern of other section of film
Dark field micrograph taken with objective aperture set

at the first two rings. x 42,000
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(a) (b) ‘;

(c) (d)
Figure 4.4.6

Bright field micrograph. x 28,000

Selected area diffraction pattern of (a) _
Selected area diffraction pattern of different section
of the film ) h
Dark field micrograph taken with aperture set at the

first two rings. x 35,000 ]
I
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orientation as evidenced by the arcs on the 220 (3rd) ring.
This type of structure is observed everywhere across the whole
sample indicating the uniformity of the film. The two SAD
patterns are shown in (b) and (c). A DF micrograph taken with
the aperture set at the first two rings is given in (d).

4.4.7 Crystallite size and distribution. From the

dark field micrographs the size and the distribution of the
crystallites were measured. The results are graphically shown
in figures 4.4.7(a) and (b).

4.4.8 Summary of the results of the (111) face.

Compared with the (110) face of nickel, the
structure of the oxide films formed on the (111l) face is
relatively uniform. Only five orientations have been observed
and no perfect mosaic structure and twinning could be found.

The most interesting features of the oxide are the ;
multiple occurrence of the same orientation indicating the
strong influence-of the metal substrate. For example up to
six of the (211) and (233) planes have been identified within
a single SAD pattern. These multiple orientations are only
present at the very early stage of film growth and they can
be divided into two types. The first type is characterized
by a common <110> close packed direction between the metal and
the oxide parallel to the <112> directions in the metal. ;

The mentioned orientations are given below:
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IYPE A - IYPE B

(111) Nio // (111) Ni (111) NiO // (111) Ni

3(211) NiO // (111) Ni  3(211) Nio // (111) Ni

3(233) Nio // (111) Ni  3(233) NiO // (111) Ni
with [0TI1] wNio // [0I1] wi [011] wio // [112] Ni

The orientation: (011) NiO // (111) Ni with [0I1] Nio // [0I1] Ni

is also present but multiple orientations have not been observed.
With longer exposure to oxygen the second set disappears

which indicates that some structural rearrangement has

occurred in the oxide. The remaining multiple orientations

of the first type are all equivalent and they continued to

be observed for some time. Finally with much longexr exposure

(from 4-6 hrs), the (233) disappears and the (211) is very

seldom observed. Polycrystalline rings with some evidence

of preferred orientation are the usual features encountered

during the final stage of film growth.

4.5 X-ray diffraction results of the thick oxide films.

We have seen from transmission electron microscopy that
when the oxide film thickness is greater than 5000-6000 A, the
electron beam can not penetrate and another means of investi-
gation is needed to follow the structural development of the
oxide in a scale. Electron reflection diff:action; which
can be used at any film thickness, will give some information
about structure but it is confined to a very small portion of
the sample and to a very thin superficial layer. In addition,

quantitative measurement is difficult because of the ‘
1
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difficulty in measuring the diffracted intensity.

X-ray diffraction is very suitable for the study of the
structure of the oxide scales due to its large penetrating
power (a beam will go through 20u of oxide) and a large cross-
section of the oxide is sampled by the beam. Also the possi-
bility exists for accurate measurements of diffracted beam
intensities. Two types of information readily obtainable
are the strain in the oxide and the texture of the preferred
orientation of the oxide.

The origin of the strain in the oxide is generally
associated with the change in volume when the metal is
transformed into its oxide. The magnitude of the change is

often related to the Pilling Bedworth(gs) ratio defined as:

Volume per metal ion in the oxide
Volume per metal ion in the metal

The PBR of NiO is 1.65(4). Thus the oxide could be under a

PBR =

lateral compression which would lead to an expansion of the
lattice planes perpendicular to the metal surface. The
expansion of the lattice planes will cause a shift in the
position of the diffracted peak to a lower value of 6, since
from the Bragg law, the d-spacing is inversely proportional
to sin®. The continuous variation of the lattice spacing
with the film thickness will also cause a broadening of the
peak due to the gradual loss in periodicity. This type of
information can be deduced from Fourier analysis of the peak

profile as Borie and Spark(gg) have shown for the case of

CU.2O film.
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Line broadening can also be due to the particle size
effect and care should be taken to distihguish the two

components(loo).

Broadening due to the strain will affect
more the second order peak since by differentiating the

Bragg's law one obtains the relation:

_(Ad _
(a_) tan® AB

Thus for a given %Q , the line broadening AO is proportional
to tan®, and the second order peak will show larger broadening
due to the strain. Broadening associated with particle size
will not affect the second order peak and the two components
can be separated.

The results from the x-ray investigation are for samples
which have been oxidized in a microbalance assembly at the
oxygen pressure of 400 mm Hg (same pressure as for samples
used for E.M). The temperature range is from 500-800°C and
the exposure time varied from 25-100 hr. corresponding to
oxide thicknesses from lu to 15u.

The measurements have shown that for oxide greater
than 1lu thick, there is no appreciable shift in the position
of the diffracted peak. This observation is in agreement
with the findings of Cathcart(s) and Sartrell and Li(4l) who
repcrted little or no shift in the diffraction peak.
Broadening due to the crystallite size is also not noticeable
when compared with a silicon standard of known crystallite

size. This finding is not surprising since the amount of
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broadening given by the expression(l°1);

£ = «9A
Bcos®

where t is the crystallite width, A is the wavelength, B is
the width at half peak height and 6 is the Bragg angle, is
negligible when t = 1000 A. Results from electron trans-
mission and scanning microscopy have shown that the crystal-
lites size is approximately 800-1000 A after an exposure time
of 10-25 hours at 500 °C.

Another type of information easily obtainable is the
texture of the oxide or preferred orientation of the crystal-
lites. A complete characterization of the oxide texture can ‘1
be deécribed by means of a pole figure which gives the
variation in pole density with the pole orientation for a ﬁ

selected set of crystal planes‘lOZ).

A combined reflection 8
and transmission method will give a complete 180° angular

distribution of the selected pole within the sample. However,

we are only interested in the parallel orientation of certain

oxide planes with the metal. Thus a simple inverse pole

(103)

figure is very suitable for this purpose. This method
also allows the oxide to be studied without being removed
from the metal substrate.

A parallel orientation can be obtained from the diffrac-
tometer measurement since the diffraction conditions are set

up so that'bnly the planes parallel to the surface satisfy

Bragg's condition. The type of preferred crientation is
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obtained simply by comparing the integrated intensity of an
(hkl) plane of the textured sample with the intensity of a
similar plane of a random sample. The degree of preferred

orientation can be expressed by the texture coefficient

defined by Harris(93) as:
Ihkl
p _ Ir,hkl
hkl = 4 y Ihkl -
" Ir,pkl

where Ppk] is the texture coefficient of the (hkl) plane,

Tkl is the integrated intensity of the textured sample,
Ir,hkl is the integrated intensity of a random sample given
by the ASTM index card, n is the number of peaks investigated.
N should be large in order to minimize the error inherent in
the definition of the formula. Clearly, Ppyj is equal to

one for a random sample.

It has been found during measurement that the integrated
intensity changed with a simple rotation of the sample. This
means that some of the diffracting planes are not exactly
parallel to the surface and to reduce this type of error,
samples are continuously spinned during observation. The
degree of preferred orientation was also found to be different
on different faces of the same sample and thus an average
value based on the intensities obtained for the two faces is
used to give a representative texture coefficient for the

particular sample.
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The texture coefficients of all the samples from the
three faces of nickel are given in the tabies 4.5,1-3,

The highest values for the texture coefficients are
represented graphically in figures 4.5.1-3. The texture
coefficients are plotted against the oxide thickness instead
of the usual stereographic projection. This representation
allows the morphological development of the oxide structure
to be followed graphically. A line simply joins all the points
belonging to the same (hkl) plane. No attempt has been tried
to smooth out the experimental points.

From the graphs we can see that the oxide on the (100)
face of nickel exhibits a strong preferred orientation on either
the (100) or the (1ll1l) or sometimes on both. The frequency
of occurrence of either orientation is about 50%. Other
reflections are present but only to a very small extent. Their
respective texture coefficients are usually less than 0.5.

The degree or type of preferred orientation appears to be
independent of oxide thickness and are quite scattered across
the thickness range. No definite trend could be established.
The two major orientations, the (100) and the (111) are the

same major orientations observed in the thin film range. Thus
there seems to be no change in the type of preferred orientation
during the growth of the oxide scales.

This type of behaviour was not observed on the (110)
nickel face (fig. 4.5.2) which shows a definite (100) preferred

orientation. This is not expected since the (100) orientation,

i}
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TABLE 4.5.1

TEXTURE COEFFICIENTS OF THE (100) FACE

Sample Thickness
number Temperature (111) (200) (220) (311) (331) (420) (422)

20 1.5u(53 hr) 4.85 0.76 0.03 0.09 <.01 0.19 0.02

(500 °C)

19 2.2u(104hr) 1.86 3.00 0.01 <.01 <. 01 <.01 <. 01
(500 *C)

18 4.0u(50hr) 1.04 3.88 0.01 <.01 <.01 <.01 0.05
(600 °C)

5 4.5u(106hr) 3.57 2.00 0.02 0.51 0.31 0.14 0.41
(600 C)

10 5.8u(10 hr) 3.25 1.14 0.31 0.50 0.70 0.33 0.68
(800 °C)

16 6.8u(50 hr) 3.11 3.40 0.05 0.16 0.09 0.03 0.16
(700 °C)

8 7.8u(135hr) 0.97 5.80 0.03 0.04 0.04 0.02 0.04
(800 °C)

15 10.0u(110hr) 4.43 1.12 0.20 0.41 0.31 0.22 0.32
(700 °C)

14 11.3p(48 hr) 5.78 0.38 0.16 0.24 0.18 0.06 0.21
(800 °C)

12 14.0u(120hxr) 3.12 2.96 0.08 0.26 0.20 0.15 0.26
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TABLE 4.5.2 ;

TEXTURE COEFFICIENT OF THE (110) FACE 2

Sample Thickness ‘ﬁ
number Temperature (111) (200) (220) (311) (331) (420) (422) ;
50 1.2u(100 hr) 0.67 2.64 1.29 1.90 0.01 0.46 0.20 }E
(600 °C) gy

51 2.2u(50 hr) 0.46 2.74 1.19 1.03 0.71 0.52 0.33 3§
(600 *C) {

49 2.9u(100hrx) 0.32 3.56 1.05 0.97 0.67 0.39 <01 .%
(600 C) Y

42 3.3u(50 hr) 0.38 3.55 0.76 1.14 0.56 0.60 <01l :M
(800 °C) | ¥

45 5.1u (100 hr) 0.21 3.68 1.12 1.04 0.37 0.32 0.24 Eﬁ
(700°C) , ]

44 5.6u(50 hr) 0.32 2.96 1.00 0.98 0.38 0.57 0.25 ﬂﬁ
(700°C)

41 6.2u(67 hr) 0.41 2.77 0.86 1.17 0.75 0.55 0.46 %f
(800°C) §%

43 7.2u(100.hr) 0.35 4.5 0.69 0.59 0.28 0.17 0.16 ’HL

(800°C) o

by
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although it has been observed in the thin film range was not
a major orientation. The degree of preferred orientation is

however not very strong. The (100) texture coefficient is

about 2-4. 1In addition other reflections are also present to
a larger extent, especially the (220) and the (31l1l) planes.

From the above observation it can be said that the oxide on

TN

this face exhibits a more polycrystalline nature in spite of =

a definite (100) preferred orientation. Note that the
texture seems to increase with the oxide thickness, a trend
not observed on the (100) face. The important feature of the

oxide on this nickel face is that the preferred orientation
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in the thick scale is not a major orientation in the thin

film range. This development must be due to an oriented
overgrowth process in which the (100) is the preferred growth ﬁ}
plane.

