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ABSTRACT

A small addition of elements with a high affinity to oxygen can have a profound
effect on the high temperature oxidation behaviour of many metals and alloys. In order
to explain the improvement in oxidation resistance, the research was conducted using Ni-
NiO as a model system of cation-diffusing oxides, and Ce as a typical reactive element.
Three essential techniques were employed to modify the surface of Ni with Ce and CeO,:
ion implantation, sol-gel technology, and reactive sputtering. The improvement of Ni
oxidation resistance was assessed by oxygen uptake measurements mainly during the early
stages but also for long-term exposures at temperatures between 873 and 1073 K in pure
oxygen, both at low and atmospheric pressures. The variety of oxides produced were
examined in detail by several advanced techniques including Rutherford backscattering
spectrometry, Auger electron spectroscopy, secondary ion-mass spectrometry,
transmission- and scanning-transmission electron microscopy equipped with electron and
x-ray analyzers, atomic force microscopy, infrared spectroscopy, and x-ray diffraction
techniques. In order to provide direct evidence regarding the mechanism of oxide growth,
a sequential oxidation using oxygen isotopes '°0,/'*0, was conducted.

After conversion to the form of ceramic coating, superficially applied CeO, sol-gel
significantly reduced the Ni oxidation rate as well as changing the NiO morphology and
internal microstructure. The extent of the effect depended on coating thickness, size of
CeO, particles, substrate surface finishing and preoxidation before coating. Under
optimum conditions, the reduction in the Ni oxidation rate achieved by sol-gel, reactive
sputtering, and ion implantation, was similar. It was found that Ni oxidation resistance
is controlled by a well-defined NiO sublayer that is composed of randomly-oriented NiO
grains and CeQ, particles. Moreover, in this sublayer, the Ce** ions segregate to the NiO
grain boundaries. At high temperatures, the Ce*" ions block the outward diffusion of Ni**



cations along the NiO grain boundaries while allowing the inward diffusion of O* anions
to continue. The “dynamic-segregation mechanism” is proposed in which Ce ions do not
statically block the NiO grain boundaries, but actively diffuse along them. It is suggested
that the NiO texture and microstructure, which are primarily influenced by the
crystallographic orientation of the Ni substrate, are of critical importance for the stability

of the reactive element concentration at NiO grain boundaries over the oxidation time.



RESUME

L’addition en faible quantité d'éléments ayant une forte affinité avec l'oxygéne peut
avoir un effet important sur les propriétés oxydantes de nombreux métaux et alliages.
Pour expliquer l'amélioration de la résistance a l'oxydation, la diffusion cathodique
des oxydes a été étudié sur un systeme Ni-NiO avec du Ce en tant qu'élément réactif.
Trois techniques de base ont été employées pour créer la surface du Ni + Ce et CeO,:
implantation ionique, technologie sol-gel, et craquage réactif. L'amélioration de la
résistance a l'oxidation a été quantifiée par une série de mesures effectuées
principalement au début de la réaction, mais également pour des durées importantes
d’exposition, ceci & des températures comprises entre 873 et 1073K, a hautes et basses
pression atmosphériques. La variété des oxydes produits a été etudiée en détail par
plusieurs techniques incluant: - les spectroscopies Auger, infrarouge, et ionique; - la
microscopie electronique retrodiffuse Rutherford ; - les microscopies a transmission et
a balayage équipées d'analyseur d'energie électronique et de rayons X ; - la
microscopie a force atomique ; - la diffractomeétrie par rayons X. Pour obtenir
explicitement les mécanismes controlant la croissance des oxydes, une oxydation
séquentielle a été faite en utilisant des isotopes d ‘oxygéne ('°0,/**0,).

Aprés sa transformation en couche de type céramique, 1'application d'un sol-gel
de CeO, réduit considérablement la vitesse d‘oxydation du Ni, et change la nature et la
microstructure de 1a couche d'oxyde NiO. L'étendue des effets dépend de I'épaisseur de
la couche, de la taille des particules de CeQ,, de la qualité de surface du dépdt, et de la
préoxydation avant revétement. Dans les conditions optimales, la réduction de la vitesse
d‘oxydation du Ni était la méme quelle que soit la technique de revétement utilisée
(implantation ionique, technologie sol-gel et craquage réactif). La résistance a l'oxydation
est contrflée par une couche interne d'oxyde bien définie, constituée de grains NiO

orientés aléatoirement, et de particules de CeO,. De plus, dans cette couche inteme une

iv



ségrégation d'ions Ce** est observée le long des joints de grains NiO. A haute
température, les ions Ce** bloquent la diffusion des ions Ni** vers 'extérieur des grain
NiO, alors que les ions O* continuent 2 diffuser vers lintérieur. “Le mécanisme de
ségrégation dynamique” est proposé pour expliquer comment les ions Ce ne bloquent pas
statiquement les joints de grains NiO, mais diffusent activement le long de ces demiers.
Il est suggéré que la texture et la microstructure de la couche d'oxyde NiO sont
principalement influencées par l'orientation crystallographique du substrat Ni, et que ce

sont des paramétres critiques pour la stabilité de 1a concentration en éléments actifs lors

de l'oxydation.
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CHAPTER 1. INTRODUCTION - OBJECTIVES OF THE STUDY

The protection of heat-resistant materials against oxidation is provided by the
formation of external oxide layers. Good protection requires the oxide to be slow-
growing, dense, and resistant to spallation. It was discovered by Pfeil exactly sixty years
ago [1937], that these qualities can be drastically enhanced by trace additions of certain
elements, having a high affinity to oxygen. Since then, countless observations have been
made of this so-called “reactive element effect”. Despite the extensive research performed
in this area, there is still little agreement, not only about what the effect is but, more
importantly, how a small addition of an oxygen active element can have such a profound
effect on the oxidation behaviour of many metals and alloys.

The study of the reactive element effect has made substantial progress over the last
decade due mainly to the application of more advanced analytical techniques, such as
secondary ion-mass spectrometry, Auger electron spectroscopy, field emission gun
scanning transmission electron microscopy and atomic force microscopy, which has
allowed the examination of the potential reactive element mechanism to move closer to
the atomic level. In the research described in this thesis, all these techniques will be used
to study the influence of the reactive element on the growth and structure of thin oxide
films.

The complexity of oxide growth on multicomponent alloys poses difficulties in the
explanation of the mechanism responsible for the increase in oxidation resistance by the
reactive elements. Therefore, pure nickel has been chosen for the purpose of this study.
Although, as reported by Rapp [1984], the oxidation of nickel is very controversial, it has
several advantages as a model system, including the fact that only one oxide (NiO) is

formed; structures obtained at intermediate temperatures are coarse enough to permit



microscopical examination; and the transport properties in NiO are relatively clearly
understood. Cerium was selected as a typical reactive element because of the possibility
of applying, using several surface techniques including ion implantation, reactive
sputtering and sol-gel technology. The experimental results obtained will significantly
advance the understanding of the reactive element effect to the point where a
comprehensive theory could be proposed.

The following objectives have been defined for this study:

- to assess the influence of superficially applied Ce on the transport properties and
microstructure of NiO thin films formed at high temperatures;

- to establish the role of Ni and NiO textures in oxidation inhibition by a surface
applied reactive element;

- to propose a coherent mechanism for improving oxidation resistance of Ni by

the surface applied reactive element.



CHAPTER 2. LITERATURE REVIEW

2.1. Fundamentals of Ni oxidation

At high temperatures nickel oxidizes to NiO. The oxidation rate decreases with
time, and the oxidation is generally considered to be diffusion controlled. The earlier
theory proposed by Wagner and Grunewald [1938], that the single layers of NiO grow
at high temperatures by the outward movement of electrons and cations through a metal-
deficit p-type oxide, appears to be at least approximately correct. Correspondingly, there
is a flow of defects, cation vacancies and electron holes in the opposite direction. As a
result, the driving force for the reaction is reflected by the concentration gradient of cation

vacancies across the oxide. The nickel vacancies are forrned according to the equation:
1/2 02 = OO + 2h' + VNi” (2.1)

where: Qg , 2h-, and V" represent oxygen ion, an electron hole in valency band, and

doubly ionized nickel vacancy, respectively, in the Kroger-Vink notation [Kroger, 1964].

2.1.1. Characterization of Ni oxidation product

NiO is the only oxide of nickel which is stable at high temperatures. It has an
NaCl structure with a lattice parameter of 4.177 A and a melting temperature of 2233 K
[Neuman et al., 1984]. NiO is approximately stoichiometric at its decomposition pressure,
while at higher oxygen pressures the oxide is metal deficient. The predominant point
defects in pure NiO are nickel vacancies. By virtue of the energetically close valence
states of the cation it is relatively easy for an electron to transfer from Ni** to Ni**, thus

reversing the charges of the two ions. The site Ni** is thus seen to offer a low energy



position for an electron and is called an “electron hole”. The formation of this defect
structure can easily be visualised if one considers the interaction of the NiO lattice with
oxygen shown in Fig. 2.1. In step (b) the oxygen chemisorps by attracting an electron
from a Ni* site thus forming a Ni** hole. In step (c) the chemisorped oxygen is fully
ionised forming another hole and a Ni** ion enters the surface to partner the O thus
forming a vacancy in the cation sub-lattice. Note that this process also forms an extra unit
of NiO on the surface of the oxide which should reflect in the density changes if

sufficiently sensitive measurements were made.

Ni** 0% Ni** O Ni** O* Niz* O%
O* Ni* 0* Ni* 0* Ni# o Ni¥*
NiZ" O + 120, Ni* O* —» Ni* 0* — 0O o Ni#
O* Ni* O* Ni* O@ad) O Ni* O (chem) O* Ni** O
Ni** O* Niz* O* Ni** O* N O

() Adsorption: 1/2 O, (g) = O (ad)
(b) Chemisomption: O (ad) = O~ (chem) + h-
{c) lonisation: O~ (chem) = O, + V', + h-

Overall reaction: 1/20, = Og + V'|, + 2h-

Fig. 2.1. Formation of a metal deficit p-type semiconductor, with cation vacancies and

electron holes by the incorporation of oxygen into the “perfect “ lattice [Birks and Mayer,
1983].

The process of vacancy formation is represented by equation 2.1 and the
equilibrium constant may be written as below, assuming that equation 2.1 represents the

only mechanism by which defects form:.
Cy2 Cuni- = K (po)'* (2.2)
By stoichiometry C,. = 2Cyy;- for electrical neutrality, and thus

C,. = const. (poy)™ (2.3)



The electrical conductivity is expected to vary proportionally to the electron hole
concentration and so with the sixth root of the oxygen partial pressure. A further
possibility, however, is that a cation vacancy may bond with an electron hole, i.e. in NiO
a Ni’* may be permanently attached to the Ni vacancy. In this case, the formation of

vacancies and electron holes, on oxidising, may be represented as:
1/20,=0g + h- + Vg (2.4)
In this case we find

Ci. = (o)™ 2.5)

Experimental results on the variation of electrical conductivity with oxygen partial
pressure have confirmed that both types of defect are found in NiO [ Eror and Wagner,
1969; Meier and Rapp, 1971; Kofstad, [972].

As a measure of the nonstoichiometry, y in NiO,,, amounts to approximately y =
10* at 1173 K and | atm O,. The temperature dependence of y at 1 atm O, can be
expressed by the following equation [Kofstad, 1972]:

y = Const. x {-80 000(J/mol)/RT} (2.6)

Thus, a low level of defects requires the use of high purity Ni substrates during

experimental studies, if the effects of impurities on NiO growth rate are to be avoided.

2.1.2. Diffusion properties of NiO

The self-diffusion along different paths in NiO has been reviewed in a number of
papers [Atkinson, 1984, 1985]. Although the available experimental results are not
extensive, they are sufficient for some detailed observations to be made for NiO and some
generalisations extended to other oxides. Data for both Ni and O diffusion along

dislocations and grain boundaries in NiO are presented in Fig. 2.2 and compared with the
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corresponding lattice diffusion coefficients.

Fig. 2.2. Diffusion coefficients of Ni and O in the lattice, in dislocations and along
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grain boundaries in NiO [Atkinson, 1984].

In the case of grain boundary diffusion, the parameter which is measured experimentally
is the product of the grain boundary diffusion coefficient and the boundary width. In the
case of dislocations it is the same parameter measured as for low-angle boundaries. If the
mean separation of dislocations in the low-angle boundaries is known, then the parameter
D,a’ can be deduced, where D, is the dislocation diffusion coefficient and a is the

effective radius of the dislocation, assuming it can be approximated as a cylindrical pipe.

In order to compare actual diffusion coefficients, the geometrical parameters and a must
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be measured. Experiments have been carried out to obtain a rough estimate of a and 8
[Atkinson and Taylor, 1979]. These experiments showed that both the width of the grain
boundary and the diameter of the dislocation are approximately 1 nm in NiO. Thus the
fast-diffusivity region is essentially confined to the core of the boundary or dislocation
and no significant contribution is made by the space charge region which surrounds the
boundary in ionic materials. The data in Fig. 2.2 show that diffusivities of both metal and
oxygen are enhanced in the boundary with respect to the corresponding lattice
diffusivities, but their relative order is maintained, i.e. the faster diffuser in the lattice is
also faster in the boundary. Moreover, the degree of diffusion enhancement is relatively
great with a typical difference of the order of 10°

In order to characterize the impurity diffusion in NiO, elements such as Co, Cr,
and Ce were selected. These ions are expected to be in charge states Co®", Cr**, and Ce**
and therefore represent a reasonable cross-section of impurity behaviour. They differ
widely in their solubility and segregation characteristics. While Co is completely soluble
in the NiO lattice and should not segregate appreciably to grain boundaries, Ce has
negligible lattice solubility and will dissolve only at grain boundaries. Cr falls between
these extremes, having slight lattice solubility and appreciable grain boundary segregation.

The measured grain boundary diffusion coefficients are summarized in Fig 2.3
[Atkinson and Taylor, 1986]. In the case of Co, it has been assumed that segregation to
the boundary is negligible and that the boundary width is the same as for Ni diffusion (1
nm). No assumptions were necessary for Ce since it is insoluble in the NiO lattice and
therefore its diffusion coefficient in the boundary is measured directly. For Cr the
experiments were analyzed in the way which allowed the segregation and diffusion
contributions to be separated in a self-consistent way. The diffusion coefficients are in the
order D, > Dy; > D¢, for both lattice and grain boundary diffusion, which reinforces the
view that grain boundary and lattice diffusion both take place by a similar mechanism.
The atomic characteristics that control impurity diffusion are not understood even for
lattice diffusion, but ionic charge is obviously important since, in general, the higher the

charge on the ion the more slowly does it tend to diffuse [Hoshino and Peterson, 1984].
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Fig. 2.3. Diffusion coefficients for some impurities in NiO grain boundaries (at an oxygen
pressure of 1 atm) compared with the corresponding lattice diffusivities. The boundary
width has been assumed equal to 1 nm [Atkinson and Taylor, 1986].

2.2. Grain-boundary diffusion in oxide growth at high temperatures

An extensive amount of data is now available on the oxidation properties of
transition metals and their alloys exposed to a corrosive environment at temperatures in
the range 600 to 1300 K. One may conclude from this that growth of oxide layers at
temperatures of up to half the oxide melting point is often dependent on the higher
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diffusion of metal and/or oxygen through the grain boundaries than through point defects
within the oxide lattice [Smeltzer, 1988].

Although there are no direct experiments which allow the mechanism of grain
boundary or dislocation diffusion to be identified, there is now a body of indirect
experimental and theoretical evidence to support the concept that a point defect (vacancy
or interstitial) is involved which is similar to a lattice defect. In NiO, an increase in
oxygen activity leads to an increase in the concentration of vacant sites and hence an
increase in the lattice diffusion coefficient for Ni. It is also found that the grain boundary
and dislocation diffusion of Ni in NiQO increases in a similar way [Atkinson and Taylor,
1979,1981]. This indicates that grain boundary diffusion of Ni in NiO also occurs by a
nickel vacancy mechanism and that the concentration and mobility of vacancies is greater
in the boundary thanr in the lattice. Since the grain boundaries are also important in oxides
modified with reactive elements, some aspects of their structure and transport properties

are discussed below.

2.2.1. Grain boundaries in ionic solids

Most of the concepts that have been developed for grain boundaries in metals are
also applicable to ionic crystals; however, there are three fundamental differences [Sutton
and Balluffi, 1995]. The first is that the repulsive electrostatic interaction between ions
of like sign is very strong, and the boundary will undergo relaxations and reconstructions
to avoid ions of like sign being nearest neighbours. Secondly, the presence of two or
more ionic species introduces the possibility of a greater variety of structures for a
particular boundary plane. Finally, the boundary core may acquire a net charge, which
must be compensated by space charge layers that can extend considerable distances into
the adjoining crystals. The net charge may arise either from imbalances in the formation
energies of intrinsic defects [Duffy and Tasker, 1984], or from the segregation of
impurities.

Grain boundaries in ionic crystals have not met with the same degree of agreement
between experiment and computer simulations as grain boundaries in metals. For example,

computer simulations of [001] symmetric tilt boundaries in NiO [Duffy and Tasker, 1983]
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were found to have very open structure. Fig. 2.4a shows the relaxed structure of the (310)
boundary obtained by minimizing the internal energy of the bicrystal at 0 K. It is seen
that electrostatic interactions favour ions of the upper grain lying directly above ions with
opposite charge in the lower grain, and the resulting structure has large open channels
along the tilt axis. Fig. 2.4b shows two distinct structures of the same grain boundary in

NiO deducted from high resolution electron microscopy [Merkle and Smith, 1987]. The

b
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Fig. 2.4. (a) The relaxed structure at 0 K of the (310) symmetric tilt boundary in NiO
seen in projection along the [001] tilt axis [Duffy and Tasker, 1983]; (b) structural
models of the same boundary in NiO deducted from high resolution microscopy
[Merkle and Smith, 1987].

comparison indicates that neither of the structures observed microscopically in real

material (Fig. 2.4b) is the same as that obtained from computer simulation (Fig. 2.4a)

2.2.2. Theory of oxide growth by lattice and grain-boundary diffusion
A phenomenological description has been advanced by Smeltzer et al. [1961] and

Perrow et al. [1968] to account for the oxidation process based on a model where the
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reactant migrates through the oxide lattice as in the model for parabolic oxidation. These

authors described the increase in scale thickness X by a Fick’s first law expression:

dX/dt = Q Ac DX Q.7

where Q is the volume of the oxide per reactant ion, Ac is the concentration difference
across the scale, and X is the layer thickness. Equation 2.7 gives the parabolic rate
equation when short-circuit diffusion may be neglected. If the fraction of surface
associated with boundaries is virtually constant during the early exposure stages, the
initial region of an oxidation curve will conform to a parabolic relationship in which the
effective parabolic constant contains terms for grain boundary and lattice diffusion.
When lattice and boundary diffusion contribute to mass transport in a solid
containing a random array of short-circuit paths, the effective diffusion coefficient D4
may be expressed as a weighted sum of the diffusion coefficients for lattice and grain

boundary diffusion [Heart, 1957]:

Dy =D, (1-f)+Dgf 2.8)

where D; and Dy are diffusivities for the lattice and intemnal boundaries respectively, and
f is the fraction of the total available diffusion sites lying in the low resistance dislocation
and boundary paths. The theory then models parallel outward diffusion of cations over

both lattice sites and grain boundary paths. Assuming a cubic grain shape, f is given by
f=28/E 2.9

where E_ is the grain width at any time, and 6 is the boundary width. The further

evaluation of the theory involves the substitution of Eqs. (2.8) and (2.9) into (2.7) and

subsequent integration; however, experimental observations must provide the functional

form for E,. Perrow et al. [1968] found a parabolic increase in NiO grain size for
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oxidation of Ni at 773 and 873 K so that

E2 - E2 =Gt (2.10)

where E, is the original oxide grain width and G is a grain growth constant. The

parabolic grain coarsening leads to the following rate of oxide thickening:

dX/dt = Q Ac/X [ D, + 28(Dg - D) / (E2 + Gt)'?] @2.11)

Matsunaga and Homma [1976] have revised and computerized this theory to permit a
grain size distribution in the scale, grains with differing boundary widths depending on
the grain boundary structure, an incubation time for the onset of scale growth and
recrystallization, and a variable n-th power law for grain growth. Examination of Eq. 2.11
shows that a metal may oxidize parabolically when short—circuit diffusion occurs in an

oxide layer, providing that the structure and the diffusivities remain time independent.

2.3. The "reactive element effect” in high temperature corrosion
Small additions of an element with a high affinity to oxygen, such as Y, Ce, Hf,

Gd, La, Zr, Ti, or Ca, enhance the protective characteristics of oxides on metals and
alloys. The reactive elements generally have atomic and ionic sizes which greatly exceed
those for metals, so they are not at all or only slightly soluble in metal oxides at high
temperatures. At least in the first approximation, the effects generated by various elements
are similar, and a typical list includes: i) a reduction in the oxidation rate, ii) an
improvement in oxide adhesion or resistance to spallation, and iii) an improvement in the
selective oxidation of Cr in chromia formers (i.e. less Cr is required in the alloy to
achieve a continuous chromia film). These macroscopic changes are accompanied by: i)
a change in oxide growth mechanism, ii) a modification of the oxide microstructure, iii)
a prevention of sulphur segregation to the oxide-metal interface, and iv) a reduction of

growth stresses.
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2.3.1. Methods of reactive element addition

In general, reactive elements can be added to the bulk or applied to the surface of
a substrate. While alloying would seem to be the simplest way of adding the element to
the system, success is limited because of metallurgical difficulties caused by the loss of
the reactive element from molten alloy into slag phases, rendering control of composition,
low ductility, and cracking during cold working, and low creep resistance at high
temperatures [Moon and Bennett, 1989; Stringer, 1989]. A reactive element oxide
dispersion, generally provides the best method for introducing the element uniformly
throughout the material. It has the additional benefit that the oxide dispersions improve
the creep resistance of the material by pinning dislocations [Dieter, 1974]. The drawback
of the dispersion is the fabrication. In order to achieve a uniform dispersion, powder
metallurgy techniques such as mechanical alloying are necessary [Ikeda et al., 1993].

While prior to the 1970s research was focused mainly on alloy additions, in the
last decades an emphasis has been put on other types of reactive element applications,
including surface implantation and coatings. Surface implantation has been found to cause
the growth of a more uniform scale than alloying. In such a scale, no oxide pegs or other
anomalies are found. Although in some cases the radiation damage associated with
implantation affects the oxidation behaviour, particularly at intermediate temperatures, in
the majority of systems the observed effects derived entirely from the chemical role of
the implanted element [Bennett, 1983; Galerie et al., 1985]. There appeared to be a
threshold dose for improved oxidation resistance, usually between 10'® and 10'® ionsfcm?,
while maximum inhibition was obtained with doses between 2x10'® and 10" ions/cm?
[Bennett et al., 1982; Hou and Stringer, 1988].

The limited time period of the effectiveness of surface implant has also been
occasionally explored. For example, Cotell et al. [1990] found that a Y-implant
(2x10'%/cm?) in Cr after 20 h exposure showed signs that the effect was diminishing. It
might be expected that in the absence of a continuing reactive element provision from the
substrate, the scale growth predominantly by inward oxidant transport provides reactive
element free oxide at the scale-substrate interface. Such a growth will result in the

eventual breakdown of scale adhesion, as was observed on Y-implanted alumina forming
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alloys [Bennett et al., 1980; Smeggil and Shuskus, 1987].
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Fig. 2.5. Schematic of the steady state of sol-gel dip process [Brinker and Scherer, 1990].

Coatings of reactive element oxides can be deposited by several techniques. In
addition to sputtering [Papaiacovou et al., 1990], some other methods can be used for the
same purpose. The reactive element oxide particles can be derived from: i) nitrate salts
in solution or molten [Landkof et al., 1985], ii) an oxide slurry in suspension in alcohol
{Saito et al., 1987], or an oxide sol [Moon, 1989]. Among the various precursors of
reactive-element oxide particles in a coating process, there is increasing interest in sol-gel
technology. The fluid sol is ideal for preparing thin coatings on surfaces with complex
geometry by dipping, spinning, spraying, or electrophoresis [Cannon et al., 1980; Roy,
1987]. A schematic of the steady state sol-gel dip coating process, showing the sequential

stages of structural development that result from draining accompanied by solvent
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evaporation and continued condensation reactions is given in Fig. 2.5. It should be
emphasized that sol-gel coatings were selected as a major technique of Ni-surface

modification in this study.

2.3.2. Attempts to explain the reactive element effect

Extensive investigations have been carried out during the last decades, and
numerous theories have been put forward to explain the reactive element effect, as
reviewed by several authors [Whittle and Stringer, 1980; Moon and Bennett, 1989;
Stringer, 1989; Saito and Onay, 1990; Pint, 1996]. Consistent with the reviews, the
existing interpretations do not provide comprehensive explanations for the observed
effects. At present, two major hypotheses are supported by researchers: the segregation
theory and the “poisoning interface” model. The first one assumes the change of the
relative magnitudes of cation and ion short-circuit diffusion by the reactive element ion
segregated to oxide grain boundaries [Przybylski et al., 1988; Cotell et al., 1990]. Details
of the mechanism responsible for blocking ion diffusion, related specifically to NiO
growth, will be discussed in this study.

