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Abstract:

The surface composition of oxidized zirconium and nickel and their oxidized intermetallics, ZrNi3,
ZrNi, ZrNi5 and Zr2Ni7 are evaluated. This was performed following the installation and set-up of an
Auger electron spectroscope and development of relevant software for both digital process control and
data analysis.

Surface oxide layers formed on the samples under two different conditions, room temperature and at
300°C for I hour were analyzed. Depth profiles were performed using Auger electron spectroscopy and
argon ion sputtering. The zirconium and nickel concentrations increased and the oxygen concentration
decreased with increase in sputtering time. Longer sputter times were noticed in the case of the samples
oxidized at 300°C indicating thicker oxide layers. The oxide layer formed at 300°C on zirconium was
thicker than the oxide layer on nickel at 300°C since the former required 90 minutes of sputtering
compared to 4 minutes of sputtering for the latter. The oxide layer formed on zirconium at 300°C is
shown to have a ZrO2 stoichiometry.

The sputter depth profiles on the intermetallics are consistent with earlier work reported in the
literature, with a slight discrepancy in the steady state final intensities of the zirconium and nickel
peaks noticed in the case of the intermetallics oxidized at 300°C. This can be attributed to a change in
the primary Auger electron beam energy from 3 keV to 2 keV which diminished the peak intensities
significantly. Surface cracks on the intermetallic surfaces which are laterally oxidized during high
temperature oxygen exposure may have also resulted in the attenuation of the nickel and zirconium
peak intensities and the increase in oxygen peak intensity.
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ABSTRACT

The surface composition of oxidized zirconium and nickel
and their oxidized intermetallics, ZrNiy, ZrNi, ZrNi, and
Zr,Ni, are evaluated. This was performed following the
installation and set-up of an Auger electron spectroscope and
development of relevant software for both digital process
control and data analysis.

Surface oxide layers formed on the samples under two
different conditions, room temperature and at 300°C for 1 hour
were analyzed. Depth profiles were performed using Auger
electron spectroscopy and argon ion sputtering. The zirconium
and nickel concentrations increased and the oxygen
concentration decreased with increase in sputtering time.
Longer sputter times were noticed in the case of the samples
oxidized at 300°C indicating thicker oxide layers. The oxide
layer formed at 300°C on zirconium was thicker than the oxide
layer on nickel at 300°C since the former required 90 minutes
of sputtering compared to 4 minutes of sputtering for the
latter. The oxide layer formed on zirconium at 300°C is shown
to have a ZrO, stoichiometry.

The sputter depth profiles on the intermetallics are
consistent with earlier work reported in the literature, with
a slight discrepancy in the steady state final intensities of
the zirconium and nickel peaks noticed in the case of the
intermetallics oxidized at 300°C. This can be attributed to a
change in the primary Auger electron beam energy from 3 keV to
2 keV which diminished the peak intensities significantly.
Surface cracks on the intermetallic surfaces which are
laterally oxidized during high temperature oxygen exposure may
have also resulted in the attenuation of the nickel and
zirconium peak intensities and the increase in oxygen peak
intensity.




CHAPTER 1
INTRODUCTION

The development of metal alloys which have improved
resistance to surface oxidation, has a major impact on the
cost, durability and utility of equipment and  components
utilized in high temperature and other corrosive environments.
The useful 1life of metallic components incorporated into
structures and electrical systems operated under ambient
conditions can also be significantly extended through
appropriate alloying to improve their resistance to oxidation.
Thus a more fundamental in-depth knowledge of improved metal
alloys and composites, which demonstrate enhanced cprrosion
resistance and high temperature stability, would greatly
benefit modern industry.

.The reaction of oxygen with metal alloy surfaces is such
that it can lead to the formation of a cohesive surface oxide
layer, which protects the alloy from further significant
oxidation. An in-depth study on this reaction would help in
the development of ﬁetal alloys especially suited to a large
range of future and current applications requiring oxidation
resistance. Extensive literature(1,2,3] on the method; of
relating surface oxidation mechanisms and oxide structures of
pure metals provides the basis for the design and conduct of

this investigation on the surface oxidation of metal alloys.
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By enhancing the protective surface oxide layer, which
can be either porous or compact, improved oxidation resistance
is usually realized in metals and alloys. Compact oxide layers
offer the best protection against high temperature oxidation
because they form a nonporoué barrier between the unreacted
metal and oxidizing environment. Thus oxidation resistance in
alloys in which at least one of the components combine readily
with oxygen can be generally attributed to surface layers
which are effective barriers to further oxidation of the
bulk({4]. On oxidation of a metal alloy, where the base metal
oxidizes rather rapidly, the base metal oxide forms on the
outer scale and the oxide of the alloying element forms on the
inner scale[2,3]. The ratio of the components in a surface
oxide layer can be different from that in the bulk. The
surface oxide thickness keeps increasing until it inhibits
further growth. Cracking or flaking of these oxidized layers
leads to the loss of their protective property. If the oxide
layer cracks, then the metal alloy can return to its initial
stage and the oxidation rate increases. On the contrary, if
the resulting oxide layer remains intact and is cohesive, it
will eventually resist, by virtue of reduced oxygen
permeability, any further significant growth in the oxide
layer thickness.

The Wagner oxidation model for metal alloys[2,3]
indicates that the growth rate of a compact surface oxide

layer decreases with time and increasing oxide layer
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thickness. When a clean metal alloy is exposed to an oxidizing
atmosphere, initial reaction kinetics controls the extent of
oxide formation of each of the metallic components. Once a
oxide layer forms on the surface of the alloy, further
oxidation is limited by the diffusion of the oxygen through
the oxide layer. Concentration gradients develop in the metal
near the metal/oxide interface. The rate of oxygen diffusion
into the alloy will depend in part on the concentrations of
the metal oxides resulting from the surface oxidation reaction
and partly on the diffusivities of oxygen in both the
developing oxide layer and the metallic elements in the
underlying reduced alloy.