The behaviour of the oxide on the (111) face is shown in
figure 4.5.3. This oxide shows a definite preferred (111)
orientation. The texture coefficients are relatively higher
than the (110) nickel and seem to increase with the oxide
thickness. These two features are similarly observed on the
(110) face. The (111) preferred orientation in the scale
is the same major orientation observed in the thin film range
and the preferred growth is simply extended from the already
existing orientation in the thin film. To this extent, the

behaviour is very similar to that for the (100) face of

nickel.
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TABLE 4.5.3

TEXTURE COEFFICIENT OF THE (11ll1) FACE

Sample Thickness
number Temperature (111) (200) (220) (311) (331) (420) (422)

37 0.5u(116hr) 2.44 1.02 0.69 0.46 .01 .01 .01

(500 °C)
39 0.9u(1ll4hr) 3.07 0.41 0.09 0.43 .01 .01 .01
(500°C) A
38 1.5u(69 hr) 3.07 1.50 0.43 0.90 0.95 0.31 0.25
(500°C) :
33 2.7u(114hr) 3.50 0.45 0.29 0.78 0.42 0.50 0.55
(600 °C) : ,
34 4.6u(53 hr) 4,50 0.64 0.27 0.74 0.23 0.22 0.33 ;f
(600°C) ﬁ
25 5.5u(130hr) 3.86 0.73 0.27 0.86 0.41 0.21 0.65 :
(700 °C) Y
24 7.9u(103hr) 4,05 0.25 0.35 0.74 0.34 0.11 0.57 ;H
(700°C) d
28 8.26u (70hr) 4,00 0.43 0.39 0.84 0.50 0.26 0.54 . '
(700 *C) EE

29 10.7u(68hr) 4,10 0.43 0.34 0.83 0.54 0.24 0.43
(700°C)
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From the observations made on the three faces of nickel,
the following conclusions can be made. The oxide formed on
these three nickel planes show a preferred (100) or (111)
orientation. These planes are parallel to the surface of
the metal, and in a NaCl-type crystal structure, they are
the most densely packed and contain the highest number of
close packed directions. In spite of the presence of many
other orientations in the thin films including the low index
planes such as the (110) and the (211), only two major
orientations are observed. The (100) and the (111) are the
preferred growth planes in the Ni-NiO system due to their
being densely packed and/or their large number of close

packed directions.
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4.6 Scanning electron microscope results of the thick

oxide films

A study of the structure of the thick oxide films by
X-ray diffraction gave information about the strain and the
texture of the oxide but the growth morphologies such as
grain size and the scale microstructure cannot be obtained
by this technique.

The scanning electron microscope (SEM) is very
suitable for the study of the microstructure of the scale due
to its high resolution and depth of field(104). These obser-
vations will complement those obtained by X-ray diffraction

and give a more complete description of the oxide structure T

in the thick film range. Surface oxide topography is obtained

directly without special preparation. The sample cross-

sections are prepared by cutting the sample in half, mounting

%
LH
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\
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in room-setting plastic and polishing. The microstructure
can be revealed by a suitable etch previously described in
this thesis.

4.6.1 Results for the (100 nickel face.

The oxidized samples upon examination by the naked
eye exhiﬁit a uniform greenish color. At low magnification
the surface has a "sandy finish" appearance. The bigh magni-
fication micrographs taken with the SEM are shown below.

Fig. 4.6.l(a) is a surface view of a sample oxidized for 100
hr at 500°C. The picture clearly shows grains with a
uniform distribution in size. No abnormally large grains,

terraces or ledges are observed. The surface view of another
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sample exposed for the same period at 700°C is shown in fig.
(b). The general features are similar to the previous sample.
Exposure at 800°C for 25 hr lead to some growth irregularities
as shown in fig. (c¢). Regions of uneven thickness énd
differences in grain structure are seen in the micrograph.
Exposure to 50 hr at the same temperature does not lead to
any drastic change in the microstructure but after 100 hr, well
defined geometrical grains are seen extending from the surface,
fig. (d). Most of the grains exhibit a rectangular shape
which is probably defined by low indices crystallographic
planes.

The oxide cross-sections of the samples oxidized for
100 to 120 hr are shown in fig. 4.6.1(e)-(h). The most
noticeable feature common to all these cross-sections is the
presence of two distinct oxide layers in the scales. The
outer layer is characterized by relatively columnar grains
and the inner layer by equiaxed grains. Close examination
of these two layers revealed that there exist significant
differences depending on whether the oxide is formed at high
or low temperature. Fig. 4.6.1(h) is a micrograph of a
sample oxidized at 800°C. Note that the boundary between
the two layers is rather diffuse and that the average grain
size of the two layers is not much different. If one compares
this with the micrograph of a sample oxidized at 600°C, shown
in (f), one immediately sees that a very well defined boundary

and a large difference in grain size exist between the two
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a N (b)

(c) (4)

" Figure 4.6.1

(a) Surface view of a sample oxidized at 500 °C for 100 hr x 3800
(b) Surface view of a sample oxidized at 700°C for 110 hr x 2100
(c) sSurface view of a sample oxidized at 800°C for 25 hr x 2000
(d) Surface view of a sample oxidized at 8006°C for 120 hr =x 1800
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* grain size determined by linear intercepts
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layers. 1In addition considerable porosity is observed in the
inner layer. From the micrographs of these cross-sections an
average grain size in the outer oxide layer and an average

ratio of the thicknesses of the two layers can be determined.

The values obtained are summarized in Table 4.6.1.

TABLE 4.6.1

SEM RESULTS FOR THE (100) NICKEL FACE

Sample Tempera- Ogidation Oxide thick giZ?iaggze Average rgtio
number ture (°C) time (hr) ness (u) in outer of outer/inner
layer (u) * layers
5 800 16 4.7 1.13 0.8 + 0.1
7 800 25 7.8 1.28 1.0 £ 0.1
14 800 48 11.4 1.76 1.2 £ 0.2
12 800 120 14.2 1.87 2.1 £ 0.5
16 700 50 6.8 0.92 3.0 £ 1.0
15 700 110 10.7 0.78 3.2+ 1.1
18 600 . 50 3.5 0.63 1.2 £ 0.3
17 600 115 5.9 1.03 1.9 + 0.8
19 -500 104 2.1 0.25 1.2 + 0.4

The following conclusions can be made in view of the above
observations.
(a) The average grain size of the oxide increases with

temperature and exposure time.

S T CA SO o PSR A AT LB R
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(b) The oxide cross-sections show the presence of two
distinct layers at all temperaturessand thicknesses investi-
gated. The ratio of the thicknesses (outer/inner) increases
with exposure time but seems to be independent of temperature.
The ratio was not constant within a given sample and the maxi-
mum variation was found at 700 °C.

(c) From the examination of many micrographs, it can be
said that the structure of oxide on the (100) face is very
uniform; i.e. the same type of microstructure was found at
all temperatures and across the whols thickness range.

4.6.2 Results for the (110) nickel face.

Similar results obtained for the (110) face are

presented in the following micrographs. Fig. 4.6.2(a) is a

|

I

surface view of a sample oxidized at 600°C for 100 hr. The e 5ﬁ
]

micrograph clearly shows regions of uneven thicknesses with

different grain structures in each region. The structure of

P e o I Rty

a sample exposed.at 700 °C for 100 hr is shown in fig. (b). "3
Growth features such as nodules, regions of uneven thickness

and noticeable difference in grain size are seen in the micro-

graph. The same types of features are observed on a sample

oxidized at 800°C which are seen in fig. (c). These

observations are illustrated by two micrographs taken at

different sections of (c¢). Fig. (d) is a magnified picture

of the thin region. Well defined geometrical shaped grains

are seen extending from the surface forming a sort of

stepped structure. Fig. (e) is a magnified view of the
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thicker region. Grains with a variety of shapes forming a
rather flat surface are observed in this fegion. In

addition, a marked difference in grain size exists between the
two regions.

The cross-sectional views of the oxide from the same
samples are shown in fig. 4.6.2(f)-(1). The sample at 600°C
is seen in (f). A very diffuse boundary deliniating two
1ayers could be distinguished at several areas; however, no
marked difference in the grain structure is seen between
the two layers. The cross-section at 700°C is shown in (g).
Note the fine grained and slighly porous region near the metal

interface. The outer region shows some elongated grains but

at the same time very large and equiaxed grains are also

present. The structural varieties of this sample are :;,i
illustrated by another micrograph shown in (h) taken at the
same magnification. Note the difference in thickness and
grain structure in the two micrographs. The structural
varieties are also observed in a sample oxidized at 800 °C
shown in fig. (k)and (l). Note again the difference in
thickness, grain morphology and the lack of a two-layer
structure. In spite of the large spread in size distribution,
an average grain size was determined from many micrographs.

The results are summarized in table 4.6.2.
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Figqure 4.6.2 (a) Surface view of a sample oxidized at 600°C
for 100 hr x 1200

9.
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Figure 4.6.2 (b) Surface view of a sample oxidized at 700 °C
for 100 hr x 600
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Figure 4.6.2 (a) Surface view of a sample oxidized at 600°C
for 100 hr x 1200

Figure 4.6.2 (b) Surface view of a sample oxidized at 700°C
for 100 hr x 600
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Figure 4.6.2

(c) Surface view of a sample oxidized at 800°C X 1100
(d) Magnified view of the thin region of (c) x 2200
(e) Magnified view of the thick region of (c) x 2200

[3-g IR SV
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Figure 4.6.2

(c) Surface view of a sample oxidized at 800°C X 1100
(d) Magnified view of the thin region of (c) x 2200
(e) Magnified view of the thick region of (c) x 2200
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Figure 4.6.2 (f) Cross section of a sample oxidized
at 600°C for 100 hr x 4600

(g9) (h)

Figure 4.6.2 Cross section view

(g) Sample oxidized at 700°C for 100 hr x 1900 1900
(h) Same sample as (g) but at different film section X
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Figure 4.6.2 (f) Cross section of a sample oxidized
at 600°C for 100 hr x 4600

(9) (h)

Figure 4.6.2 Cross section view

°C for 100 hr x 1900

(g) Sample oxidized at 700
different film section x 1900

(h) Same sample as (g) but at
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Figure 4.6.2 (f) Cross section of a sample oxidized
at 600°C for 100 hr x 4600

(g9) (h)

Figure 4.6.2 Cross section view

(g) Sample oxidized at 700°C for 100 hr x 1900
(h) Same sample as (g) but at different film section X 1900
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Figure 4.6.2 (k) Cross

section of sample oxidized
at 800°C for 100 hr x 1800
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Figure 4.6.2 (1) Cross

section of same sample

film section x 1800
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Figure 4.6.2 (k) Cross

section of sample oxidized
at 800°C for 100 hr x 1800

Figure 4.6.2 (1) Cross

Section of same sample
as in (k) but at different ;
film section x 1800




Sample Tempera-
number ture (°C)

41
43
44
45
51
49

TABLE 4.6.2

SEM RESULTS FOR THE (110) NICKEL FACE

800
800
700
700
690
600

Oxidation Oxide thick-
ness (u)

time (hr)

67
100
50
100
50
100

* grain size determined from top view

Average
grain size
of oxide gas
interface (u)

1.90
2.48
.94
l1.62
.40*
0.71

The following comments can be made concerning the

structure of the oxide film of the (110) face:

()

temperature and exposure time but the grain size is 10-40%
largei than the oxide on the (100) nickel face at 700 and
800 °C.

(b) The étesence of a duplex scale is not observed at any

temperature and oxide thickness.

(c)

to the_(lOO) face.

The average grain size of the oxide increases with

145

Ratio
of two
layers

single layer

single layer :

single layer

single layer
?

Two layers

(not always
observed)

The structure of the oxide is not uniform when compared

Growth nodules, differences in thicknesses

and in grain structure are frequently observed.
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4.6.3 Results for the (111) nickel face.

The surface view of an oxide formed on the (111)
face at 500°C for 116 hr is shown in fig. 4.6.3(a). The
picture exhibits light and dark regions indicating some
variations in film thickness. In addition marked differences
in grain size are also observed. The same general features
are present in a sample oxidized at 600°C. The micrograph
shown in (b) is from a sample oxidized at 700 ‘C for 130 hr.
Some growth "nodules" are seen on the lower left of the micro-
graph but the remaining grain structure is rather uniform.
Exposure to 48 hr at 800°C results in some growth irreqularities
as shown in fig. (c). The micrograph exhibits regions of
different thickness and microstructure. Note that the shape
of the grains although well defined still does not show a
regular geometrical shape. The simple geometrically shaped
grains become however visible after 100 hrs exposure. This
is seen in fig. (d). Note that a variety of shapes are
present. They are not overwhelmingly rectangular as in the
case for the (100) face.