The second theory suggests that all of the reactive element effects in chromia
formers result from the segregation of reactive element ions to the metal-oxide interface
[Pierragi and Rapp, 1988, 1993; Strawbridge and Rapp, 1994]. According to this theory,
for the growth of cation-diffusing oxides, the climb of some fraction of the interfacial
misfit dislocations into metal, is required. A dislocation at the metal/oxide interface (Fig.
2.6) annihilates cation vacancies or creates interstitial cations to support cation-vacancy
diffusion in the scale. If cation-vacancy annihilation, or interstitial-cation creation, is
prevented for some reason, then scale growth by cation diffusion cannot occur. In this so
called “poisoned interface” model, the relatively large, highly charged reactive element
ions segregate to and immobilize the interfacial misfit dislocations (Fig. 2.7) Thus, if the
climbs of the misfit dislocations at the metal/oxide interface were sufficiently blocked by
the pinning action of the reactive element ions, oxide growth by cation diffusion could

be prevented. As a result, the growth would proceed by oxygen diffusion via anion
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Fig. 2.6. Schematic illustration of the mechanism to effect vacancy annihilation in
cation-diffusing scales: (a) misfit dislocations at metal/oxide interface with equilibrium
separation s°; (b) the climb of misfit dislocations into metal and subsequent glide back
to the interface, resulting in separation s’ [Strawbridge and Rapp, 1994].

vacancies or interstitials.

There were also other models based on the ability of the reactive element to
eliminate sulphur segregation leading to poor adherence at the metal/oxide interface, as
demonstrated by Funkenbusch et al. {1985] and supported by Smialek [1987]. However,
the role of sulphur is primarily restricted to oxide adherence. The presence or absence of
sulphur cannot explain the change in the scale growth mechanism, nor does it appear to
affect significantly the scale microstructure [Smialek, 1988]. Other hypotheses about the
reactive element effect, based mainly on the interface phenomena, such as the void theory
[Stringer, 1966], and the interface bonding model [Anderson et al., 1985) have not been

experimentally proven to be fully consistent.

2.4. Previous work related to the oxidation of the Ni-reactive element system
A review of the literature shows that the vast majority of studies concerning the

reactive element effect deal with chromia and alumina scales formed on complex alloys
[Whittle and Stringer, 1980; Stringer, 1989, Saito and Onay, 1990]. The most extensive

research utilizing pure Ni to examine the reactive element effect was conducted by Moon
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Fig. 2.7. Schematic representation of the “poisoned interface” interpretation of the
reactive element effect. Large, highly charged reactive element ions segregate to the
metal/oxide interface, thereby pinning the misfit dislocations and preventing oxide
growth by cation diffusion [Pierragi and Rapp, 1993].

[1989] (see also Moon and Bennett, 1989). Moon extended the earlier studies by
Chadwick and Taylor {1984a,b] and coated Ni with CeO, using sol-gel technology
developed at Harwell Laboratory (U.K. Atomic Energy Research Establishment).
Experiments were conducted at 1173 K in 1 atm O, for long periods of time in order to
produce thick NiO scales. The major conclusion was that ceria coatings promoted
protective scale formation and restricted further attack of the oxidant by inhibiting scale
growth and spallation. The important mechanisms for that effect were identified as the
scale nucleation at reactive element oxide particles, blocking grain boundary diffusion by
reactive element ion-segregants, and reduction of stresses in the scale. At the same time,
Moon [1989], investigating oxidation of Ni with alloying addition of 0.6 wt.% Ce,
measured an increase in weight gain by 40-50% after 142 h at 1173 K. The large and
non-uniformly distributed ceria particles inside the alloy were blamed for a lack of
improvement. This is in contrary to experiments by Moosa and Rothman [1985] who
found the lower oxidation rate at 773-973 K of the Ni-0.1 wt.% Y alloy as compared to

pure Ni. However, the extensive measurements by Moosa et al. [1985] of the diffusion
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behaviour of NiO formed on the same alloy, led to conclusion that the addition of Y to
Ni does not change the grain boundary, sub-boundary and lattice diffusion coefficients of
Ni in NiO.

Nath et al. [1985] and George et al. [1989] doped the surface of Ni with Y using
ion implantation and observed a significant oxidation inhibition at temperatures between
773 and 1493 K. In all cases after oxidation, the Y implants were located near the
oxide/metal interface. An interesting finding of this research was that implants of La, Yb,
Ce and Si exerted the same influence on NiO growth at 973 K as Y did. Also Smeggil
et al. [1988] found that the Y implants decreased by half the NiO thickness after 620 h
at 1173 K. However, the same authors detected Y present approximately in the middle
of the NiO scale with a thickness of 18 pm. According to Hampikian et al. [1989], the
Y implants after oxidation at 1173 K yielded very uniform NiO which exhibited an
absence of the crystallographic relationship between the oxide and the Ni substrate.
Moreover, Hampikian et al. {1989] revealed that Y-implanted specimens had a more
porous oxide than had unimplanted Ni. This is contrary to the findings of Smeggil et al.
[1988], who found the reactive element doped NiO to be less porous than pure NiO. In
very recent studies by Strawbridge and Rapp [1994] and Strawbridge et al. [1995], the
oxidation inhibition was found to be dependent on the type of the reactive element. For
example, 20 times reduction in the parabolic rate constant at 1123 K, was achieved using
a 25 nm thick calcium coating deposited on Ni surface. After oxidation the presence of
Ca was detected inside the NiO layer.

The review shows that contradictory results were obtained concerning the influence
of oxygen active elements on the oxidation inhibition of Ni. The difference in the
substrates used by individual authors, especially the surface finishing techniques, substrate
purity, texture, dose of the reactive element, and the oxidation conditions unable us to
verify the role of specific experimental parameters in the growth of the reactive element
modified oxides. In order to achieve this goal, a detailed study performed on the same

material and under the same experimental conditions is necessary.
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CHAPTER 3. RESEARCH MATERIAL AND EXPERIMENTAL TECHNIQUES

3.1. Description of research material
3.1.1. Substrate material and surface finishing

The polycrystalline Ni used for oxidation was in the form of a rod with a diameter
of 9.5 mm and purity of 93.99% (A.D. MacKay Inc.). For some experiments, Ni in the
form of a sheet with a thickness of 1 mm and purity of 99.5% (Johnson Matthey Inc.)
was used, and this material is additionally indicated in the text. Specimens, of 1 mm in
thickness, were abraded with 600 grit silicon carbide paper, mechanically polished to |
pm diamond paste, cleaned ultrasonically, and annealed at 1173 K for 1 h in a vacuum
of 107 torr. The annealed nickel had an average grain size of 100 um (Fig. 3.1) and grain
orientation represented by the pole figures shown in Fig. 3.2. After this process two
methods of surface finishing were used: i) chemical polishing for 40 s at 363 K in a
solution of 3 parts nitric acid, 1 part sulphuric acid, 1 part orthophosphoric acid, and 5
parts glacial acetic acid [Johnson, 1987], and ii) mechanical repolishing with 1 pm
diamond paste for 3 min. Some samples were preoxidized at 673 K for 2 h in flowing
oxygen at 760 torr pressure, which produced NiO films having thicknesses of 54 nm for
the chemically polished, and of 124 nm for mechanically polished substrates.

The Ni single crystals with (100) and (111) orientations, of an ultra high purity
of 99.999%, supplied by Research Crystal Co., after spark cutting were sequentially
polished in 60% sulphuric acid and mechanically polished with 1 pm diamond paste. At
the final stage of surface finishing, the chemical polishing was performed in a solution
consisting of 65 parts of acetic acid, 35 parts of nitric acid and 0.5 parts of hydrochloric

acid.
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3.1.2. Surface modification with Ce and CeO,

Three different methods of Ni surface modifications with Ce and CeQ, as a typical
reactive element were employed: i) sol-gel coating, ii) reactive sputter coating, and iii)
ion implantation. High purity ceria sol having a concentration of 5 g CeO,/L. in 0.1 M
nitric acid, was prepared using the 20% colloidal dispersion supplied by Johnson Matthey
Ltd. To prevent the coagulation of CeQO, particles the 25 ml/L of nonionic surfactant,
Triton X-100, Aldrich Chemical Co. was added. The coatings were deposited by dipping
and draining a cold substrate. During drying for 20 h at room temperature in a desiccator,
water between colloidal particles was removed and the sol was converted into gel. To
transform the gel to a ceramic material, coatings were calcined at 573 K for 1 h in
oxygen at 760 torr pressure. The resulting coatings weighed between 5 and 110 pg/cm?.
Assuming fully dense CeO, and density of 7.1 g/cm® [Nelson et al., 1981], it corresponds
to a thickness between 7 and 154 nm.

The deposition of CeQ, coatings by reactive sputtering was conducted using a Ce
target sputtered with 8 keV oxygen ions in 3x10~ torr oxygen. The deposition energy was
only a few eV, thus causing no sample heating or mixing. Applied coatings had a
thickness of 4 nm.

Ion implantation was conducted with 150 keV Ce* to a dose of 2x10'® ions/cm? in
a Van de Graaff accelerator. This corresponded to a maximum concentration of 9 atomic
% Ce located at a depth of 22 nm. A small part of each sample was not implanted, in
order to have a reference surface for the purpose of comparison. To eliminate the effect
of radiation damage caused by ion bombardment and to modify the Ce distribution in Ni,
some implanted samples were annealed before oxidation at 1073 K for 1 h in vacuum of
10° torr (1.3x107 Pa). A schematic diagram of the preparation of Ni substrates for

oxidation is shown in Fig. 3.3.

3.2. Oxidation kinetic measurements
Oxidation kinetics under isothermal conditions, at temperatures in the range of

873-1173 K, and for periods up to 4 h were determined using an ultrahigh vacuum (UHV)
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manormetric system. The apparatus employed a sensitive capacitance gauge to follow the
pressure decrease with time, during oxidation. The specimen temperature was monitored
by a Pt/Pt-Rh thermocouple, which was spot welded to the sample. Experiments were
conducted at a total pressure of 5x10° +20% torr (0.67 Pa). For the gauge used, MKS
Instruments Inc. type 315, the uncertainty in these pressure readings was in the range of
0.5%. Before oxidation the system was evacuated to about 10 torr and then oxygen was
admitted to the system at 1 torr for 2 h to saturate the walls of the chamber. Specimens
were heated to the oxidation temperature at a rate of 100 K/min (polycrystals) and 200
K/min (single crystals) in the presence of oxygen. The presence of oxygen was necessary,
because the heating of coated specimens in a vacuum led to a coarsening of CeO,
particles.

Long-term oxidation for time periods up to 125 h was performed in a quartz tube
furnace in flowing oxygen at a pressure of 760 torr (10° Pa). Weight gains of oxidized

samples were measured gravimetrically after cooling to room temperature.

3.3. Characterization of the oxides

Several experimental techniques were employed in order to characterize the oxides
through examining the growth surfaces, fracture cross sections, polished taper sections and
thin foils.

3.3.1. Analysis of the depth composition of the oxides

Three different techniques of the examination of oxide depth composition were
employed: i) Rutherford backscattering spectrometry (RBS), ii) Auger electron
spectroscopy (AES), and iii) secondary ion mass spectrometry (SIMS):

The depth composition measurements by RBS were performed using 1 MeV *He*
ions at a scattering angle of 160° [Ziegler et al., 1985]. A maximum current of 2 nA was
used to ensure that the detector dead time was less than 1% and that beam-heating effects
were negligible. In some cases the samples were tilted through 45° with respect to the
analysis beam in order to improve the depth resolution.

Measurements by AES, using a Perkin Elmer PHI 600 system, were performed

while simultaneously sputtering the oxide with Ar* ions. The beam direction and
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sputtering angle were 40 and 50° respectively. The sample area analyzed by each of these
techniques was essentially different. During the AES measurements the sputtered area
was (45 pm)? and a small fraction of this region was analyzed, corresponding to oxide
grown on one grain of Ni. Using RBS, the analyzed area was about (700 pm)2. In this
case the information was derived from oxide grown on about 100 Ni grains.

For samples sequentially oxidized in '°Q,/'®0,, polyatomic SIMS analyses were
performed with a Physical Electronic SIMS-II system used in conjunction with a
differentially pumped ion gun operated with 4 keV xenon at 56° off the specimen normal.
The beam was focused over an area of 2x2 mm?, and was electronically gated to analyze
the central 29% of the sputter crater. Fundamentals of RBS, AES, and SIMS techniques
can be found elsewhere [ Chu et al., 1978; Loretto, 1984; Feldman and Mayer, 1988].

3.3.2. Examination of the growth surfaces and cross-sections

SEM was used throughout this study to image the oxide growth surface, fracture
cross sections, and polished taper sections. To prepare polished taper sections, the oxide
was covered with a conductive gold film by sputtering and then electrolytically coated
with Ni. After mounting in cold setting resin and mechanical polishing, some oxides were
etched electrolytically in a solution containing hydrochloric acid, glacial acetic acid, and
water with a ratio of 1:1:4.

A detailed analysis of the oxide topography was conducted using a Digital
Instruments Nanoscope III atomic force microscope (AFM). The microscope was operated
in contact mode using a 0.12 Nm™ Si;N, cantilever and in tapping mode with a pure Si
probe. Data files of 512x512 points were collected from the scan area, usually smaller
than 12.5x12.5 pm, depending on magnification. For topographical measurements, the

scanning parameters were set to collect the data without filtering or smoothing.

3.3.3. Thin foil examinations in electron microscopes

The majority of microstructural observations were performed on planar view thin
foils using a transmission electron microscope (TEM), a Philips CM12 equipped with a
Gatan 607 EELS (electron energy-loss spectrometer). During TEM observations the foil
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thickness was calculated from the EEL spectrum by the relation [Leapman et al., 1984]:

t=Aln(L/1) (3.1

where A is the mean free path for inelastic scattering, and /, and I, are, respectively,
the total number of electrons in the EEL spectrum and the number of electrons having
lost no energy. The value for A = 110 nm was taken from measurements by Malis et al.,
[1988]. Values of [, and I, were found by a computer integration of EEL spectrum.
Images were also analyzed by selected area electron diffraction (SAD) and convergent
beam electron diffraction (CBDP).

Microdistribution of the reactive element in the oxide was measured on thin foils
by a field emission gun, scanning transmission electron microscopy (STEM), a Vacuum
Generator Microscopes Ltd. HBS with a 3.5 nm electron probe and a windowless Link
detector (EDX).

To prepare the planar thin foils covering the total oxide thickness, the oxide films
were stripped from the substrate in a saturated solution of iodine in methanol. Because
of the small size of oxide pieces, special grids were used. To prepare the planar thin foils
located at a specific depth, discs with diameters of 3 mm were made by cutting the
oxidized samples with an ultrasonic drill and then grinding them from the opposite side.
After preliminary thinning of the nickel substrate by the electrolytic method, the discs
were epoxied between two metal apertures. The apertures were then masked with lacquer
and the remaining Ni was totally dissolved. In order to prepare cross sectional thin foils,
the samples were glued together along the oxide/gas interface. After mechanical dimpling
with boron nitride paste using Gatan dimpler, the foil was Ar ion milled to a final
thickness. Specimens for examining the oxide structure at different depths were made by
ion milling in a Gatan 600 duomill with an Ar beam at 44.5 keV.

3.3.4. X-ray measurements
An x-ray technique was used to examine: i) the phase composition of oxides, ii)

the grain size of nano-sized CeQO, particles, and iii) the crystallographic texture of both
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the polycrystalline substrates and oxides. The phase composition of oxides was examined
by x-ray diffraction at room temperature after cooling, and “in situ” at high temperatures
using a hot stage attached to a rotating anode, Rigaku diffractometer with Cuyg,
radiation.

The diffraction line broadening method was used to estimate the crystallite size
in nanometre range. Assuming the absence of lattice strains, the mean crystallite size (L)

was calculated according to the Scherrer's equation [Klug and Alexander, 1974]:

L = 0.92/BcosO (3.2)

where A, B, and O are the wavelength of x-rays, corrected diffraction peak broadening
at its half maximum intensity, and the diffraction angle, respectively. In order to calculate
the correction for instrumental broadening, Warren’s formula was used [Klug and

Alexander, 1974]:
[32 = Bm2 - Bsz (33)

where B_ and B, are diffraction peak broadenings for analyzed sample and standard,
respectively. The sample after annealing at 2000 K served as a standard. The values of
B, and B, were determined by computer after cormrecting for background noise and fitting
the Gaussian curves to the experimental points.

The texture of oxides and substrates was analyzed by a Siemens D-500
diffractometer, equipped with a texture goniometer. Pole figures were measured using the
reflection technique, up to a maximum tilt in the specimen of 80° in 5° intervals. The
results were corrected for absorption and defocussing using a standard specimen of
random NiO. The pole figures were nommalized within the available interval of
distribution of the crystallographic planes, and the intensity was shown using multiples

of intensities from the random specimen.
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Fig. 3.1. Optical micrograph of Ni (99.9% purity) annealed at 1173 K for 1 h and
preoxidized at 673 K for 2 h in 760 torr oxygen. Weight gain of 7.7 pwg/cm? which
corresponds to average NiO thickness of 54 nm.

Contour levels: 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2
220

Ni substrate

Fig. 3.2. Pole figures of annealed Ni (99.9% purity) used as substrates for oxide
growth,
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CHAPTER 4. CHARACTERIZATION OF CeO, CERAMICS DERIVED
FROM SOL-GEL

4_1. Introduction

The sol-gel process is a major technique of Ni-substrate modification with the
reactive element explored in this study. Our preliminary results showed that the protective
properties of sol-gel coatings depend on their microstructure, which is sensitive to high
temperatures during thermal processing. Therefore, to design the coating technology and
to select the appropriate thermal process for gel-ceramics conversion, a knowledge of the
evolution of the coating microstructure which accompanies heat treatment, is required. In
this Chapter, the thermal decomposition of CeO, gel is assessed by monitoring the
changes of coating weight (TGA) and chemistry (FTIR) of both the removed gases and
the remaining coating. Moreover, the grain growth in bulk material and in nanocrystalline
coatings deposited on substrates with essentially different oxidation resistance, such as Pt,
Si and Ni, are analyzed "“in sizue” as a function of the annealing temperature up to 1173
K. The measurements allowed us to estimate how the rate of CeQO, incorporation into
growing native oxide affects the CeO, grain coarsening. As a result, the optimum

conditions for the processing of coatings will be selected.

4.2. Thermal decomposition of CeQ, gel
The weight changes of CeO, gel during the continuous heating of bulk specimens

up to 1273 K at a rate of 5 K/min, are depicted in Fig. 4.1a. The plot of derivative of
weight loss versus temperature (Fig. 4.la, inset) revealed that the calcination curve
exhibited three essential stages with different rates of weight loss. The highest evaporation
rate was observed during the first stage below 450 K. In the second stage, three different
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ranges may be distinguished: 450-570 K, 570-650 K, and 650-750 K. The changes in
weight loss rate suggest that different species were removed. At approximately 750 K, the
thermal decomposition was completed with a total weight loss of 17.5 %, as compared
to the sample weight after drying. A further heating up to 1273 K led to the sintering
only.

The gravimetric analysis of the thermal decomposition of coatings deposited on
Pt substrate is shown in Fig. 4.1b. As was found by a high-sensitivity microbalance, the
coating weight after drying at 293 K for 20 h was between 15 and 220 pg/cm®. After
calcination, the same coatings weighed between 5 and 190 pg/cm?®. The line fitted to the
experimental points is marked as “1”. Line "2” in Fig. 4.1b shows the dependence
between the coating weight after drying and after calcination, calculated from TGA
analysis of bulk ceria. The thermal cycle during TGA analysis of the bulk CeO, was the
same as that used during calcination of coatings. Both lines are located quite close to each
other, especially for thicker coatings. Thus both methods can be used to estimate the
necessary amount of sol-gel to be deposited for a required coating thickness.

The loss of weight of the sol-gel coatings during heating was caused by the
evaporation of some coating components. To assess the evolution of chemical
composition, IR spectroscopy analyses were performed on 200-250 nm thick CeO,
coatings deposited on Pt substrate as well as on gases evolved from coating during
annealing. Some exemplary IR reflectance spectra in the wave number range of 4000-500
cm” from coating after drying and annealing, are shown in Fig. 4.2a. After drying, the
coating showed peaks at 3600 cm™ and in the region of 1600-1650 cm™ corresponding
to the water of hydration. The addition of nonionic surfactant Triton X-100 produced a
peak at 1050 cm™. The bands at 2320 cm™ are attributed to CO, from the atmosphere.
As proven below, the weak peak at about 725 cm™ was produced by CeO,. The spectrum
after annealing at 573 K showed a marked decrease of water and surfactant peaks,
suggesting removal of those components. After annealing at 873 K, only the peaks of
CeO, and CO, remained. In order to prove the location of the CeO, peak, the powder
specimens of a larger volume were prepared from CeO, annealed at 973 K. The spectrum
obtained (Fig. 4.2b) gives the peak location at about 700-720 cm™. Fig. 4.2c shows a
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typical absorbance spectrum obtained from gas collected during annealing below 500 K,
with clear peaks for water and CO,.

The comparison of TGA and IR spectroscopy data does not distinguish the
essential differences of the kinds of species removed at various annealing temperatures.
The slightly higher weight loss below 450 K was caused probably by a higher intensity

of water removal.

4.3. Evolution of CeQ, microstructure during annealing

The direct imaging of the wet gel by TEM was not possible; therefore, to prepare
thin foils, the coatings were first calcined at 573 K for 1 h and then stripped from the
substrate. According to x-ray measurements presented below, this procedure did not cause
a coarsening of CeQ, particles. The TEM bright field image of coating after calcination
is shown in Fig. 4.3. The selected area electron diffraction (SAD) pattern in Fig. 4.3a
was composed of continuous rings for CeO, and indicated that the coating is characterized
by random distribution of the grain orientations. Some additional rings were present in
SAD pattern, which are marked by arrows and were formed by thin NiO film supporting
the brittle CeQ, coating during TEM examination. The spots for Ni were produced by an
incompletely dissolved metallic substrate. The average size of CeO, grain, estimated from
the TEM image, was approximately 5 nm.

The CeO, coatings with thicknesses below 50 nm were continuous and relatively
uniform. On the contrary, the coatings thicker than 100-150 nm contained numerous
microcracks. As seen in Fig. 4.3b, in the case of 200 nm thick coating, the network of
microcracks was present on a whole area of thin foil. However, detailed observations
revealed that the microcracks did not often penetrate through the total coating thickness
and did not expose the substrate surface to the environment. Some amount of CeG, still
remained in those places, providing protection.

The major microstructural change which accompanied the gelceramics conversion,
as well as further densification of the ceramics, was a coarsening of CeO, grains. The
AFM image of 50 nm thick coatings deposited on (100)Si shows the uniform grains with
an average diameter of 20-25 nm. According to AFM roughness analysis (Fig. 4.4a), the
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coating uniformly covered the substrate. Although the area of the image contained some
features with a height of up to 26.7 nm, the mean roughness was as low as 2.8 nm. The
roughness parameters measured on the part of the image in Fig. 4.4a, limited by the
frame, exhibited even smaller values. The comparison of vertical roughness and grain size
on the planar surface, indicates that the initially spherical CeO, particles, after annealing,
formed a coating with a flat outer surface. This finding is of importance for the
continuous covering of the substrate during annealing by nanometre-thick coatings.

An example of the morphology of bulk ceramics after annealing at 1173 K for 50
h is shown in Fig. 4.4b. The fracture cross section revealed that material did not contain
pores and had an average grain size of about 100 nm. After annealing at 2000 K for 5
h, the average grain size of CeO, was increased up to 50 pm, which is four orders of
magnitude larger than the initial size after coating deposition (Fig. 4.4c). The powder
prepared from this sample was later used as a standard for grain size determination by x-

ray technique.

4. 4. X-ray examination of grain size growth during annealing

The structural evolution of CeQ, gel during annealing is affected by gel substrate
interactions. For example, the existence of the solid-state epitaxy in nano-composite
xerogel powders and in sol-gel coatings has been reported by Roy [1987] and Selvaray
et al. [1992]. Therefore, to verify the role of the substrate, in addition to bulk CeQ,, the
coatings deposited on various materials were examined.

The deposit after drying at room temperature for 20 h already displayed all the
major reflections of crystalline CeO,, which has a fluorite type structure (Fig. 4.5). The
main change which accompanied the increase in the annealing temperature was the
decrease of the diffraction line width. In situ x-ray analysis of the annealing behaviour
of CeO, deposited on (100) face of Si single crystal is shown in Fig. 4.6. The purpose
of using this substrate, which has a very flat and well-defined surface, and does not
produce a thick oxide, was to reveal an epitaxial relationship between the substrate and
the coating. In general, however, the changes of diffraction spectra for CeQ, films on
(100)Si were similar to those observed above for bulk CeQ,. Peak intensities were roughly
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in agreement with the JCPDS card, suggesting a random distribution of grain orientations.
The diffraction peaks from the silicon oxide formed are not seen and are probably at the
noise level of the diffraction pattern. Also, the annealing of CeQO, deposited on the
polycrystailine Pt substrate did not result in the formation of any evident texture and,
similarly as for Si, the essential change in the x-ray pattern was a decrease of the
diffraction line width.

According to the diffraction patterns in Fig. 4.7, the annealing of CeO, coating on
the Ni substrate was accompanied by substrate oxidation. The peaks for NiO were clearly
seen after heating to 973 K. At the same time, an increase in temperature caused the
decrease of the width of the diffraction peaks for CeO,. For the system studied, no mutual
compounds between Ce, Ni and O were detected.