The surface oxidation characteristics of the
intermetallic alloys of zirconium make an excellent choice as
a subject for investigation because of zirconium's industrial
importance and the fact that it has received little previous
attention in this area. Zirconium is used extensively[5] in
the nuclear power industry as a major constituent of various
fuel cladding alloys that separate the fuel from coolant water
in atomic reactors. The most widely used alloys, zircaloys, as
they are commonly known, consist of zirconium, together with
tin, chromium, iron, nickel etc. which are added to promote
better corrosion resistance. An important property of
zirconium is its low capture cross section for neutrons i.e.,
neutrons pass freely through the internal zirconium structure

without an appreciable energy loss and a corresponding
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temperature rise in the cladding material{6]. Zirconium based
fuel «cladding alloys are resistant to the corrosive
environment inside the atomic reactors.

The corrosive resistance of zirconium based alloys is due
to the formation of thin, protective, cohesive surface oxide
layers. Extensive work([6] has been carried out on the kinetics
of bulk oxidation of zirconium and its alloys at elevated
temperatures under different environments including air,
water, steam and oxygen.

The primary method of analyzing the composition of oxide
surface layers in this study is Auger Electron Spectroscopy
(AES) which lends itself to investigating the atomié
composition of the surface strata of clean and oxidized
alloys[7]. One of the most interesting épplications of
quantitative AES analysis is the depth profiling technique, in
which surface atoms are removed by ion bombardment with AES[8]
analysis of surface composition at sequential depths. The
equipment used in AES depth profiling is equivalent to a
standard Auger spectrometer in combination with an ion gun.
The ion gun is used to bombard the surface atoms of the sample
at a relatively slow rate, and reﬁove surface atoms almost
atomic layer by layer. If a quantitative AES analysis is
carried out during ion bombardment, the results yield the
composition of the sample at different depths.

Single phase metals are a better choice for a surface

study of the present type even though most important alloys
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consist primarily of polyphase composites of solid solutions
and intermetallic compounds(IC's). The main drawback in using
polyphase alloys is that spectroscopic information gathered
after the oxidation of these alloys is difficult to interpret
due to the probable presence of more than one surface
phase[1]. This complication can be circumvented by utilizing
alloy compositions corresponding to intermetallic compounds
which are multi-element single‘phase metals. The information
thus developed can then be used to model the oxidation
resistance of composite alloys from an improved understanding
of the surface oxidation properties of their individual solid

phases.




CHAPTER 2
BACKGROUND

Techniques of Electron Spectroscopy, especially, Auger
Electron Spectroscopy, have been employed to study the
interaction of oxygen with various metal surfaces. The types
of metallic sﬁrfaces analyzed 1include pure metals and
intermetallic compounds in both single crystal and
polycrystalline form and composite alloys of intermetallics
and solid solutions. These materials have been subjected to
wide ranges of temperatures, pressures and durations of
exposures to various oxidizing atmospheres. Several surface
analytical methods have been used in combination with argon
ion milling for depth profiles. The most extensively used
methods are the Secondary Ion Mass Spectroscopy (SIMS) and the
Electron Spectroscopy methods, in particular Auger Electron
Spectroscopy (AES) and X-ray Photoelectron Spectroscopy (XPS) .

The oxidation behavior of both single and polycrystalline
samples of zirconium have been investigated. It has been shown
that a cohesive surface oxide layer, which has a Zro,
stoichiometry is formed on bulk zirconium [4]. The initial
exposure of zirconium to oxygen results in the. formation of a
nuclei of surface oxide which grow to coalescence and
completion at an 0, exposure of 30 to 60 L(1 L = 10°® Torr.s)

and has a thickness of approximately 2 nm at room temperature.
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Since this oxidation proceeds slowly there is a transition
region of intermediate oxides between the'ZrO2 layer and the
bulk Zr [1].

The formation of the thin 2r0, surface layer on Zr
protects the underlying metal from further significant
oxidation at 300 K, since the diffusion of 0, through Zro, is
very slow. However at higher temperatures, oxygen permeation
into the bulk metal from the surface oxide léyer occurs at
measurable rates due to increased oxygen .diffusivity and
soiubility in Zr.

J.S. Foord et al., studied the adsorption of D,, CO, N,

NO and O, on Zr at 300 K [9]. Work function, electron impact,

Auger, and diffusion data indicated that heating of these

adsorbed phases leadé to rapid surface to bulk oxygen
diffusion and very little desorption.

A related study [10] conducted by P.Sen et al.,
investigated the surface oxidation of three metglasses in the
copper-zirconium system by employing X-ray Photoelectron
Spectroscopy and Auger Electron épectroscopy to compare their
oxidation behavior with that of the corresponding crystalline
states of the alloys. The study was conducted over a wide
range of oxidation temperatures, pressures and alloy
compositions.rIt was shown that both glassy and crystalline
states of the Cu-2r alloys exhibit preferential oxidation at

intermediate oxygen exposures.
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The surface oxidation of pure zirconium and its dilute
binary alloys with +tin, chromium and iron has been
investigated by XPS. In this study Lalit Kumar et al.,
compared the oxidation behavior of zirconium and its alloys at
room temperature [11]. It was observed that mostly suboxides
of Zr are formed during the initial stages of oxidation at

oxXygen exposures less than 10 L, while at higher exposures,

2r0, is the dominant oxide species formed, although two

suboxides are present. Pure Zr as well as its dilute alloys
exhibit a decreasing rate of oxidation with increasing oxygen
exposure.

Bertolini et al., analyzed the surface metallic
properties of Ni63_7Zr36.2 alloy by Augef electron spectroscopy
and photoelectron spectroscopy in combination with argon ion
bombardment [12]. The elemental composition as a function of
depth below the surface was analyzed. A thin Zro, oxide layer
was observed to extend up to 15-35 A below the outer surface
beyond which an abrupt interface with the Nig .Zry, , alloy
existed.