The oxide cross-sections are shown in the following
micrographs. Fig. 4.6.3(e) and (f) are from a sample oxidized
at 600°C. The presence of two layers is clearly in evidence,
The outer layer shows the familiar columnar grains and the
inner layer the equiaxed grains. Note however that the
difference in grain size is not large. This feature is quite

different from the (100) sample oxidized at the same tempera-
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(9)
(h)

(9) (h)

Figure 4.6.3 Cross section view

Sample oxidized at 600°C for 114 hr x 1400
Same sample as in (e) x 4400

Sample oxidized at 700°C for 50 hr x 1700
Sample oxidized at 800°C for 115 hr x 1800
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Figure 4.6.3 Cross section view

(e) Sample oxidized at 600°C for 114 hr X 1400
(f) Same sample as in (e) x 4400

(g) Sample oxidized at 700°C for 50 hr X 1700

(h) Sample oxidized at 800°C for 115 hr X 1800



ture and exposure time.

sectional view at 700°C is shown in (g).

(see fig. 4.6.1(£f)). The
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cross-—

Again note the

presence of two layers and the difference in grain size. At

800 °C the boundary between the two layers becomes more diffuse

and a difference in grain size is less evident.

illustrated in fig.

(h).

This is

As before, the average grain size

of the oxide in the outer layer and the ratios of the two

layers were determined from these micrographs and the results

are summarized in table 4.6.3.

Sample Tempera-
number ture (°C)

22
23
26
28
36
33
37

800
800
700
700
600
| 600
500

Oxidation
time (hr)

48
115
50
70
53
114
116

TABLE 4.6.3

SEM RESULTS FOR THE (111) NICKEL FACE

Average
Oxide grain size
thickness of outer
layer
6.4 1.60
8.0 1.91
5.0 1.23
8.3 1.32
5.6 0.59
2.7 0.66
0.7 0.47*

* Grain size determined from top view of sample.

In view of the previous obser

Average ratio
of outer/inner

layers
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vations made on the (100)

and the (110) faces and the results obtained above

the following

A
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conclusions can be made:

(a) The oxide formed on the three single faces of nickel in
the temperature and thickness ranges investigated are composed
of small grains which grow during the oxidation process. The
growth rate of the oxide grains on the (111) face is smaller
than the (110) but slightly larger than the (100). The
difference in growth rates is more noticeable at 700 and 800 °C.
(b) The cross-sections of the oxide on the (100) and (111)
metal faces show a distinct two-layer structure characterized
by columnar grains at the oxide/gas interface and by usually
smaller equiaxed grains at the oxide/metal interface. The
ratio of the thicknesses of these layers increases with
exposure time but on the (100) face it seems to be |
independent of temperature while on the (111) face it shows

an apparent small increase with temperature. The structure

of the oxide formed on the (100) face is most homogeneous.

It also has the highest thicknesses ratio (outer/inner) at

all temperatures (except one run at 800 °C for 48 hr.) The
structure of the oxide on the (110) face does not exhibit a
two-layer structure and at the same time shows large difference
in film structure.

4.7 Oxidation kinetics. Results from a gravimetric investi-

gation.

We have reported from our structural investigations
of the oxide films that there exist significant differences

in the structure and growth morphology associated with the
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difference in crystallographic orientation of the three
crystal faces of nickel.

Parallel to these differences, a marked anisotropy in
reaction rate and oxidation behaviour of the three crystal
faces have also been observed. These differences are
illustrated by the graphs shown in figures 4.7.1(a)-(c).
In these graphs, the weight gains of the metal faces in pure
oxygen at 400 tor pressure and at the temperature of 500 ,
600 , 700 and 800°C, as recorded by a Cahn microbalance,
are plotted versus time. These results were obtained by
Dr. R. Herchl(*).

The following conclusions are immediately evident

upon examination of these graphs:

a) The (100) crystal face exhibits the largest rate at all

temperatures. Typical values for the weight gain are 1.7 mgg :
cm e
for the (1060), 0.5 mgo for the (110) and 0.8 mg0 for the E .
 cm cm2 o
(111) after an exposure of 100 hours at 700°C. In addition

the oxidation curves for this face are smooth and exhibit
continuously decreasing slopes with exposure time.

b) The (111) and (110) faces oxidized much slower than the
(100) nickel face with the (110) more rapid at 500 and 600°C.
This order was reversed at 700 and 800 °C.

¢c) The oxidation curves for the latter two faces show abrupt
changes in reaction rate, these changes being most frequent

(*) Post doctoral fellow of the Institute for Materials
Research
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for the (110) face. Those specimens which exhibited
anomalous reaction changes gave rise to oxide scales con-
taining blisters or cracks when examined under the SEM(los).
It would appear that besides having large differences
in weight gain, these crystal faces also exhibit differences

in oxidation behaviour. These differences will be discussed

and correlated to the structure in the next chapter.
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CHAPTER 5

DISCUSSIONS OF RESULTS

5.1 General Considerations

In the previous chapter the structures and growth
kinetics of the superficial oxide layers formed on three
crystal faces of nickel at temperatures in the range from
500 to 800°C have been presented. The results show that
differences occur in the numbers and types of orientations,
in oxide grain growth, in morphology of the scales and
concurrently in oxidation rates of the different metal faces.
In the present chapter a structural model for growth of the
oxide layers based upon these observations is advanced to
seek correlations between the morphological development of i
the oxide on the different nickel crystal faces. This model
when combined with nickel diffusional properties may then be
used to account for the observed kinetics of the (100) and
(111) nickel faces. Using the results obtained from the
structural investigations, namely the size and the growth rate
constants of the oxide crystallites, the values are calcu-
lated for the boundary diffusion coefficients of nickel in
the oxide films on the above two metal faces. Finally

correlations between the oxide structures and the oxidation

kinetics will be presented.
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5.2 Structural considerations

5.2.1 Development of the oxide structure

It has been shown that exposure of a single crystal
face of nickel to oxygen results in the formation of an oxide
film consisting of an aggregate of crystallites with many
different orientations. The crystallites on each metal face
are not however randomly distributed but exhibit definite
textures which appear to be dictated by both the metal sub-
strate and oxide growth. The orientations, moreover, are not
rigidly fixed by the metal substrate but change with oxidation
time. The orientations found in this investigation are summa-
rized and illustrated in the diagram shown in figure 5.2.1.

The diagram is constructed to show the different orien-
tations over different thicknesses of the oxide layers. The

results in the thickness range 300 - 5000 A were obtained by v

e -

transmission electron microscopy; those at oxide thickness

greater than 1M were obtained by reflection x-ray diffraction.

These results are given in chapter 4, sections 2, 3 and 4. o
In the diagram the nickel is represented by a square and the

oxide by a circle. The lines drawn across the circle or

square are the close packed direction (cpd) and the number of

lines represent the number of cpd present in the plane, the

angle between the lines representing the angles between these
directions. The family of crystallographic planes is shown

in the braces (only planes which are parallel to the metal are

considered). The number before a brace represents the number

b
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of equivalent orientations in cases where there are more than
one orientation; for example 3 {211} means there are three

R *
equivalent {211} planes.

The (100) nickel face. This metal face is characterized

by two cpd 90c>apart. A total of five different oxide 6rien—
tations have been observed in the film approximately 300 A
thick. All these orientations contain a close packed
direction which has been shown by a large amount of evidence
for different substrate-film systems in the literature to be
parallel to the cpd in the metal. The (211) and (233)
orientations have been found to occur in multiple of six
(figure 4.2.1(g)). These multiple orientations deserve to be
mentioned since they have been previously reported(64). Among
the six orientations, two of them can have their cpd parallel
to the two cpds in the metal, the remaining four have their
cpd at #30° from the <110> directions in the metal. These four
types of arrangements are thus not compatible with the
symmetry of the (100) face and comments about these orientations
are given in appendix B(3). The (111) orientation has been
observed to occur in a multiple of two. These two orientations
are however equivalent and simply arise by matching one of its
cpd to the two cpds in the metal. These types of orientations
and all others have been reported in the literature.

Changes in orientations are observed with increasing
exposure to oxygen. The most noticeable change was the

disappearance of the multiple orientations of the (233) and

* see Appendix B(3)
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(211) planes, but the single (211) and other low index planes
continue to be observed. With further increase in exposure only
the (100) and to a much lesser extent the (111) planes and
polycrystalline rings are found. This latter type of pattern
is consistently observed over the whole exposure‘range from 40
min to 6 hr, which indicates a rather uniform film structure.
Thus the changes in orientation of the oxide crystallites appear
to occur within films less than 1000 A thick. Results from
X-ray diffraction of the thick films in the micron range (1-14u)
show a very strong preferred orientation on the (100) or (111)
planes (Table 4.5.1). These orientations are parallel to the
metal substrate and are the same major orientations present
in the thin film. It would appear that these orientations
are simply extending from the already existing major orien-
tations of the oxide crystallites in the thin film and as a
result, a strong preferred orientation, characterized by a
high texture coefficient has been observed in the scale. The
microstructure of a scale when seen in cross-section in the
SEM shows the presence of two oxide layers. The outer layer
consisted of columnar grains and the inner layer of equiaxed
grains (Fig. 4.6.1). With increasing exposure and temperature
the interface between the layers became more diffuse.

There are several features particular to the oxide
formed on the (100) nickel face. Only five orientations of
the oxide were observed with the (100) as the most dominant

orientation in the thin films and the (100) and (111) in the
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thick films. An qxide scale was composed of two layers. The
thickness ratio of the outer columnar to the inner equi-axed
layer was the highest with respect to the layers formed on the
three metal faces. A strong preferred orientation was also
present. The combined (100) and (111) texture coefficients
accounted for more than 80% of all the orientations observed.

The (110) nickel face This face is characterized by the

presence of only one cpd and a total of eleven different

oxide orientations have been found. Among the eleven orien-
tations, the (210), (310) and (123) are minor since they were
seldomly observed. The remaining eight were frequently found

and all contain at least one cpd which has been confirmed by

many investigations to be parallel to the cpd in the metal.

The large number of orientations also include the presence of

high index planes such as the (433), (411), (322) and (311).

Among these high index planes only the (411) has been previ-

ously found(ss). Thus three new orientations have been
identified. Cathcart(S) has reported by X-ray diffraction studies
that the oxide formed on this face in the same temperature and
pressure range to be polycrystalline. Since the X-ray tech-
nique is not very sensitive to minor orientations, the authors
could only conclude from the large number of observed reflec-
tions that the oxide is polycrystalline. Pu and co-workers(so)
have also reported the " 110 fibring" type structure for the

oxide formed on this face. The authors have probably referred

this type of structure to the series of planes including the
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very high.index planes which all share a common <110> direction
(Fig. 4.3.1(b)) since they did not specifically attempt to
identify all planes present; It would appear from the above
observations that the three new orientations reported in this
investigation were probably observed by other workers but they
have not been reported in the literature;

With increase in exposure, changes in orientations are
observed but these changes are gradual. The reflections from
the high index planes gradually disappear in the polycrystalline
background and only the low index planes continue to be observed.
There is, however, no preference for an unique orientation like
for the (100) metal face since up to four orientations were still
present even after 4-5 hr of exposure. The (100) preferred
orientation as shown by the X-ray diffraction studies only
dominates in the scales 1-10u thick. This orientation, more-
over, was not a major orientation in the thin film as evidenced
by the low frequency of its appearance. It would thus appear
that the (100) is a preferred plane which develops during the
growth of the oxide. This preferred orientation is not very
strong but it appears to increase with oxide thickness. The
(100) preferred orientation has also been observed in the
oxidation of polycrystalline nickel after long exposure to
oxygen(39).

The microstructure of the oxide scales when viewed in
cross-section did not exhibit the presence of equi-axed and

columnar oxide layers (Fig. 4.6.2). In addition, the oxide
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crystallites showed a broad distribution of size across the
scale. It would thus appear that the absence of a two-layer
structure and the lack of a strong preferred orientation may
be related. It is not suggested, however, that a columnar
layer of oxide could not develop on this metal face at longer
time since the preferred orientation was increasing gradually
with the scale thickness.