The x-ray diffraction spectra were analyzed to measure the evolution of CeO,
grain size in the nanometre range. Assuming the absence of lattice strains, the mean grain
size was calculated from diffraction line broadening according to Scherrers equation
{Klug and Alexander, 1974]. The sample after annealing at 2000 K for 0.5 h served as
a standard. The values of diffraction peak broadening were determined by computer after
correcting for background noise and fitting the Gaussian curve to the experimental points.

The values of grain size, calculated for the various substrates and temperatures are
given in Fig. 4.8. It is seen that the initial grain size obtained from diffraction line
broadening is the same as that observed directly with TEM (Fig. 4.3a). The calcination
at 573 K did not change the grain size in both the bulk material and in the coatings.
Minor changes were also detected below 680 K. However, annealing at higher
temperatures resulted in rapid grain growth. Some differences between grain growth rates
for individual samples were present. The largest coarsening of CeO, grains was detected
in coatings deposited on the substrate with the highest oxidation resistance, namely Pt.
Against this, the grain growth of CeQ, deposited on a substrate forming relatively thick,
protective oxide, such as Ni, was shifted about 100-150 K towards the higher
temperatures.

According to the literature data, the grain growth in thin metallic foils is faster
than that observed in bulk specimens of identical material [Kramer, 1992]. Thus, the
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evolution of grain size shown in Fig. 4.8 should be attributed to the coating-substrate
interaction which results in the inhibition of grain growth. The occurrence of such an
interaction has been proven by the process of texture formation during the crystallization
of ceramics from a sol-gel derived amorphous phase [Roy, 1987; Selvaray et al., 1992].
The essential difference between the substrates used in this study was the oxidation
resistance. As has been shown by SEM observations, the CeO, particles during annealing
were incorporated into growing native oxide films, which prevented their coalescence.
Prevention of the coarsening of CeO, is caused by separation of individual particies by
NiO film and the complete lack of solubility of Ce in the NiO lattice [Moon and Bennett,
1989]. In regions where the coating had an excessive thickness, CeO, remained on the
outer oxide surface, contributing in part to the sharp diffraction peaks for CeQ, in Fig.
4.7, suggesting the large size of grains. At the same time, according to the microstructural
observations, the size of CeO, particles incorporated into the oxide remained almost
unchanged. It is obvious that the higher oxidation rate of the substrate leads to the faster
incorporation of CeQ, into native oxide. Therefore, the rate of the formation of native

oxide affects the grain coarsening process in CeO, coatings.

4.5. Summary

The CeO, coatings after drying at room temperature are composed of crystallites
of the size of 5 nm. On all the substrates used, including Pt, (100)Si, and Ni, the coatings
are characterized by the random distribution of grain orientations. The thermal
decomposition of CeO, gel during annealing is accompanied by processes of ceramics
densification and grain growth, without the formation of any evident crystallographic
texture. For bulk CeO, specimens, the critical temperature of rapid grain coarsening is
found to be about 680 K. In the case of coatings, this temperature depends on the
substrate nature and mainly its oxidation resistance. In general, the higher the oxidation
rate of the substrate, the higher the temperature of rapid grain growth. In the case of 100-
200 nm thick coatings deposited on Ni, this temperature is about 100-150 K higher than
that found for Pt substrate.
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Fig. 4.3. TEM bright field images and SAD pattern of CeO, coatings stripped from Ni
substrate after calcination at 573 K for 1 h (traces of Ni are from the substrate, not
completely dissolved during coating stripping): (a) coating thickness of about 20 nm; (b)
coating thickness of about 150-200 nm.
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CHAPTER 5. EARLY-STAGE OXIDATION KINETICS OF POLY-
CRYSTALLINE Ni COATED WITH CeQO, SOL-GEL

5.1. Introduction

Since NiO films have a relatively good adherence to the Ni substrate, the major
influence of the reactive element addition is expressed by the decreasing Ni oxidation
rate. Thus, the change of oxidation kinetics and the reduction in oxide thickness are the
main indicators of the effectiveness of the reactive element coatings deposited on Ni. In
this Chapter, detailed measurements of the oxidation kinetics during the early-stages of
NiO formation on pure and on CeO, coated polycrystalline Ni will be conducted. In order
to identify a number of factors which may influence the effectiveness of CeQO, coatings,

the polycrystalline Ni substrates will be additionally modified both before and after

coating deposition.

5.2. Effect of substrate surface finishing and coating thickness

The surface of Ni specimens was finished by two major techniques: mechanical
and chemical polishing. The purpose of chemical polishing was to remove the thin film
of oxide formed during vacuum-annealing and to reveal a clean surface with the
arrangement of atoms, specific for the crystallographic orientation of each Ni grain.
Conversely, to suppress the influence of crystallographic orientation of the individual Ni
grains, the surface of Ni was mechanically polished lightly using a I pm diamond paste.
This treatment produced a uniformly deformed metallic film on the Ni surface.
Subsequent exposure of such surfaces to oxygen resulted in different oxidation rates.
Oxide on the mechanically polished surface grew much faster than that formed after

chemical polishing. After coating with CeQ, sol, despite the reduction in oxidation rates,
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significant differences still existed (Figs. 5.1a and 5.1b).

The coating is the only reservoir of the reactive element on the substrate surface.
Thus, according to the conventional approach, a greater coating thickness should lengthen
its lifetime. However, the experimental data indicates that this is not the case for CeQ,
sol-gel coatings. As seen in Figs. 5.1a and 5.1b, a relatively small amount of the reactive
element is required to significantly suppress Ni oxidation. This amount is of 5-10 pg
CeO,/cm?, which corresponds to a coating thickness of 7-14 nm. The thicker coatings
were less effective in oxidation reduction of both the chemically and mechanically

polished Ni.

5.3. Effect of substrate preoxidation before coating deposition

A typical problem in the industrial application of sol-gel coatings is the uniform
coverage of surfaces with complex geometry and large size. Therefore, to improve the
surface wetting, the coatings are often deposited onto preformed thin oxide films. The
influence of 54 and 124 nm NiO films formed at 673 K on chemically and mechanically
polished substrates, respectively, is shown in Figs. 5.2a and 5.2b. Here the kinetic data
are represented by the parabolic form, as a square of oxygen uptake versus time. Some
runs in Fig. 5.2 were carried out in duplicate to determine the reproducibility of
measurements. A difference of the order of a few percent supports the excellent
reproducibility of the oxygen uptake data. The major effect of preoxidation, which is
possible to estimate from Fig. 5.2, is the reduction of the oxygen uptake after longer
oxidation times. It is expected, however, that preformed NiO will exert more significant
influence during very initial periods of reaction.

The oxidation kinetics during the first 25 min of reaction are shown in Fig. 5.3.
It is clear that CeQ, particles affected the nucleation of NiO and that this effect depended
on substrate preoxidation. To facilitate analysis of the oxidation kinetics during the initial
periods of exposure, the instantaneous parabolic rate constants k,; were calculated from
oxidation data. The value of k,; was calculated as 2w - dw/dt, where w is oxygen uptake
and ¢ is time of oxidation. The calculations were performed numerically for time intervals

dr = 1 min. Plots of k, versus time for chemically polished Ni oxidized at 973 K are
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shown in Fig. 5.4. It is clear that preoxidation decreased the oxidation rate of uncoated
Ni. For Ni with CeO, coatings without preoxidation, the values of k, after reaching by
a specimen temperature of 973 K were very high, although still lower than for uncoated
Ni. The coated Ni, in fact, oxidized at higher rate than the uncoated one during heating
up to 973 K (Fig. 5.3). The largest decrease of &, from its initial maximum of 2.7x10"
g’cm™s! was observed during the first 20 min of oxidation. Further exposure, especially
for times longer than 1 h, was accompanied by relatively small changes in k,. The time
dependence of &, for preoxidized coated Ni has the same character as for unpreoxidized
coated Ni. However, the initial maximum value of &,, i.e 3x10™ g’cm™s", is one order
of magnitude lower than that obtained for coated Ni which had not been preoxidized.
Hence, the plots of k, show that a substantial decrease of the oxidation rate due to

presence of the CeQO, coating takes place during the initial stages of oxidation.

5.4. Effect of oxidation temperature

In order to examine the effect of oxidation temperature on the inhibition of nickel
oxidation by CeO, sol coatings, experiments were carried out in the temperature range
from 873 to 1073 K. Results obtained for both mechanically and chemically polished
substrates are shown in Figs 5.5a and 5.5b. At temperatures 973 and 1073 K, the
reduction in oxidation rate compared to the uncoated samples was similar. Surprisingly,
at 873 K, the reduction in oxidation rate was smaller and, in this case, the oxidation
product was characterized by discrete plates of CeQO, which remained on the sample
surface. To avoid this, the coating should be quickly incorporated into a native oxide by
oxidation at a higher temperature. An example of such a two-fold experiment is shown
by the marked curve in Fig. 5.5a. First, the coated Ni was exposed to oxygen at 973 K
for 40 min with a measured oxygen uptake of 7.32 pg/cm?, which corresponds to about
50 nm of NiO. Subsequent oxidation at 873 K for 4 h resulted in an oxygen uptake as
low as 1.9 pg/cm?,

At all temperatures in the range 873-1073 K oxidation of both uncoated and CeO,
coated Ni followed a near parabolic relation, as is illustrated for the reaction at 973 K by

the plots in Fig.5.2 approaching straight lines. However, before the onset of parabolic
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kinetics, the reaction kinetics exhibited a transient stage. Oxygen uptakes during this
transient period are shown in Table 5.1.

Oxidation kinetic data are summarized as Arrhenius plots in Fig. 5.6, which
includes data from additional runs at 1173 K on coated Ni. Since the oxide formed during
preoxidation at 673 K for 2 h reached from 10 up to 100% oxide thickness formed during

subsequent reoxidation, the parabolic rate constants were calculated from weight gain

TABLE 5.1. Oxygen uptake before onset of the parabolic kinetics for preoxidized
uncoated and CeO,-coated Ni (pg/cm?).

Oxidation Chemically polished Mechanically  polished I
temperature uncoated coated uncoated coated l
873 K 8 5 27 30
973 K 17 6 43 33
1073 K 23 14 80 43

data after 4 h as average values by applying the following equation [Harris et al., 1990]:
k, = @Qw, + dw) dw/ot (5.1

where w, is the initial value of the oxygen uptake obtained during preoxidation, d w and
Ot are changes of the oxygen uptake and time, respectively, during reoxidation. Equation
5.1 was derived assuming that average oxygen uptake is the mean of the values at the
start and finish of re-oxidation.

The activation energies evaluated from the slopes of the least squares linear fits
are also given in Fig. 5.6. For comparison, the values of k;, for the lattice diffusion of Ni
in NiO are included, which were calculated utilizing the value of the tracer diffusion

coefficient of Ni in NiO [Atkinson and Taylor, 1979] and the dependence of the &, on
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oxygen pressure (Chapter 2).

5.5._Effect of CeO, particle size in coating

As shown in Chapter 4, the CeO, sol-gel coatings deposited on Ni were
polycrystalline with a random distribution of grain orientations. In such a microstructure,
the most evident component which can be changed by thermal treatment is the size of
Ce0, particles. In order to assess the effect of this parameter on subsequent coating
performance, the CeO, grain size was modified by the annealing of coated Ni prior to
oxidation under a vacuum of 107 torr. The oxidation kinetics of uncoated and coated
substrates are shown in Fig. 5.7a. Thus, the vacuum annealing increased the oxidation rate
to values even larger than that measured for uncoated Ni. In Fig. 5.7b the oxygen uptakes
after 4 h exposure were plotted as a function of CeQ, particle size, evaluated from x-ray
measurement (Chapter 4). It is clear that the CeO, particles with size of 5 nm
substantially decreased the oxidation rate. However, in the case of particles larger than
about 10 nm, the coating did not protect the substrate and caused a higher oxygen uptake
than that measured for uncoated Ni. The last finding is of importance for the analysis of

the mechanism of oxidation inhibition by CeQO, coatings.

5.6. Summary

After conversion to the form of ceramic coating, superficially applied CeO, sol-gel
significantly improves the oxidation resistance of Ni at temperatures in the range of 873-
1073 K. The extent of the effect depends on coating thickness, size of CeQO, particles,
substrate surface finishing, and substrate preoxidation before coating deposition. For both
techniques of substrate finishing, mechanical and chemical polishing, the thinner coatings
were more effective. The size of CeQ, particles in the coating is a decisive factor
affecting their protective properties. While coatings containing CeQ, particles with a size
of 5 nm reduced the Ni oxidation rate, the coatings with particles larger than 10 nm were

ineffective, and even caused the opposite effect.

43



0N
o

(ug/cm®)

ya g a2 sl ar e s e palaaraa a2 aadaa g

o

X

s 10

=)

o

5 Ni chemically polished
g preoxidized

2O 00000 uncoated

o 2

vooceo 110 ug CeOz/cm
ecaasa 25 ug CeQz/cm
0000 10 ug CeOz/cm
seeee 5 ug Ce0z;/cm

0 50 100 150 200 250
Time (min)

—~~ B
w70 ‘,°°
E ] o
(S - c"
60 o
EE 4 w5
] ] o 008%
] e
o b ° gﬂ Q“e
'ﬁ ] y gﬂ 09000
§ 405 - Qog
A 8 of
CH &
30 4
g ] Ni mechanically polished
. preoxidized
2020
' 00000 uncoated
o noeco 110;Lg/cx:n=z
10 00000 10ug/cm?
. rev e 5#g/cm
b 0
0 50 100 150 200 250

Time (min)

Fig. 5.1. Effect of CeO, coating thickness on oxidation kinetics at 973 K of (a) chemically
polished and (b) mechanically polished nickel. Total oxygen uptakes after 4 h for
uncoated substrates are 112.4 and 43.8 pg/cm? for mechanical and chemical polishing,
respectively.

44



4000

Ni chemically polished

000e0 unpreox.,uncoated
ee¢e¢ unpreox.,coated
aeaodo preox.,uncoated
ssssa preox.,coated

%]
[«
[=4
o

(Oxygen uptake)? (ug/cm?)
5 S
o o]
o (=]

lll.llllllIllljlllllllljlllllllllllllll

a
0 Ty Uy Ve vy vy v TrorT
0 50 100 150 200 250
Time (min)
81 Ni mechanically polished /’
[T e
S o
a3 00000 unpreox.,uncoat. &°
@ 1 ®*¢ee unpreox.,coat. o
E ] cooeo preox.,uncoat. o
3 QE sssss preox.,coat. 00
N3 o o
B o o
3 O
. o
. ] o gt
~—~~~ [+] o
O 81 o o
~ S - o o
] 8 o”
- A o o
o, o 0
= cE pp o
= 8—: ° BB s
@ O [~ o ‘,..'51'..
a0 / a _.‘. b as
> ] o” CRPPTT L L
N : o Bz .'“‘ ....
- o
b 2 le"
0 50 100 150 200 250

Time (min)

Fig. 5.2. Effect of preoxidation and CeO, coatings with thickness of 14 nm on the
oxidation kinetics of (a) chemically and (b) mechanically polished nickel.

45



[y
[<,]

0000¢ unpreox.uncoated 4
J]*eeee unpreox.coated
]ocoec preox.uncoated
{sseas preox.coated

-
E
<
<
-

'Q;g/ cm®)

e
-

5

Oxygen uptake

-
e
-
-
4
-~
-
-
-
-
-
-

0 | L | ? 17 vry Ty T rrorr
0 3 (-] 9 12 15 18 21 24
Time (min)

Fig. 5.3. Oxidation kinetics for chemically polished nickel during initial periods of
exposure. Heating to oxidation temperature at a rate of 100 K/min in oxygen. Arrows
show time when the temperature of 973 K was attained. Coating thickness of 14 nm.

-18
10 ._ lIlll“]‘ﬁr‘lV'll"l"lllI'l'rYY“Y"ll'["r‘T\"[l’
s} Ni _chemically polisbed :
:" 973 K,5x107° Torr O, b
st 4
‘- -
1s 4
of )
\
— L
- \
! -3 L unpreox.uncoated ~
‘mIO H \ . = — unpreox.Ce0,;20l coated ]
! i\ preox.uncoated )
E st N\ — — preox.CeO;s0l coated 1
NO oF \ -
o oF N 4
A ~
~
a N S 1
~ N o N
s} - _ -~ . -
10 -6 Lasaatatsleysenesaadsaesasasslegpgereeslonsragas
(] 50 100 150 200 250

Time (min)
Fig. 5.4. Instantaneous parabolic rate constants 2w - dw/dt (w - weight gain, ¢ - oxidation

time) as a function of time for uncoated and CeO, coated nickel (14 nm thick coatings).
Plots start when the oxidation temperature was attained.

46



=]
o

— ] Ni chemically polished
o 1 preoxidized
E jeeocoo 1073K,uncoated
) {eseee 1073K,coated
N jeecoo 973K, uncoated
&0 gojeseses 973K, coated
3. Jeaaae 873K, uncoated
~— Jasaas 873K,coated o
I
x -
@ 404
-2 ]
B 1
= ]
g
80 20
> ]
£ .
o :
1 Bs325) L iassasssssssassd - 973K/873K
a 0 7] A0AAALAAAAAALAALAAALAAAAAS
0 50 100 150 200 250
Time (min)
Ni mechanically polished
preoxidized
200

00000 1073K,uncoated
seseee 1073K,coated
cooeo 973K, uncoated
sssae 973K,coated
aaaasa 873K, uncoated
Asaaa 873K,coat.

(9]
o

taa i gl o oo s e 1o baa o ga g tgasa s e a2y

Oxygen upta._ke (ug[__cmz)
2 3

lllIlIllil"illl1‘!liIlll]llll‘llr]lllll]lfl!‘ll‘r

0 50 100 150 200 250
Time (min)

Fig. 5.5. Effect of temperature and CeO, coatings with thickness of 14 nm on the
oxidation kinetics of (a) chemically, and (b) mechanically polished nickel.

47



Temperature (K)
1173 1073 973 873

-11 I T T T I 5 ]

Y Poz = 95x10 ° Torr;

N \ ]

N \ :

—~ N \ i
——y

l —12r \ 21 *4 keal/mol

n L 4

~ N :

IE N :

Q _ ]

o = N

ap 19C 25 *4 kcal/mol ]

N— N ]

=% N 2~ A\ 5

~< - Ni lattice 24 %6 kealimol ]

— - diffusion \ ]

&0  —14f \ a .

Q X ]

— Bl \ ]

[ Q00 chem./uncoat. \ - b ]

.~ 280 chem./coated .

- 000 mech./uncoat. \ . -

" EEN mech./coated \ 32 -2 keal/mol 7

—15—ﬁ | I S B S S N B S N B B SR BN A 1\1 T 1 T 7 T T [ T 17T

7 11 12 13

3 10
10°/T (K™

Fig. 5.6. Summary of oxidation kinetics data of chemically and mechanically polished
uncoated and CeQO, treated nickel as a function of temperature. Data points indicated by
the arrows are: (a) data omitted in the least squares linear fits because after oxidation at
this temperature discrete plates of coating remained on the specimen surface; (b) after
additional pre-oxidation of the coated samples at 973 K for 40 min.

48



60

3 00000 uncoated .
j #eess coated unannealed
jseess ann. 723 K w"'.o’::
5‘50_: o+44% ann. 823 K %
g7 {+e+es ann. 873 K P
© Joceccann. 873 K st
P ant™®
gmi “,-“‘
; ,gﬁ’
% 3 o282"
-
L 30 ‘d;’!
] ]
Q. 3 .‘x gnn ccon
R N B
3 lt 5 ac
£ 204 ) & g0
%’D E L ooo “‘.“‘.“‘..aolaaoaan
;’ 3 s ‘.daaaat““
3 ° -
o 10 3 o “‘.“
18 P &
a 0 : Vs
Ty irTTrTe Py eerr it T ey T iviTrTeray iy irTeryereey
0 50 100 150 200 250
Time (min)
70
3 Ni/CeO, sol coating
s0d 9 ah, 5x10° Torr o,
‘E 60 3
S 3
< 3
§ 40
g 30 3
20 3
103
b o-l‘rYﬁllll""“"l]‘1l"l"11II_"TﬁYTII_TTT‘IKTITﬁ
0 5 10 16 20 25

Ce0, crystaliite size (nm)
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CHAPTER 6. MICROSTRUCTURAL CHARACTERIZATION OF THIN
OXIDE FILMS FORMED ON Ni COATED WITH CeO, SOL-GEL

6.1. Introduction

The protective properties of oxide films formed on metals at high temperatures
depend on the transport of reactants through the film and its structure. Thus the transport
properties and structure of the oxide are inter-related. While in pure NiO this relationship
is relatively straightforward, in Ce-doped NiO it is extremely complicated. Complex
factors include a multilayered structure, dislocations, grain boundaries, interfaces, and
segregation of the reactive element. Therefore, understanding the transport properties of
the oxides requires their detailed microstructural characterization. In this Chapter, the
oxide films with growth kinetics tested previously, will be characterized in terms of their

microstructure and microchemistry.

6.2. Analysis of oxide growth surfaces

6.2.1. Factors affecting oxide surface morphology

The surface morphology of CeO, coatings after calcination at 573 K is shown in
Fig. 6.1a,b. Coatings with a weight of 5-10 pg/cm? uniformly covered the substrate
surface (Fig. 6.1a). Deposits with a higher weight were nonuniform with thicker regions
having a tendency to crack during calcination. In coatings of about 100 pg/cm?® a network
of microcracks was present on the whole area of the specimen (Fig. 6.1b). During the
very initial stages of exposure to oxygen (about 3 min), small grains of NiO nucleate on
the coating surface (Fig. 6.1c). Longer exposure resulted in the increase in the number
and size of individual NiO grains; however, after approximately 40 min, these changes

were relatively small, suggesting that the subsequent growth process took place mainly
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under the coating.

The beneficial effect of thin coatings, found by kinetic measurements in Chapter
5, was supported by SEM observations of specimen surfaces after 4 h oxidation (Fig. 6.2).
Thin coatings were incorporated into the growing NiO film (Fig. 6.2a), whereas the
thicker CeQ, layers looked flake-like and tended to spall from the substrate surface (Figs.
6.2b and 6.2.c). Similar surface morphologies were observed after the oxidation of
mechanically polished Ni. Also flakes of CeO, remained on the surface while NiO was
formed beneath the coating (Fig. 6.2d).

Pure NiO grown on polycrystalline substrates with surfaces finished by mechanical
polishing exhibited faceted morphology, with pyramidal grains limited by certain types
of crystallographic planes (Fig. 6.32). When the atomic structure of the Ni surface was
revealed by chemical polishing, NiO growth was highly anisotropic (Fig. 6.3b). Although
differences in the thicknesses and the morphologies of oxides grown on individual Ni
grains were quite substantial, in general, the oxide surfaces exhibited a similar
crystallographic and faceted appearance. The morphology of NiO modified with CeO, was
dependent on the method of substrate surface finishing before coating. The CeO, coatings
deposited onto mechanically polished substrates developed an oxide which was uniform
in thickness. An additional feature of this oxide was a tendency to form large
conglomerates, each composed of numerous fine oxide grains (Fig. 6.3c). However, a
different morphology was observed in the oxide grown on chemically polished substrates
coated with CeQ, particles (Fig. 6.3.d). In this case, very small NiO grains which were
spherical in shape uniformly covered the majority of Ni grains. We believe that such a
surface was formed during the very initial stages of growth as a result of the nucleation
of small NiO grains on nano-sized CeO, dispersions. It is interesting to note that this
morphology did not change significantly with oxidation time.

6.2.2. AFM measurement of surface roughness evolution during oxide growth

In addition to the differences in the morphological features described above, there
were also essential differences in the surface roughness of NiO films and in the kinetics
of roughening during oxide thickening. In this Section, the AFM technique is used to
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analyze the evolution of surface morphology during the growth of thin NiO films at high
temperatures. Typical AFM images of pure and CeQ, modified NiO films are shown in
Fig. 6.4. On the basis of preliminary measurements, the oxidation parameters were
adjusted to produce oxide films with thicknesses in the range of 100-950 nm for all the
substrates. The quantitative description of the oxide/gas interface using roughness
parameters was applied to verify the relationship between the evolution of surface
topography and the mechanism of oxide growth analyzed in Chapter 10.

Two parameters were selected to characterize the oxide surface: standard deviation
rms and maximum height R,. The value of rms was calculated according to the formula
[Bennett and Mattsson, 1989]: rms = [Z (Z, - Z,..)* /N]"? ; where Z,,, is the average of
the height values within the given area, Z, is the current height value, and N is a number
of 262144 points analyzed for each image. This value was not cormrected for tilt in the
plane of the data. R, was calculated as the difference in height between the highest and
lowest points on the surface relative to the mean plane, which is defined as a flat plane
about which the image data has a minimum variance [AFM operating manual, 1993]. An
example of the cross-sectional profiles of of pure NiO and NiO modified with CeO, are
shown in Figs. 6.5a and 6.5b. The rms and R, values were averaged for at least five
regions with a size of 12.5x12.5 pm. The results of rms plotted as a function of film
thickness and oxidation temperature are shown in Fig. 6.6. In these plots, experimental
points exhibit two kinds of behaviour. For all oxides formed on pure substrates, the rms
values substantially increased during oxide growth. The same tendency was observed for
CeO, coated mechanically polished Ni (Fig. 6.6a). Conversely, the rms of the oxide
formed after coating with CeQ, particles of chemically polished Ni, only slightly
increased for oxide thicknesses studied up to 950 nm (Fig. 6.6b).