Several studies of the sufface oxidation behavior of
nickel-zirconium intermetallic compounds have been conducted.
Wright, Cocke and Owens conducted a detailed study [13] on
five Ni-Zr intermetallic compounds, Zr,Ni, ZrNi, ZrNi,, Zr,Ni,
and ZrNi;. The analysis included sputter cleaning of the metal
alloys by argon ion milling followed by exposure to sequential

treatments of hydrogen, oxygen, and hydrogen a second time.
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These experiments were carried out at room temperatures and at
400°C. The depth concentration profiles weré then analyzéa
using high resolution AES. The results showed that the surface
was covered by ZrO, after exposure to air at room temperature
and covered by NiO after high temperature oxidation at 400°C.
The ratio at the surface of Ni to Zr was always greater after
oxidation than after reduction. This indicates a preferential
oxidation of Zr over Ni when both are present in a reduced
form and the outward diffusion of Ni cations through the oxide
strata at 400°C during oxidation.

Deibert and Wright investigated [14] two of the above
mentioned intermetallics, ZrNi, and Zr,Ni,, by high resolution
Auger Spectroscopy and Ar ion sputtering. The intermetallicé
were subjected to sequential hydrogen, oxygen and hydrogen
treatments. The results indicate an essentially pure reduced
Ni surface‘on a layef of oxidi;ed zirconium, which in turn is
supported on the wunaltered alloy. The vreduced nickel
constituted a highly active catalyst surface for various
reactions of possible iﬁdustrial relevance; The thickness of
the reduced Ni layer is estimated to be between 10 and 20 nmn.

In another series of experiments by Deibert and Wright
[15], the initial surface oxidation of sputter cleaned nickel-
zirconium intermetallics (ZxrNi, Zr,Ni,, ZrNi,, ZrNi, ZrNi35 at
room temperature was investigated by quantitativé Auger
analysis and argon ion sputtefing. The sputter-cleaned

surfaces of the alloys were shown to be enriched in 2Zr
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relative to their bulk, especially for the alloys which are
relatively dilute in Zr. The experimental results indicate
that the ratio of the sputtering rate of Ni to that of Zr is

dependent on the composition of the alloy.
Research Objectives

* Installation and set-up of the PHI Auger Electron
Spectroscope and development of relevant software for both
digital process control and data analysis.

* Study of tﬁe surface compositions of the oxidized
intermetallic compounds of zirconium and nickel including
ZrNiz, ZrNi, ZrNi. and Zr,Ni, and oxidized zirconium and nickel
metal foils.

* Develop an improved understanding of the surface okidétion
of the zirconium alloys at 300°C.

* Compare the results of this study with recent studies of
Zr-Ni intermetallics, with particular emphasis on oxidation of

the intermetallics.
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CHAPTER 3
OXIDATION OF METALS AND ALLOYS

The total chemical equation for the reaction between a

metal and oxygen gaé is:
aMé+i§C>~Mé 0
2 2 a~hb

Though this appears to be a simplg equation, the reaction path
and the oxidation behavior of a metal depends on é variety of
factors. The metal oxidation reaction mechanisms, as a result,
are complex.

The initial step in the metal-oxygen reaction involves
the adsorption of gas on the metal surface. As the reaction
proceeds, oxygen may dissolve in the metal; then oxide is
formed on the surface as an oxide layer. Both the adsorption
and the initiél oxide formation are functipns of .surface
orientation, crystal defects at the surface, surface
preparation, and impurities in both the metal and the gas
[16].

The surface oxide séparates the metal and the gas. When
a compact film covers the surface, the reaction proceeds
through a solid-state diffusion of the reactants through the
film. For thin films the driving force for this transport of
reactants is mainly due to electric fields (migration of

charged imperfections) in or across the film. For thick films




12
or scales it is determined by the chemical potential gradient
across the scale [17].

Metals may also form porous oxide scales which as such do
not serve as a solid-state diffusion barrier between the
reactants. In such cases ﬁhe reaction may be limited by
processes occurring at phase boundaries. At high temperatures,
oxides may also be liquid or volatile.

The overall driving force of metal-oxygen reactions is
the free energy change associated with the formation of the
oxide from the reactants. Thermodynamically the oxide will be
formed only if the ambient oxygen pressure is larger than the
dissociation pressure of the oxide in equilibrium with its

metal [16].
Low-Temperature Oxidation

The initial step in the reaction between a metal and
oxygen is the adsorption of gas on the metal surface. Then
isolated oxide nuclei form at random positions on the surface.
After formation of the random oxide nuclei the oxidation
proceeds through a growth of the individual crystallites until
the whole surface is covered with oxide. The rate of reaction
during the initial stage increases with time; that is, the
sticking coefficients of oxygen increases as oxygen is
consumed. This increased activity is due to an initial oxide
nucleation at preferred sites and the reaction proceeds

through a lateral surface growth of the nuclei [16].
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Dislocations, surface defects, impurities, etc., serve as

nucleation sites. The adsorbed oxygen diffuses on the surface

to the growing nuclei, causing an oxygen‘depletion in a zone
around each nucleus in which no other nuclei form. The size of
these zones is governed by the supply of adsorbed oxygen and

the rate of surface migration [18].
Diffusion in Oxides

When a dense, compact oxide film or scale has been formed
on a metal surface, the oxide separates the reactants. Thus,
reaction can only proceed through a solid-state diffusion of
reactants through the oxide [19]. Diffusion in'solids takes
place because of the occurrence of imperfections or defects in
solids [16].

Imperfections in solids can be broadly divided into point
or lattice defects. Vacancies, in£erstitial atoms, and
misplaced atoms come under point defects. Line and surface
defects include dislocations, grain boundaries and inner and
outer surfaces. Point or lattice defects are responsible for
lattice diffusion, also called volume or bulk diffusion'[iG].