The other features particular to this face which deserve
to be mentioned are the presence of cxide twins (Fig. 4.3.1(f))
and regions of the oxide where a (100) single crystal pattern
is observed (Fig. 4.3.2(g)). For all cases where twins could
be positively identified, twinning always occurred in the
parallel orientation, (110) Nio || (110) Ni, and on the (111)
plane. The indexing of the twins indicated that the twin
boundary is perpendicular to the surface. The mechanism for
the formation of these twins is not known but these types of
twins have been frequently observed in many vapor deposited
sYStemS(lOG'm?'loa)and probably érise during the coalescence
of the nuclei. The presence of the (L00) single crystal
pattern in a‘rather "éolycrystalline" film is rather surprising;
however, results from LEED studies(so) have shown that this
orientation was favoured on the (110) nickel face, under
certain favourable conditions.

It would thus appear that the characteristic features of

the oxide formed on the (110) nickel face are the occurrence of
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a large number of orientations, a slow change in the structure
resulting in a small degree of preferred orientation along
with the lack of evidence for formation of a columnar outer

layer in the scale.

The (111) nickel face. This metal face is characterized

by three cpd 60° apart. The total number of different oxide
orientations observed was five. 1In the thin films approxi-
mately 500 A thick, multiple orientations were present. The
(211) and (233) planes contain only one cpd and up to six
equivalent orientations have been identified. Three of these
orientations have their cpd 60° apart and they thus satisfy

the condition for parallelism of cpd with the (111) metal

face (type A). The remaining three orientations would possibly
lie with their cpd parallel to the <112> directions on the metal
(Type B). Diffraction results of nickel oxide while still on
the metal substrate indeed prove this to be correct(64). The
(111) oxide orientation has three cpd and only two orientations
have been found. These two types of oxide arrangements can be
simply explained in a manner similar to the above orientations.
These latter oxide orientations have also been reported in

the literature(64).

With a slight increase in exposure time (10-15 min.) some
rearrangement in the oxide did occur since the diffraction
patterns then showed the presence of only 3{211}, 3{233}
and 1{111} (Fig. 4.4.7(b)). It is not possible to know upon

examining a film removed from the metal substrate which type of
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orienpatiqn has_disappeared; however, one can safely assume
that the oxide having one of the cpd parallel to the <112>
difection in the metal (Type B) does not satisfy the close
packed rule (CP-rule). Consequently, it is not stable and
gradually disappears.

With increasing exposure to oxfgen, the (111) ofientation
becomes most dominant and the reflections from the (233) plane
become weak. The (211) and (011) continue to be observed for

some time. Finally, after long exposures from 4-6 hr,

considerable polycrystallinity is found. This polycrystallinity,

which is observed on every section of the film (Fig. 4.4.5(b))
indicates that the structure is rather uniform. Some preferred
orientation is however present as evidenced by the arcs on the
3rd (220) ring (Fig. 4.4.5(c)). The appearance of more than
six arcs on the (220) ring indicates that the oxide can have
more than one type of preferred orientation. There are possi-
bilities for two types of (111) preferred orientation or other
planes containing the 220 reciprocal lattice points. The rare
occurrence of the arcs on the (111) and (200) rings, however,
permits one to only conclude that some preferred orientation
occurs on the (111) plane. This assumption is confirmed by

the results from X-ray diffraction (Fig. 4.5.3). The large
degree of polycrystallinity in the film over this thickness
range has also been reported by other investigators(64).

X~ray studies of the oxide scales in the micron thickness

range show the development of a strong (111) preferred orien-
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tatiqn. The degree qf preferred orientation increases with
oxide thickness as indicated by the texture coefficient (fig.
4.5.3) and it is higher than that for the oxide on the (110)
metal face but lower than that for the (100) face. The micro-
structure of a scale when seen in cross-section also shows the
presence of equi-axed and columnar oxide layers (Fig. 4.6.3).
The thickness ratios (outer/inner) of these two layers are in
general smaller than those for the_(lOO) face. (Compare Tables
4,6.3 to 4.6.1) No twins have been identified, but as for the
oxide on the (110) face, the presence of dislocations are
sometimes observed.

The structural development of the oxide on the metal face
is thus very similar to that for the (100) face. The major
orientation in the thin film range corresponds to the preferred
orientation in thick scales. Both scales exhibit relatively
high texture coefficients and the presence of equi-axed and
columnar layers.

5.2.2 Morphological development of the oxide layers.

It has been shown in the previous section that the
oxide undergoes structural changes during the oxidation process
and that the most rapid changes seem to occur when the films
are less than 3000 A thick. These structural rearrangements
of the crystallites are also accompanied by crystallite growth.
The behaviour and magnitude of the growth during the first few
hours of oxidation are illustrated in figures 4.2.8(b), 4.3.7(b)

and 4.4.7(b). The graphs show that the average size of the
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crystallites on the three metal faces remains constant during
an induction period for 30-40 min. The size of the crystal-
lites in the induction periods, D,, is about 300-400 A and
it does not differ much from one metal face to another.
These observations are in agreement with the results of
Cathcart(s) who has found that the oxide films formed on the
same single crystal faces over the same temperature and
pressure range, also exhibit crystallites ranging from'200-
500 & in size independent of substrate orientation and

film thickness. This induction period was also observed by
Perrow and co—workers(7) in the oxidation of polycrystalline
nickel.

The growth kinetics of the crystallites on the three
metal faces as indicated by the above graphs are however
different. These differences are reflected in the changes of
the distribution curves with exposure time (Fig. 4.2.8(a),
4.3.7(a) and 4.4.7(a)). The (100) face shows a grain distri-
bution which changes relatively little with exposure time
(Fig. 4.2.8(a)). This behaviour reflects a normal growth
process(109) which is probably due to the dominance of the
(100) oriented crystallites in the films less than 5000 A thick.
The oxide on the (111) face, which was also of high preferred
orientation, shows some changes in the distributioh curves.
The largest changes, however, were found on the (110) face
(compare figures 4.3.7(a) and 4.4.7(a)). This latter face

exhibits the largest number of oxide orientations.
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The average crystallite sizes of the oxide on the
three metal faces are approximately the same after 5-6 hr of
exposure. The size range is 700-800 A and any difference is
within the range of experimental errors. The results from
SEM studies, nevertheless, show that large differences in
oxide grain size exist after 50-100 hr of exposure, (compare
Tables'4.6.1, 4.6.2 and 4.6.3). The oxide on the (100)
nickel face has the smallest rate of grain growth along with
a highly columnar structure and the highest preferred
orientation. All these findings are consistent with the
general observations on solids that a strong preferred
orientation is usually observed in materials exhibiting colum-
nar structure and that this preferred orientation impedes
grain growth(log'llo). The oxide on the (110) metal face
exhibits the largest grain growth rate and also the lowest
preferred orientation. The oxide on the (111) face shows a
larger rate of grain growth and lesser preferred orientation
than that for the oxide on the (100) metal face. It would
appear that the oxide on the (111) and (110) metal faces
undergoes considerable structural alteration which is
reflected‘by the larger grain growth rates and frequent
appearance of dislocations. The grthh behaviour qf the
crystallites, as represented by the figures 4.2.8(b), 4.3.7(b)
and 4.4.7(b), are similar in form to those obtained for

.. (111) .
recrystallization and grain growth in solids . It will

be established in the section on oxidation kinetics (section
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5.3) that these general features are compatible with theory
for grain growth and a proposed diffusion model. Good
agfeement is found between the values for the growth rates
determined from structural investigations and those predicted
from the analysis of the oxidation kinetics.

5.2.3 Oxide growth model

The morphological development of the oxide
structure in the thickness range from 3004 to 14y has been
discussed in detail in the previous section. In order to
present an oxide growth model from the early stage of oxygen
adsorption to the growth of the scales, reference will be
made to the literature extensively reviewed in chapter 2.
However before discussing the model, it is important to
consider the effect of sample preparation on the structure of
the oxide.

Although it has been long realized that the
oxidation behaviour of a metal depends upon the physical
nature of its initial surface(llz), the results from this
investigation yield several new findings on metal surface
structure. The observations reported in section 4.1 have
shown that the superficial structure of a metal single crystal
can be profoundly altered by surface preparation. Mechanical
abrasion leads to a surface exhibiting a polycrystalline
structure (Fig. 4.1.2) which extends at least 5-10u into
the underlying metal. Electropolishing produced a smooth

surface which is however covered with a residual oxide film
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consisting of oriented crystallites (Fig. 4.1.4). Annealing
by either a conventional anneal at 10~° torr or a high vacuum
anneal at 10_10 torr produced a nickel surface having identical
crystallographic structures (Fig. 4.1.5). Presumably the

oxide film was destroyed by dissolution of oxygen into the
metal.

Nickel oxide exhibits the same structure when formed
on a metal face which has been subjected to either of the two
types of vacuum anneals and then exposed to oxygen at pressures
in the range from 1073 to 400 torr at 500°C. The oxide at
the early stage of oxidation was found to be polycrystalline
with the crystallites randomly distributed over the surface.
This finding was consistent with the results of Garmon(64) who
oxidized nickel faces at the same pressure and over the same
temperature range. The polycrystalline nature of the oxide
film was not observed when the nickel surface was exposed to
very low pressure of oxygen and for a very short time (10"9
torr-sec to 102 torr-min). The results from LEED studies
given in section 2.3.1 indicated that the intermediate "O-Ni"
structures are observed which then lead to the formation of an
oxide exhibiting single crystal properties. The observations
from LEED and our observations are all consistent with the
theory of Kenty and Hirth(33) who have applied classical
heterogeneous nucleation theory to the development of epitaxy.

The basic tenets of the theory can be simply stated

as follows. Atoms from a gas phase which is supersaturated

|
1
|




with respect to the bulk solid phase, strike the surface and
either immediately rebound or are adsorbed and become
thermally equilibrated with the substrate. The adsorbed
atoms (adatoms) through statistical fluctuations in concen-
tration, form small clusters which grow and decay by the
addition or loss of single atoms. The formation of a cluster
is energetically favcrable when a critical size is reached
and at which time further growth is assumed to be favored
and rapid.

The driving force for the nucleation process is the
volume free energy change for the transformation from adatoms

to the bulk solid phase, AGV, given by the expression:

AG, = == 1n N1 (5-1)
v N.
le

where v is the atomic volume, Nj is the actual adatom concen-
tration and N;, is the equiiibrium concentration with the
bulk solid phase. In the usual experimental case the adatoms
are in equilibrium with the gas phase, and the volume free

energy change is

AG, = 5% 1n 2Tk (5-2)
A v L A
Po
where J;.., is the impingement flux of atoms from the beam

2 .
striking the substrate (atoms/cm sec), and P 1S the

equilibrium vapor pressure of the bulk solid phase at the
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substrate temperature T. For a typical spherical cap-shaped
nuclei, the activation free energy for nucleation when the
cluster reaches a critical size, R*, is given by the

expression:
16Ny 3£(06)
2
3AGv

AG* = (5_3)

where y is the surface energy of the condensing phase,
£(0)= %(2-3 cos O + cos®0@) and O is the equilibrium contact
angle. The radius of the critical size nucleus,

= "2y

R*
AGV

(5-4)
is independent of the contact angle. At the steady state, the

nucleation rate J EE%lEi can be regarded as the product of

cm sec
13)
(1 and the

the concentration of critical sized nuclei
frequency with which adatoms join the critical nuclei. The

expression for the nucleation rate can be written as:

%
Js AG* AG -AG_ ~AG*
7= 4y a Ng J3mp ( ) exp ( des sd ) (5-5)

~AG,, 3MkTi*? kT

In this expression, a is the adatom jump distance, Ng is the
number of nucleation sites on the surface, AGges and AGg g are
the activational free energies for desorption and surface
diffusion, and i* is the number of atoms contained in the

nuclei.