Fig. 6.7 shows the evolution of the second roughness parameter, R, which
characterizes the presence of growth features with excessive height. To plot the changes
on a two-dimensional graph, the R, values were averaged over oxidation temperatures of
873-1073 K. Although the R, values were markedly larger than rms, the tendency of their
changes during oxide growth was very similar to that observed for rms. While R,

52



significantly increased during oxide growth for pure Ni substrates finished using both
polishing techniques and for CeO, coated mechanically polished Ni, R, exhibited only
a small increase over the same range of oxide thicknesses for CeO, coated chemically
polished Ni.

An important factor characterizing the surface of thin oxide film is the ratio of the
roughness parameters to the film thickness. The values of roughness/thickness ratio,
calculated for both rms and R, , are plotted in Fig. 6.8 as a function of the oxide
thickness. To show the results on a two-dimensional plot, as above for the R, graph, the
roughness data were averaged over the temperature range of 873-1073 K. It is seen that
for oxides grown on all the substrates, rms was initially close to 0.2 of the average film
thickness estimated from the oxygen uptake. The influence of substrate surface finish and
CeO, coating was seen during further growth. While for oxides exhibiting a large increase
of surface roughness, the rmsfthickness ratio only slightly decreased up to a thickness of
950 nm, for oxides with a stable roughness, this ratio decreased to 0.07. At the same
time, individual growth features were present on the surfaces of all the oxides with a
thickness of 100 nm for which the height exceeded three times the average oxide
thickness. This finding is represented by the Rj/thickness plot in Fig. 6.8. Although a
marked reduction in the R/thickness ratio with increasing oxide thickness occurred, for
950 nm thick oxides it was still of the same order of magnitude as the oxide thickness.
For substrates of chemically polished Ni coated with CeO, the topography of 950 nm
thick oxides was quite uniform and the R/thickness ratio was about 0.3.

6.3. Oxide depth composition

During oxidation the reactive element is redistributed within the oxide film. To
find the depth composition of the oxide, two techniques such as RBS and AES were used.
Essentially different surface area of oxides from which the information is collected by
RBS and AES allowed us the characterization of oxides having very non-uniform surface
morphology. The depth-composition profiles were subsequently compared with the
description of surface morphology.
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Before oxidation, the sol-gel coatings deposited onto both chemically and
mechanically polished nickel covered the substrate uniformly to a thickness of 14 nm, as
determined by gravimetric measurements. As can be seen from RBS analysis (Fig. 6.9a),
the substrate surface finish prior to the coating deposition, was a critical factor in the Ce
distribution after 4 h oxidation at 973 K. The RBS spectra of oxide formed after coating
chemically polished surfaces, exhibited a distinct Ce peak. For the case of oxide grown
on a mechanically polished surface, the reduced height of the nickel peak indicated that
a thicker, more uniform oxide had formed, and the absence of a clear Ce peak indicated
that cerium was not present near the surface in large concentrations. The Ce concentration
profiles derived from the above spectra (Fig. 6.9b) indicate that in oxide grown on a
chemically polished surface to a thickness of 165 nm (as calculated from oxygen uptake
data), the Ce maximum concentration is approximately 15 nm beneath the gas/oxide
interface, i.e. one to two detector resolutions below the outer surface of the oxide. The
Ce profile derived after tilting the sample through 45° with respect to the analysis beam
was within the experimental uncertainty of the spectrum for a sample tilt of zero degrees;
the apparent slight shift to a greater depth is probably due to the surface roughness of
about 30 nm.

Fig. 6.9b shows that the RBS analysis did not detect much Ce at all in oxide
grown for 4 h on mechanically polished, coated nickel. In order to find the reason for
this behaviour, additional samples were prepared for shorter oxidation times. The AES
spectrum in Fig. 6.10a shows that after an initial 6 minute oxidation at 973 K the Ce is
clearly located in the near surface region of the oxide. Extended oxidation resulted in the
gradual disappearance of the Ce peak. AES analysis of oxide formed after 4 h oxidation
at 973 K showed no Ce; the profile for this element was characteristic of background
noise for the whole oxide thickness of 486 nm (Fig. 6.10b). In this sample, very sensitive
SIMS analysis revealed a Ce peak with a very low concentration, less than 1 percent, well
below the surface. The rest of the Ce was distributed throughout the oxide volume (Fig.
6.10c).

The oxide grown on mechanically polished substrates generally had a thickness
of about three times that grown on chemically polished substrates. To determine whether
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this factor was the reason for the differences in the Ce depth distribution, longer
oxidations were conducted to produce thicker oxides on chemically polished, coated
nickel substrates. The RBS analyses of such scales, obtained after up to 75 h oxidation
at 973 K in 760 torr O, are presented in Chapter 9. For both films there are distinct Ce
peaks in the RBS spectra which indicate the relocation of Ce during oxidation: increasing
oxidation time resulted in a broader Ce profile with a lower peak concentration and peak
depth. Although the oxides were much thicker than those previously analyzed for a
mechanically polished substrate, the Ce peaks were easily detected. Hence, the oxide
thickness cannot be the main reason for the difference in the Ce distributions among

coated nickel samples polished mechanically or chemically.

6.4. The microstructure of thin NiQ films

The surface analysis of oxides by AFM was extended by examinations of internal
structure using analytical electron microscopy.

6.4.1. General observations

The effect of the surface finish on the- microstructure of oxide formed on
unmodified nickel is illustrated in Fig. 6.11. Oxide grown on a mechanically polished
surface is polycrystalline and the SAD pattern indicates the presence of texture (Fig.
6.11a). This oxide film contains high angle grain boundaries which are easy diffusion
paths. The microstructure of oxide on chemically polished substrates depends on nickel
grain orientation, but the structure generally seems to approach that of a single crystal
with added low angle boundaries or lattice defects. An example for one Ni grain is seen
in Fig. 6.11b. The same essential difference existed in the structure of oxides formed at
673 K prior to coating deposition. Thus, in the previously described experiments, the
CeO, coatings were deposited onto preformed oxide films with very different
microstructure, due to the different polishing techniques used.

To analyze the mechanism of the incorporation of CeO, particles derived from sol-
gel into the growing oxide, thin foils for TEM were prepared from oxides formed during
short periods of exposure to oxygen, i.e. the early transient stage. TEM observations
indicate that the oxide formed on CeO, coated nickel during initial stages had the same
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microstructure for both methods of substrate surface finish. Since the same oxide structure
was also formed for polycrystalline Ni and Ni single crystals, the typical TEM image is
presented later (Chapter 7, Fig. 7.6b). The microstructure of the film (approximately 60
nm thick) is composed of a mixture of ultra-fine grains of NiO and CeOQ,. In the SAD
pattern there are only continuous diffraction rings for both phases. After further oxidation
distinct spots were also visible in the SAD pattern (Fig. 6.12a). It has been shown in
experiments with CeO, coated Ni single crystals (Chapter 7) that these spots are due to
the crystallographic orientation relationship of the inner portion of the oxide with the
nickel grains in the substrate. This indicates that NiO grains initially nucleate randomly
on top of CeQ, particles. During prolonged oxygen exposure a Ce modified NiO layer is
formed which offers resistance to oxide growth during the subsequent stage of oxidation.
When the entire oxide film thickness is imaged by TEM, it is possible to see the effect
of surface roughness on the image contrast (Fig. 6.12a). The darker areas with sharp
contours correspond to NiO grains extended above the specimen surface. Although the
highest magnification possible while imaging the total oxide thickness was too low for
detailed observations of CeQO, particles, the image contrast produced by their presence can
also be seen in Fig. 6.12a.

A bright-field TEM image of NiO formed on ceria-coated Ni annealed at 973 K
for 5 h before oxidation is shown in Fig. 6.12b. According to previous measurements, this
treatment increased the CeQ, particle size (Fig.4.8) and the oxidation rate of Ni (Fig. 5.7).
The SAD pattern indicates the presence of randomly oriented NiO and CeO, phases. A
lack of distinct NiO diffraction spots suggests that oxide does not contain NiO sublayer
which grows with the crystallographic orientation relationship with the Ni substrate, as
observed in Fig. 6.12a.

6.4.2. High-magnification analysis of Ce-rich part of the CeQ, modified NiO films

The high magnification TEM image of the near-surface region of oxide films,
covering the Ce-rich part, is shown in Fig. 6.13a. The structure is composed of NiO
grains and small CeQ, particles distributed randomly, at grain boundaries and within
grains. SAD pattern indicates that both phases in this sublayerare oriented randomly. The

NiQ grain boundaries in this region were examined by an energy dispersive x-ray analyzer
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in STEM to detect the distribution of the reactive element. Typical results shown in Fig.
6.13b demonstrate the segregation of Ce in NiO grain boundaries.

In order to describe quantitatively the microstructure of the Ce-rich part, images
for stereological analysis in the Leco 2001 analyzer were prepared manually from TEM
micrographs. Fig. 6.14a gives an example of the microstructure created on the basis of
the bright-field image. The CeO, particles seen as a black phase, are superimposed on the
network of NiO grain boundary. A simple visual assessment of this microstructure
supports the random distribution of CeQ, particles. The distribution of the size of NiO
grains is shown in Fig. 6.14c. NiO grains in this region are characterized by an average
size of 29.1 nm with a higher fraction at 24 and 36 nm. Under the simplified assumption
of a one phase structure it gives a value of 13.7x10° cm™ of the surface area of grain
boundaries per unit volume of specimen. The average diameter of CeO, particles was
measured to be 5.5 nm, however, a high percentage of the particles had a diameter of
about 4 nm (Fig. 6.14b). The volume fraction of CeO, found as a ratio of the surface
covered by this phase on a two-dimensional image is approximating to 17.3%. The

average spacing between particles of 12.4 nm is smaller than the average NiO grain size.

6.5. Summary

At high temperatures, superficially applied CeO, sol-gel coatings on Ni are
incorporated into growing NiO films affecting the oxide surface morphology and internal
microstructure. A correlation was found between the evolution of the topography of the
oxide/gas interface, depth location of the reactive element, internal microstructure of the
oxide and reduction in the oxidation rate caused by the presence of the CeQO, coating.
After oxidation, Ce was present as CeQ, particles located inside the NiO film. For
chemically polished Ni, the Ce-rich part is located, in general, near the oxide/gas interface
and is composed of CeQ, particles located randomly between and inside NiO grains.
Moreover, Ce segregation was detected in NiO grain boundaries in this region. However,
this location changes from grain to grain of the Ni substrate. Experiments on a
polycrystalline substrate indicate the important role of Ni grain orientation in oxidation

inhibition by CeO, coatings.
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Fig. 6.1. Surface morphology of CeQ, sol coatings with thickness of 14 nm (a) and 154
nm (b), deposited on chemically polished nickel after calcination at 573 K for 1 h in 760
torr oxygen. Coating with thickness of 14 nm after oxidation at 973 K for 3 min (c) and
for 30 min (d).
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Fig. 6.2. Effect of CeQ, sol coating thickness on oxide surface morphology after 4 h
exposure at 973 K. Chemically polished preoxidized substrate: (a) 7 nm CeQO,, (b) 35 nm
Ce0,, (c) 154 nm CeQ,. Mechanically polished preoxidized substrate: (d) 154 nm CeO,.
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Fig. 6.3. SEM surface morphology of nickel after oxidation at 973 K for 4 h: (a)
mechanically polished uncoated; (b) chemically polished uncoated;(c) mechanically
polished coated; (d) chemically polished coated. CeO, coating thickness of 14 nm.
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Fig. 6.4. AFM surface morphology of oxide grown at 973 K for 4 h on Ni substrate: (a)
uncoated surface finished by mechanical polishing, average oxide thickness of 630 nm;
(b) uncoated surface finished by chemical polishing, average oxide thickness of 280 nm
(grains of Ni substrate beneath the oxide are indicated as A,B and C; (¢) 14 nm CeQ,
coated finished by chemical polishing, average oxide thickness of 102 nm.
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Fig. 6.11. TEM images and SAD patterns illustrating the effect of substrate finish on the
microstructure of pure NiO grown during first minutes oxidation at 973 K: a) mechanical
polishing; b) chemical polishing.
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directly oxidized at 973 K for 4 h after coating; (b) oxidation followed vacuum annealing
at 973 K for 5 h, some of the coarse CeO, particles are indicated by arrows.
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CHAPTER 7. THE INFLUENCE OF THE CRYSTALLOGRAPHIC
ORIENTATION OF THE NICKEL SURFACE ON OXIDATION INHIBITION BY
CeO, SOL COATINGS

7.1. Introduction

Experiments with the oxidation of polycrystalline Ni demonstrated that the
effectiveness of a surface-applied reactive element depends essentially on the nature of
the substrate surface. For pure NiO, an especially crucial role was played by the Ni grain
orientation, leading to the anisotropy of oxidation. Surprisingly, oxide growth anisotropy
is also present after the surface modification with CeQ, coatings deposited by both sol-gel
technology and reactive sputtering. Therefore, in order to analyze the role of the
crystallographic orientation of the Ni substrate in oxidation inhibition caused by a
superficially applied reactive element, experiments on single crystals will be conducted.
For this purpose, two crystal faces, (111)Ni and (100)Ni, known for their large differences
in oxidation resistance, have been chosen. The experimental data obtained from many
analytical techniques reveal the essential differences in the growth kinetics and structure
of oxides formed on both Ni faces coated with CeO,, and give new insights into the
technologically important problem of increasing the lifetime of reactive element coatings

at high temperatures.

7.2. Oxidation kinetics and the reactive element effect

The growth of oxide on pure and CeQO, coated crystal faces of Ni was studied by
the continuous monitoring of oxygen uptake in a manometric system. Some exemplary
oxidation curves for 873 and 973 K are shown in Fig. 7.1. The oxygen uptake after 4 h

reaction was then used to calculate the average values of the parabolic rate constants k,.
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Results are summarized in the Arrhenius plot (Fig. 7.2), which indicates the essential
differences in oxidation behaviour of both crystal faces before and after CeO, coating.
The growth rate of oxide on uncoated (100)Ni was slightly lower than that found for
polycrystalline Ni with a surface plastically deformed by mechanical polishing. Although
the presence of CeQ, on this face decreased the oxide growth rate by about one order of
magnitude, the values of k, were still higher than that obtained for uncoated (111)Ni.
The influence of the CeQ, coating on the oxidation rate of (111)Ni depended upon
the temperature. The highest improvement was achieved at 1073 K. For a reaction at
this temperature, the rate constant k, was very low and practically the same as that
calculated from literature data, assuming the lattice diffusion of Ni in NiO [ Atkinson and
Taylor, 1982]. The low effectiveness of CeO, coatings on (111)Ni at 873 and 973 K was
caused by a relatively low incorporation rate of CeQ, particles into growing oxide on this
face. Experiments on polycrystalline substrates revealed that the reactive element coating
must be quickly incorporated into the native oxide to avoid the coarsening of CeQ,
particles. However, this is not the case during the oxidation experiment at 873 K, because
after 4 h of exposure the coating still remained on the substrate surface. In order to
increase coating effectiveness at 873 K, the CeO, coating should be first incorporated into

NiO by exposure at a higher temperature, as shown in Chapter 5.

7.3. Redistribution of the reactive element within the oxide

Before oxidation, both Ni faces were uniformly covered with a 14 nm thick and
dense CeO, film. During the exposure to oxygen, the coating was incorporated into
growing NiO, and this resulted in the redistribution of the reactive element within the
oxide film. After 4 h oxidation at 973 K, the essential differences in Ce depth-
concentration in oxide formed on both Ni faces were detected. In oxide grown on coated
(111)Ni, the distinct Ce peak was located close to the outer surface (Fig. 7.3a). However,
in the oxide formed during the same time on coated (100)Ni, the AES did not detect Ce
at all; the profile for this element was characteristic of background noise for the whole
oxide thickness of 437 nm (Fig. 7.3b). To detect the Ce location in the oxide formed
on this Ni face, we used a technique with higher sensitivity. Analysis using polyatomic
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SIMS, detected the Ce peak ( “°Ce'®0O* - mass 156) of low intensity located inside the
oxide film (Fig. 7.3c). The **Ni'®0,- - (mass 90) species were monitored as an indicator
of the oxide/metal interface. Since the lattice solubility of Ce in NiO is negligible, as it
was determined by both the theoretical calculations and the measurements [Moon and
Bennett, 1989], the CeO, particles play the role of inert markers and their depth location
indicates the oxide growth mechanism. Thus, the difference in depth-location of the
reactive element detected by AES and SIMS suggests a different oxide growth mechanism
on both crystal faces of Ni modified with CeQ,.

7.4. The evolution of oxide surface morphology

During the growth of oxide at high temperatures, growth kinetics control the
surface morphology. Therefore, important information about the growth mechanism can
be obtained from an analysis of the oxide/gas interface. AFM, with its high depth
resolution, allows precise observations of ceramic oxide surfaces. Some examples of
AFM imaging of the growth surface of pure and Ce-modified NiO are shown in Fig. 7.4.
The surface morphology of the oxide formed on both uncoated Ni faces had a highly
crystallographic character (Fig. 7.4a,b). Pyramidal grains exhibited some specific types
of surface planes. Observations at high magnification detected the nucleation of new
faceted oxide grains at the boundaries between pyramids, which in pure NiO act as
diffusion paths for the transport of Ni ions from the substrate to the outer surface (Fig.
7.4c¢).

After coating with CeO,, the oxide morphology depended upon the Ni face
orientation. Oxide grown on coated (100)Ni developed a “cauliflower-like” structure. The
conglomerates with sizes of up to 1 pm were composed of many small oxide grains. In
general, the individual grains had a faceted morphology which was similar to that
observed on uncoated substrates. A markedly different surface was observed on CeO,
coated (111)Ni. In this case, very small and spherical grains of oxide uniformly covered
the Ni substrate (Fig. 7.4d). It is believed that such morphology has been formed as a
result of the nucleation of small oxide grains on the nano-sized CeQ, particles.

A quantitative analysis of the oxide growth morphology involves the estimation
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of the vertical roughness of the oxide surface. Some examples of AFM measurements are
givén in Table 7.1. For oxide grown on (100)Ni, the mean roughness R, was up to .25
of the average oxide thickness calculated from the oxygen uptake. Moreover, on the oxide
surface, the individual oxide grains were present, the heights of which, represented by
R, .. parameter, exceeded the average oxide thickness. For (100)Ni after coating, the ratio
of roughness R, to the average oxide thickness was essentially the same as that observed
in oxide formed on the pure face. Oxide grown on (111)Ni was more uniform, especially
after coating with CeQ,, and the ratio of R, to oxide thickness was about 0.04. Estimation
of the vertical roughness of the oxide growth surface is important for a correct
interpretation of AES and SIMS depth composition profiles. In addition, as will be shown
later, the evolution of the surface roughness during oxidation may be used as an indicator

of the type of the oxide growth mechanism.

7.5. NiO grain size and calculated oxidation rate

The major influence of the reactive element on the oxide growth morphology,
frequently reported in the literature [Moon and Bennett, 1989], is the refinement of oxide
grains. For our system, this can be clearly seen in Figs 7.4a, 7.4d, and in Table 7.1.
Microscopical observations show that the smaller grain size was caused both by
increasing densities of oxide nuclei and by restricting grain growth. It is obvious that the
higher density of grain boundaries, accompanied by a lower oxidation rate, suggests that
the reactive element inhibits the diffusivity of oxide grain boundaries. In order to verify
this finding, experimental grain size data were used to calculate the parabolic rate
constants k., assuming growth was contiolled by grain boundary diffusion. For this
calculation, the equation determined by Atkinson et al. [1979, 1981,1982]] was used:

k(1 atm O,) = 6.4 { D, + 2(D,,0) /g } (cm?/s) @.1)
where D, is the lattice diffusion coefficient expressed by:

D, =0.022 exp {-2.56 (eV) /kT} (cm’/s) (7.2)

74



and D,,0 is the product of the grain boundary diffusion coefficient and grain boundary
width described by the equation:

D,,5 = 3.0x10° exp{ -1.78 (eV) /kT} (cm’fs) (7.3)

In equation (7.1), g is the oxide grain size. In order to transform the values of &, to the
oxygen pressure in our experiment, ie. 5x107 torr, the dependence k, = k° (py,)"*
[Graham and Cohen, 1972] was used. Results of the calculations are shown in Table 7.1,
together with experimental values of average (k,) and instantaneous (k) rate constants

obtained from oxidation kinetics.

7.6. Epitaxy and texture formation in oxide films

7.6.1. Early stage of oxide growth

The influence of CeQ, coatings on the microstructure of the oxide formed during
the early stages of oxidation, was analyzed by TEM on planar thin foils. The initial oxide,
which developed on both uncoated Ni faces, was epitaxially oriented with the substrate
(Fig. 7.5). The major orientation relationships were (100)Ni // (100)NiO and (111)Ni //
(L1I1)NiO. Although in both cases the NiO films approach single crystals, there are
essential differences in the size of mosaic regions and the density of lattice defects. A
simple visual assessment of the microstructure in Figs. 7.5a and 7.5b indicates that the
density of structural defects in oxide grown on (100)Ni is significantly higher.

The TEM microstructure of the oxide grown on (111)Ni revealed a contrast of
well-defined triangular features up to 100 nm in size (Fig. 7.5b). When the larger area
of the oxide is imaged, two sets of triangular features twisted 180 deg with respect to
each other may be distinguished (Fig. 7.5c). The crystallographic analysis of NiO
nucleation on (111)Ni, shows that the first orientation may be one in which oxide and
metal lattices are parallel to one another. The second orientation may be obtained by a
180 deg rotation of the oxide lattice about its surface normal to produce the so-called
anti-parallel orientation. According to Cathcart et al. [1969], such a nucleation leads to

twinning in NiO. In our case, the SAD pattern did not support twins occurrence in such
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a thin oxide.

TABLE 7.1. The parameters of the surface morphology and growth kinetics for selected
oxides formed on both Ni faces after 4 h exposure at 973 K.

Ni crystal | Thic- | Rough | Rough- Grain k, k,; ke
face kness | -ness | ness, R, | size giem*s™ glems! | glemis!
nm |[R,nm | nm g, nm

(100)/pure | 982 | 106.5 | 1110(137) | 420 | 1.4x10™ | 8.2x10™ | 1.4x10"

(100)/CeO, | 437 90.8 | 864.9(90) 150 | 2.8x107" | 83x10" | 4.2x10"2

"(lll)lpure 263 | 228 | 117.607) | 120 | 9.8x10™ | 1.4x10™ |s5.2x10™

“(111)/Ce()2 178 8.2 | 108.6(10) 67 | 4.5x10™ | 3.9x10™ |9.4x10™

(Fig. 7.5b). To detect the twins, the sample was tilted during observation to avoid <111>
beam direction ({111} is the twinning plane in NiO). The twin relationship was detected
in thicker oxides on (111)Ni by an x-ray diffraction technique, which is described in the
next section of this thesis.

After applying CeO,, both Ni faces were initially covered with fine-grained
polycrystalline oxide characterized by a random distribution of grain orientation. This
random orientation is seen on the SAD pattern of the film stripped from the substrate
after a few minutes of exposure to oxygen which is composed exclusively of the
continuous rings for NiO and CeO, (Fig. 7.6a). The SEM observation of the surface
morphology at this stage of growth clearly shows that small oxide grains nucleate on the
top of the CeO, coating (Fig. 7.6b). However, the structure of the oxide developed during
further oxidation depended upon substrate orientation. Such conclusions can be drawn
from the SAD pattern, which exhibits the distinct spots for NiO superimposed on the
continuous rings (Fig. 7.6¢). The comparison of this pattern with the SAD pattem of NiO
formed on the uncoated face (Fig. 7.5a), indicates that this sublayer has an epitaxial
relationship with the Ni substrate which is essentially the same as that observed without
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coating.

7.6.2. Steady stage of oxide growth

The structure of NiO layers developed during steady stages of oxidation is
influenced by the substrate nature, the growth process, and the reactive element additions.
Our study, however, revealed the crucial role of substrate orientation in the
microstructural evolution of the oxide.

The x-ray data obtained for NiO formed after 15 h oxidation at 1073 K of
uncoated (100)Ni are shown in Fig. 7.7. Since the oxide layer was totally penetrated by
x-1ays, the peaks from the Ni substrate were also detected (Fig. 7.7a). The diffraction
pattern indicates that after 15 h exposure the oxide is polycrystalline. The clear separation
of peaks for both the oxide and the substrate, allowed the measurement of pole figures
from all the major oxide reflections (Fig. 7.7b). It is seen that two major texture
components are present: a {100} component formed by oxide grains, misoriented by about
10-15 deg, developed from initially epitaxial crystals, and a <l11> rough fibre
component. The pole figures of the oxide after coating are shown in Fig. 7.8. It is
surprising that although the CeO, coating led at the beginning to the nucleation of a
randomly oriented NiO (Fig. 7.6a) and at a steady stage introduced the complex depth
structure, the NiO texture revealed by x-ray was very similar to that observed on uncoated
(100)NI.