In polyqrystalline materials the relative contributions
of the different typeé of diffusion are a function of
temperature, partial pressure of the components, grain size,
porosity, etc. Grain boundary diffusion has a smaller
activation energy than volume diffusion and as a result

becomes increasingly important at lower‘temperatures [207.
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Lattice Defects

In a perfect crystal both the entropy and internal enerqgy
of the system increases with the creation of point defects.
The equilibrium concentration of the defects will be reached
when the free energy of the system is at a minimum. In any
given crystal all types of defects, in principle, will be
formed although the free.energies of formation of different
types and systems of defects will have widely different
values. Correspondingly one type of defect structure commonly
predominates in a particular solid at eqguilibrium. The
relative concentrations of the different types of defects is
a function of temperature and other variables which influence
the state and the composition of thé compound. Thus, defect
equilibria with a large positive enthalpy of formation which
are not favored at low temperatures, may become important at
high temperatures. Lattice defects may be neutral or

charged.

Lattice Diffusion

Lattice diffusion takes place through the movement of
point aefects. The presence of-~-different types of defects
gives rise té different mechanisms of diffusion. Fick's laws
of diffusion give the mathematical relationship between the
concentration gradient and the diffusion coefficient [18]. The
rate of diffusion is expressed in terms of the diffusion

coefficient D, which is defined by Fick's first law,
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where J is the instantaneous flow raté per unit area of the
diffusing species-across a plane, ¢ is the concentration of
the diffusing species at the plane, and Jdc/dx is  the
concentration gradient normal to the ﬁlane. Thus, the
diffusion constant D is the flow rate/unit area at unit
concentration gradient normal to the plane.

Fick's second law relates the concentration gradient to
the change in concentration with time. For the case in which

the diffusion coefficient is independent of concentration:

ac=D occ

dt Ox?

These equations can be solved under certain boundary

conditions which may be closely approximated experimentally.

For homogenous diffusion in a solid the concentration of the

diffusing species normal to the plane is given by:

X2

_4Dt)

C

co
BEY7 A
where c represents the concentration at a distance x from the
surface, c;, is the concentration of the species originally
present on the surface, and t the time of diffusion anneal.
The typical experiment used to establish the constants in this
relationship involves deposition of a very thin film of
radioactive isotopes on a plane surface of a sample and, after

subsequent diffusion anneal, determination of the
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concentration of diffusing species as a function of distance
from the plane surface [16]. If diffusion is nonhomogenous,
different relationships between concentration and penetration
distance may result.
The temperature dependence of the diffusion coefficient

is given by:
9
D=D_exp (- —=-
oe%p ( RIJ

where Q is the activation energy, and the pre-exponential

factor D , the frequency factor [20].

Diffusion Mechanisms

Diffusion is said to take place by a vacancy.mechanism if
an atom on a normal lattice site Jjumps into an adjacent
unoccupied lattice site. If én atom moves from an interstitial
site to one of its neighboring interstitial sites, the
diffusion occurs by an interstitial mechanism. Such a
movement, or Jjump, of the atom involves a considerable
distortion of the lattice, and this mechanism is probable only
when the interstitial atom is smaller than the atoms on the
normal lattice position [20]. If the distortion during the
jump becomes too large to make fhe interstitial mechanism
probable, an interstitial atom  pushes one of its nearest
neighbors on normal lattice site into another interstitial
position and itself occupies the lattice site of the displaced

atom.
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A variant of the interstitialcy mechanism is the
crowdion[20]. In this case an extra atom is crowded  into a
line of atoms and thereby displaces several atoms along the

line from their equilibrium positions.
High Temperature Oxidation of Metals

High-temperature oxidation wusually results in the
formation of an oxide film. The mechanism of oxidation depends
on the nature of the scale, that is, whether the oxide is
solid or liquid or if it also partially evaporates. If solid
scales are formed, the oxidation behavior also depends on

whether the scales are compact or porous.

Compact Oxide Scales

A compact scale acts as a barrier separating the metal
and the oxygen gas. The rate of oxidation at high temperatures
is limited by diffusion through the compact scale, provided
there is sufficient oxygen available at the oxide surface. The
oxide grows iﬁ thickness leading to an increase in diffusion
distance. This results in a decrease in the rate of reaction
with time. Compact scales offer the best protective
properties. Improving the protective properties of the oxide
scale leads directly to an improvement in the oxidation
resistance of metals and alloys [16].

Wagner [2,3] has provided a fundamental understanding of
the essential features of high temperature oxidation of pure

metals in his theory of high temperature parabolic oxidation.
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Figure 1 shows the Wagner schematics of concentration gradient
of oxygen and metal ion vacancies and the transport processes
occurring in an oxide scale containing such vacancies. The

legend for Figure 1 is as follows:

V> represents metal ion vacancies

VvV, represents oxygen ion vacancies

e represents electron holes

represents electrons

represents electrons

represents the hypothetical metal oxide
represents the functional dependence

of V,”” on p,

represents the functional dependence

of V,¥ on p,‘®

p'? represents dissociation pressure of oxide
pé” represents ambient oxygen partial pressure

o
M
M0,
p
g

Wagner's theory applies to compact scales of reaction
products. Volume diffusion of the reacting ions (or
corresponding point defects) or a transport of electrons
across the growing scale is assumed to be the rate-determining
process of the total reaction. Electrons and ions are
considered to migrate independently of each other. Since
diffusion through the scale is rate-determining, reactions at
phase boundaries are considered rapid, and it is assumed that
thermodynamic equilibrium is established between the oxide and
the oxygen gas at the MO/0, interface and between the metal
and the oxide at the M/MO phase boundary [16].