It is assumed that the nuclei on the surface are

composed of only two types. "epitaxial” and "random" which are
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identical in every aspect except for the difference in the
magnitude of the interfacial free energy between the sub-
strate and the epitaxial nuclei, Yer the interfacial free
energy between the substrate and the random nuclei, Yo and

the interfacial free energy.between the substrate and the random

nuclei, Ye- The authors were then able to deduce the

following expression:

J

. 5 A ®
sind £(o.) AG* - AG

e e ( r ) ( X e) (5-6)
Iy sindp \£(6)

exp
kT

X
The term {f(@r1 originates from the weak dependence of
£(0,)

the Zeldovitch factor(114 on the contact angle 0@, which is
different for epitaxial and random nuclei (ye< Yy 0g< er).

By assigning arbitrary values for vyg and Y.,
several gualitative aspects of epitaxy can be deduced and veri-
fied from the heterogeneous nucleation rate equation. At high
temperature or low impingement flux, the supersaturation or
AGV is small and from equation (5-3), AG* is large and the
nucleation rate is correspondingly low. Thus epitaxy is
favored. Also from relation (5-4), the nuclei are larger
and thus fewer grain boundaries are formed. Conversely a
large supersaturation will produce a greater number of smaller
nuclei, thus favoring random nucleation.

Since the oxidation pressure ranges from 10-5 to
400 torr, thé metal is subjected to the experimental pressure

1013 to 1022 larger than the dissociation pressure of nickel
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oxide (its value is 2 x 10723 atm. at 500°C). Such a large
supersaturation, equations (5-1,4,6), could be expected to
produce a large number of small oxide nuciei randomly
distributed over the surface without any specific epitaxial
relations(91'64). After this oxidation stage, in which the
metal surface would become covered with randomly oriented
crystallites, considerable and rapid rearrangement could occur
leading to the development of the oriented films. These
considerations are consistent with the observations and the
results from this investigation.

It has been shown that tﬁe oxidation of a nickel
crystal face leads to the formation of an oxide film containing
crystallites or grains with many different orientations. The
majority of these orientations, hence the most frequently
observed are usually low index planes which contain at least
one cpd. The results available in the literature confirm that
these cpd would lie parallel to the cpd in the metal. The
"omni-presence" of this "CP-rule" or "CP-mechanism" leads to
a logical question: to what extent do the number of cpd in
the metal influence the type and number of oxide orientations?

Let us consider the different nickel crystal faces.
The (100) and (111) faces possess two and three cpd respec-
tively and only five oxide orientations, all of them low
index planes, have been found. The most dominant and the most
frequently observed was the parallel orientation. The (110)
face has only one cpd and up to eleven different oxide orien-

tations have been observed. Moreover, there are at least

s
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four preferred planes in the thin film and the final (iOO)
orientation only becomes observable in the scaling range.
It would appear that the presence of more than one cpd in
the metal substrate defines a rather rigid condition for the
oxide to satisfy. This condition appears to lead to a small
number of orientations and the dominance of the parallel
orientation. This parallel arrangement would be energetically
the most favorable since it minimizes the interfacial energy
whilst it maximizes the coincidence of the cpd. This seems
to be the case for the oxide on the (100) and (1l1l) metal
faces.

The presence of only one cpd of the (110) nickel
face would then define a less rigid condition and the oxide v%
has more freedom to grow. This would result in a large @
number of oxide orientations including the presence of the high
index planes such as the (433) and the (411). These planes,
however, must satisfy the less stringent condition of
possessing only one cpd parallel to the cpd in the metal.
This could possibly account for the relatively slow_struqﬁural
change in the oxide on the (110) face. There is nb preference
for an unique type of orientation and as a consequence, four
low index planes, the (011) (001) (111) and (211) continue to
be observed for long exposures. The (100) orientation only
becomes noticeable when the oxide thickness reaches the micron
range. The emergence of the (100) orientation in the thick

scale is probably due to the growth process, since it is not
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a major orientation in the thin film and it is also observed
in thé oxidation of polycrystalline nickel. Finally, it is
possible that twinning in the oxide which is frequently
observed on this face may be probably due to the less rigid
condition defined by the presence of only one cpd in the
metal.

It would appear from the above observations and the
results from the literature that the superficial oxide layers
develop as follows. Oxygen is initially adsorbed and enters
into solution in the metal. Adsorption leads to two-dimen-
sional nickel-oxygen ordered structures. At a sufficiently
high concentration of oxygen, oxide is precipitated as

(64,36)  phese nuclei, at first, are randomly

discrete nuclei
distributed on the metal substrate as a consequence of the

high supersaturation of oxygen in the gas phase for initiation
of nucleation. The diffraction patterns at this stage there-
fore show complete polycrystalline rings(gl).

Rapid rearrangement along certain crystallographic
direction at the metal/oxide interface could then occur as
nickel diffuses outward through the oxide film but it is not
however cémplete. The diffraction patterns accordingly yield
multiple orientations and orientations which do not satisfy
the"CP-rule". With increase in exposure, multiple orientations
and orientations which do not satisfy the "CP-rule" disappear

along with the high index planes. Finally the low index planes

which have at least a cpd parallel to the cpd in the metal are
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preferred and probably exist as stable orientations. At this
stage the preference for a specific orientation would depend
on the number of cpd in the metal. If the metal contains more
than one cpd, the most stable oxide orientation would be the
one which maximizes the coincidence of the cpd. This is

shown to be the case of the (100) and the (11l1l) metal faces
where the parallel orientation was frequently observed. The
importance of the "CP-mechanism" is not however limited only
to the Ni-NiO system. In an extensive review of 3000 papers
yielding 600 orientation relationships in thin-film-substrate

(13) ,.ve found that 86% of

combinations, Gerdes and Young
these relationships can be accounted for by the "CP-mechanism"
alone. This rule, however, remains as an empirical correlation
of epitaxial conditions.

The influence of the metal substrate would be expected
to decrease with the thickness of the oxide. Crystallites
which are formed when the film thicknesses reach a few thousand
Angstroms would not be strongly influenced by the substrate.
They are probably randomly distributed and thus contribute to the
polycrystallihe rings in the diffraction patterns which are
frequently observed at this thickness range. At this stage
one would expect a growth mechanism to dominate and a strong
preferred orientation is expected if the major orientations
present in the thin films are also the preferred growth planes.

This type of behaviour would then describe the growth pattern

of the oxides on the (100) and (111) metal faces. The (110)
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nickel does not exhibit a strong preference for a particular
type of oxide orientation in the thin film range but shows a
(100) preferred orientation after long exposure. It would
then appear from our results that both the (100) and (111)
planes can be the preferred growth planes in the Ni-NiO
system. These planes could be imagined as growing preferentially
parallel to the metal surface as adsorbed oxygen is incor-
porated into the nickel oxide layer at its outer surface by
the outward flux of nickel ionms. |

The studies of the microstructure of the scales of
the oxides formed on the (100) and (111) faces where a
relatively strong preferred orientation has been observed,

consistently show the presence of two distinct layers. This

observation which is more than coincidental would thus lead to

i
i

the conclusion that a strong preferred orientation is perhaps
responsible for the formation of the duplex scale. These
observations provide additional complexities to an already
controversial and unsettled argument now prevailing in the .
literature about the origin of these oxide layers. The
interface between the layers has been attributed to the
position of the original metal surface, to the inward
diffusion of oxygen in the lattice and grain boundaries and
also to the effects of impurities and plasticity in the oxide.
It would be difficult to justify these contentions since the
observations in this investigation show that the oxide formed

on the (110) face of nickel which contains the same amount
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of impurities and is subjected to the same oxidation condi-
tions as the other nickel faces failed to exhibit the two-
la&er structure. However, the association of the lack of a
two-layer structure with the absence of a strong oxide
preferred orientation may be perhaps incomplete. This rather
limited observation coupled with the insufficient and often
controversial results available in the literature would make
the proposal of a single mechanism.to explain the origin

of this layered structure too presumptuous. The argument

of Birks and Rickert(46) concerning the oxide plasticity and
the possibility of dissociation of the oxide at the metal/
oxide interface may play a role in the growth of the inner
layer and the good adherence of the oxide scale to the

continuously receeding metal interface.

5.2.4 Concluding remarks concerning the oxide structure.

The structure of the oxides formed on three crystal
faces of nickel has been shown to be different in the number
and types of orientation, in scale morphology and degree of
preferred orientation. These differences are believed due to
the crystallographic orientations of the metal substrate and to
the growth mechanism for oxide. The oxide has been found to
undergo structural changes during the oxidation process and a
trend common to the development of the oxide on the different
nickel crystal faces has been established. These structural
changes have also been observed in many thin-film-substrate

sYstems(lls'l]'G). The (100) nickel face shows the most
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consistent behaviour characterized by an uniform oxide film
structure followed by the (1l1ll) face. The oxide on the (110)
nickel face, besides having a low preferred orientation,
exhibits large differences in structure. The common
preferred growth plane in the oxide scales is in all cases,

a low index face, the (100) or (111l) face lying parallel to
the surface of the nickel substrate.

The dominance of these low index planes which also
contain the largest number of cpd would perhaps favor an oxide
over-growth model in which the metal substrate would play
little or no role in determining the final oxide orientation.
The proposed mechanism, however, remains speculative since
no direct observations have been made.

As it has been previously argued that due to the high
supersaturation of the experimented oxygen pressure, the oxide
film in the early stages of oxidation is composed of crystal-
lites with many different orientations. These crystallites
are probably highly mobile but exhibit little growth, since
the size of the crystallites is in the same order of magnitude
as the film thickness. This observation is substantiated by
the fact that the incubation period which has been observed in
both polycrystalline and single crystals of nickel,
seems to be independent of the substrate orientation.
Rearrangement of the oxide crystallites can occur during the
growth of the film but the final orientation of the oxide grains
will be determined by the crystallographic planes which contain
the largest number of cpd. This is highly probable since in

a NaCl structure these <110> directions can contain only
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nickel or oxygen atoms. The nickel atoms which diffuse out
can thus align themselves along these cpd and this mechanism
is perhaps responsible for the dominance of the two types of
planes in the final stage of oxide growth. 1In addition it
should be mentioned that both the (100) and (11l1l) planes are

also the most densely packed planes in a NaCl structure.

5.3 Oxidation kinetics

5.3.1 Consideration of diffusion model

The oxidation curves given in fig. 4.7.1(a)-(c)

when plotted according to the parabolic equation:

x2 = Kpt + C (5-7)

where X is the film thickne;s, Kp is the parabolic rate
constant, t is the time and C is a parameter dependént upon
the scale thickness show that parabolic behaviour is not
obeyed. Accordingly, Wagner's mechanism based solely on
lattice diffusion of a reactant is not satisfied. This
deviation from parabolic behaviour has also been observed by
other workers studying the oxidation kinetics of polycrystal-
line nickel at temperatures less than half of the melting
point of the oxide (21000°C). The non-parabolic behaviour
has led@ many investigators to suggest alternate mechanisms
and rate laws. Thus Uhlig(77) proposed a 2-stage logarithmic;
Engell and Hauffe(79) have derived the logarithmic, cubic and
fourth power laws. The main drawbacks of these relationships

is their limited range of applicability (for example, the 4th
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power law is valid only in the thickness range from 300~
600A), and their lack of consideration to the oxide struc-
ture and mechanism for reactant transport.

We have seen from the kinetics that deviations
from parabolic behaviour are extended over 100 hr of
exposure even at the highest temperature investigated of
800°C. 1In addition, our structural investigations have shown
that the oxide films are composed of small crystallites
ranging from a minimum of 200-300 A in size at 500°C to a
maximum value of 2-3u at 800°C. These observations coupled

(8) who has established a

with those made by Cathcart
definite relationship between reaction rates and density

and type of defects, define a need for a mechanism in which
various types of structural defects will play a role in the
transport of reactant in the growing oxide scales. Further-
more, an attempt to fit our data with the above proposed
rate laws failed to give satisfactory answers.

