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Abstract:

The oxidation of zirconium at high temperatures involves both the formation of a surface oxide, and
absorption of oxygen into the bulk Zr. The hcp lattice of Zr is reported to absorb up to 29.8 at. %
oxygen, which occupies the interstitial sites. The simultaneous surface oxidation and diffusion of
oxygen into the bulk Zr were observed at temperatures of 1073, 1173 and 1243 K. Experimental results
were compared to predicted results from a model developed here to evaluate values of the oxidation
kinetic parameters. Samples of Zr, 0.025 cm thick, were saturated with oxygen by soaking
surface-oxidized samples in an argon atmosphere at 1243 K. The initial surface oxidation properties of
saturated Zr were compared to pure Zr by AES-analysis.

The model of the oxidation process assumes that diffusion of 02 - through the oxide layer is rate
limiting. The oxide growth at the oxide Zr interface is described by a mass balance. The principle
parameter in the model is the product,D/9., the diffusion coefficient of oxygen in ZrO2 and the oxygen
concentration difference across the oxide. The model was calibrated by two completely separate
methods. The first compared model predicted curves of mass vs. time to those produced
experimentally. The second method compared predicted oxide thicknesses at specific times and
temperatures with those observed experimentally. A value for 7delta;C. from the literature was
assumed. Then D. as a function of temperature was determined for both experimental methods. From
the mass gain curve fitting method the diffusion coefficient, D.=1.6X10-5EXP(-20700/RT) was found.
From the oxide thickness comparison the diffusion coefficient, D.=2.0X10-2EXP(-34300/RT) was
found. It is concluded that the primary oxygen diffusion path is along grain boundaries, and that D. is a
function of extent of oxidation due to changing oxide crystal size during oxidation.

Saturated and pure Zr samples were exposed to successive exposures of 02 at room temperature,
interrupted by sequential AES analysis. Results of the AES study indicate that Zr:Oss surface oxidation
is essentially the same as that of pure Zr. The oxygen concentration of sputter-cleaned Zr:Oss was
estimated to be 28.8 at. % oxygen by quantitative AES analysis.
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ABSTRACT
The oxidation of zirconium at high temperatures
involves both the formation of a surface oxide. and

absorption of oxygen into the bulk Zr. The hcp lattice of Zr
is reported to absorb up to 29.8 at. % oxygen, which
occupies the interstitial sites. The simultaneous surface
oxidation and diffusion of oxygen into +the bulk Zr were
observed at temperatures of 1073, 1173 and 1243 K.
Experimental results were compared to predicted results from
a model developed here +to evaluate values of the oxidation
kinetic parameters. Samples of Zr, 0.025 cm +thick, were
saturated with oxygen by soaking surface-oxidized samples in
an argon atmosphere at 1243 K. The initial surface oxidation
properties of saturated Zr were compared to pure Zr by AES
analysis.

The model of +the oxidation process assumes that
diffusion of O2-through the oxide layer is rate limiting.
The oxide growth at the oxide Zr interface is described by a
mass balance. The principle parameter in the model is the
product, Dg6Cs, the diffusion coefficient of oxygen in Zr0,
and the oxygen concentration difference across the oxide.
The model was calibrated by two completely separate methods.
The first compared model predicted curves of mass vs. time
to those produced experimentally. The second method compared
predicted oxide thicknesses at specific times and
temperatures with those observed experimentally. A value for
6Cs from the literature was assumed. Then D, 'as a function
of temperature was determined for both experimental methods.
From the mass gain curve fitting method +the diffusion
coefficient, Dg=1.6X10-5EXP(-20700/RT) was found. From the
oxide thickness comparison the diffusion coefficient,
Ds=2.0X10-2EXP(-34300/RT) was found. It 1s concluded that
the primary oxygen diffusion path is along grain boundaries,
and that Dy is a function of extent of oxidation due to
changing oxide crystal size during oxidation.

Saturated and pure Zr samples were exposed to
successive exposures of 0 at room temperature, interrupted
by sequential AES analysis. Results of +the AES study
indicate that Zr:0ss surface oxidation 1is essentially the
same as that of pure Zr. The oxygen concentration of
sputter—-cleaned - Zr:0ss was estimated to be 28.8 at. % oxygen
by quantitative AES analysis.