The driving force of the reaction is the free-energy
change associated with the formation of the oxide MO from the
metal M and the oxygen gas. The partial pressure of oxygen at

the M/MO interface is equal to the equilibrium dissociation
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pressure of the oxide in contact with its metal, p,‘®, while
. i o

at the oxide/oxygen interface it is equal to .the oxygen
pressure in the gas phase, pégh For an oxide scale with metal
ion vacancies, the metal ions diffuse outward from the M/MO to
the M/MO, interface. The vacancies migrate in the opposite
direction, and their equilibrium concentrations at the gas

phase interface are given by the defect equilibrium:
L 0,-MO+V, P +pe*
o T HUTYy tpe

When pé?’> péﬁﬂ the metal ion vacancies are continuously
produced at the MO/0, interface and consumed at the M/MO
interface. Oxygen ion vacancies migrate in the direction
opposite to the metal ion vacancies, and their equilibrium

concentration at the M/MO and MO/0, interfaces is given by:

O =V +ge + % o,

Oxygen ion vacancies are correspondingly created
continuously at the M/MO interface and consumed at the MO/0O,
phase boundary.

The rate of growth is, in these terms, determined by the
gradients énd the rate of'diffusion of the components. These
mechanisms lead to parabolic oxidation behavior.

The Wagner theory permits an evaluation of the rate
cbnstant of high-temperature parabolic oxidation provided the
diffusion coefficient is known. In evaluatihg experimental

results the parabolic rate constant is expressed as
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dx_ %
dt x
Here kp is the parabolic rate constant and ¥, the oxide

thickness. On rearranging and integrating,

v

X<

Porous Oxide Scales

During compact oxide scale formation the rate of reaction
is governed by the solid-state diffusion of the'reactants
through the scale, as long as sufficient oxygen is available
at the oxide surface. Deviations from ideal behavior, i.e.
compact and pore-free oxides, occur when porous scales form.

If the transport occurs by an outward migration of metal
ions by the vacancy mechanism, vacancies may collect to form
cavities and pores at the metal/oxide interface and produce
appreciable porosity in the oxide scale after extended
reaction. The cavities then act as barriers to the solid-state
diffusion process. These oxide scales can rupture and breakup
becoming non-barriers to gaseous oxygen. Also when phase
boundary processes become rate-determining instead of solid-
state diffusion through the scale, then porous scales may be
formed. When poroﬁs scales are formed, the kinetics of the
reaction is commonly found to be linear with time. The rate of
initial oxidation is often observed to decrease with time
indicating the formation of a protective phase before the

oxidation transforms to a linear rate. Phase boundary process
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limitations occur when the linear’oxidation for porous scales
is faster than the protective oxidation rate. Cracks can form
which rupture leading to the formation of porous scales.

Thus porous scales are non-protective. These scales

usually occur during later‘stages of the reaction because of

rupture and fragmentation of the oxide scale after it has

reached a critical thickness [16].

High Temperature Oxidation of Metal Alloys

Oxidation mechanisms for alloys are more complex than for
pure metals. The alloyed metal atoms do not diffuse at the
same rates either in the oxide or alloy phase and the
components of alloys have different affinities for oxygen. As
a result, oxide scales on alloys do not contain the same
relative amounts of the alloy constituents as does the
metallic phase. As the oxidation proceeds, the composition and
structure of oxide scales often change. Thus the oxidation
kinetics often markedly deviate from ideal and simple rate
equations. Also, if oxygen dissolves in the alloy phase, the
least noble alloy component can form oxide inside the alloy.

Since more than one oxide is formed, Wagner classified

alloy oxidation in terms of different types of behavior.

1. Selective oxidation in which the least noble constituent is

selectively or preferentially oxidized.
2. Formation of composite scales.

3. Formation of scales with complex oxides.
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Under any set of conditions selective oxidation takes
place only above a critical concentration of thelactive alloy
component. Wagner [2,3] analyzed the conditions necessary for
oxidation in binary alloys and derived a mathematical
expression for this critical concentration. This can be
extended to the case of composite scales and écales with
complex oxides.

Wagner considered an alloy A-B in which B is the less
noble metal and A and B do not react to form a double oxide or
spinel. Making the assumption that compact oxides are formed,
three main cases for the oxidation of the alloy A-B may be
considered. |
1.'At low concentrations of B, only the A oxide will be formed
and B will diffuse into the alloy from the alloy/oxide
interface.

2. For sufficiently high concentrations of B in the alloy
only the B oxide will be formed and A will diffuse into the
alloy from the alloy/oxide interface.

3. At B concentrations ranging from the low concentrations in
case 1 to the high concentration in case 2, A oxide and the B
oxide will simultaneously be formed (composite scale).

Figure 2 shows the schematics for the three different
oxidation cases. Assuming the formation of a compact, pore-
free oxide scale, Wagner ‘ showed that the critical
concentration N; (above which only the B oxide is formed) is

given by :
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v ( nkp)%

B zM, ' D

where V is the molar volume of the alloy , z;, is the valence
of the B atoms, VM, is the atomic weight of oxygen, D is the
diffusion coefficient of B in the alloy, and kp is the
parabolic rate constant for the exclusive formation of the B
oxide.

The same type of assumptions can be made for composite
scales that are practically insoluble in each other. For the
case of formation of scales with complex oxides, diffusion
rates are often appreciably smaller than in single oxides. The
protective scales on high-temperature oxidation-resistant
alloys often consist of complex oxides (double oxides, spinels

etc.) [16].
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CHAPTER 4
EXPERIMENTAL METHOD
Auger Electron Spectroscopy

Auger—electfon spectroscopy (AES) 1is based on the Auger
radiationless process [21]. The energetics of the Auger
process, is shown in Figure 3. This process involves an
electron excitation, which leaves a hole in a core level of an
atom. This preliminary excitation process can be stimulated by
absorption of energy from a primary electron. After the
excitation process, the core hole is filled. by an Auger
recombination process. In the Auger recombination processes
the core hole is filled by an electron occupying a higher
energy level, that is, either a shallower core electron or a
valence electron. The energy lost by this electron is
transferred to another electron. This last electron may
receive enough energy to leave the system, thus becoming an
Auger electron.