These considerations would then lend credence to a
modified parabolic equation which would take into account
the presence of the defects in the film and also account for
the changing rate with increasing exposure time. The pro-
posed model thus consists of defining an effective diffusion
coefficient in which both lattice diffusion and diffusion

via paths of low resistance offered by these structural

defects will contribute to nickel transport acreoss the




183

oxide layer. The diffusion coefficient based on the random
walk analysis, has been derived by Hart(117) and can be

written as:

Deff = Dl(l—f) + DB £ : (5-8)

where Dl and DB are the diffusion coefficients in the lattice
and in the line defect, f is the fraction of sites lying in
the low resistance paths. The condition for the Hart's"
relation to hold is 2(Dlt);i > 1d,'where 1d is the spacing of
line defects such as boundaries or dislocations. Perrow(l3)
has shown that this condition is satisfied for the case of
oxidation of polycrystalline nickel at intermediate tempera-
tures. The factor f is a time dependent function and can
adopt a purely phenomenological form based upon the structural
properties of the oxide.

The following forms of f have been successfully used
to interpret the oxidation kinetics of some metal oxide
systems. The first functional form of £ is a first oxrder
rate expression:

£(t) = £o e OF (5-9)
where f and o are two constants empirically determined to fit
the data. This model has been successfully applied by
Smeltzer and Kirkaldy(lls) to the formation of oxide films
on Zr, Hf and Ti. The second form of £, usually applied

to a polycrystalline aggregate can be expressed as:

£(r) = 24 (5-10)
D¢

e =

i
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where Dt is the diameter of the grain at the time t, and

d is the width of the grain boundary. Clearly both forms
of £ are decreasing functions of time. The mathematical
analysis given in the following section will test both site
models. The results indicate that most of the oxidation
data can be fitted to the second form of £f.

5.3.2 Mathematical analysis¥*

Referring to the derivation by Wagner previously
described in section 2.3.2(c) of this thesis, the rate of

thickening of an oxide layer can be written as:

dx Kr

=V
€ —
d eq

Substituting in the value for Kr for NiO, after making the 1
appropriate assumptions and using the proposed effective

diffusion coefficient, we have:

dx _ Ac -

where © is the volume of the oxide per nickel ion. Replacing

the D term by its equivalent, equation (5-11) may be
e

f£
expressed as:

ax _ Ac _ (5-12) y
at = Q X [DL(]. f) + DBf] |

* The calculations for error limits to the evaluation of the

oxidation parameters are presented in Appendix C.




Taking the value of 400 A as the diameter of an average
crystallite and 10 A for the width of the boundary, the value

for £ is .05. Therefore £ << 1 and the above expression can

be approximated to:

_ Ac -
g =@ — D + Q == Dy f£(t) (5-13)

which yields upon integration:

x2 = 20 Ac D t + 20 Ac Dy f:f(t)dt (5-14)

By differentiating X2 with respect to t,

2
ax _ £(t (5-15)
IE 20 Ac DL + 2Q Ac DB (t)

2 :
The expression g%— is equivalent to the instantaneous

effective parabolic rate constant Kp(t), at time t. The
values for Kp(t) can be obtained by taking the tangents to the
oxidation curves plotted in parabolic form. These values

have been evaluated by the finite difference method using a
computer. The expression 2Q Ac DL is the Wagner's parabolic
rate constant for lattice diffusion and is fixed for a given
oxygen pressure. The term 20 Ac DB is the line defect contri-
bution to the overall transport of the reactant. This
expression is assumed also to be constant for a given oxygen
pressure. We can thus define:

K. = 2Q Ac D (5-16)

L

and

K, = 20 Ac Dy | (5-17)

B
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Substituting in the expression for KL and KB in equation (5-15)

we obtain:

Kp(t) = KL + KB f(t) (5-18)

Clearly in the absence of short circuit diffusion, £(t) = 0
and the above relation is reduced to:

Kp(t) = KL

2
or %%— = KL and x2 = KL t +C . (5-19)

which is the familiar parabolic growth rate equation for a
reaction product layer governed by lattice diffusion of the
reactant.

5.3.3 Testing different models of f b

Let £ = fo e'mt where fo is the initial fraction

of nickel sites and o is an adjustable phenomenological |

coefficient. Using this form of f we can write:

9322_\= X +K £ e ot (5-20)
at L B ©
or
dx2 K - K f_e"0F (5-21)
at L B ©

The values of Kj can be calculated from the self diffusion
coefficient of nickel in the oxide. The calculations with
the appropriate assumptions are given in section 2.3.2(c)
of this thesis. The values on the left of the above

expression can be thus experimentally determined. Taking
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the logarithm of both sides:

1o [ ax? |
nlg - X, = 1nKgfo-at (5-22)

2
Clearly a plot of 1n (gég - KL) vs t should yield a straight

line with a slope of -o and an intercept of K_ fo. A plot of

B
this type for the three metal faces of nickel is shown in
figure 5.3.2(a). It can be seen from these graphs that the
curves are not linear but slightly curvilinear. The (100)
face shows the most consistent behaviour characterized by a
continuously decreasing rate with exposure time for all tempera-
tures. This type of behaviour is exhibited by the (111) face ]
except for the test at 600°C. Most of the runs of the (110)
face exhibit variable rates with time, a behaviour not {
expected from the proposed model of £. The lack of a fit to
a linear curve indicated that the first order rate expression
of f should be abandoned.

Let £ be now f(t) = %%- where D..is the diameter of

the grain at time t. If the grains grow during oxidation as

we have seen they do, the following general expression for

0 .
grain growth derived by Beck(ll ) may be applicable,
D2 - D2 =k.t or p_ = (kyt + Dz)!E (5-23)
t o 3 t 3 o

where D is the initial grain size and k3 is the growth con-
o
stant. The expression for f(t) is then:

2d

£(t) = (kqt + D2)% (5-24)
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and the expression (5-21) can be written as:

2
(gi_ - K ) - K 24
t L = >
B (kyt + Do)’f (5-25)

Squaring both sides and taking the inverse, we obtain:

2
dx2 : 2 = k3 t + e (5-26)
(d_t B KL) 42 a2 k2 a2
B
1
A plot off3y2 5 versus t should yield a straight line
dt ) p2
with a slope S = k3 and an intercept I = —__%—5_ .
4K 2d2 4KB d

3
The results from this type of plot are shown in figures
5.3.2(b) and (c). Linear relationships satisfy all of the
results for the (100) and the (111) faces except for one
run at 600 °C of the latter face. As illustrated by the
plots in Fig. 5.3.2(a), the results for the (110) nickel face are
not of a continuous decreasing value as required by the

functional relationship of equation 5-12.

5.3.4 Curves fitting of the experimental data

The good fit of the oxidation curves for the (100) '
metal face and for three of the four oxidation curves for the _W
(111) face to the second model of 'f' will now be tested and
justified by deriving an expression relating the thickness

(weight gain) to the exposure time from the parameters obtained
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in the mathematical analysis, namely the slope S and the

intercept I.

2g
If we substitute the expression of f£(t) = - X
(Dg + K3t)

into the expression:

2 _
X© = KLt + KB ff(t) dt (5-27)

and perform the integration, we obtain:

4K, d
w2 =xt+ Kgd [p2 ., e - %Ksd Do (5-28)
L k o 3
3 3
. p2 K+ f
Noting that the intercept I = o and the slope S = 3 , i
2.2 4K 4d 1
4xz%a p2d’
the above equation can be simply written as: 4
2
x* = x t + 2 (/T ¥5E - /) (5-29)

We have thus derived an expression for X2 in terms of a constant

KL and twvo experimentally determined values S and I. A test

of the model thus consists of calculating X2 from the values of

K r S and I and comparing these values with the experimentally

observed values. The results from the calculations are

graphically represented in figures 5.3.4(a), (b). The solid

line represents the calculated values and the experimental |
points by the circles. Examination of the graphs shows that R
good agreement is observed over a wide range of temperatures

and exposure time. This good agreement lends support to the

proposed model and allows the ratio of the boundary diffusion
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coefficient for the oxide on two of the nickel crystal faces

to be evaluated from the analysis.

5.3.5 Evaluation of the grain bnundary oxidation

diffusion constant for oxide grown on (100) and

(111) nickel faces

From the expression:

_ Ky (£) =Ky
£(t)

K (t) = K + Kpf(t) or Ky (5-30)

L

the values for KB can be calculated if Kp(t) and f(t) are
known. The values of Kp(t) as we have mentioned earlier, are
calculated from the tangents to the oxidation curves plotted
in parabolic form and the values for £f(t) = %% from #he
results of transmission and scanning electron microscopy.

The values for f(t) are chosen at the specific exposure time

where the oxide grain sizes are known. The results of these

calculations are summarized in table 5.3.5(a).
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Another possibility of determining the values for the boundary

diffusion oxidation constants is given by the slope S which is

' k
equal to 3 where k, is the crystallite growth rate
4KB2 a2

constant., The wvalues for k3 are calculated from SEM and TEM

data. The results are summarized in table 5.3.5(b).

Table 5.3.5(b)

Boundary Diffusion Oxidation Constants for the Oxide
on the (100) Nickel Face (evaluated from the slope S)

e .
e ]

3% A
TR B

ra5Y

Crystallites growth Kg
Tempiiz§ure co?z 322c;k3) Slope S (gzcm-4sec'1)
500 1.53x101 3.3x101° 3.4x10711
600 2.36x102 7.8x10%7 8.8x10”10
700 2.78x10°2 7.7x10%8 2.8x107°
800 1.11x10° 6.1x1010 6.7x1072

We can see that the Ky obtained from the slope S differ by

10-20% from the values calculated from the Kp(t) method. The

agreement is rather good considering the fact that the data on

grain growth are limited. The same type of calculations were

carried out for the (11l1l) face. The results are tabulated in

tables 5.3.5(c) and (d). Note again there is a good agreement

between the values of KB

Since this constant conta

obtained from the two different methods.

ins the boundary diffusion coefficient,

T
Ghads

;ﬁ
e
b
&
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Table 5.3.5(c)

Boundary Diffusion Oxidation Constants for the Oxide
on the (11l1l) Nickel Face (evaluated4from-KE(t))

Temperature Time Kp(t)-KL Kp
(°C) (hr) _ £(t) K_/K.=D. /D
(gzcm‘4sec 1). _ o (g?cm-ésec-l) B°L "B"L

500 (.25T,) 4 6.06x10-14  2.50x10°2  2.43x10"12  (1.1x107)
100 1.51x10" Y4  4.25x10-3  3.57x10712

700 (.35T) 50 1.61x10"Y2  1.63x10-3 9.89x10"10 5

70 1.12x10 1.52x10 7.35x10~10

800 (.4T) 48 3.01x10°12  1.30x10"3  2.30x107? .

115 2.81x10 1.17x10

1.65x10~2 i

Table 5.3.5(d)

Boundary Diffusion Oxidation Constants for the Oxide
on the (111) Nickel Face (evaluated from the slope S)

Crystallites growth Kg
Temperature constant (k,) Slope S 2 -4 -
(EC) (A2/sec) 3 (g%cm™ 4sec™)
500 5.0x10% 6.15x102T 4.5x1012
700 3.9x102 2.78x10%8 5.9x10" 10

17

800 5.5x102 3.70x10 1.9x10°
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its temperature coefficient will yield the activation energy
for this diffusivity. All the values of Ky were then plotted
in'Arrhenius form. The graphical representation is shown in
figure 5.3.5(a). A least square fit of each set of experi-
mental data yield an activation energy of 31.1 and 34.6 Kcal/
g-atom for the (100) and (111]) faces. These values were
found to correspond to about half of the activation energy
for true lattice diffusion (61.0 Kcal/g-atom).

it is also reasonable to assume an exponential tempera-
ture dependence of the crystallite growth constant which

would be of the form:

- E
ko = k§ e” 23 (5-31)

The values for the activation energy of crystallite growth

can then be determined. Results from least square fits give
21.8 and 13.6 Kcal/g-atom for the values of the (100) and (111)
faces respectively. Thus, the activation energy for crystal-
lite growth is largest for the oxide layer which exhibited

the most highly textured structure. The average of these

two values corresponds closely to the value of 19 Kcal/g-atom
expected for grain growth of the oxide formed on polycrystal-
line nicke1(72).