INTRODUCTION
Background
Zirconium, Zr, ‘is an abundant metal. However, its use
in industry has remained limited. The nucliear industry uses

about 90% of the total Zr refined as cladding for fuel rods,
and 1is the largest single industry interested in the
properties of Zr. In fact, had it not.been for the advent of
the nuclear age, Zr would probably be no more then a desk-
top curiosity for chemists and researchers. Despite the
largely reduced cost, due to the nuclear industry, 2Zr has
found very little use except for -a limited amount in the
electronics industry.

Zirconium oxide, Zr0O,, has found extensive use. It is
extremely heat and chemically resistant. Hydrofluoric and
sulfuric acids are the only chemicals that atfack the oxide
with any significant of effect. Because of these properties,
ZrQ, ceramic tiles can be found in many high temperature
applications. The oxide is also an effective catalyst for
the coal-gas 1iquifica£ion process, where carbon oxides and
hydrogen are passed over Zr0; at elevated temperatures

resulting in carbon chain formations.




The surface study of catalytic reactions on ZroO,

present difficulties when certain surface selective
spectroscopy methods are used. When the Zr0, éurface is
bombarded with any charged particulate (argon ions,

electrons, and etc.), the surface will become charged and
deflect the beam. A deflected beam results in interference
with the spectroscopy method. To address this difficulty, it
has been proposed that surface oxides developed on a Zr
metal substrate be used +to electrically ground the Zr0;
study surface. However, heating of the oxide coated metal to
catalytic reaction temperatures under wultra-high vacuums
fesults in the oxide layer disappearing. This phenomenon
resulté when the oxygen dissolves into the bulk Zr (1). The
dissolution of the oxide surface can be avoided if the oxide
layer is grown on an oxygen saturated sample of Zr, denoted
as Zr:0ss. Upon further study of this phenomenén, it has
been determined to be feasible and valuable to examine the
‘oxide metal interface and learn more about‘the kinetics of
the surface oxidation and the bulk oxygen diffusion process
in Zr. The objectives of this study are to produce Zr:0ss
samples and to analyze the reaction of oxygen on the surface

of bulk Zr.
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Related Research

Extensive research has been done on the oxidation of
Zr. A majority of the work has been accomplished by
researchers in the nuclear industry. They have limited much
of their work to conditions achieved in reactors, and
usually study Zr alloys. Other research has expanded the
knowledge about Zr in conditions other +than +those in a
reactor. Both Douglas (2) and Cox (3) have performed
extensive literature surveys. Douglas has compiled a list of
‘observed results regarding kinetics of oxidation and values
for the oxidation rate constants. Cox has summarized the
theories and mechanisms of the oxidation process. From their
work and other publications, a large ~variation in observed
oxidation rates is apparent, as well as a lack of
understanding of the mechanisms occurring at thé oxide-metal
interface.

Many of the general chemical and physical properties of
Zr are well known. When Zr is exposed to certain conditions,
it is usually predictable how it will respond. On the other
hand, it is not clear as +to why or by what mechanisms it
reacts. Important factors that effect the surface oxidation
and the diffusion of oxygen into -bulk Zr are temperature,

pressure, oxidizing environment, and impurities.




General Characteristics

At room temperature in air, bulk sampleé of Zr develop
a protective surface oxide. On a polished surface, this
oxide is about 60 A thick (4). The cohesive surface oxide
blocks the transport of oxygen +to the underlying Zr,
protecting the metal from further oxidation.

A distinguishing characteristic that separates Zr from
many other metals is its ability to form interstitial solid
solutions with large amounts of dissolved oxygen. A phase
diagram of the oxygen-zirconium syste@ is shown in Figure 1
(5). Recent measurements on this system indicate that a
saturated Zr-oxygen solution contains about 29.8 atomic
percent oxygen (4).