X-ray data show that NiO developed on (111)Ni after 15 h exposure at 1073 K
was polycrystalline, and strongly textured (Fig. 7.9a). Pole figures indicate that the
{111} texture was formed by two sets of twinned grains Fig. 7.9b). At this point, it is nct
clear whether laminar or columnar twinning occurred, although the surface morphology
seems to support the latter possibility. In such a case, according to the model proposed
by Cathcart et al. [1969], incoherent twin boundaries with high diffusivity should be
oriented perpendicularly to the surface. NiO with such grain boundaries should exhibit a
high growth rate, which was not supported by the oxidation kinetics measurements (Figs
7.1 and 7.2). Instead, a low growth rate might suggest either coherent twin boundaries

connecting the substrate and the oxide/gas interface or the existence of laminar twinning.
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The other texture component, i.e. {100}, with an intensity of 2.1 times random, is
relatively weak in comparison to the main {111} texture. The x-ray diffraction pattern of
the oxide formed after coating is shown in Fig. 7.10a. Despite a small quantity of CeO,
introduced by 14 nm thick coating, its presence was detected by x-rays. Because the
(200)NiO peak had a low intensity and was located close to the strong (111) peak of the
Ni substrate, measurement of (200) pole figure for oxide was impossible. In this case, the
coating inhibited the formation of the twin relationship between oxide grains (Fig. 7.10b).
Moreover, the <110> texture component with an intensity of 5.9 times random was
formed. The major oxide texture, however, {111} which developed' as a result of the

influence of (111)Ni substrate, was still present.

7.7. Summary

Inhibition of NiO growth on CeO, coated Ni depends essentially on the
crystallographic orientation of the substrate. CeQO, coatings deposited on (100)Ni markedly
improve the oxidation resistance; however, the NiO growth rate on this coated face is still
higher than that measured for uncoated (111)Ni. CeO, coatings on (111)Ni, when
incorporated into growing NiO without the coarsening of CeQ, particles, decreased the
oxidation rate to the values predicted from lattice diffusion only. Moreover, the beneficial
effect of CeO, on (111)Ni is stable over the exposure time up to 4 h. The structure of
NiO developed on both the pure and CeO,-coated Ni crystal faces is mainly influenced
by the crystallographic orientation of the substrate. For (111)Ni, the initial epitaxially
oriented NiO film with a low dislocation density is transformed to polycrystalline with
a strong {111} texture. For (100)Ni, the initially epitaxial {100} film with a high
dislocation density is transformed to polycrystalline with two major texture components:
<111> and {100}. For the temperatures and times of this experiment, the presence of
CeQ, introduced a complex depth structure of NiO. The structure of the main NiO

sublayer, however, was essentially the same as that observed without the coating.
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Fig. 7.4. AFM morphology of growth surface of oxides formed on pure and CeO,-coated
Ni crystal faces (1073 K, 15 h): (@) (111)Ni - uncoated; (b) (L00)Ni - uncoated; (c)
(100)Ni - uncoated - showing the nucleation of new oxide grains at oxide/gas interface;

(d) (111)Ni - CeO,-coated.
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Fig. 7.5. TEM microstructure and SAD pattern for NiO grown at 973 K on pure Ni faces:
(a) (100)Ni, beam direction B = [001]; (b) (111)Ni beam direction B = [112], (sample
tilted during observation), (c¢) (111)Ni - two sets of triangular blocks twisted 180 deg with
respect to each other are indicated as A and B.
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Fig. 7.6. Evolution of microstructure of the oxide grown at 973 K on CeQO, coated
(100)Ni: (a) TEM image and SAD pattern of oxide during initial stage of exposure to
oxygen (5 min}); (b) SEM image of NiO nucleation on the top of CeQ, coating; (¢} TEM
image and SAD pattern of oxide at steady stage of growth.
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Fig. 7.8. Pole figures for oxide formed after 15 h at 1073 K on (100)Ni - CeO,~coated.

86



{111)N! face
Oxidation: 1073 K, 15 ™

4.1

g 2
e g
f g % g%
S 0 nN, 6. Gz.n: (;) 6. . M. 73. 0.

V) 1
5o 08
p 72
s 85

o
¢t @éu Q@o e

(111) Pole figors 200) Pole fgrs 220} Pois figre
ident.: NO ident: NIO ident.: NIO
b |Conour leveie: 1,3, 6. 7,9. 11, 13 | | Contour loves: 1,2, 3, 6,5.8,7 Contour evels: 1.2, 3,4, 5,6, 7

Fig. 7.9. X-ray diffraction pattern (a) and pole figures (b) for oxide formed after 15 h at
1073 K on uncoated (111)Ni.

(111)N1 tace/CeQ, costed
Oxidatior: 1073 K, 1S h

(111) Pole figure
ident.: NIO

b |Contour leveis: 1.2, 4. 8, 16. 32 84 Contour lemis1.2.3,4.5. 6.7
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at 1073 K on (111)Ni - CeO,-coated.

87



CHAPTER 8. THE GROWTH AND STRUCTURE OF THIN OXIDE FILMS
ON CERIUM ION-IMPLANTED NICKEL

8.1. Introduction

Ion-implantation was selected as a second technique of surface modification with
a reactive element. In this Chapter we investigate the early stages of oxide formation on
Ce-implanted Ni, using a number of analytical techniques in order to identify the oxide
microstructure and location of the reactive element. The comparison of these results with
the previously reported characterization of oxide growth on Ni with surfaces modified
by CeO, sol coating, gives important insights into the mechanism by which Ce reduces
the NiO growth rate.

8.2 Oxide growth kinetics

The decrease in oxygen pressure in the manometric system was converted into the
oxygen uptake to calculate the oxidation kinetics. As can be seen in Fig. 8.1, during the
very initial stages of exposure to oxygen, particularly during the process of heating-up to
973 K, the Ce implants enhanced the nucleation of oxide and the oxygen uptake was
slightly higher than that measured for pure substrate. Shortly after the temperature of 973
K was attained (10 min of exposure), the growth rate of the Ce modified oxide started to
decrease rapidly. At this stage of growth, the oxide films had a thickness of about 60 nm,
as estimated from the oxygen uptake. After 4 h exposure, the oxide on the implanted
substrate with an average thickness of 175 nm, was almost 2.5 times thinner than that
grown on pure Ni. Vacuum annealing of implanted substrates at 1073 K before oxidation,
decreased the beneficial effect of Ce.
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Plots of the log of oxygen uptake versus the log of time revealed that for all the
substrates, the oxide growth exhibited an early transient stage followed by a steady-stage
reaction. For pure Ni the transient stage lasted about 60 min. After that, the oxidation
followed roughly parabolic law with the exponent around 2.2:0.1 The Ce implants
shortened markedly the duration of the transient stage: for both implanted substrates, this
period was found to last only 12-15 min. There is, however, a difference in the deviations
from the parabolic law displayed by the implanted substrates. Whereas the oxidation curve
for substrate annealed after implantation exhibited an exponent similar to that for pure
Ni, the exponent found for the substrate directly oxidized after implantation was even
larger than 2.2:0.1. Other researchers have also observed deviations from the parabolic
law after the implantation of reactive elements. Hampikian et al. [1989] even suggest the
paralinear equation for oxidation of Ni implanted with Y. Our analysis indicates, however,
that the extent of deviation observed in our experiment is still within the margin of
experimental error for parabolic relations. Thus, we believe that oxide growth on all the
substrates follows roughly the parabolic law after the early transient stage.

Oxidation curves were also analyzed numerically to evaluate the instantaneous rate
constants for oxide growth. The values obtained at the beginning and end of the oxidation
cycles are shown in Table 8.1. The decrease of the rate constant by a factor of 2,
observed in pure Ni, is interpreted in terms of the oxide grain growth [Smeltzer, 1988].
Rapid decrease that is, by more than one order of magnitude measured for implanted Ni,
cannot be explained solely by the development of grain size but, as is shown later, can
be attributed to the chemical role of Ce implants. Experimental values of oxidation rate

constants will be used later during an analysis of the growth mechanism of the oxide.

8.3. The surface morphology of oxide films

Since growth kinetics control oxide surface morphology, the analysis of the
oxide/gas interface gives valuable information about the oxidation mechanism. To
characterize oxide morphology, two techniques were employed: SEM and AFM. As is
shown in Fig. 8.2a, Ce implantation strongly affected the outer surface of the oxide. It is
characteristic that after substrate finishing by chemical polishing, which revealed the
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crystallographic structure of metal grains, large differences in oxide thickness at different
grains were observed. Thus, oxide surface morphology depends on the orientation of Ni
grain and on the type of Ni grain boundary. Ce implants inhibited the anisotropy of
oxidation much more strongly than the reactive element oxide coating (Chapter 6),
probably because of radiation damage to the surface layer of Ni during ion bombardment.
Simple visual assessment of the growth surface (Fig. 8.2b) indicates a high refinement
of oxide grains caused by Ce implants. Because the transport of Ni** cations along grain
boundaries is thought to control the NiO growth at this temperature [Smeltzer, 1988], the
finer-grained structure which is accompanied by a lower growth rate, is the important
piece of evidence which supports the inhibition of grain boundary diffusion by reactive
element implants. Post-implantation annealing caused essential changes of the oxide
surface, which was covered with nodules of pure NiO (Fig. 8.2¢,d). Such morphology, not
observed during the oxidation of pure Ni, suggests the presence in some areas of oxide
film, a very fast path for Ni ion transport towards the surface.

An important factor characterizing the surface morphology of thin oxide films is
the roughness of the surface. AFM measurements of surface roughness parameters and
oxide grain size for pure and modified oxides are given in Table 8.2, together with
average thicknesses of oxide films calculated from the oxygen uptake while assuming a
flat surface. The oxide grown on the implanted Ni had a surface with the lowest mean
roughness R, (Fig. 8.3). The NiO nodules present on implanted and annealed substrate
contributed to the high values of R,, which were even higher than that measured for pure
NiO. For all the oxide films, the values of maximum height R, exceeded the average
oxide thickness. In the case of NiO formed on the implanted and annealed substrate, R,
was more than 4 times larger than the average thickness calculated from the oxygen
uptake. For oxides in the thin film range, the knowledge of surface roughness is important
during the analysis of depth-composition profiles obtained by RBS, AES and SIMS.
Moreover, there is a correlation between surface roughness and the reduction of NiQ
growth caused by Ce additions (Chapter 6) i.e. the less rough and more stable with time
the growth surface is, the higher the reduction of the NiO growth rate caused by Ce. The
comparison of kinetic data (Fig. 8.1 and Table 8.1) and the surface morphology
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description (Table 8.2), seems to support this correlation. The lower the rate of NiO

growth, the lower the surface roughness.

TABLE 8.1. Oxygen uptakes and instantaneous values of oxidation rate constants * for

the growth of NiO on unimplanted and Ce-implanted Ni (973 K, py, = 5x107 torr).

Ni substrate Oxidation time 10 min Oxidation time 240 min
M,jam’ k,; (g’cm™s™) pg O,fcm? k,; (g'em™s?)

[ unimplanted _7.9 4.1x102 63.3 2.2x10"

Ce implanted 8.7 3.3x10"° 25.0 3.0x10™

kCe impl./anneal 8.6 4.2x10" 333 7.9x10"

2 k, obtained from numerical analysis of oxidation curves as 2w(dwydr), where w is the

oxygen uptake and ¢ is the time of oxidation.

8.4. Cerium depth distribution

Oxidation results in the redistribution of Ce implants within the oxide. In order to
determine the location of Ce in NiO, RBS and AES techniques were used.

The RBS spectra of all the implanted and oxidized nickel exhibited a distinct Ce
peak (Fig. 8.4a). For oxidized samples, the height of the Ni peak was reduced due to the
presence of NiO. Depth profiles derived from those spectra are shown in Fig. 8.4b. The
implantation with 2x10'® Ce’/cm? resulted in an enrichment of the approximately 50 nm-
thick surface region of the Ni substrate, with Ce up to a maximum concentration of 8
at.%. A computer simulation using a Monte Carlo TRIM 91 code [Ziegler and Biersack,
1985] predicted a mean ion range of 24 nm with a half width HM of 12 nm, which is in
close agreement with the results of the experiment. After oxidation, the Ce peak was
slightly shifted towards the oxide surface, but the maximum Ce concentration remained
the same. AES analysis essentially supported the RBS measurements (Fig. 8.5a). Ce was

detected in a surface region of the oxide corresponding to 10 min sputtering, whereas the
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oxide/metal interface corresponded to a sputtering time of 45 min.

Post-implantation annealing affected the distribution of Ce in both Ni and NiO.
After | h annealing at 1073 K, Ce had moved towards the outer surface of Ni. According
to the RBS profile (Fig. 8.4b), after this treatment Ce was located in a 10 nm thick
surface region of Ni, with a maximum concentration of 20 at.%Ce. RBS shows again that,
after oxidation, the Ce peak was slightly shifted towards the oxide surface. To interpret
correctly the RBS/AES data, the roughness of the oxide surface should be taken into
account. An analysis indicates that Ce is present in the outer part of the compact part of
the oxide which is covered with NiO nodules having a height up to 1035 nm (Table 8.2).

Such a distribution is essentially different from that observed in NiO formed directly after

implantation.

TABLE 8.2. AFM analysis of surface morphology of oxides formed on unimplanted and
Ce-implanted Ni (973 K, 4 h, 5x107 torr oxygen).

Ni Average | Mean Max. height Grain size ™
thickness | rough. (nm) (nm) (nm)
substrate | ¥ (nm) R, o R, o g o
i unimplan. 443 140 21 1103 167 1000 55
implanted | 175 33 6 20 | 76 40 7|
impl./ann. 233 151 16 1035 183 320 37 “

3 _thickness calculated assuming negligible surface roughness and NiO density-6.67g/cm?
» measured by AFM software as an average of 500 grains

The extremely high affinity of Ce to oxygen caused the formation of CeQ, during
annealing, despite the ultra high vacuum of 10 ® torr applied. This conclusion can be
drawn from the AES spectrum in Fig. 8.5b, which shows a correlation between

concentration profiles for oxygen and cerium. Thus, two kinds of substrates modified by
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ion-implantation were used for oxidation. The unannealed Ni substrates contained Ce
implants and surfaces damaged by ion bombardment. Conversely, the vacuum-annealed

substrates contained CeO, and the surface recrystallized from radiation damage.

8.5. X-ray diffraction analysis of phase composition

X-ray analysis shows that oxides formed on both implanted substrates are
polycrystalline (Fig. 8.6a,b). It is characteristic that CeO, was only detected in oxide
grown on a pre-annealed substrate. Since all the substrates were simultaneously implanted
with the same doses of Ce, the only difference between them is the size of the CeO,
particles (this will be seen later during TEM observations). It is possible that the ultra-fine
CeQ, particles, present in oxide grown on Ni directly oxidized after implantation, were
also partially dissolved in oxide grain boundaries. Thus, the remaining amount was unable
to produce peaks of intensity higher than the noise level. An additional difference in the
diffraction patterns shown in Figs 8.6a and 8.6b, can be seen in the NiO peak intensities.
The comparison with the JCPDS standard suggests the presence of {111} texture in oxide
formed on an annealed substrate. However, during such a comparison, slight differences
in the intensities of Ni peaks must be taken into account. Because of very thin oxide
films, our attempt at a direct measurement of the oxide texture, using a conventional

texture goniometer, was unsuccessful.

8.6. Analytical electron microscopy of the oxide microstructure

8.6.1. Oxide formed on Ni directly oxidized after implantation

The nonuniform concentration of elements versus oxide thickness, as found by
RBS and AES, suggests the complex depth structure of the oxides. Therefore, thin foils
were prepared to expose the three main layers of the oxide structure: i) the region close
to the oxide/gas interface, ii) the middle part, and iii) the zone close to the oxide/metal
interface. In these sublayers an essentially different microstructure was found by TEM.
To specify the sublayer location inside the oxide film, the thin foil thickness was
calculated from the EEL spectrum by the relation 3.1 {Leapman et al., 1984].

The thin foils for examining the outer region of the oxide were prepared by ion
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sputtering from the metal side. In this sublayer, the TEM revealed the nanocrystalline
structure composed of CeO, and NiO phases (Fig. 8.7a). The film thickness, calculated
from the EEL spectrum in Fig. 8.7b, was found to be 35 nm. The Ce concentration,
estimated from the high energy-loss part of the EEL spectrum (Fig. 8.7b, inset), is the
highest of all the other sections in this oxide.

In order to examine the oxide structure beneath the outer part, the sample was first
separated from the substrate. After, it was thinned by sputtering using Ar ions from the
oxidefmetal side for time intervals two times longer than form gasfoxide side. A typical
TEM microstructure of this region is shown in Fig. 8.8a. The essential difference between
this microstructure and that in the outer sublayer is the larger NiO grain size. It is seen
that CeQ, particles are distributed randomly inside the oxide grains and at the oxide grain
boundaries. The SAD and convergent beam diffraction pattern (CBDP), obtained with a
beam size of 20 nm, confirmed the NiO and CeO, phases (Fig. 8.8b). Unfortunately, the
reflections on CBDP from the CeO, are so weak that only {111} spots are visible. The
weakness of the other CeQO, diffraction spots makes it difficult to identify the zone axis
and to find the orientation relationship between phases. As estimated from the EELS
spectrum in Fig. 8.8c, using the equation 3.1, is 66 nm. This means that approximately
40 and 80 nm-thick layers were removed during sputtering from the gasfoxide and
metal/oxide sides, respectively. As is seen in the high energy-loss part of the spectrum
(Fig. 8.8c, inset), the Ce concentration in this region is lower than that detected above in
the outer part. To assess the size of CeQ, particles, the TEM micrographs were
quantitatively examined by an image analyzer. It was found that an average size of CeQ,
particles is 3.14 nm and the particle size has a distribution as illustrated in Fig. 8.8d. The
volume fraction of the CeO, phase, estimated from surface analysis, is 4.2%.

Because of the small size of NiO and CeO, phases, a microchemical analysis was
performed by STEM, with a beam spot size of 3.5 nm. The images of the region selected
for analysis, obtained by TEM and STEM, are shown in Fig. 8.9a and 8.9b, respectively.
Typical EDX spectra from CeO, particles and from the NiO matrix are shown in Fig.
8.9¢c. The key factor of the microchemical analysis was the detection of Ce segregation

in NiO grain boundary. Since the presence of the CeQ, particle in the NiO grain boundary
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would affect the segregation measurement, the region for analysis was selected where
STEM imaging under the highest available magnification did not detect the presence of
CeO, particles (Fig. 8.9d). The EDX analysis across the grain boundary proved the
existence of Ce segregation (Fig. 8.9¢). Since the beam spot size used (3.5 nm) was larger
than the grain boundary width, the real Ce concentration may have been higher than
values shown in Fig. 8.9e. The comparison of RBS/AES depth profiles and EELS analysis
indicates that the two sublayers described above cover the Ce-rich part of the oxide.
To examine the region near the metal/oxide interface, the oxide was ion-milled
from the gas side only. As is seen in Fig. 8.10, this part of the oxide consisted almost
entirely of pure NiO grains with sizes of up to 1 pm. In general, the NiO grains near the

substratefoxide interface were randomly oriented.

8.6.2. Oxide formed on the Ni substrate annealed after implantation

A different structure of the oxide was observed after annealing of the implanted
Ni. The NiO nodules with a maximum height up to 1035 nm (Table 8.2) were removed
during specimen preparation and thin foils covered the compact part of the oxide. A
typical TEM image of the outer part obtained by sputtering from the oxide/metal side
only is shown in Figs. 8.11a and 8.1 1b. In this oxide, the ultra fine-grained layer of NiO
and CeQ,, which had been observed previously (Fig. 8.7), was absent. The characteristic
feature was a markedly larger size of CeO, particles. In addition to particles having a
size in the range of 8-10 nm, a larger fraction of particles with a size up to 40 nm was
also present (Fig. 8.11c). The large CeO, particles were probably formed by the
coalescence of small particles during vacuum annealing, as was observed for the CeO,
coating (Chapter 6). The TEM foil obtained by thinning the oxide from the gas/oxide
interface, consisted essentially of randomly oriented NiO grains with sizes of 1-2 pm.

8.7 Summary

The Ce implant dose of 2x10'® ionfcm? caused a significant decrease in the
oxidation rate of polycrystalline nickel at 973 K. Radiation damage introduced by ion
bombardment caused a slight increase in the NiO growth rate during the initial stage.
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However, the essential improvement in oxidation resistance was derived entirely from the
chemical role of the implants. The beneficial effect of Ce was reduced when the
implanted substrate was vacuum-annealed at 1073 K prior to oxidation. The NiO films
formed on Ni directly oxidized after implantation, have a uniform surface morphology and
are composed of three distinct sublayers, each with an essentially different microstructure
and Ce concentration. The Ce implants are present near the oxide surface in the form of
CeO, particles which have an average size of 3 nm and are randomly distributed within
NiO grains and at NiO grain boundaries. In the oxide sublayer, where CeQ, particles are
present, the Ce ion segregation at NiO grain boundaries has been detected. When the
oxidation takes place after vacuum annealing at 1073 K, the oxide growth surface is
nonuniform and is covered with NiO nodules. In this case, CeQ, particles have an average
size of 8.4 nm and are present in that part of the oxide film which grew beneath the NiO
nodules.
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Fig. 8.1. Oxidation kinetics at 973 K of pure and Ce-implanted nickel. Initial stage of
oxidation is shown in the inset. Time when the temperature of 973 K was attained is
indicated by the arrow.
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Fig. 8.10. TEM image and SAD pattern of near substrate region of NiO grown on Ni
directly oxidized after implantation.
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Fig. 8.11. CeO, particles in outer part of oxide grown on Ce implanted Ni, annealed after
implantation at 1073 K: (a) bright field image; (b) dark field image of the same area in
the illumination of (200) of CeO,; (c) distribution of CeQ, particle size.
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CHAPTER 9. STEADY-STAGE GROWTH OF NICKEL OXIDE ON CeO,
SOL-COATED POLYCRYSTALLINE NICKEL

9.1. Introduction

The experiments reported in previous Chapters showed that the superficially
applied Ce/CeO, caused a significant improvement in Ni oxidation resistance during early-
stages of exposure to oxygen. Thus, the important technological question arises: how long
can such a trace amount of the reactive element provide the protection against high-
temperature oxidation. In order to answer this question, the long-term oxidation
behaviour of the Ni-NiQ-CeO, system is examined in this Chapter. The comparison of
early-stage and long-term experiments will allow us to assess the factors which control

the lifetime of protection by the surface applied reactive element.

9.2. Oxide growth kinetics

In order to assess the influence of CeO, sol-gel coatings on NiO formation, the
oxidation kinetics for uncoated and coated Ni substrates were measured. The gravimetric
data, plotted as the weight gain versus time, are shown in Fig. 9.1. For coated specimens
the results were divided into two groups: one for coatings with a weight of 10-20 pg/cm?
and the second for coatings of 25-30 pg/cm?. Assuming fully dense CeQ,, a 10 pg/em?
corresponds to the thickness of 14 nm [Nelson et al., 1981]; i.e. the coatings used had
thicknesses in the range of 14-42 nm. It is found that CeQ, significantly decreased the Ni
oxidation rate and that the oxidation of both uncoated and coated Ni during the steady
stage roughly obeyed the parabolic law. However, a larger deviation from parabolic law
was observed for thicker coatings of 25-30 pg/cm?.
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The values of the parabolic rate constants, calculated from gravimetric

measurements after 5 and 125 h exposures, are shown in Table 9.1. A comparison shows

TABLE 9.1. Parabolic rate constants &, (g%cm™s™) for oxide growth on pure and CeO,
coated Ni at 973 K and 760 torr O,.

Oxidation time Uncoated—- Ni coated with Ni coated with 1
Ni 10-20 pgCeO, fem? | 25-30 pgCeO, /cm?
l 125 h 1.20x10"? 2.70x101 5.80x10%

|| 5h 9.68x10 6.81x10™ 8.15x10

e
L ——

that the reduction in the rate constant caused by CeO, after 125 h is in the range of 20-45
times, which is greater than the 12-14 times reduction achieved after 5 h exposure, or 3-6
times reduction reported previously for much thinner oxides grown for 4 h at low oxygen
pressure (Chapters 5 and 6). It should be noted that an increase in the above ratios was
caused almost entirely by the decrease in the rate constant of CeO, modified NiO (Table
9.1). Only slight changes in the growth rate constant of pure NiO were detected. In order
to compare in detail the kinetic data for NiO, which were reported in Chapter 5 and
obtained at oxygen pressure of 5x107 torr and the present data, the conversion of rate
constants to the same oxygen pressure is necessary. Such a conversion allows us to make
a general conclusion from the kinetic measurements that for a time period of 125 h, the
effectiveness of Ce in inhibiting Ni ion diffusion through NiO, was significantly

increased.

9.3. Depth location of the reactive element in the oxide
The RBS technique was used to measure the oxide depth composition. Since the

RBS system used an analyzed oxide area which corresponds to approximately 100 grains
of Ni, the results can be considered as an average for the polycrystalline Ni substrate.
For all the specimens analyzed, the RBS spectra exhibited a distinct Ce peak (Fig.
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9.2, inset), which was shifted to lower energies (channel numbers) with increasing
oxidation time. The reduced height of the Ni peak indicates the formation of NiO. The
Ce-concentration profiles derived from the above spectra, assuming NiO matrix and
following the procedure described by Chu et al. [1978], show that after a longer oxidation
time the Ce is shifted towards the oxide/metal interface (Fig. 9.2). However, a comparison
of the Ce profiles and the average oxide thicknesses estimated from weight gain data (Fig.
9.1) indicates that for all specimens, Ce was still located close to the outer surface of the
oxide. For example, after 75 h exposure, the Ce peak was detected at a depth of 55 nm,

whereas the average oxide thickness was about 950 nm.