The two values for the activation energies for boundary

diffusion and for crystallite growth will further bear out

the validity of the proposed model if we accept the following
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argument. The expression (5-18) is:

1, = KgE(t)

t) - K
Kp( ) |
If we assume also an exponential temperature dependence for

the right part of the relation:

E

Kp(t) - K = Age™ gF (5-32)

an activation energy which is dependent upon energies for
bouﬁdary diffusion and crystallite growth can be determined
for the (100) and (111) faces. This type of plot for an
exposure time of 50 hr is shown in figure 5.3.5(b). The
values for the activation energy were found to be 20.0 and
28.0 Kcal/g-atom for the oxide on the (100) and (111) faces.

The expression KBf(t) can be written in the form

E 24
Kef(t) = KQ e~ B i (5-33)
B B 2 %
RT (D3 + kjt)
The results from transmission and scanning electron microscopy

allow the following approximations to be made:

D% >> Dg at time t = 50 hrs.

- E3 o
Thus D = (1‘31:)!E oxr D¢ = (kSt e BT )%. We can now write:
E 24 )
-E_ _ g0 -_B (5-34)
Ao e I-{T— KB e _R-'.E- ((ko t);ie - EJ_
3 2RT
or
._E. -1 E
A, e RT = By e g7 (Bg =3 (5-35)

2
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o
where B =,2dKB

o . Thus E = Eg - Ez (5-36)

(k3 t)% Z

The following tabulated values demonstrate that the predicted
and observed value of the activation energy E are indeed in

very good agreement.

Nickel face E Eg Ej (Eg - %E3)
(100) 20.0 31.1 21.8 20.2
(111) 28.0 34.6 13.6 27.8

5.3.6 Conclusions from studies of the oxidation

kinetics

The reasonable values obtained for the ratios of
boundary to lattice diffusion coefficients, for the activation
energies and the good agreement between different parameters
derived from the analysis are all consistent with the
assumption that the oxidation of the single crystal faces of
nickel in the temperature range investigated proceeds by the
diffusion of nickel via cation vacancies in the lattice and
short-circuit boundary paths set up by the growth process in
the oxide scales. A modified parabolic equation based on an
effective diffusion coefficient which decreases with exposure
time has been found to account satisfactorily for the oxidation
kinetics of the (100) and (111) faces. The validity of this
simple model is however limited. It cannot explain the

oxidation behaviour of the (110) face. This face shows large
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difference in structure and relative larger grain growth

which is probably due to the additional phenomena of extensive
recrystallization of the oxide occurring during the oxidation
process. Accordingly the simple model assumed in this
analysis must be expanded to account for the behaviour of

this particular face. The observations to the present, -
however, do not give sufficient information on the recrystal-
lization processes for advancement of a more detailed model
involving the influence of oxide crystallography on the
nature of the oxide crystallite boundaries acting as short i

circuit paths for nickel.

5.4 Correlations between the structure and kinetics

Perhaps the most important conclusion derived from this
study is that a definite relationship between the kinetics
and the structure of the oxide has been established. The
differences in reaction rates and oxidation behaviour of the
three metal faces have been shown to be related to the
differences in the structures of the oxide films and scales.
These differences are characterized by the number and type of
orientations, the grain size, the degree of preferred orien-
tation and scale morphology.

The (100) nickel face which exhibits continuous oxidation

curves for exposures extending to 100 hr., good reproducibility

and consistent oxidation behaviour also possessSes the most
uniform structure. The (111) face which shows some irregu-

larities in the kinetics, probably due to cracks forming 1n
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the scales, also shqws a relatively less uniform structure.

The (110) face exhibits frequent breaks in the oxidation curves
and poor reproducibility, and the scales have been shown to
have large differences in structure.

It was possible to correlate several features of the
oxidation kinetics and oxide structures for the (100) and (111)
nickel faces by a model involving nickel diffusion through the
superficial oxide layers via lattice point defects and short-
circuit paths at crystallite boundaries. The (100) face
oxidized more rapidly than the (111) face. This effect was
most marked at the lowest temperature examined, 500°C, and
the oxidation rates differed approximately by an order of
magnitude. The analysis demonstrated that this effect was
dependent upon the relative size of the crystallites in the
oxide layers and upon the boundary diffusion coefficients
which was an order of magnitude larger for the oxide formed
on the (100) face. This oxide exhibited a textured structure
involving both {100) and (111) orientation; the oxiée on the
(111) face was less textured but it exhibited predominately
the (111) orientation parallel to the metal surface. These
findings &ere consistent with the conclusion that a smaller
degree of crystallographic orientation in the oxide.led to
larger incoherency in boundaries and hence more rapid boundary

diffusion of nickel.
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE WORK

The anisotropy in reaction rates associated with the
structural differences in the oxide films and scales leads
to the following possibilities for further work:
1) The annealing of the oxide should be investigated. A
sample is oxidized for a given time and then annealed at the
same temperature for different times. Any change in the
structure can be monitored by the electron reflection
diffraction technique. The sample is then reoxidized and
any change in reaction rate can be related to the change in
structure. Meijering(lzo) has reported changes in the reaction
rate but correlations with the structure have not been
investigated.
2) The effect of crystallite size can be studied by oxidizing
the sample at very high temperature for a very short time to
produce large crystallites. The temperature is then lowered
and any change in reaction rate can be then related directly
to the grain size. It is feasible, moreover, that a single
crystal of nickel oxide containing only dislocations for short
circuit diffusion of nickel could be formed by this technique.
3) A sample can be oxidized completely, the grain size and

. .63 .
the texture coefficient then determined. Ni is then

206
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deposited and the sample is given a diffusion anneal at a
specific oxygen pressure. From the concentration profile
determined by the distribution of the radioactive isotope,
the grain boundary diffusion coefficient can be evaluated
for an oxide with a given texture coefficient.

4) It has been shown that the (111) face of nickel oxidizes
most slowly and that it possesses a reasonably adherent scale.
A polycrystalline nickel sample can be deformed and annealed
to give an (lll) texture. Oxidation rate as function of the
degree of preferred orientation can be then investigated.
This type of study could possibly lead to results having

application of industrial importance.
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CHAPTER 7

CONCLUSIONS

1. Under the specified oxidation conditions and sample
preparation, exposure of three single crystal faces of nickel
to oxygen results in the formation of an oxide composed of
small crystallites having different orientations. The

number and the type of orientations were found to be different
on the different metal crystal faces. These orientations

are summarized in table 5.2.1.

2. The majority of these orientations contain at least a

cpd which has been shown to be parallel to the cpd in the
metal. The preference for a particular oxide orientation in
thin films seems to be dictated by the number of cpd in the
metal. Thus, in the cases where there are more than one cpd
on the metal surface as in the (100) and (111) faces, the
parallel oxide orientation is preferred. This type of arrange-
ment maximizes the coincidence of the cpd between the metals
and oxide and probably minimizes the interfacial energy
between the oxide and metal.

3. The structures of the oxide undergo changes with oxidation
time and both the subSLraté and growth mechanism appear to
influence the final orientation of the oxide.

4. The microstructures of the scales on the (100) and the

208
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(111) metal faces show the presence of two oxide layers
consisting of equi-axed and columnar grains respectively.

The columnar layers showed strong preferred orientations.

The oxide on the (110) face exhibits a small degree of
preferred orientation and it shows no evidence of a two-layer
scale. Both the (100) and (11l1) oxide planes were found to

be the preferred planes in the Ni-NiO system.

5. The oxide films are composed of crystallites ranging in
size from a minimum of 300-500 A in the early stage of oxi-
dation at 500°C, to a maximum of 2-3u at 800°C after 120 hr

of exposure. The growth rates of the crystallites were found
to be different on the different metal crystal faces.

6. The oxidation kinetics of the three faces show anisotropy
in reaction rate and oxidation behaviour. A diffusion model
based on the simultaneous diffusion of nickel via lattice
cation vacancies and short circuit paths at the crystallite
boundaries has been found to account for the oxidation kinetics
of the (100) and (111) faces. These faces show consistent. oxi-
dation behaviour and relatively uniform structures.

7. The differences in reaction rates, according to the pro-
posed modél, can be accounted for by the difference in the values
of the boundary diffusion coefficients for oxide boundaries of
different orientations. The values for the activation energy
for diffusion in the boundaries were found to correspond to
approximately one-half the value for lattice diffusion. The

analysis also shows that short circuit diffusion is
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predominant in the oxidation of nickel at intermediate
temperatures less than one half the melting point of nickel
oxide.

8. Finally, a simple and direct correlation has been

established in several cases between the structure and kinetics.
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APPENDIX A

THE CONSTRUCTION’OF'THE'RECIPROCAL’LATTICE'PLANES

Due to its wave properties, when an electron beam
hits a crystal having a periodic structure, constructive
interference will give rise to a diffracted beam. The
direction of the diffracted beam with respect to the inci-
dent beam is related to the wavelength of the electrons and
the interplanar spacing of the crystal by the Bragg's
relation:

nA = 24 sin@.
where n is an integer, )\ is the wavelength, d is the lattice
spacing and © is the angle of reflection.

For an electron microscope operating at 100 KV, the
wavelength of the electron is 0.037 A and the radius of the
Ewald sphere is about 27 8-1 which is large compared to the
lattice spacing and it can be approximated to a plane. Thus
the most convenient way to interpret the electron diffraction
patterns is by means of the construction of the reciprocal
lattice planes whose detailed instruction is given in
reference (92).

The drawing of the three reciprocal lattice planes of
nickel viz. the (100), (110), (111) are given along with the

commonly found orientations of the oxide. They are drawn to
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scale so that the interplanar spacing between the metal and

oxide can be visually estimated.
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APPENDIX B
INDEXING OF THE ELECTRON DIFFRACTION PATTERNS
l, General considerations
The following interplanar spacings of NiO are given
in the ASTM index card no. 4-0835
d-spacing Relative intensity Miller indices Ratio of Sum of
(a) (%) (hk1) (@;77/9hk1)  (h¥+k*+1%)
2.410 90 111 1 3
2.088 100 200 1.16 4
1.476 57 220 1.63 8
1.289 16 311 1.92 11
1.206 13 222 2.00 12
1.044 8 400 2.30 16
.958 -7 331 2.51 19
.933 21 420 2.58 20
.852 17 422 2.82 24
.804 7 511(333) 3.00 27

In an electron diffraction camera, these interplanar
d-spacings will be at a distance R from a central spot of a

photographic plate given by the relation:

AL

R = q
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where A is the wavelength of the electrons, L is the distance
from the specimen to the screen and 4 is the lattice spacing.
The product AL is called the camera constant and usually
calculated from a known standard such as gold.

For a cubic system as in the case of NiO, the d-spacings

can be expressed by the Miller indices:

a

d = —
Rkl (h24x2412)%
where a is the cube edge. For each hkl plane, the distance

Rypky from the central spot can be written as:

Ry = AL (n24x2412)%
By substituting the calculated values of AL and a of
Nio, different values of Rpk1 can be calculated and compared
with those experimentally observed. Note that the d-spacings
are proportional to (h2+k2+12);i and thus the ratio of different

thl provide an independent check for the analysis.

2. Twinning in the oxide

Often twins are observed and the indexing of the twin
patterns can be complicated further by the presence of other
orientations. The indexing of the twins is treated in
reference (92). A brief analysis is presented here.

When an (hkl) reciprocal matrix lattice plane is twinned
on the (pgr), the resulting (h'k!1!) twin plane can be obtained

from the following relations:
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(k1] + [h*k*1!]= n[paz]
For a cubic system there exists a parallelism between the
(hkl) crystal plane and the (hkl) reciprocal lattice plane.
The twin indices can be calculated from the following

expressions:
_ 2 (ph+gk+kl)

p2+ q2+r2

_ p(pht2gk+2rl)
~  p2+g+r?

q(2ph+qk+2r1)
pz+qz+rz

kl

. r (2ph+2gk+xl)
1t = p2+q?+r?

(a) For a simple case where the twin plane is parallel to
the electron beam i.e. the twin axis is perpendicular to the
beam, the resulting (h'k'l') can be obtained by a simple
rotation of the (hkl) reciprocal lattice plane 180 degrees

around the twin axis [pqr}. (see for example figure 4.3.1(g)).

(b) For the general case, (h'k'l') can be calculated from

the above given relations. If (h'k'l') is a rational Relp it

can be directly superimposed on (hkl) with a proper orien-

tation. (see example given on page 144 of reference (92)).