The whole process, excitation plus Auger recombination,
is wusually labeled wusing the conventional spectroscopic
notations for the initial states of the three electrons
involved [22]. If the excitation involves a hole in a 1s state
and this hole is filled by an electron in the 2s state that
transfers its energy to another electron in the 2s state, then

the entire process 1is 1labeled KIuL,. In this notation the
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valence states are denoted by the letter V. Thus the final
energy of the Auger electrons is linked to the energies of the
three electron states. Therefore the emission of Auger
electrons at a given energy reveals the presence of certain
energy levels in the system. Since thése levels are
characteristic of a given eiement, it also reveals the
presence of that eleﬁent in the system. This provides for the
analytical capability of AES. The exact 1link between the
kinetic energy of the emitted Aﬁger electrons and the core-
level energies is complicated by factors such as electronic
relaxation on formation of a core hole' and final-state
multiplet interactions. Nevertheless, the uncorrected binding
energies of the three electrons are the most important factor
in determining the Auger-electron kinetic energy.

Neglecting all factors except the uncorrected binding
energies, and calling these energies E,, E, and Eg, for the
first excited eleétron, the electron that fills the core hole,
and the Auger electron, respectively, the kinetic energy of
the latter can be written asz:

E, = E5 + E, - E,

This equation is derived by estimating the energy of the
two-hole final states in two subsequent steps, cne creating a
hole in state 2 and the other creating a hole in state 3. The
energies in this equation are measured from the zero of the
kinetic-energy scale, that is, from the vacuum level. The

asterisk in the binding energy term Eg means that this is not
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the unperturbed binding energy but rather the binding energy
in the presence of another core hole.

The Auger electrons [7] thus have unique energies for
each atom and if the energy spectrum from about 0 to 2 keVv is
analyzed, the energies of the Auger electron peaks allow for
the identificatién of the surface elements present, except
hydrogen and helium. The reason that AES is a surface-
sensitive technique lies in the intense inelastic scattering
that occurs for electrons in this energy range. Only Auger
electrons from the top few atomic layers of a solid survive to
be ejected and measured.

An Auger electron spectroscopy system consists of an
ultra-high vacuum test system, an electron gun for specimen
exéitation and an energy analyzer for detection of Auger
electron peaks in the total secondary electron energy spectrum

[21].
Experimental System

Ultra-High Vacuum Systems

A UHV system is required for AES for two reasons. First
and foremost, the electrons emitted from a specimen should
meet as few gas molecules_on their way to the analyzer as
possible so that they are not scattered [23]. More importantly
the reduction of contamination on the surfaces under analysis

by the residual gases in the vacuum establishes a necessary

base pressure of about 1 x 107 torr (1 torr= 1 mm. Hg
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bressure). Suchva pressure falls into the regime of ultra-high
vacuum (UHV). This greatly restricts the use of materials in
AES. For the system used in the presentA AES study most
materials used in fabrication are stainless steel with copper
gaskets used as a sealing material between conflat flanges
(77.

The system assembly including the two turbomoiecular
pumps, the electron gun, the ion gun and the vacuum chamber is
shown'in Figure 4. The Vacﬁum chamber is divided into two
sections, a main section and a differential section. The
turbomolecular pumps differentially pump the ion gun as well
as differentially pump a Vacuumtseallon-the sample manipulator
in the main chamber. Pumping speed 1is increased by using
separate pumps on the two chambers. The two pumping systems
~each include a roudghing pump and a turbomolecular bump. They
reduce the main chamber and differential chamber to base
pressures of about 1.5 x 10° and 1 x 10°? torr, respectively,
after bakeout. The bakeout involves increasing the .system
temperature to about 150°C for a few hours in ordér to remove

most of the volatile contaminants.

Ion Gun

Argon ion bombardment is a method of producing a clean
surface and can be used in conjunction with surface analysis
to measure compositional information as a fupction of depth
{24]. Depth profiling is a ‘technique which invoives

simultaneous ion bombardment and analysis (AES analysis in
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this case) to develop a continuous compositional profile. This
technique invoives the use of an argon ion gun. The ion gun is
a V.G. Scientific FAB61 dual ion atom gun which has an
electron impact source. Ion guns are simple electrostatic
devices in which the inert gas ions f(Ar*) are generated by
collisional excitation with electrons of typically 100 eV
energy which are emitted from a hot tungsten filament. The
positive ions are accelerated, focused and rastered on the
sample, creating a sputtered area [7].

The primary Ar® ions are produced from 99.9995% minimum
purity argon gas introduced in the differential pumping line.
These ions negotiate an array of static and oscillating
electronic fields and leave the gun. in a columated, high
energy beam. The primary beam is rastored to scan an area
larger than the cross sectional area of the primary ion beam.
The FAB61 ion dun is controlled by a V.G. Scientific 4002
power supply. A Leybold-Heraeus 867 916 rastor power supply
controls rastoring of the primary ion beam. The energy of the
primary ion beam used is generally 3.0 keV with a ion gun
target current of about 950 nanoamps. The target current is

controlled by manually adjusting the ion gun emission current.

Sample Mount System

Samples,.both thin foil metals and thick intermetallics,
are mounted on a sample holder, mounted on the end of a
'stainless steel rod in the vacuum chamber. A diaéram of the

sample holder is shown in Figure 5. It has provision for
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holding five samples of about 1 cm X 1 cm dimensions each
including a LiF sample which is used for system alignment. Two
micrometers connected to the support rod establish its
forward-backward and side-to-side position. Provision is also
made for rotational and z-directional motion. The sample
holder is grounded through a current meter. This is done to
prevent sample charging during the argon ion etching process
and the Auger analysis and also to monitor the target
current.

The relative spatial orientation of the samples and
analytical equipment is critical. Figure 6 shows the relative
orientation of the sample mount, electron gun and ion gun. The
plane of the test sample surfaces is generally at an angle of
about 45° to longitudinal axis of both the Ar* ion beam and the
electron gun, which have a 90° angle relative to one another.
During analysis the sample surface is about 10 mm from the
front end of the ion gun and about 8 mm from the end of the
electron gun.