9.4. Surface morphology

Differently-oriented grains of uncoated Ni oxidized at a rate dependent on their
crystallographic orientation. This is illustrated on the optical micrograph of the oxide
surface after 38 h exposure (Fig. 9.3a). A pattern of a different contrast on this
micrograph is caused by interference colours and the darker areas correspond to the
thicker oxide scale. It should be mentioned that the interference colours were used in
earlier studies by Young et al. [1956] as a means of determining the thickness of the
oxide films grown on Cu single crystals. The SEM observations of the same
semiconductor NiO were done without the application of an additional conductive layer
which is often deposited to improve conductivity. The thicker areas in SEM micrographs,
therefore, gathered more electrons than thin areas and appeared brighter (Fig. 9.3b). The
SEM image revealed also that oxide thickness depends on the type of the grain boundary
in the Ni substrate (9¢,d).

The presence of CeO, coatings partly inhibited the anisotropy of NiO growth.
However, the oxide growth surface in Fig. 9.4a shows that the influence of the substrate
grain orientation was still strong. Also the type of the substrate grain boundary still
affected the thickness of NiO. An example of the morphology of NiO formed on
differently oriented Ni grains is shown in Fig. 9.4b. While the oxide grown on grain A
" has a faceted morphology (Fig. 9.4c), the oxide present on grain B has a nodular
appearance (Fig. 9.4d). Conversely, the oxide grown on grain C has a typical globular
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morphology (9.4e). SEM/EDX analyses from the well-developed nodule and the
surrounding region are depicted in Fig. 9.4f. The markedly weaker relative intensity of
Ce signal obtained from the nodule as compared to that from surrounding region, suggests
that the nodule is composed of pure NiO.

9.5. Oxide microstructure

An anisotropy of the thickness of NiO grown on the polycrystalline substrate was
also examined on polished taper-sections. To increase an effective scale thickness for
observation, the oxide growth surface was tilted during mounting in resin. A geometrical
relationship indicates that by using a tilt angle of 12° , the effective scale thickness was
increased by 500%.

The taper-section image of pure NiO after 110 h exposure with an average
thickness of 5.1 pm, as estimated gravimetrically, is shown in Fig. 9.5. The observed
differences in thicknesses of the oxide grown on various Ni grains exceed one order of
magnitude (Fig. 9.5a,b). In general, the oxide/metal interface is rough, and excluding
some fine features, in most cases represents a mirror image of the outer oxide surface.
Electrolytical etching reveals a relatively uniform morphology across the entire oxide
thickness (Fig. 9.5¢). A nonuniform oxide thickness was also observed on CeQ,-coated
specimens (Fig. 9.6a,b). In this case the NiO thicknesses on various Ni grains were
between | and 7 in relative units. In contrast with pure NiO, NiO formed on CeQ,coated
Ni had a two layer structure after electrolytic etching (Fig. 9.6c). Since there was no
essential variation in the chemical composition between the outer and the inner part of
the oxide, the observed difference in etched morphology may be caused by other
structural features, such as the grain size, porosity or texture. According to the TEM
images presented below, the Ce-rich film should be located between the differently etched
sublayers.

Additional information regarding oxide structure was obtained from fractured cross
sections which show that in NiO formed on pure Ni, the grain size increases with
increasing scale thickness (Fig. 9.7a). However, the oxidation at 973 K did not produce
a well-developed columnar structure, typical at higher temperatures [Kofstad, 1988]. This
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means that the nucleation of the new grains took place during oxide growth. Since the
NiO grain boundaries act as diffusion paths, one would expect the nucleation process at
the intersections of grain boundaries and gas/oxide interface. In fact, such a phenomenon
was observed previously during detailed investigation of NiO growth surface using the
AFM technique (Fig. 7.4c). An additional feature of the NiO microstructure are micro-
pores, indicated by arrows in Fig. 9.7a, and distributed through the entire scale thickness.
A fractured cross section of oxide formed on CeQO,-coated Ni shows the lower scale
thickness and smaller grain size (Fig. 9.7b).

To locate the Ce-rich sublayer within the oxide an attempt was made to prepare
cross-sectional thin foils for TEM. Although the foils were not thin enough over the entire
oxide thickness to perform detailed structural observations, they allowed us to measure
the depth location of the Ce-rich sublayer within the oxide. For the oxide grown for 125
h with the total thickness of 716 nm, the Ce-rich sublayer was 10-15 nm thick and was
located at a depth of 50 nm (Fig. 9.8a). The thicknesses of the outer and inner sublayers,
as evaluated from thin foil prepared from the oxide produced after 100 h exposure, were
100 and 550 nm, respectively.

For planar TEM imaging of the Ce-rich sublayer, the scale was thinned by ion
milling predominantly from the oxide/metal interface. The TEM image of the scale
portion which was transmittable for 100-120 kV electrons is shown in Fig. 9.8b. Similarly
as was observed during the early-stages (Chapter 6), the Ce-rich sublayer formed at the
steady-stage of oxidation shows a two-phase structure composed of NiO and CeO,. NiO
grains have diameters of between 50 and 100 nm, the CeO, particles have diameters
between 10 and 100 nm. Some of the CeQO, particles are seen in the dark field TEM
image in Fig. 9.8c. The selected area electron diffraction pattern (SAD), shown in Fig.
9.8¢c (inset), indicates that both phases in this sublayer are randomly oriented. The high-
magnification TEM image reveals that in addition to the relatively large CeQO, particles
observed above, very small particles with a size of up to 5 nm are also present (Fig.
9.8d). On the convergent beam electron diffraction pattern (CBDP) obtained with a beam
spot of 20 nm, the diffraction spots for a [233]NiO zone axis are clearly seen. For the
CeO, phase, however, only two spots of {200} are visible, which makes it impossible for
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us to establish the crystallographic relationship between the two phases. EDX analysis
from dark contrast regions in Fig. 9.8d (arrowed), performed with a beam spot size of 3.5
nm in the scanning transmission electron microscope (STEM), clearly shows that the dark

areas correspond to the Ce-rich phase, i.e. CeO,.

9.6. Summary
Surface applied CeO, films with a thickness of 14-42 nm decreased the oxidation

rate of polycrystalline Ni at 973 K after 125 h by a factor of up to 45. As was observed
for the early stages of oxidation, thinner coatings of CeO, (14-28 nm) were more
favourable in oxidation inhibition than thicker ones (35-42 nm). The thickness of NiO
showed a clear dependence on the crystallographic orientation of the Ni substrate. For
pure NiO, the differences in thickness were up to 10 times, depending on the orientation
of Ni grains. The presence of CeQ, slightly increased the scale uniformity; however, after
75 h exposure, oxides still differed in thickness by a factor of 7. The NiO scales
developed at the steady stage on CeO, coated Ni were composed of three distinct
sublayers. Ce was present in the intermediate layer composed of small NiO grains (60-90
nm) and CeO, particles (5-50 nm). This layer was generally located close to the outer
surface, however, with increasing oxidation time it gradually shifted deeper into the oxide.
A comparison of the morphology of oxide formed on polycrystalline Ni presented in this
experiment and on Ni single crystals reported in Chapter 7 suggests the variation in depth
location of the Ce-rich layer from grain to grain of the Ni substrate.
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Fig. 9.1. Oxidation kinetics of bare (uncoated) and CeO, coated polycrystalline Ni at 973
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Fig. 9.2. RBS measurements of Ce depth profiles in oxides produced after various
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111



Fig. 9.3. Surface morphology of oxide grown on uncoated Ni: (a) after 38 h exposure at
973 K, optical micrograph showing a pattern caused by colour interference; (b) SEM
image of a portion of the oxide shown in (a); (¢) SEM image of NiQO surface after 125
h exposure at 973 K; (d) fragment of morphology shown in (a).
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Fig. 9.4. Surface morphology of oxide grown at 973 K on Ni coated with 15 pg CeO,
jcm?: (a) optical micrograph of oxide formed after 38 h exposure at 973 K; (b) SEM
image of oxide grown after 70 h exposure; (c) faceted morphology of oxide formed on
grain A; (d) nodular morphology developed on grain B; (e) globular morphology of
oxide formed on grain C; (f) SEM/EDX spectra from regions marked in (b).

113




electroplating 30 Hm electroplating 3 0 pm

Ni substrate
a Ni substrate

electroplating

b Ni substrate

Fig. 9.5. Fig. 9.6.

Fig. 9.5. Taper sections of oxide formed on pure Ni after 110 h exposure at 973 K
(weight gain of 0.760 mg/cm?): (a) nonuniform thickness of the oxide grown on various
substrate grains; (b) magnified part of oxide shown in (a); ¢} SEM image of a part of
oxide shown in (a,b) after electrolytical etching. Tilt angle 12°.

Fig. 9.6. Taper sections of oxide formed on Ni coated with 15 pg CeO, /cm? after 75 h
exposure at 973 K (weight gain of 0.085 mg/cm?): (a) non-uniformity of oxide grown on
various substrate grains; (b) magnified part of the oxide shown in (a); (¢) microstructure
of a part of oxide shown in (a,b) after etching, revealing two sublayers. Tilt angle 12°.
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Fig. 9.7. SEM image of fracture cross-sections of oxide formed after 70 h on pure Ni
(weight gain of 0.625 mg/cm?) (a), and on Ni coated with 30 ug CeO, /cm? after 54 h
exposure (weight -gain of 0.115 mg/cm?) (b). Arrows indicate some porosity in oxide.
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Fig. 9.8. TEM analysis of oxide grown at 973 K on Ni coated with 14 nm CeO,: (a)
cross-sectional view of oxide formed after 125 h; (b) bright field image of Ce-rich
sublayer inside the oxide after 30 h exposure; (c) dark field image of the region shown
in (b) in the illumination of a part of {111} ring of CeO,, and corresponding SAD pattern
(inset); (d) high magnification image showing NiO and CeO, phases and CBDP pattern
from CeQ, particle in the NiO matrix (a [233] zone axis for NiQO is labelled by indices,
arrows indicate two {200} spots for CeQ,).
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CHAPTER 10. ANALYSIS OF THE MECHANISM OF OXIDE GROWTH
USING OXYGEN ISOTOPES

10.1. Introduction

Assuming that the reactive element oxide particles may be considered as an inert
marker, the reactive element effect on Ni oxidation is interpreted in the literature in terms
of slowing down the outward diffusion of Ni** [Moon and Bennett, 1989; Smeggil et al.,
1988]. This is in contrast to chromia formers where the change of the oxidation
mechanism from primarily outward Cr transport to predominant inward O* diffusion is
well documented [Cotell et al., 1987; Przybylski and Yurek, 1989]. Experiments described
in previous Chapters and conducted on nickel with various techniques of the reactive
element applying and substrate surface pretreatment, revealed the new factors affecting
the NiO growth inhibition by the reactive element. These results suggest that in the case
of Ni the reactive element addition may also result in scale growth by predominant
inward oxygen diffusion Hence, the two stage oxidation using the '®O,-tracer has been
undertaken to provide a direct evidence of the transport mechanism in NiO modified by

the reactive element.

10.2. Sequential oxidation in '*0,/'*0,

The oxidation was performed in an ultrahigh vacuum manometric apparatus at
973 and 1073 K, oxygen pressure of 5x10” torr and for exposure times up to 6 h. The
cold insertion to oxygen and furnace raise technique with a heating rate of 200 deg/min
was used. The surface modified samples were sequentially oxidized in *Q, first and then
in 0,. To avoid the formation of cracks in the oxide films, the two-stage experiment was

carried out isothermically. Namely, the evacuation of a system up to 10 torr of vacuum
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after oxidation in '*0, and subsequent admission of '*Q,, was carried out at the oxidation

temperature. The oxygen isotope used during the second stage, according to the supplier

certificate (ICON Services Inc., N.J.), contained of 96 at.% '*0,. Details regarding two

stage oxidation are shown in Fig. 10.1 and listed in Table 10.1.

TABLE 10.1. Oxidation data for the two-stage experiment '°0,/'®0,, ( oxygen pressure -

5x10? torr, 1 pgO/ecm? = 7 nm NiQ).

Ni sample Oxidation 150, 130,
characterization temperat.
(K) time O, upt. time O, upt.
(min) pg/cm? (min) pgfcm?
Polycrystalline,mech. 973 125 50.6 125 225
polished, CeQO, sol
Polycrystalline,chem. 973 240 24.7 120 3.2 "
polished, Ce" impl.
Polycrystalline,chem. 973 240 18.9 120 34
polished, CeO, sputt.
(100) face, 1073 120 44 4 120 14.7
[CeO2 sol coating
(111) face, 1073 192 21.7 192 7.6
CeO, sol coating

For samples sequentially oxidized in '°0,/'®0,, the SIMS polyatomic analyses were

performed. The principal species analysed in depth profiling were: *¥Ni'*Q,- (mass 90),
Ni'*0," (mass 94), *Ni'®0"®O(mass 92), “°Ce'’®O" (mass 156) and *°Ce'®0* (mass

158). The data were corrected for mass interferences and elemental sensitivities, and are

presented as atomic concentration versus sputter time. On some samples the depth-
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composition was also measured by RBS and AES.

10.3. Oxygen isotope distribution in oxides

In order to gain information regarding the purity of the oxygen isotope '*0, used
and proper interpretation of the results of sequential oxidation, the first experiment was
conducted with the use of '*Q, only. The SIMS analysis of 461 nm thick oxide grown
after 4 h exposure at 973 K on polycrystalline mechanically repolished and CeO, sol-
coated nickel, is shown in Fig. 10.2. The '*O level (Ni'®*0,) is above 90% whereas '°O
level (Ni'®O,) is less than 10%. Thus, such a level of '*0 should be anticipated during
further analysis. Cerium (**°Ce'®Q") is generally present close to the oxide/gas interface,
but tails in throughout the oxide. The oxide/metal interface in the SIMS profile is
relatively broad. As observed by SEM, such a composition profile was accompanied by
quite a rough surface at this depth.

10.3.1. Polycrystalline nickel

The sample of polycrystalline nickel CeO, sol coated, with surface finished
identically as those analysed above, was sequentially oxidized at 973 K first in '°O, for
125 min (oxygen uptake of 50.6 pg/cm?) and then for the same period of time in O,
(oxygen uptake of 22.5 pg/cm?). The SIMS analysis of a 511 nm thick oxide film is
shown in Fig. 10.3. The Ni'®*0,- and Ni'°O,- profiles indicate a high concentration of 'O
in the outer portion of oxide. This suggests that in this region the new oxide was formed
(the level of the mixed polyatomic species Ni'®0"®0" was found to be practically
constant). As seen also in Fig. 10.3, the Ce peaks (Ce'°0" and Ce'®0*) with the higher
fraction of Ce associated with %O than with '80, are within the oxide, at the interface
between the Ni'®O and Ni'®O oxides. Thus, during the diffusion through the oxide film,
some of the "®0 isotope has exchanged with '°O in the CeO, phase.

The sequential oxidation of Ce implanted Ni was conducted at 973 K by exposure
first in 'O, for 240 min and subsequently for 120 min in '*0Q,. Depth distribution of
polyatomic species in 195 nm thick oxide is illustrated in Fig. 10.4. Since the O uptake
was relatively low, a small amount of '*O containing species was detected. The Ce

containing species (Ce'®0* and Ce'®0") are present in the outer part of the oxide. The
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Ni'®0, level is higher in the outer part but tails in through the oxide.

In the case of chemically polished nickel sputter coated with 4 nm CeQO,, the
oxidation strongly depended on substrate grain orientation. Since the grain size of the Ni
substrate was about 100 pm, the SIMS results did not give the average distribution over
oxide grown on many different orientations. To obtain the average depth concentration,
an analysis was performed using RBS. In this technique a signal was produced from an
area of about (700 pwm)®> which corresponds to surface of about 100 Ni grains. The
energy spectra of 1 MeV *He' ions backscattered from the sample surface before and after
oxidation at 973 K, are shown in Fig. 10.5a. The Ce concentration-depth profiles derived
from these spectra (Fig. 10.5b) indicate that in the 195 nm thick oxide (average thickness
for entire sample as estimated from oxygen uptake), Ce was concentrated in a 20-30 nm
thick surface region of the oxide. Since the nonuniform morphology of the oxide surface
(Chapter 6) suggested the differences in Ce distribution exists, the measurements of Ce
depth location in the oxide that was grown on individual Ni grains were performed by
AES. In this technique the signal was generated from an area of about (45 pum)?, which
is much less than area of one Ni grain. It was observed that the depth location of Ce in
the oxide changes from grain to grain of the Ni substrate. An example of the analysis
from the oxide formed on one Ni grain is shown in Fig. 10.5c. This oxide, as estimated
from SEM surface observations, was thinner than oxides on the surrounding Ni grains.
Conversely, the Ce peak obtained from the thicker oxide had a lower intensity and was
shi-fted towards the oxide/metal interface. The SIMS analysis of oxide grown on this
substrate, including also '®*O containing species, is shown in Fig. 10.5d. The Ce'*O" and
Ce'®0" peaks coincide and are located inside the oxide layer, between Ni'®O and Ni'*O
oxides. Moreover, the Ce'®O* peak is much higher than Ce'®O". The presence of Ni'*0,
close to the oxide/gas interface indicates the growth mechanism by the outward Ni'?
diffusion.

10.3.2. Ni single crystals
In the '*Of®0 experiment a CeQ, sol coated (100)Ni face was oxidized at 1073
K for 120 min in !*0, and then also for 120 min in *0,. The partitioning of the O and
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0 containing species in a 414 nm thick oxide is shown in Fig. 10.6. The Ce'*O’ and
Ce'*0" peaks coincide and are located inside the oxide but still rather close to the outer
surface. In this film, the Ce'*O* peak is higher than Ce'®O" indicating a strong exchange
of oxygen isotopes in the CeO, phase. The Ni'®*O," peak is located inside the oxide, at a
depth just below the Ce peaks. Such distribution suggests that, in this sample the new
oxide is formed beneath the Ce-rich portion of the scale.

The sequential oxidation of CeQ, sol coated (111)Ni conducted at 1073 K for 192
min in 0, and for 192 min in '*O,, resulted in the distribution of polyatomic species
shown in Fig. 10.7. The oxygen uptake during the second stage ('*0,) was of 7,6 pg/cm?®
and allowed the obtaining of very clear SIMS profiles for '®O containing species in the
oxide. The Ce containing species are present on the outer surface of the oxide with the
level of the Ce'®O° slightly higher than Ce'O". In this film, the Ni'®O, signal is lower
than the Ni'®O,- in the outer region of the oxide. Moreover, the Ni"®0, profile tails in the

oxide, which indicates the formation of new oxide beneath the Ce-rich region.

10.4. Summary

The sequential oxidation using '°0,/**0, isotopes provided evidence regarding the
influence of the surface applied reactive element on the oxidation mechanism of Ni. In
particular, it shows that the oxidation mechanism of Ni modified with Ce/CeQO, depends
on the substrate surface pre-treatment before the reactive element application. For
polycrystalline Ni a decisive factor is the surface finishing. CeO, sol-gel coatings
deposited onto a mechanically polished surface significantly decrease outward Ni**
diffusion, but the outward Ni** transport is still predominant for NiO growth. Higher
inward diffusion of oxygen is observed for chemically polished Ni, both for the ion-
implanted and CeOQ, sputter-coated. The mechanism of oxide growth on CeQ, sol-coated
Ni single crystals depends on crystallographic orientation. Of two Ni orientations studied
(100) and (111), the higher contribution of inward O* diffusion is observed for the
(111)Ni face.
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CHAPTER 11. TEXTURE AND GRAIN BOUNDARY CHARACTER
DISTRIBUTION IN NiQ MODIFIED WITH THE REACTIVE ELEMENT

11.1. Introduction

The grain boundaries in protective oxides act as so called “short-circuit paths” for
diffusion and have an essential influence on the oxidation resistance of many materials.
This implies that fine-grained oxide structures should result in high growth rates.
Surprisingly, a low growth rate of oxides doped with the reactive-element is accompanied
by small grain size (Chapters 6 and 8). Such a finding suggests a lower diffusivity of
oxide grain boundaries which, according to the one of many hypotheses, is caused by
reactive element ion segregants [Przybylski et al. 1988; Cotell et al. 1990]. However,
suppressing diffusion may also result from changes in the structure of the grain
boundaries. It is known, that grain boundary diffusivity is related to the grain boundary
structure and energy: a low activation energy for diffusion is usually associated with high
interfacial energy. Although no theoretical model for oxide grain growth and texture
formation during oxidation is currently available, from a comparison with metals one can
suspect that a small amount of ultra-fine reactive element oxide particles may influence
the grain boundary structure, with consequences for grain boundary transport [Gleiter and
Chalmers, 1972].

In this Chapter, we analyze the texture of pure and CeO,-modified NiO scales in
order to verify the role of the reactive element in affecting the grain boundary character
distribution in oxides grown at high temperatures.
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11.2. Phase composition and the texture of oxides grown on Ni
11.2.1. Characterization of the polycrystalline Ni substrate

The polycrystalline cold-rolled nickel sheet (99.5% purity), after annealing
at 1173 K for I h, had an average grain size of 100 pm. According to x-ray
measurements, the substrate had a {100} <023> texture with a maximum intensity of 4.1
times random (Fig. 11.1a). The surface of Ni specimens was prepared by two techniques:
mechanical or chemical polishing. Then, the CeO, sol-gel coatings were applied onto
surfaces finished by both techniques.

11.2.2. Phase analysis of the oxides

A single NiO phase was grown on pure Ni. On the CeO, coated substrate,
in addition to the NiO phase, some traces of CeO, were found. No mixed compounds,
however, between Ni, O and Ce were formed. Exemplary x-ray diffraction patterns are
presented in Chapter 7. It should be noted that all the oxides were totally penetrated by
x-rays during diffraction experiments, which is evident from the presence of the substrate
peaks on the diffraction patterns. The results obtained represent therefore the through-
thickness average over some complex depth-structures present in CeO, modified oxides.
Thus, all individual sublayers contributed to the measured pole figures. Moreover, the
x-ray diffraction patterns show that all the major peaks of NiO i.e.: (111), (200), and
(220) are clearly separated from the other peaks for Ni or CeQ,. As a result, no error is

expected from overlapping diffraction peaks during texture measurement.

11.2.3. The texture of NiO grown on chemically polished substrates

The texture of NiO formed on chemically polished Ni is represented by three basic
pole figures in Fig. 11.1b. In this figure, the rolling and transverse directions of Ni
substrates are indicated. Analysis of the pole figures shows that NiO exhibits a
{100}<013> texture, very similar to that which is present in the Ni substrate (Fig. 11.1a).
Thus, the comparison of pole location on pole figures of Ni and NiO and the
crystallographic relationships between the Ni and NiO lattice, observed previously for
single crystalline Ni substrates (Chapter 7), suggest the epitaxial character of the oxide
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grown after 15 h exposure. The shape of contour lines on pole figures, however, seems
to suggest the diminishing contribution of the epitaxy for longer exposures. The maximum
intensity on (200) NiO pole figures increased from 3.1 to 3.8 times random and remained
at that level up to a period of 75 h of oxidation.

It is surprising that the application of the CeO, coating did not essentially change
the NiO texture. As seen in Fig. 11.1c, the clear contour lines on pole figures suggest an
even stronger influence of the substrate than that observed in the absence of coating. In
addition, the maximum intensities of 3.6 and 4.3 are higher than previous ones and

practically meet those measured for Ni.

11.2.4. The texture of NiO grown on mechanically polished substrates

In NiO grown on mechanically polished Ni no similarity between the substrate and
oxide textures, indicating an epitaxy, was found (Fig. 11.1d). The NiO grown on pure Ni
has a fibre texture with the major component of <110> oriented along the growth
direction, and an intensity of 3.5 times random. This intensity decreased to 2.6, and
further to 2.5, after 35 and 75 h exposure, respectively. The changes observed on (111)
and (200) pole figures with oxidation time show the strength of the <100> fibre
component for thicker scales increases.

The presence of the reactive element coating changed the NiQO texture. After 15
h of growth, the pole figures show that the <100> fibre dominates the texture. The shape
of contour lines, suggests some weak influence of the substrate. The substrate effect
should probably be attributed to the changes of the substrate surface during deposition of
the CeQ, coating. One suspects that the plastically deformed surface layer obtained as a
result of mechanical polishing was partly removed due to etching by nitric acid which is
a component of the sol and the subsequent thermal treatment at 573 K for 1 h. A further
exposure produced a clear <100> fibre, and the maximum intensity of (100) poles
increased continuously up to 3.7 times random after 75 h oxidation (Fig. 11.1e)

The texture of NiO formed on pure and CeO, coated Ni is represented by the ODF
calculated from pole figures measured by x-ray diffraction. According to Bunge [1982]
notation, the standard coordinates (®, ¢,, $,) are used in ¢, projection. The evolution of
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oxide texture as a function of oxidation time up to 75 h at 1073 K is shown in Fig. 11.2.
For clarity, only one part of the ODF cross section for ¢, = 0 deg is used. One can
conclude that the oxidation time does not significantly affect the texture in both the pure
and CeQ, -modified NiO. There were only some changes in intensities of the fibre texture

component.