3. 1Indexing of pattern 4.2.1 (9)

The pattern is given in page 57 of this thesis. The

first ring closest to the center of the pattern can be indexed

r -
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as the 11l1. It contains 12 equally spaced diffracted spots.
Examination of all the reciprocal lattice planes of NiO in
the appendix (A) indicates that only the (011), (211) and

the (123) contain the {111} reflections. A brief inspection
will quickly eliminate the (011) Relp, since the 200 séots
are absent. Consider now the 311 and 222 rings which are
respectively the 4th and the 5th. These rings can be quickly
identified by their being closely spaced. (The sum of the
squares of their Miller indices are exactly 11 and 12). There
are also 12 equally spaced diffracted spots which can be
accounted for by the rotation of the (211) Relp six times
around the center. The (211) Relp is shown in the appen-
dix (A). Consider now the 331 (7th) and the 420 (8th) rings.
These rings are also close to each other; the sum of their
Miller indices are respectively 19 and 20. There are 12 sets
of 2 closely spaced diffracted spots. Inspection shows that
the following reciprocal lattice planes: the (123), (233)

and (433) contain the 331 reflections. Symmetry consideration
will eliminate the (123) Relp, and a 6-fold rotation of both
the (233) and the (433) Relps yield similar configuration on
the 331 rings, but closed inspection of the higher order
reflections will rule out the (433) Relp. The schematic
drawing of the (233) reciprocal lattice plane is shown in the
appendix A of this thesis. The presence of the 12 equally
spaced diffracted spots on the 220 (3rd) ring can be rationa-

lized by the 6 (233) Relps, but it can also be explained by

A

2 REAE Y
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the commonly found orientation i.e. the (111) Nio // (001) Ni
with one of the close packed direction of the oxide parallel
fo the two close packed directions of the metal. This con-
figuration will give rise to the 12 diffracted spots on the
3rd ring. Indeed, inspection of the higher reflections such
as the 422 (9th) ring justified this interpretation.

In conclusion the pattern can be indexed as:

2(111), 6(211), 6(233) Nio // (001) Ni.

The two (111) orientations are justified by the symmetry of
the (001) metal substrate but the 6(211) are not. Both the
{(211) and (233) contain the [011] close packed direction.
This direction can be parallel to the two in the metal
substrate. This arrangement will only explain the presence
of 4 diffracted spots on the 111 and 220 rings.

It is also possible that the (111) crystallites are
slightly tilted with respect to the electron beam. Indeed
an inclination of 19 degrees will bring in the (211) plane
but the question may arise why only 19 degrees tilt? The
(221) and (321) planes can be obtained by tilting the (111)

fifteen and twenty two degrees exactly yet these two planes

are not observed.

Twinning in oxide should also be considered. Twinning
in any of the {111} planes of the (111) and (211) reciprocal
lattice planes will give the {511} and {255} or {271}
twinned reciprocal planes. These planes have not been found
in the diffraction pattern.

Another possibility is that the (111) oriented oxide

Q‘
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crystallites are formed first and the (211) and (233) are
subséquently formed on top of these (111) crystallites;

this interpretation will justify the 6 closed packed
directions for the (211) and (233) orientations. It is diffi-
cult to justify the presence of the 6(211) orientations in
terms of the symmetry of the metal substrate but a smali
trace of impurity such as graphite can alter the influence

of. the substrate. In this case, these types of orientations
are possible. Finally, it should be mentioned that the same
pattern has been reported in the literature (64).

4., Indexing of pattern 4.3.1(b)

The pattern can be seen in page 82 of this thesis. It
contains only 2 {111} reflections. The reciprocal lattice
planes of the oxide containing these reflections are the (011),
(123) and (211). The (011) is easily eliminated by the
presence of only 2 reflections on the 111 ring and the
absence of the (200) diffracted spots. Symmetry considera;ion
of the higher reflections such as the 311 confirms the (211)
Relp. The evidence of the (123) Relp is also justified by
considering the reflections on the 331 and 420 rings after
matching the common 111 spots with the (211) Relp. The
pattern is not complete, however, unless one considers its
twinned reflections obtained by a 180° rotation about the
(111) twin axis. The (123) Relp is shown in page 223 of the
Appendix (A).

The 6 equally spaced spots on the 220 (3rd) ring

combined with the higher reflections such as the 422 and 440
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indicated that the (111) orientation is also present.

The superposition of the 3 above mentioned orientations
still leaves 4 unaccounted reflections on the 311 (4th) ring.
The angular relationship between these reflections are 50°
and 1300. By picking out 2 random reflections such as the
(131) and (113) and taking the dot product, the angle between
these reflections was found to be 50°. A cross product
yields the (411) zone axis. Thus, by plotting the (411)

Relp and comparing with the pattern, it was found that all
the reflections of the (411) Relp are accounted for by the
pattern.

If one repeats the same procedure to other diffracted
spots on the 331 and 422 rings, the (433) and (311) Relps
are obtained. The observed angular relationship coupled
with the symmetry of the patterns justify the presence of
these planes.

Note that all the (111), (211), (311), (411) and (433)
Relps contain a common close packed direction namely the
[011] direction. This is evidenced by the fact that all
these patterns can be superimposed by matching their
common {022} reflections. Their existence are in agreement
with the symmetry of the (01ll) nickel substrate which also
has a close packed direction.

The (321) reciprocal lattice plane does not have a
closed packed direction but it shares a common [111] direction
with the (211) Relp. Its presence can be rationalized as

being one of the six most densely populated Relps of the FCC
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system or by an inclination of only 10 degrees from the (211)
plane or a 22 degrees tilt from the (111) plane.

The twinned reflections of the (123) Relp can be
justified by their angular relationships. The angle between
the (420) and (331) spots and their twins are exactly 30 and
17 degrees which agree very well with observed values.
Furthermore, there are no possible combinations of any 420
reflections to give an angle of 30 degrees. The {411} Relp
can be obtained from (011) Relp by twinning on the (111).
Since the (011l) is not observed in the main pattern, this
possibility will not be considered.

5. Indexing the pattern 4.3.2(b)

The pattern is on page 86 of this thesis. There are
four reflections on the 111 ring and two 200 diffracted
spots which can be jdentified as belonging to the (011) Relp.
On the 311 ring (5th) there are four reflections not related
to the (011) plane. The angle between these reflections are
35 and 145 degrees exactly. A dot product between two
random reflections such as the 131 and 131 yield an angle
of 35 degrees and a Cross product gives the (310) zone axis.
By considering the higher reflections on the 331 ring, the
presence of the (310) Relp is confirmed.

The two orientations above however do not-explain the
complete pattern. There are still two rows of strongly
diffracted spots parallel to the EOQ]direction. The Miller
indices of these reflections are respectively 420, 422 and

442. 1Inspection of all the Relps in the appendix A indicated

TR



that the (210) coptains all the above reflections. Indeed,
a composite pattern made up of the above orientations after
héving matched their common 200 reflections account satis-
factorily for all the diffracted spots; The pattern can be
thus indexed as:
(011),(021),(031) Nio // (011) Ni.
[100] ~io // [110] wi

6. Comment concerning the pattern 4.3.2(e)

The indexing of this pattern has been explained in
detail in the section B(4). The two extra reflections on the
(200) ring have been assigned to the (210) Relp since all the
higher reflections are.found to coincide with the reflections
of other planes already present in the pattern. The (310)
Relp also contains the (200) reflections, however the lack

of correspondence of higher reflections rule out this

possibility.
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Appendix C

The experimental errors involved in the quantitative
measurement of some of the physical parameters in this thesis
will now be discussed along with the limitations of the instru-
ments and techniques used.

1. Lattice spacings measurement

For positive identification of the oxide film formed,
the lattice spacings of the oxide were calculated from the
SAD patterns using a calibrated camera constant (AL) determined
from a gold standard. The values for the d-spacings determined
from those measurements all agreed with the values reported
in the ASTM index card to less than 1%. Since nickel oxide
was the only oxide formed and reported, the use of certain
special techniques such as an internal standard was not neces-
sary. Perhaps the major source of error in the change of the
d-spacings was the presence of the elastic strain frequently
observed in the oxide film of this thickness range. Cathcart
et al(lZl), however, have shown that the elastic strain is
usually removed after the film has been stripped from the

metal substrate.

2. Oxidation kinetic curves

The oxidation kinetics curves which are expressed as
weight gain vs. time were obtained on a continuously recording
Cahn microbalance. The weight gain of the samples as recorded
on the chart was cross-checked by weighing the samples before

and after oxidation on a Mettler microbalance. The two values
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for the weight gain were found to agree to +20ug which
represents an error of 3% for a typical weight gain of .7mg
for a sample oxidized at 700°C for 50 hr. This error is
insignificant when compared with the actual reproducibility

of the kinetics curves which is in the order of 20-30%.

3. Evaluation of the parabolic rate constant,ggp(t)
From the oxidation kinetics curves plotted in para-
bolic form, the values for the effective parabolic rate
constant, Kp(t), at a given time can be calculated by taking
the tangent to these curves. The evaluation of the tangents

has been carried out by a finite difference method(lzz)

using
a computer. The technique consists of evaluating the |
coefficients for the best fitted polynomial to the seven chosen
points of the experimental curve. The derivative of the
function was then evaluated at the middle point. The confi-
dence limit claimed by this technique is 3%. Again the

error involved in the evaluation of the slope is much less
than the actual reproducibility of the experimental which is
in the order of 10-20%. (Typical values for the Kp(t) for the
(100) nickel face evaluated at 25 hr at 700°C are respectively:
8.87x10‘-12 and 7.01x10-']'2(gzcm-4 sec”1)).

4. Evaluation of the activation energy for grain boundary

diffusion and for the growth of the crystallites

The values for the boundary diffusion constant (KB)
and for the crystallites growth constant K3/ which are
determined from the physical measurements, both contain an

activation energy term. The experimental results can thus be
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fitted to an Arrhenius expression of the form A = A, exp(- %ﬁ)-
A computer program based on a least square analysis has been
written for this type of data. The program yields the values
for Ay, E and a correlation factor R. A standard deviation
can be calculated from the values obtained and the uncertainty
in the values of Ao and E can be deduced from the standard

deviation. The following results have been obtained:

(a)' Boundary diffusion constant, Kg = Kg exp (- ;%)
(100) Face ' (111) Face
K‘l; = 2.3 ¢ 1.2x107° Ko = 3.0 & 1.0x1072
EB = 31.1 ¢+ 3.5 Kcal/g-atom EB = 34.6 * 2.3 Kcal/g-atom
R = .975 R = .989
o 23
(b) Crystallites growth constant, Kj = K, exp(- Ro)
(100) Face (111) Face
K3 = 3.2 ¢ 1.4x10° k) = 3.7 ¢ 1.2x10°
Ey = 21.8 * 2.0 Kcal/g-atom E3 = 13.6 * 1.5 Kcal/g-atom
R = .955 R = .992
5. Determination of the crystallite size

The size of the crystallites was determined from the DF
micrographs by the linear intercept method(123). The magnifi-
cation of the microscope was calibrated for different lens
settings using a replica of a diffraction grating of known
spacings.

The DF pictures are taken with the objective aperture

displaced to receive a diffracted beam and the image thus

formed can be affected by the spherical aberration of the
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objective lens. This spherical aberration has the effect of
elongating the image point along the direction joining the

central spot of the diffraction pattern(gz), The magnitude

of the elongation R is given by the expression:

3¢ A\%Aa
s _

R =
a2

where Cg is the spherical aberration, A is the wavelength of

the electrons, o is the angle the beam makes with the objective

axis and d is the lattice spacing. Taking the typical values

for 3¢, = 108 %, A = .04% and Aa = 1077

radian, an elongation
of 40 A was found with d = 2 A. This represents an error of
10% for an average crystallite of 400 A. This error, however,
can be reduced in the Phillip EM300 which is provided with a
tilting device to align the chosen diffracted beam along the
objective axis.

The size of the crystallites was measured to an accuracy
of .S5mm on enlaréed micrographs having an average magnification
of 50,000. This represents an uncertainty of 20% for a
crystallite having an average size of 500 . Taking into
account these different factors, an average error of at least

- 30% should be assigned to the determination of the crystallites

size.
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