A lithium fluoride foil is mounted on the sample holder
to facilitate alignment of the samples in the primary Auger
electron beam and the ion beam. This foil emits a brilliant
red glow when sputtered. The lithium fluoride target foil is
aligned relative to the ion gun by adjusting the probe
position while obserVing the brilliant red spot at the point
of impact of the ion beam. For this step the primary ion beam

is static rather than rastored.




$

%

2



36
The spot size of the primary ion beam, and the dimensions
of the area sputtered are adjusted with the controls on the
gun power supply and rastor power supply while observing the
sputter induced phosphorescence on the lithium fluoride coated
target foil. The sputter area is adjusted to about 4mm x 4mm.

The primary ion beam spot size is between 0.5 and 1mm in dia.

Energy Analyzer

The energy analyzer used for the present study is the PHI
Model 10-155 Cylindrical-Mirror Analyzer (CMA) which is
designed to detect Auger electrons ejected from specimens
excited by an electron beam. The primary electron beam is
generated by an electrostatic electron gun mounted coaxially
inside the analyzer. The analyzer also contains an electron
multiplier which amplifies the detected secondary electron
signals.

The electron gun is controlled by the PHI Model 11-010
Electrén Gun Control. Beam voltages are available in
calibrated steps of 500 V from 0 to 5 keV. The filament
current and emission voltage of the electron gun and the focus
of the electron gun are adjustable.

The electron gun is operated with a primary beam voltage
of 3 keV for most of the tests, and 2 keV for other tests,
with a filament current of about 1 milliamp. The target
current on the sample is normally about 4000 nanoamps.

The electron gun and CMA arrangement are shown in Figure

7. The electron gun has one electrostatic lens. Beam current
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is varied by adjusting the filament temperature and the
extraction voltage (V;, - beam voltage). A focused beam of
primary electrons is obtained from the gun when the ratio of
focus voltage (V, - beam voltage) to the beam voltage 1is
nominally 0.25.

Secondary electrons are generated at the point the
primary electron beam strikes the specimen. The analyzer
includes an inner cylinder that is grounded, plus an outer
cylinder that is biased throﬁgh terminal V_. Negative voltages
applied to the outer cylinder repel the secondary electrons
approaching the cylinder through openings in the side of the
inner cylinder, forcing these electrons back through other
openings in the inner cylinder so that they are collected by
the electron multiplier. The number of resulting electrons is
multiplied, prior to striking the collector plate, by applying
a voltage bias of a few kiloelectron volts to the multiplier.

The energy analysis of the secondary electrons is
controlled digitally through a PHI 32-150 Digital AES Control
and a 96 V/f Preamplifier. The signal from the analyzer passes
through the preamplifier and the Digital AES Control which is

connected to an IBM PC AT.
Sample Preparation

The intermetallic test samples used in this study were
prepared by the argon arc melting of the appropriate amounts

of the pure metal powders at the Idaho National Laboratory
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Facility at EG&G,Inc. The samples are cut and polished to a
final finish of 0.05 microns.

The pure metal samples are cut from research grade foils.
The pure zirconium metal samples are cut from 99.99% pure, 25
mm thick foil purchased from Johnson Mathey Inc. The pure Ni

samples are cut from'high purity nickel obtained from the

Physics Department, Montana State University.
Surface Preparation

Prior to oxidation the intermeta%;ic samples are polished
to a high lustre. This is accomplished using a motor driven
‘bolishing wheel with the abrasive being a 0.05 micron gamma
alumina number 3 suspended in distilled waterf The samples are
mounted on small aluminum blocks with a hot melt adhesive for
convenience during polishing. Polishing to a high lustre
following each oxidation and analysis cycle is assumed to
remove the prior oxide scale to expose fresh bulk material.
Before oxidation the intermetallics are rinsed in bulk grade
acetone to dissolve the hot melt adhesive. The samples are
then cleaned with bulk grade methanol.

The pure ‘zirconium and pure'nickel samples are acid
etched prior to oxidation with a.5% hydrofluoric acid solution
to produce a clean and reproducible surfaces. The reason for
this is their thickness and lack of flatness makes poliéhing
impractical. The acid solution is prepared fresh for each

etching. The samples are immersed in the acid solution for 15

]
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seconds and are then rinsed in distilled water. This produces
a high metallic lustre on the samples.

Each sample is oxidized in air at 300°C for 1 hour. The
oxidation is accomplished in a small metallurgical oven. The
temperature control and display of the oven were calibrated
prior to its use. For each run the oven is brought up to the
required temperature before introducing the samples. The
temperature drop caused by opening the oven door to introduce

the samples was observed to be negligible.
Sample Alignment

A sample is loaded into the system and the system is
.pumped down to a pressure of at least 2 x 1077 torr prior to
aligning the samples. The current meter is activated, before
the electron or ion gun are operated, to ensure the sample
mount is grounded. The electron beam target current is set as
desired. The LiF sample is used to adjust the sample
position. The electron beam and the ion beam impact location
are brought close to each other by observing their
characteristic spots, while adjusting the probe position. The
elastic peak procedure is run on the LiF sample to ensure that‘
the elastic peak is at 2000 eV. The other samples are aligned
by adjusting the probe position to ensure the elastic peak is

at 2000 eV.
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Elastic Peak Procedure

The electron gun control is activated and the voltage
adjusted to 2 keV. The electron beam current is set as
desired. The multiplier supply is adjusted to obtain an energy
trace of the secondary electrons on a CRT display, in this
case a IBM PC AT. The x, y and z-axis is adjusted on the
manipulator until the peak is aligned at 2 keV. Then the
electron gun focus 1is adjusted to maximize the signal

intensity at 2000 volts.
Acquiring AES Data

The AES data is acquired‘by sétting the energy sweep
range,.time per sweep and number of sweeps. The counts and the
multiplier voltage for eéch survey as well as time between
surveys are recorded. The data is then acquired and stored in
a .DAT file on the IBM PC AT for further mathematical
manipulation such as smoothing, differentiation, multiplexing

at a later time.
Shut Down Procedure

Once the desired number of surveys have been taken the
ion gun power supply is shut down. This is followed by
switching off the Electron Gun Control, Digital AES Control,

and the Electron Multiplier Supply.
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CHAPTER 5
RESULTS

The Auger spectrum from 50 to 550 eV of unsputtered
zirconium foil which - had been exposed to air at room
temperature is shown in Figure‘8. The ordinate in the spectrum
is the count rate, a measure of the intensity of the secondary

electrons, in k counts/sec. The count rate at each enerqgy is

the sum of the offset value shown plus the multiple of the

ordinate value times the scale factor specified on the figure.
Thus an absolute value of 2 on the ordinate in Figure 8

represents 19.860 kcts/sec (2 x 2.800 + 14.260), for example.