11.3. Grain boundary character distribution

Various representations are used to describe grain boundary statistics in
polycrystalline materials [Sutton and Baluffi, 1995]. The distribution of grain boundaries
as a function of misorientation represented by an axis-angle pair is called the grain
boundary misorientation distribution [Field and Adams, 1992]. Special grain boundaries
are described by the parameter 2, which is the reciprocal density of common sites in the
coincidence site lattice (CSL) model [Grimmer et al., 1974]. A boundary is usually
classified as belonging to a certain X value if the deviation from an exact CSL
misorientation is specified by Brandon criteria [1966]. It is known that the frequency of
the occurrence of CSL boundaries in polycrystalline materials is affected by texture,
correlation between orientations of neighbouring grains, inhomogeneities, and grain size.
The computer program used in this study [Morawiec et al., 1993] allows us to calculate
the probability of special misorientations from the texture data under the assumption of
the absence of spatial correlations between grain orientations (Chapter 4).

The pure and CeO, modified NiO grown during 15 h were analyzed and the
misorientation angle and frequency of CSL boundaries are shown in Fig. 11.3 and 11.4,
respectively. In general, the reactive element did not change substantially the
misorientation angle between grains. The major change in GBCD is a slightly lower
frequency of X1 and 23 boundaries in the modified NiO (Fig. 11.4). The results of the
numerical analysis of ODF performed for several oxides are shown in Table 11.1. In this
table, the CSL boundaries were divided into three groups: i) low-angle grain boundaries
(¥ = 1); ii) twin boundaries (X = 3), and iii) the remaining CSL boundaries with £
values between 5 and 51. It is observed that in pure NiO after 15 h oxidation, about 20%
of overall grain boundaries can be classified as special boundaries. Since there was no
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essential change in texture as a function of oxidation time, it is obvious that grain
boundary statistics after 35 and 75 h did not change. It is however surprising that despite
differences in texture, a very similar grain boundary character distribution was obtained
for CeQ,-modified NiO. This finding is of essential importance for analysis of the
mechanism of oxidation inhibition of Ni by CeO,.

TABLE 11.1. The grain boundary character distribution evaluated by numerical analysis
of experimental texture data for NiO pure and modified with CeO, additions. Oxidation

temperature 1073 K. Frequency of occurrence in %.

G.B. type 1ISh | 35h 75 h
LAGB" 3.05 2.75 3.10
NiO pure Z3 1.99 2.09 2.16
£5-51 14.31 14.42 14.08
Random 80.64 80.74 80.66
LAGB 254 3.06 3.20
NiO/CeO, z3 1.83 1.62 1.71
£3-51 14.32 13.78 14.43
Random 81.31 81.54 80.66 |

*) LAGB - low angle grain boundaries

11.4. Summary
The surface finishing of polycrystalline nickel affected the texture of both pure and

CeQ, -modified NiO grown at 1073 K in 760 torr O,. The oxidation of uncoated,
chemically-polished Ni with a {100}<023> texture led to oriented nucleation and the
epitaxial growth of NiO with a final {100}<013> texture. The presence of CeO, coatings
on the chemically polished substrate caused a random nucleation of NiO during the initial
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stages of growth, though it did not substantially change the texture of thick NiO layers
formed at a steady stage of reaction. Plastic deformation of the Ni surface by mechanical
polishing, in the absence of CeO,, resulted in the random nucleation of NiO and
development of <110> fibre growth texture. The deposition of CeO, coatings on a
plastically deformed Ni surface also led to the nucleation of randomly oriented NiO at the
beginning of oxidation. The CeO, coating did, however, change the growth texture of
thicker NiO scales on this substrate to a <100> fibre. Numerical analysis of the
orientation distribution function of oxide grains shows that NiO formed on pure Ni
contains 3% of low-angle grain boundaries, 2% of twins and 14.3% of the other CSL
boundaries with £ value up to 51. The presence of a reactive element did not change
substantially the grain boundary character distribution. Thus the suppression of the
diffusion of ionic species within the oxide caused by the reactive element is not
accompanied by the creation of a larger quantity of special grain boundaries with a low

diffusivity.
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Fig. 11.1. Influence of substrate surface finishing and CeO, coating on texture of NiO

grown at 1073 K for 75 h (760 torr O,): (a) Ni substrate; (b) chemical polishing, no
coating; (c) chemical polishing, CeO,-coated;
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CHAPTER 12. DISCUSSION OF RESULTS

In the previous Chapters, the experimental results were presented and some
specific problems were briefly discussed. This Chapter contains the discussion of general

research findings, based on the data from several Chapters.

12.1. Analysis of factors controlling the protective properties of CeQO, sol coatings

The thermo-manometric and thermo-gravimetric measurements demonstrate that
CeQ, sol-gel coatings significantly reduce the oxidation rate of nickel at temperatures
where the grain boundary diffusion controls the NiO growth. The measurements
established the major factors affecting the protective properties of CeO, coatings at high
temperatures, as is summarized in Fig. 12.1.

The role of the coating nature in oxidation inhibition is considered in terms of the
coating thickness and CeQO, particle size. Since the coating is the only reservoir of the
reactive element particles inside the growing oxide, therefore, according to the
conventional approach, a greater coating thickness should extend its lifetime. However,
the experimental data indicates that this is not the case for CeO,sol-gel coatings. As seen
in Fig. 5.1, a relatively small amount of the reactive element is sufficient to markedly
suppress the oxidation rate. This amount is 5-10 pg CeOyfcm?® for Ni substrate, which
corresponds to a coating thickness of 7-14 nm. The literature data show a wide range of
thicknesses for the effective reactive element coatings. For example, Moon [1989]
observed that CeQ, sol coatings with weights between 2 and 80 pg/cm? induced a similar
reduction in NiO growth rate at 1173 K. On the other hand, for 800H steel substrate,
Haanappel et al. [1991] found that the optimum CeO, coating thickness is 500 nm. Based
on the above data, it is clear that a minimum coating thickness is required to improve

oxidation resistance. However, the same results show that with increasing the coating
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thickness above the optimum value, there is a tendency to decrease the effectiveness of
the coating (Fig. 5.1). The observation of oxide growth morphology and distribution of
the reactive element inside the oxide film explain the role of coating thickness. While a
thin coating is easily incorporated into the growing oxide (Fig. 6.2a), a thick one remains
for a longer time on the substrate surface, which leads to coarsening of CeQ, particles due
to sintering (Fig. 4.8). When the coating is extremely thick, it cannot be incorporated at
all into growing oxide. As a result, oxidation takes place beneath it, whereas the
ineffective coating remains attached to the outer oxide surface (Fig. 6.2c.d).

According to measurements of oxidation kinetics, only the CeO, particles with a
size of approximately 5 nm substantially decreased the oxidation rate. In the case of
particles larger than about 10 nm, the coating did not protect the substrate, and even
increased the oxygen uptake in comparison to uncoated Ni (Fig. 5.7). The role of CeQ,
particle size can be explained if its influence on grain boundary transport is considered.
The small particles can dissolve more easily and therefore may act as a source of the
reactive element ion segregants in NiO grain boundaries. On the other hand, the CeO,
particles, being the heterogeneous nucleation sites, may stimulate the refinement of NiO
grain size. If the increase in the density of oxide grain boundaries is not compensated by
reduction in their diffusivity, the resultant oxidation rate must be higher than the rate
observed without coating.

Among other factors related to the substrate nature, chemical composition plays
an important role. While for NiO [Moon, 1989] and Cr,0; [Roure et al., 1994] formers,
the beneficial effect of reactive element coatings is well documented, and the results
published on nitrate converted reactive element oxides indicate that there is no beneficial
effect for Al,O, formers [Hou et al., 1992]. According to our tests, the substrate surface
finishing prior to the coating deposition is also important (Figs. 5.5 and 5.6). The higher
growth rate on both pure and CeO, coated mechanically polished Ni than on chemically
polished is explained by the influence of substrate finishing on the NiO structure. Thus,
the fine and randomly oriented grains of NiO formed on the surface plastically deformed
by mechanical polishing lead to a higher growth rate caused by a higher density of grain
boundaries (Fig. 6.11). After the CeO, coating is deposited on mechanically polished Ni-
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it is more difficult to obtain a high Ce ion concentration at NiO grain boundaries.

Assuming that the reactive element additions block grain boundary transport, one
should expect their beneficial effect at temperatures where the grain boundary diffusion
controls the growth. The oxidation kinetic measurements confirm the above predictions.
CeO, coated Ni shows in general a reduction in the growth rate between 873 and 1073
K (Fig. 5.6). Excluding the temperature of 873 K, the extent of the reduction is similar;
approximately one order of magnitude. Microscopy observations show that at 873 K the
coating remains on the substrate surface for a longer time, which results in the
coarsening of CeQ, particles. To avoid this, the initial oxidation conditions have to be
modified to incorporate quickly all of the CeO, particles into growing NiO. The evident
benefit of such a two-fold experiment is documented in Fig. 5.5. Some other factors
controlling coating behaviour, iﬁcluding substrate crystallographic orientation and
oxidation time will be discussed in greater detail later.

The sol-gel technique is one of many methods used to apply reactive elements to
the substrate surface. In Fig. 12.2, the comparison of the reduction in the oxidation rate
by sol-gel coatings and two other more costly techniques of surface modification, the
reactive sputtering and ion implantation, is presented. The plots of the instantaneous
values of the oxidation rate constants, calculated using weight-gain data (Figs. 5.2,8.1, and
10.1) indicate that the factors specific for the individual modification technique affect
only a very initial stage of the oxidation. In particular, the high initial oxidation rate of
Ni implanted with 2x10'® Ce ions/cm? is caused by radiation damage of the surface layer.
Conversely, the low initial oxidation rate was observed for a 4 nm thick CeQ, coating
obtained by reactive sputtering. This may be caused by a higher uniformity of the coating,
accompanied by a slower formation of the first oxide layer, than is the case for sol-gel
coating. However, after a very short, initial period of exposure, the reduction in the
oxidation rate caused by the reactive element Ce is quite similar for all three techniques
used. Based on the above comparison, we may conclude that CeO, sol-gel coatings,
offering comparable protection, have advantages in simplicity of deposition and

significantly lower costs.
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12.2. The role of the crystallographic orientation of the Ni surface in microstructural
evolution of NiO modified with CeO,

The differences in oxidation rates of individual crystal faces of uncoated Ni
observed in this study are in qualitative agreement with results reported previously
[Cathcart et al., 1969; Graham and Cohen, 1972; Atkinson and Taylor, 1981]. Although
some discrepancies concerning the oxidation rate of various crystallographic planes of
Ni still exist, there is agreement that (100)Ni oxidizes at a higher rate than (111)Ni.
Since the growth of pure NiO at temperatures lower than 1300 K is controlled by Ni ion
diffusion through the network of so called “easy-diffusion paths” [Harris and Atkinson,
1990], the oxidation kinetic data (Figs. 7.1 and 7.2) imply that there are differences in
the type and density of the structural defects in the oxide grown on differently oriented
crystals. The films formed during the initial stages of oxidation on both Ni crystal faces
are epitaxially oriented. In such epitaxial structures, the dislocations are the main paths
of fast ion transport. Thus, a density of dislocation in the oxide grown on (100)Ni must
be higher than on (F11)Ni (Fig. 7.5a-c), and is responsible for a higher oxidation rate of
(100)Ni. During growth, the epitaxial films are transformed into polycrystalline structures,
probably by recrystallization at high temperatures.

In thicker oxides, the grain boundaries dominate as paths of easy diffusion.
Therefore, an assessment of the structure of the grain boundaries in oxides formed on
both Ni faces is essential. The microstructural and diffraction data obtained for NiO
grown on (111)Ni (Figs. 7.5 and 7.9) suggest that a low angle and coherent twin
boundaries, are dominant in this structure. In fact, comparison of the rate constants
measured experimentally and calculated by using available diffusion constants for random
boundaries shows that the values calculated are smaller by almost two orders of
magnitude (Table 7.1), proving that in this oxide, the grain boundaries have low
diffusivity. On the other hand, in NiO formed on (100)Ni, the mixture of <111> and
{100} textures (Figs. 7.7 and 7.8) is accompanied by high angle random grain boundaries.
Indeed, for this oxide, the calculated and measured values of rate constants are in good
agreement (Table 7.1). Our most significant finding is that after coating with CeQ,, the
same differences in grain boundary structure exist and affect the oxidation behaviour of
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both Ni faces, as explained later, by modifying Ce distribution.

The oxidation kinetic data for NiO grown on Ni crystal faces show the two aspects
of the influence of surface applied CeO, on inhibition of oxide growth. Namely, in
addition to the reduction of the average oxidation rate expressed in Arrhenius’ plot (Fig.
7.2), the time dependence of this influence, expressed by the instantaneous rate constants,
must be taken into account. The comparison of k, values in Table 7.1 shows that for
(100)Ni, despite high reduction in total oxygen uptake, the rate constants k, at 240 min
of exposure to oxygen for pure and modified oxide are practically the same. Such a
comparison for (111)Ni demonstrates that, at the same time, the rate constant &, for a
coated (111)Ni is one order of magnitude lower. Thus, the analysis of changes in rate
constants with time suggests that on (100)Ni the efficiency of the CeO, coating is
decreasing with time, whereas on (111)Ni during the same time, this effect is relatively
stable.

All the microstructural and kinetic data obtained allowed us to formulate the
model of oxide growth on polycrystalline Ni and on Ni crystal faces after coating with
CeQ,. The schematic diagram is presented in Fig. 12.3. Before oxidation, the Ni substrate
was covered with a uniform, 14 nm thick layer of CeO, (Fig. 12.3a). After exposure to
oxygen, the NiO nucleates initially on the top of CeO, layer. Thus, at the beginning of
the exposure, the CeO, nanocrystals play the role of substrates, enhancing the NiO
nucleation. This is macroscopically expressed by the higher oxygen uptake on coated Ni
during initial periods, in comparison to the uptake for pure Ni (Figs. 5.3 and 7.1). Since
the CeQ, crystallites in the coating are randomly oriented (Fig. 4.3), the initially formed
NiO does not exhibit any preferred orientation (Fig. 7.6a). The thickness of this NiO film,
estimated from the oxygen uptake, is approximately the same on polycrystalline Ni and
on both Ni crystal faces, i.e. of 50-60 nm (Table 5.1).

As soon as the CeOQ, particles are incorporated into NiO (Fig. 12.3b), the oxidation
rate starts to decrease and the mechanism of NiO growth changes from outward metal ion
diffusion to inward oxygen ion diffusion. Such a conclusion is supported by the depth
location of CeQ, which acts as inert marker (Figs. 6.10,7.3 and 8.5). However, the
detailed study using oxygen isotopes °0,/**0, (Fig. 10.5) revealed that oxygen does not
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diffuse to the metal/oxide interface, but only to the region beneath the Ce rich zone, as
indicated by the arrow in Fig 12.3c. This means that the inner sublayer of oxide is
developed during the steady stage of oxidation by outward Ni** diffusion from the
metal/oxide interface. It is thus clear that the oxygen transport through the Ce-rich part
to the reaction front, being a slower of these two processes, controls the growth rate.

The experiments on Ni single crystals reveal that the structure of NiO formed at
the initial stage on CeO, coated Ni is directly influenced by crystallographic orientation
of the substrate surface, as in the case of uncoated Ni (Figs. 7.5 and 7.6). It is believed
that the growth of the inner sublayer of NiO on CeO, coated Ni takes place by copying
the structure of already existing very thin epitaxial NiO film. This film may be formed
during the stage of coating calcination at 573 K, or even during exposure of the Ni
surface to oxygen at room temperature. This explanation is supported by the fact that the
plastic deformation of a very thin surface layer of Ni, e.g. by mechanical polishing,
suppressed the influence of substrate surface crystallography on the oxide structure (Figs.
6.3 and 6.11). As is discussed below, the structure of the inner sublayer of NiO leads to
differences in the further oxide growth mechanism by affecting the diffusion of reactive
element ions from the layer where CeO, is dispersed.

During the steady stage of oxide growth, two reaction fronts are present: the first
at the oxide/gas interface, and the second at the interface between the CeO, containing,
middle sublayer, and the inner sublayer of NiO (Fig. 12.3¢c). In the case of oxide formed
on CeO, coated (111)Ni, only one front located inside the oxide is active. In the oxide
grown on CeO, coated (100)Ni, the reaction takes place simultaneously on both interfaces;
with extended oxidation time, however, the reaction at oxide/gas interface becomes
predominant. For polycrystalline Ni substrate the location of reaction fronts depends on
the surface finishing before coating. While for mechanically polished Ni it is similar to
the (100)Ni single crystal, for chemically polished Ni it changes from grain to grain of
the Ni substrate.

12.3. Analysis of NiO growth on Ce-implanted Ni

Ion implantation causes two major changes to the surface region of the Ni
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substrate: the chemical composition is modified and the radiation damage is introduced.
The radiation damage represents a major difference between modification by ion
implantation and by the CeO, coatings. Although the literature data often neglects the
effect of radiation damage on the oxidation process [George et al., 1989], there are also
published results indicating that radiation damage is important [Smivasan et al., 1986].
To verify the role of physical damage, some ion-implanted samples were vacuum-
annealed prior to oxidation.

The ultra-high vacuum of 10 torr applied during post-implantation annealing,
prevented the formation of NiO. Unfortunately, because of the extremely high affinity
to oxygen, the Ce implants oxidized, forming CeO, (Fig. 8.5b). At 1073 K, the Ce
diffusion towards the outer surface continued until all the implants were moved into the
surface region with a thickness of 10 nm ( Fig. 8.4). The diffusion of the reactive element
towards the outer surface, observed also for yttrium implants in Ni {Hampikian et al.,
1989], is caused by the high affinity of the reactive element to oxygen. This compensates
for the tendency of implants to move towards the substrate, because of radiation enhanced
diffusion, as reported for Al implanted Ni [Potter and McCormick, 1979; Hampikian and
Potter, 1992]. Since for Ni the movement of vacancies begins at temperatures near 573
K [Schumacher et al., 1962}, annealing at 1073 K for 1 h leads to complete repair of the
damaged structure. In order to investigate this problem, two sets of substrates
characterized by differences in the distribution and the chemical state of Ce, and the
radiation damage of the surface layer, were oxidized.

The development of the oxide microstructure on Ce-implanted Ni is similar to that
shown in Fig. 12.3 for CeO, coatings. Some growth aspects, specific for implanted Ni are
discussed here. During the very initial stages of exposure to oxygen (Fig. 12.3a), Ce is
oxidized to CeQ,. Then, CeO, particles are incorporated into growing NiO with the
reaction taking place at the oxide/gas interface by an outward Ni ion transport (Fig.
12.3b). Moreover, at the beginning, the oxidation is accompanied by recrystallization of
the region damaged by ion bombardment. The latter process is completed very quickly.
For example, at 873 K about 2 min were necessary to recrystallize the radiation damaged
Ni [Ahmed and Potter, 1987]. It is believed that the heavily damaged, or even amorphous
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thin surface layer, as observed for similar fluence of yttrium implants in Ni [Hampikian
and Potter, 1992], leads to nucleation of extremely fine grained NiO, having a structure
shown in Fig. 8.7. When oxidation follows vacuum annealing, the CeQ, particles present
already on the Ni surface are directly incorporated into the growing NiO.

Oxidation kinetic data presented in Fig. 8.1 do not support the strong influence of
radiation damage on oxide growth rates during the initial stages. The substrate which was
unannealed exhibits a slightly higher, but above the experimental error and reproducible,
oxygen uptake during the first minutes of the reaction (Fig. 8.1, inset). This uptake, in
fact, is caused partly by the oxidation of the Ce implants itself. To oxidize all the Ce
implants to CeQ,, an amount of 1.03 pg O,/cm® is necessary. As can be estimated from
the depth location of Ce implants (Fig. 8.4), this oxygen consumption is superimposed on
the oxygen uptake caused by oxidation of Ni, and takes place continuously up to roughly
7-8 min of exposure, which corresponds to the formation of about 50 nm thick oxide film.
The kinetic curves indicate that Ce implants after oxidation to CeO, enhanced the
nucleation and growth of NiQ, in the same way as was reported for CeO, coatings (Figs.
5.3 and 7.1). After approximately 10 min of reaction and the formation of oxide with a
thickness of 60 nm, as estimated from the oxygen uptake, the oxidation rate starts to
decrease. As we will discuss later, we believe that at this time Ce segregates in NiO grain
boundaries and blocks the ion transport.

A schematic representation of a cross-sectional view of oxide obtained from the
imaging of a planar TEM section is similar to that described for the CeO, coated substrate
(Fig 12.3c). However, conversely as during oxidation of the CeQ, coated Ni, after
implantation, no influence of the Ni grain boundary and Ni grain orientation on the
preferential formation of the oxide was detected (Figs. 6.3, 9.3 and 9.4). When there is
no physical damage of the substrate, the oxidation mechanism leads to the evolution of
the oxide structure influenced by the substrate. Experiments with CeO,-coated Ni showed
that the structure of the inner oxide layer (Fig. 12.3c) is affected by the crystallographic
orientation of the Ni grains resulting in the characteristic growth anisotropy (Fig. 6.2). For
implanted Ni, the NiO growth anisotropy is almost totally suppressed (Fig. 8.2).
Moreover, the inner oxide sublayer is characterized by a random distribution of grain
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orientations (Fig. 8.10). We suggest that such structure is caused by radiation damage
extending far below the implanted region, as is documented by Ahmed and Potter [1987].
Recrystallization of the region damaged by radiation leads to a formation of
polycrystalline fine-grained Ni, which in turn results in the growth of polycrystalline
oxide with grains randomly oriented (Fig. 8.10). This information will be important to

further discussion.

12.4._Analysis of long-term oxidation behaviour of Ni coated with CeQO,

The inhibition in the NiO rate by a factor of 50 achieved in long-term experiments
(Table 9.1) is significantly higher than the approximately ten-fold reduction observed
previously during early stages of oxidation (Fig. 5.6). The typical improvement in rate
constant, cited in the literature for the NiO/CeQ, system at temperatures below 1200 K,
is up to 10 times [Moon and Bennett, 1989}. For the NiO/CaO system the rate constant
reduction at 1123 K by a factor of 20 was recently reported [Strawbridge and Rapp,
1994]. The simple visual assessment of the oxide growth surface (Figs. 9.3, 9.4) shows
that the reactive element effect during long-term exposure depends strongly on the
substrate surface orientation. The observed differences in thicknesses of the oxide formed
on various Ni grains (Figs. 9.5 and 9.6) exceed the values measured for (111) and (100)
Ni single crystals (Figs. 7.1 and 7.2).

Both the oxide growth morphology (Fig. 9.4) and the cross-sectional images (Fig.
9.6) show that the oxidation rate anisotropy after long-term exposure also exists after Ni
modification with CeO,. It is obvious that CeO, coatings do not act as barrier layers to
the diffusional scale growth, since thicker coatings were less favourable than thinner ones
(Fig. 9.1). SEM images of the oxide growth surface in Fig. 9.4 support the notion that a
Ce0, coating does not remain on the sample surface but is incorporated into the growing
oxide.

Data on oxidation kinetics obtained after applying CeQ, indicate that there is a
change in the NiO grain boundary diffusion. The rate constant for pure NiO with a grain
size of 600 nm as measured in Fig. 9.7 for pure NiO, calculated using diffusion data from
the literature [Atkinson and Taylor, 1981; Atkinson et al., 1982] is 7.8x10™ g’cm™s?,
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which is quite close to the rate constant measured experimentally (Table 9.1). The
presence of CeO,, however, decreases the oxide grain size. For the grain size of 60 nm,
as found from the TEM image of the Ce-rich part (Fig. 9.8), the calculated rate constant
is 1.3x10"° gZlcm*s?, which is almost four orders of magnitude larger than the
experimental rates in Table 9.1. Thus, we believe that the reactive element ions detected
at the NiO grain boundaries change their diffusivity. It is also possible that the saturation
of NiO grain boundaries with Ce™ ions after long-term exposure is higher than that used
at early stages, and this is responsible for a higher reduction of the NiO growth rate.

12.5. Texture and grain boundary character in NiO modified with CeO,
12.5.1. Texture development in NiO modified with CeO,

The x-ray measurements presented in Chapter 11 revealed the essential differences
in the textures of oxides grown on polycrystalline Ni substrates. These differences are
accompanied by changes in oxidation kinetics, depth location of the reactive element, and
the evolution of surface topography. In order to correctly interpret the texture data, they
should be compared with the corresponding depth microstructure of the oxides.

Of all the substrates studied, the simplest oxide microstructure was developed on
mechanically polished Ni. When CeQ, is absent, at the beginning, the fine and randomly
oriented oxide grains nucleate on the deformed surface of Ni. After a few minutes’
exposure, however, there are signs of the formation of the preferred orientation, as shown
by TEM electron diffraction (Fig. 6.11). The pole figures of oxides formed during longer
exposures exhibit evident growth texture, apparently unrelated to the substrate texture
(Fig. 11.1). The major texture component observed here, a <110> fibre, was also detected
by Chadwick and Taylor [1985] in thick NiO scales formed at 1373 K. Although some
possibilities to develop the duplex structures exist for thick NiO scales and are believed
to be caused by the inward transport of molecular oxygen [Atkinson and Smart, 1988],
according to SEM imaging of fracture cross-section, for temperature and time range of
this study, the single NiO layer existed and contributed to the x-ray diffraction signal.