The survey shows oxygen and carbon auger peaks at about 505 eV |

and 270 eV, reépectively. Small zirconium peaks are observed
in the energy range from 80 to 180 eV. Figure 9 shows an Auger
survey of the same zirconium foil after 40 minutes of argon
ion sputtering. This survey shows strong zirconium peaks and
significantly diminished carbon and oxygen peaks.

The energy range between 80 and 180 eV from the survey
shown in Figure 9 is expanded and displayed in Figure 10. The
most important peaks for elemental Zr are the MNN peaks at 90
eV and 115 eV, MNV peaks at 123 eV and 145 eV and an MVV peak
at 172 eV. The Auger peaks used to establish 2Zr surface
abundance and oxidation state in the present study are those

at 90 eV and '145 eV which are designated as the Zrl and Zr2
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peaks, respectively. The Auger surveys éhown in Figures 8 and
9 have too broad an energy range of display to be used
accurately in the determination of Zr Auger peak intensities.
The Auger spectra are therefore expanded to smaller enerqgy
regions to provide a better resolution of the elemental Zr
surface abundance from the peak intensities measured by the
procedure described below.

Figures 11 and 12 show the multiplexed surveys of the Zr2
peak on oxidized and sputter cleaned zirconium foil,
respectively. On sputtering away the oxide layer a shift in
the Zr2 peak position from 140 eV to 145 eV is noticed. This
energy shift of the peak results from a change in the chemical
state of the metal. The Zr2 peak is useful in indicating the
oxidation state of zirconium and cannot be conveniently used
in quantitative Auger analysis of Zr surface abundance. The
MNN Zrl peak does not shift significantly when the zirconium
is oxidized and therefore it can be reliably used for peak
intensity measurements, which are proportional to Zr surface
abundance.

A display of the multiplexed Zrl peak from 70 to 110 eV
on sputter cleaned Zr foil (from Figure 9) is shown in Figure
13. The Zrl peak for this survey is at 90 eV. The count rate
measured at the peak energy is 1901.200/sec and the base count
rate, which is the count at the high energy base of the peak
at 99 eV is 1693.629/sec. The peak height, the difference of

the two, is 207.571/sec. This difference is divided into the
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base count of 1693.629 to éive a relative intensity of 0.1226
for the Zrl peak in this spectrum. Using the same procedure
the relative intensity for the 2Zrl peak for zirconium foil
exposed to air from Figure 8 is 0.0311.

A display of the oxygen Auger peak at 506 eV on oxidized
zirconium foil is shown in Figure 14. The relative intensity
for the oxygen peak at 506 eV is 0.1456.

The relative intensities of the oxygen peak and Zrl peak
at different sputter times for.oxidized Zr foil are shown in
Figure 15 as a function of sputter time.AThis constitutes the
sputter depth profile for zirconium oxidized at room
temperature. The Zrl peak intensity increases with sputter
time while that of oxygen decreases: This indicates a slow
sputtering of the o#ide layer.

The sputtér depth profile of zirconium foil oxidized at
300°C for 1 hour is shown in Figure 16. The oxide layer in
this case takes longer to sputter in comparison to Zr foil
exposed to air. The oxygen and Zrl peak intensities show
similar trends to those of the room temperature oxidiéed
zirconium foil in Figure 15.

The Auger spectrum from 30 to 930 eV for nickel foil
which had been exposed to,air at room temperature is shown in
Figure 17. The survey showsvcarbon and oxygen peaké at- about
270 eV and 505 eV, respectively. Weak nickel peaks are
displayed at about 55 eV, 708 ev, 775 eV and 840 eV. The 55 eV

and 840 eV peaks are designated in this report as Nil and Ni2,
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respectively. The Auger spectrum of the same nickel foil
after 10 minutes of argon ion sputtering is shown in Figure
18. The carbon peak 1is significantly diminished with an
increase in the intensity of the nickel peaks.

The Nil peak from Figure 18 is expanded between 45 and 75
eV and displayed in Figure 19. The relative intensity for this
peak is 0.3770 from the peak intensity at 56 eV and the
background intensity at 74 eV. The Ni2 peak on sputter cleaned
Ni foil is shown in Figure 20 in the energy range between 825
and 870 eV. The relative intensity for this peak is 0.1099
based on the peak intensity at 840 eV and the background
intensity at 867 eV.

The relative peak intensities for the Nil, Ni2 and oxygen
peaks for the room temperature exposed nickel foil at
different sputter times are shown in Figure 21. This sputter
depth profile shows an increase in nickel peak intensities and
a decrease in the oxygen peak intensity with increase in
sputter time. The sputter depth profile for the nickel foil
oxidized at 300°C for 1 hour is shown in Figure 22. The
profile shows a similar trend of peak intensities with sputter
time. The decrease in the oxygen peak intensity is not clearly
shown on the scale of these figures.

The sputter depth profile for the oxygen, Zrl, Nil and
Ni2 peaks for the intermetallié ZrNi; after exposure to air is
shown in Figure 23. With increase in sputter time, increases

in the Nil, Ni2 and 2Zrl peak intensities are observed. The
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