The presence of CeO, coatings on mechanically polished Ni leads to the more
complex depth structure of the oxide (Fig. 12.3c). Thus, the x-ray signal was diffracted
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from all three sublayers. While the texture of the middle layer is apparently random (Fig.
6.13a), both the inner and outer layers are characterized by specific preferred orientations.
After the oxidation of mechanically polished and coated Ni, the CeO, -containing part is
located deep inside the oxide (Fig. 6.10). In such a structure, the outer layer, being
thicker, has a higher contribution to the x-ray signal diffracted. It can be concluded
therefore that the outer layer is characterized by a <100> fibre texture with strength
increasing with oxidation time (Fig. 11.1).

In order to follow the formation of the three-layer structure of oxide shown in Fig.
12.3c, one should remember that the CeO, particles in the coating are randomly oriented,
as is the first layer of NiO nucleated on top of the coating (Fig. 7.6a). At a steady stage
of oxidation, two growth fronts are active: at the oxide/gas interface and beneath the CeO,
rich part. According to the oxygen isotope experiment, however, the predominant reaction
front is at the oxide/gas interface, with the growth dominated by the outward diffusion
of Ni cations (Fig. 10.4). The oxide texture measured cn this substrate was, therefore,
developed during growth from a randomly nucleated NiO film on top of the CeQ, coating.

The literature suggests that during outward growth, the oxide grains do not change
their orientation and that the texture must result rather from the growth selection.
According to Khoi et al. {1975], the preferential absorption of oxygen at the oxide surface
could be a decisive factor in that mechanism. An alternative hypothesis, suggested by
Chadwick and Taylor {1985], is based on the lower surface energy of (100) planes, as
NiO has a preferred cubic habit. The results of this study show that CeQ, affected the
development of NiO-growth texture on mechanically polished Ni (Fig. 11.1). Since no
CeQ, particles are present inside the outer layer, one may suspect that Ce ions diffusing
along NiO grain boundaries could contribute to the changes observed. In fact, the
presence of some ion segregants in the outer layer of NiO formed on mechanically
polished Ni was detected by some authors [Chadwick and Taylor, 1985; Moon, 1989].

The texture of pure NiO grown on chemically polished Ni should be considered
a sum of textures developed on individual Ni grains. In general, oxide texture depends
on Ni substrate orientation, and a number of specific epitaxial relationships is given in

the literature [Khoi et al, 1975]. According to x-ray measurements presented in Chapter
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7, oxidation of (111)Ni face leads to the growth of NiO characterized by a single
component (111) texture (Fig. 7.9). In NiO grown on (100)Ni, there is present a <111>
fibre in addition to (100) epitaxial component (Fig. 7.7). The comparison of pole figures
of the Ni substrate and NiO layers (Fig. 11.1) shows that oriented nucleation and epitaxial
growth dominate the oxide texture development on chemically polished Ni.

The development of NiO texture on chemically polished and CeO, coated Ni starts
in the same way as for mechanically polished Ni. Namely, the presence of CeQ, leads to
random nucleation of NiO on top of the coating at the beginning of oxidation, as was
shown by TEM electron diffraction (Fig. 7.6a). As soon as the CeO, -modified NiO layer
is formed, the growth mechanism of oxide changes from outward Ni to inward oxygen
ion diffusion. As a result, the dominant reaction front moves underneath the CeO, -
containing layer, and Ni orientation again plays an important role in NiO growth, the
same when the CeQ, coating was absent. Although the NiO growth depends on the Ni
grain orientation, in general, the inner NiO layer increases predominantly its thickness
(Chapter 10) and finally contributes to the textures measured. This explains, why the
textures of the NiO layers grown on chemically polished Ni, both pure and CeO, coated,
do not exhibit substantial differences.

12.5.2. Analysis of GBCD in NiO modified with CeO,

A lower oxidation rate of CeO,~coated Ni accompanied by smaller grain size, i.e.
higher density of grain boundaries in CeQ, modified NiO, directly indicates the
suppression of grain boundary diffusivity by CeO, or Ce. Such a suppression of
diffusivity may result from changes in the grain boundary structure. This idea was
explored by Chadwick and Taylor [1985] using electron diffraction and TEM technique.
Because of experimental difficulties with small grain size, these authors were not able to
conduct a reliable representative analysis. The x-ray diffraction technique used in this
study, provides information about a large population of grain boundaries from all the
regions between oxide/gas and the oxide/metal interface.

The GBCD in pure NiO grown for 15 h on polycrystalline mechanically polished
Ni is characterized by higher contribution of Z1 and X3 boundaries as compared to those
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types of boundaries calculated from a random distribution of grain orientations {Garbacz
and Grabski, 1989; Morawiec et al. 1993]]. The differences, however, are small - for
example, with randomly oriented grains, the frequency of X1 is 2.32% as compared to
3% found for textured NiO (Table 11.1). A very strong oxide texture is necessary to
dramatically change GBCD. Such a texture is present in NiO grown on single-crystalline
substrates (Figs. 7.7-7.10).

According to the numerical analysis presented here, the changes of NiO texture
caused by CeQ, are not accompanied by significant changes in GBCD. As shown in Fig.
11.4, the only differences are in frequencies of X1, X3, and Z5. It is clear that those
changes are small and cannot be responsible for the reduction of the oxide growth rate.
Thus, the GBCD in pure and CeO,-modified NiO films seem to indicate indirectly a
beneficial role of Ce in inhibiting grain boundary transport in NiO, by the segregation

mechanism which is discussed below.

12.6. Influence of the reactive element on the diffusion processes in NiQ and analysis of

the dynamic segregation mechanism
At present, two possible explanations of reactive element effect seem to satisfy

most of the existing experimental evidence: (i) blocking of diffusion paths along oxide
grain boundaries by reactive element ions [Przybylski et al.,1988; Cotell et al., 1990] and
(ii) inhibition of the cationic reaction step at the oxide/metal interface [Pieraggi and Rapp,
1993]. It should be noted that while the first mechanism needs the reactive element ions
to be segregated to the oxide grain boundaries, the second requires the ions to be present
at the oxide/metal interface. It is clear that since reactive element oxide particles act as
a source of reactive element ions, the highest segregation level should be expected in
reactive element rich sublayers, and this has been proven experimentally [Przybylski et
al.,, 1988; Cotell et al, 1990]. In contrast, there is still no experimental evidence
supporting the role of reactive elements at the oxide/metal interface. In a recent study
performed using various systems, such as Ni/Ca, Co/Sr, FefSr, and Cu/Ba, the greatest
reduction in the oxidation rate was found for Ni coated with CaO [Strawbridge and Rapp,
1994]. At the same time, Ca was not detected by SIMS at the Ni/NiO interface but was
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found within the oxide [Strawbridge et al., 1995]. Similarly, for our system of NiO/CeQ,,
the RBS presented in Fig. 9.2 and also the analysis conducted with AES and SIMS (Figs.
6.10, 7.3 and 10.3-10.7) did not detect the segregation of Ce to the Ni/NiO interface.
Therefore, at this point, we should instead consider the role of reactive elements at NiO
grain boundaries. Assuming the NiO grain boundary blocking by Ce™, one can explain
the kinetic and microstructural observations.

The microchemical examinations reported in this study have proven the presence
of Ce ion segregants at NiO grain boundaries (Figs. 6.13, 8.9). In oxide grain boundaries,
the only possible sources of Ce ions are CeO, particles derived from coating or formed
during the initial period by the oxidation of Ce implants. Although Ce is not soluble in
the NiO lattice, it may dissolve at NiO grain boundaries. According to Duffy and Tasker
[1983,1986] the high energy of the CeO, solution in NiO, about 9 eV, is considerably
reduced at NiO grain boundaries by the interaction energy between large aliovalent Ce™
ions (ionic radii 0.92 A), and charge density at appropriate boundary sites. Further
decreases in the solution energy are possible when Ce™ ion - Ni vacancy pairs are
included as a dense array on the boundary plane. This theoretical prediction agrees with
experimental findings of Ce ions segregated to NiO grain boundaries and the solution of
CeO, particles at high temperatures (Figs. 6.13,6.14,8.8 and 8.9). The process of CeO,
dissolution takes place according to the equation [Duffy and Tasker, 1986]:

CeO, + 2Ni;2* = Cey** + 2NiO + Vi (12.1)

where Ni >*, Ce %*, V'  are nickel and cerium ions in lattice sites, and Ni vacancies,
respectively (Kroger-Vink notation [Kroger, 1964]). It is clear from the equation (12.1)
that the solution of CeO, will lead to an increase of the vacancies concentration in NiO
grain boundaries, which should increase the diffusion rate. The discrepancy between this
prediction and our experimental observations can be explained by the Ce;** ion - V'
vacancy pairs formation on the grain boundary plane, as proposed by Duffy and Tasker
[1986]. It appears that the existence of such pairs blocks the grain boundary diffusion of
Ni®* cation, to the extent that the mobility of O* anions along these grain boundaries
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exceeds that of Ni*' cations. Thus, to suppress grain boundary diffusion, the network of
grain boundaries in the CeO, dispersed part of the oxide should first be saturated with Ce
ions. However, the activation energy of the CeQ, solution, which is about 5 eV [Duffy
and Tasker, 1986], is still too high to dissolve particles that are acting as sources of Ce
ions. A possible way to achieve a significant reduction of the solution energy is to
decrease the particle radii [Duffy and Tasker, 1986]. This observation offers an
explanation of the lower effectiveness of Ce implants and CeO, coatings after vacuum
annealing.

It is clear that some threshold of the reactive element concentration at oxide grain
boundaries is necessary to inhibit diffusion, but there are no exact numbers in the
literature. In general, the higher the reactive element concentration, the higher the
expectation of blocking ion diffusion. Thus, keeping a high segregation level of Ce ions
at NiO grain boundaries inside the CeO, dispersed sublayer, is crucial for stability of
oxidation inhibition over time. Recent findings, however, demonstrate that reactive
element ions are not statically doping the metal-oxide system, but actively diffuse in the
oxide. For a-alumina and zirconia films doped with yttrium, the diffusion of yttrium from
the yttrium rich zone towards the outer surface of the oxide due to oxygen gradient, is
documented [Pint and Hobbs, 1993; Pint, 1994]. For the Ni-NiO system, there is also
experimental evidence of the detection of Ce, at a great distance from the CeQ, dispersed
layer. After 120 h exposure at 1173 K, Ce was found at NiO grain boundaries, mainly in
the outer [Chadwick and Taylor, 1984a,b], but also in the inner part of the oxide [Moon,
1989; Moon and Bennett, 1989]. To explain the experimental observations we propose
the modified version of the segregation mechanism called “dynamic segregation
mechanism”.

According to theoretical predictions, Ce should be relatively immobile in NiO.
Duffy and Tasker [1983,1986] have estimated that in the (310)/[001] tilt boundary in NiQO,
the activation energy for the Ce and vacancy to exchange is 3.0 eV, whereas for Ni, the
energy was estimated to be 1.86 eV. According to tracer measurements [Atkinson and
Taylor, 1986], the diffusion coefficient of Ce along grain boundaries of polycrystalline
NiO is given by:
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D(Ce) = 6.3x10" exp{-2.0(eV) / kT} (cm?¥/s) (12.2)

and is much smaller than the coefficient presented above for Ni diffusion along NiO grain
boundaries, but larger than the lattice diffusion of Ni in NiO. The estimated square mean
path for Ce in NiO after 4 h exposure is about 200 nm at 973 K, and about 600 nm at
1073 K. These values exceed the approximately 60 nm thick CeO, dispersed layer, and
are comparable with the thicknesses of NiO produced on both Ni faces during the same
time (Figs. 7.1, 7.2, and Table 7.1). Thus, despite such low mobility, Ce is able to diffuse
away from the Ce rich sublayer if the easy diffusion paths are present.

Our microscopy data indicate that the CeO, dispersed part of NiO initially has the
same structure on all the Ni substrates used, i.e. it is composed of polycrystalline NiO and
CeO, phases with the random distribution of grain orientations. After the saturation of
grain boundaries with Ce ions, the outward Ni*? transport is blocked, and the inner layer
of NiO starts to grow at the rate controlled by inward O* diffusion along the grain
boundaries of the CeQ, dispersed part (Figs. 10.4-10.7). Since for NiO, the grain
boundary diffusion of O is approximately the same as the lattice diffusion of Ni*
[Atkinson and Taylor, 1986}, this finding is in agreement with kinetic data presented in
Figs. 7.1 and 7.2. Our results show that the microstructure of the subsequently developed
inner oxide sublayer, in terms of the presence of easy paths for Ce™ ions diffusion,
affects the process of further growth. It is believed that the CeO, dispersed part controls
the growth rate for the whole oxide. However, the Ce™ concentration at grain boundaries
in the Ce rich sublayer is controlled by the microstructure of the inner NiO sublayer (Fig.
12.3), which in turn is influenced by the Ni substrate nature. Thus, the inner oxide
containing a low density of diffusion paths for Ce, as that which developed on CeQ,
coated (111)Ni or chemically polished Ni with a strong <111> texture component, will
protect the Ce from diffusion away from the Ce-rich region. In contrast, in the oxide
developed on (100)Ni or mechanically polished polycrystalline Ni with a large number
of high angle grain boundaries, Ce will diffuse along these paths from the Ce-rich region.
Therefore, in the latter NiO it is difficult to keep a high concentration of the reactive

element at grain boundaries in the Ce-rich sublayer.
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The above finding is of engineering importance. Namely, an essential drawback
in the use of the surface applied reactive element for improving high temperature
oxidation resistance, is the limited time period when the reactive element is effective. The
early stage oxidation (Chapter 5), supported by long term experiments on polycrystalline
Ni (Chapter 9), shows that this time period may be markedly extended when an
appropriate surface texture of substrate is achieved. Since the oxidation anisotropy is also
observed in other metals and alloys, including extremely important alumina formers
[Schumann et al., 1992], controlling the surface texture may be a very effective way to
extend the lifetime of reactive element coatings at high temperatures in corrosive

environments.
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EFFECTIVENESS OF CeO, SOL-GEL COATINGS

-— t ——
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CeQ, particie size - Chemical composition + Oxidation temperature
Coating thickness - Surface finishing - [nitial oxidation
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- Crystallographic orientation
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of the surface
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Fig. 12.1. Factors affecting the effectiveness of CeO, sol-gel coatings at high
temperatures.
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Fig. 12.2. Plot of instantaneous rate constant versus time for oxidation of Ni with surface
modified with Ce by ion implantation and with CeO, by reactive sputtering and sol-gel
technology.
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Fig. 12.3. Schematic diagram of oxide growth on CeO,-coated and Ce-implanted Ni: (a)
before oxidation, (b) initial stage of exposure to oxygen: incorporation of CeO, particles
by outward Ni** diffusion, (c) steady stage of oxide growth by simultaneous Ni?* and O*
ion diffusion.
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CHAPTER 13. CONCLUSIONS

1. The reactive element Ce, supertficially applied in the form of ion-implants and
CeQ, coatings, significantly increases the oxidation resistance of Ni at temperatures in the
range of 873-1073 K. The size of CeO, particles derived from coating, or formed by the
oxidation of Ce implants is a decisive factor which controls improvement in oxidation

resistance.

2. Inhibition of Ni oxidation by CeQ, sol-gel coatings depends on the
crystallographic orientation of the Ni surface. CeQO, coatings deposited on (100)Ni
significantly decrease the oxidation rate; however, the NiO growth rate on this coated face
is still higher than that measured for uncoated (111)Ni. CeO, coatings on (111)Ni, when
incorporated into growing NiO without the coarsening of CeO, particles, decrease the
oxidation rate to the values predicted from the lattice diffusion. The beneficial effect of

CeO, on (111)Ni is stable over the exposure time.

3. Surface modification of Ni with Ce implants and CeO, coatings changes the
NiO surface morphology and internal microstructure. NiO films formed on Ce/CeO,
modified Ni are composed of three sublayers, each with an essentially different
microstructure. The reactive element Ce is present in a well defined middle sublayer
which is composed of NiO grains and randomly distributed CeO, particles. Moreover,
Ce** ions segregate to NiO grain boundaries in this sublayer. Although during the early-
stages of oxidation this sublayer is located near the gas/oxide interface, its depth location
changes with exposure time and depends mainly on substrate surface finishing, CeO,

particle size and Ni grain orientation.
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4. The structure and texture of NiO developed on both pure and CeO,-coated Ni
is influenced by the crystallographic orientation of the substrate. For (111)Ni, the initial
epitaxially oriented NiO film with low dislocations density is transformed to
polycrystalline film with a strong {111} texture. For (100)Ni, the epitaxial {100} film
with a high dislocation density is transformed to polycrystalline film with two major
texture components: <l111> and {100}. Although the presence of CeQ, introduces a three-
layered structure of NiQ, the structure of the inner sublayer is essentially the same as that

observed without the coating.

5. The texture of NiO grown on polycrystalline Ni depends on the surface
finishing and the presence of the CeO, coating. Oxidation of chemically-polished Ni with
a {100}<023> texture leads to criented nucleation and the epitaxial growth of NiO with
a final {100}<013> texture. The presence of CeO, coatings on this substrate does not
substantially change the texture of NiO. The oxidation of mechanically polished Ni in the
absence of CeQ,, results in random nucleation and the growth of NiO with a <110> fibre

texture. The CeO, coatings on this substrate change the NiO texture to a <100> fibre.

6. The reduction in the NiO growth rate and change in the NiO microstructure
caused by the reactive element Ce, are not accompanied by changes in the grain boundary
character distribution. The crystallographic orientation of the Ni substrate is the major
factor which controls the grain boundary character distribution in both pure NiO and NiO
modified with CeO, .

7. The growth mechanism of NiO films on polycrystalline Ni modified with
Ce/CeO, depends on the surface finishing. CeO, sol-gel coatings deposited onto
mechanically polished Ni significantly decrease the outward Ni** diffusion, but this
mechanism is still predominant for NiO growth. The high inward diffusion of O% is
observed for NiO formed on chemically polished Ni; this applies to both Ce ion-
implanted and CeQ, <oated Ni.

The mechanism of NiO growth on CeO, sol-coated Ni single crystals depends on
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crystallographic orientation. Of the two crystal faces studied, (100)Ni and (111)Ni, the
higher contribution to growth by inward O* diffusion is observed for the CeQ, sol-coated
(111)Ni face.

8. A correlation exists between evolution of the topography of the oxide/gas
interface and the mechanism of NiO growth. The surface roughness of NiO films growing
predominantly by outward diffusion of Ni*' cations increases significantly as the growth
proceeds. Conversely, the changes of surface roughness of NiO films growing
predominantly by inward diffusion of O% anions are small in the range of the oxide
thicknesses studied.

9. This study suggests that at high temperatures the CeQO, particles in NiO, derived
from the coatings or formed by oxidation of Ce implants, dissolve and act as a source of
Ce*' ions in the NiO grain boundaries. It is believed that Ce** ion segregants impede Ni*'
diffusion, while allowing O* diffusion to continue, which results in change of the growth
mechanism of NiO modified with CeO, compared to that of pure NiO. The size of the
CeO, particle size play a key role in the dissolution process. The large CeO, particles are
responsible for a lower effectiveness of Ce implants and CeO, coatings after vacuum

annealing.

10. A modification of the “grain boundary segregation mechanism” is proposed
in order to explain all the experimental findings of this study. A new "dynamic
segregation mechanism” assumes that Ce** ions do not statically block the NiO grain
boundaries, but actively diffuse along them. The Ce** diffusion from the CeQ, containing
a sublayer of NiO, in tumn, affects the concentration level of Ce** ions in the NiO grain
boundaries in this sublayer.

11. The microstructure and texture of NiO developed beneath the CeO, dispersed
sublayer, play a key role in the “dynamic segregation mechanism” proposed, since they
affect the depth distribution of Ce in NiO and the Ce concentration at NiO grain
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boundaries. The presence of high diffusivity grain boundaries in NiQ formed on
polycrystalline Ni, with a surface deformed by mechanical polishing, and on the (100)Ni
face, allows Ce to diffuse away from the CeQO, dispersed sublayer. Conversely, the
microstructure of NiO developed on (111)Ni containing grain boundaries with low
diffusivity prevents the Ce from diffusing out, and extends the beneficial effect of surface
applied CeO, on oxidation resistance over longer time intervals.

The study shows that controlling the surface texture of the metallic substrate may
be a very effective way to extend the lifetime of reactive element coatings at high

temperature in corrosive environments.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

[. Measuring the early-stage growth kinetics of NiO thin films on Ni superficially

modified with Ce and CeO, :

The oxidation kinetics of Ni modified with Ce/CeQO, during the very early stages
of NiO film formation, were measured at high accuracy. This was achieved by an
application of the unique ultra-high vacuum manometric system. This apparatus is capable
measuring reaction kinetics at oxygen uptakes at a finer level than that obtained from

thermogravimetry.

2. Description of the microstructures of thin NiO films modified with Ce:

Because of experimental difficulties, the detailed microstructural characterization
of thin oxide films with a complex depth-structure, grown on metals with surface
modified with the reactive element, has not yet been done. The description of the
microstructure of NiO thin films doped with Ce and the redistribution of Ce at high
temperature, obtained using several advanced techniques, contributed primarily to the
explanation of the mechanism responsible for oxidation inhibition. Secondly, these results

may be utilized in the future to develop a computer model of oxide growth.

3. Description of the growth mechanism of NiQO films modified with Ce:

An oxygen isotope experiment proves that the reactive element Ce, under certain
conditions, changes the NiO growth mechanism from outward Ni** to inward O*
diffusion. This is contrary to the existing literature data. An additional original finding
of the oxygen isotope experiment is the location of a reaction front within NiO films
modified with Ce.

163



4. The application of atomic force microscopy in the area of high-temperature oxidation:

In this research, the recently developed and powerful technique of surface imaging,
AFM, was applied for the first time in the analysis of rough surfaces of oxides formed
during high temperature oxidation. A correlation found, between the evolution of oxide

surface roughness and the growth mechanism, is fully original.

5. The application of texture research in the area of high temperature oxidation:

Although the dependence of the oxidation rate on the crystallographic orientation
of the metallic substrate was known in the past, until now this finding was unexplored for
the purpose of improving oxidation resistance. The original contribution of this research
is an application of texture and grain boundary character distribution in order to explain
the effect of the reactive element on the oxidation process. The texture of NiO is critical
for an explanation of the stability of the reactive element concentration inside NiO and
the diffusion of Ni and O ions at high temperatures. This finding opens a new area of

texture control for oxidation prevention.

6. Proposing a new “dynamic segregation mechanism” to explain the inhibition of the NiOQ
growth rate by Ce additions:

Our results demonstrated that, to be effective, the reactive element must be
concentrated in a thin layer inside the native oxide. But, according to our findings, the
reactive element does not statically dope the native oxide but actively diffuses along
specific paths, mainly along oxide grain boundaries. The new “dynamic segregation
mechanism” proposed, which is based on the previous “grain boundary segregation
theory” explains the improvement of Ni oxidation resistance by CeO, coatings and Ce

implants.

7. Determining the factors controlling the protective properties of CeQ, sol-gel coatings:
The critical question for application of the reactive element coating, as to what

determines the conditions required to achieve a long lasting protection by trace amounts
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of the reactive element, until now remained unanswered. The results of this study provide
an answer and allow us to establish all the important factors related to the coating nature,
substrate nature, and oxidation conditions which control the effectiveness of the surface-
applied reactive element. Moreover, the experiments permit us to compare the
effectiveness of three different surface techniques: ion implantation, sol-gel technology,

and reactive sputtering.

SUGGESTIONS FOR FUTURE WORK

1. Further experimental study to explain the behaviour of the Ni-NiQ-CeQO, model

system and to verify the assumptions of the “dynamic segregation mechanism”:

When a progress in further deceasing the diameter of the electron beam in electron

microscopes will be achieved, the following analyses of grain boundary segregation in
NiO modified with Ce/CeQO, will be of interest:

i) to determine a correlation between a level of Ce segregation in the NiO grain
boundary and the grain boundary structure;

ii) to determine a level of Ce segregation in the NiO grain boundary of the same
structure and containing the CeO, particles with different size; this analysis will allow to
verify the critical role of the CeQ, particle size in saturation NiO grain boundaries with
Ce ions;

iii) to determine a stability of the level of Ce segregation in specific NiO grain

boundaries with exposure time at high temperatures.

2. Experimental study of the application of CeO, sol-gel coatings for oxidation protection

of heat resistant alloys:

The study of the Ni-NiO-CeO, model system should be extended to heat resistant

alloys with complex chemical composition; especially alumina formers. The low rate of
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oxide formation on these alloys imposes difficulties on the application of the reactive
element. The study should lead to design of the surface pretreatment, which will prevent
the coarsening of the reactive element oxide particle. When this goal is achieved, the
coatings would provide the further improvement of the oxidation resistance of alumina

forming alloys.

3. Computer modelling the oxide growth on metals and alloys modified with reactive

elements:

The present study provides a large number of experimental data from several
advanced analytical techniques. These results are especially valuable as an input for
computer modelling of NiO growth, diffusion processes within the oxide and the diffusion
suppression by the reactive element Ce. The computer modelling should lead to the

atomistic image of the interaction of reactive element ions in oxide grain boundaries.
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Appendix A

Results of chemical analysiss of Nickel foil, 99.5% (metals basis) manufactured by
Johnson Matthey Company, Ward Hill MA. Values in weight percent.
Stock number: 14193.

C 0.015%
Mn 0.11%
Si 0.03%
S 0.002%
Cr < 0.01%
Ni 99.70%
Cu 0.01%
Fe 0.04%
Ti 0.005%
Co 0.03%
Mg 0.014%
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Appendix B

This appendix contains the permissions of copyright owners to reproduce in this thesis
the previously published results.
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