When a sample of Zr 1is exposed to oxygen, air, or
steam, at elevated temperatures, +two processes take placel
The oxide 1layer +thickens as +the oxide layers protective
abilities are reduced. Simultaneously, oxygen diffuses into
the bulk metal. The diffusion process into the metal causes
no phase changes when the temperature remains below the a—f
transition +temperature of 1135 K for pure Zr. Above this
temperature, pure Zr exists iﬁ the B—phase. The o-f
transition is a change 1in the lattice structure of the'Zr
from hcp to bece. As oxygen diffuses into the bulk B-phase,
the structure +transforms into a stabilized a-phase before
the oxygen concentration reaches saturation, as can be seen

in the phase diagram.
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In measurements of the rates of mass gains of Zr at
elevated +temperatures in oxidizing environments, four
regions of oxidation rates are observed (2,3{6). The
transitions between the regions are'recogﬁized’by the change °
in the rate of mass gain vs. +time. A schematic of the
transitions and the regions of oxidation are shown in Figure
2 as.a plot of mass gain vs. time. The first two regions are
observed primarily during low pressure and 1low temperature
oxidation. These regions also occur at high pressures and
temperatures, but too rapidly +to be .easily observed. The
first reaction regime is chara;terized by an unpredictable
initial oxidation rate. This region continues up to an
oxygen mass gain range of 0 to .01 mg O/cm2 of Zr surface.
The second transition occurs at about .1 mg/cm2, and is
associated with a change between different types of second
order kinetics. . These short term changes in the oxidation
rate are not generally noticeable when observing total
oxidation extant above about 1 mg/cm2. The third transition
occurs at various degrees of oxidation, depending on the
purity and pre—freatment of the sample. |

The first +transition is commonly associated with a
change in the electrical conductivity of the surface oxide
(2,8). The second is associated with the end of a period of
amorphic oxide growth and its replacement with non-amorphic
black surface oxide (3). The third +transition is associated

with a physical breakdown of the oxide from black to a white
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8
oxide together with flaking or spalling of the surface
oxide. The extent of these oxidation regions depends upon
the impurities in the Zr sample, as well as the temperature,
pressure and oxidizing agent. Below ig a description of the
effect of each of these parameters on the rate of oxidation

of Zr.

Effect of Oxygen Pressureé on the Oxidation of Zr. The

rate of diffusion of oxygen into Zr has been observed to be
independent of 0O pressure down to about 1 mm Hg (6,7).
Below this pressure, the oxidation rate decreases until the-
pressure is sufficiently low that the oxide dissociates and
dissolves into +the ©bulk metal (1). This occurs when the
concentration gradient across the oxide Becomes sufficiently
small that the transport of oxygen across the oxide is less

then the rate of oxygen dissolution into the bulk Zr.

The Effect of the Oxidizihg Agent. The oxidizing agent

has some effect upon the initial rate of oxidation. The
effect is only seen in the first two oxidation regions énd
doesn’t significantly influence longer +term oxidation. The
unpredictability in the initial oxidation rate 1is believed
to be related to the electrical conductivity of the
oxidizing agent, the environment with +the oxidizing agent
and of the oxide layer (8).

Several investigations have shown that the method of

surface preparation can strongly effect the initial




.
oxidation rate (2). This is believed to be due to a change-
in the conductivity, corresponding to a change in the
surface chemical characteristics which are effected by pre-
treatments of the surface. It has also been shown that small °
amounts of impurities may change the initial oxidation rate,
probably from a changé in the electrical conductivity of the

surface oxide.

i

Diffusion Characteristics

There are mahy difficulties encountered in the study of
the diffusion of oxygen into bulk Zr. ?ome methods of study
have used indirect determination of oxygen content by
measuring the microhardness, or the change in the lattice
parameters, of the hexagonal close~packed structure (9-13).
However, both of these methods are not accurate since
neither microhardness nor the change in the hexagonal Zr
lattice are directly proportional +to the oxygen content in
the bulk Zr (4). Direct methods of measurement have employed
the .etching away of incremented amounts of the surface,
followed by the use of nuclear microanalysis to nmieasure the
oxygen content of the sequentially éxposed surfaces (4).
Literature values of the diffusion coefficient of oxygen in
Zr are 1in good agreement with each other. A good average
correlation, and the one used in the following analysis is
De=5.2exp(~-50800/R T)cm2/sec (2).

Currently, published diffusion coefficients for oxygen

in Zr0; are not in as good agreement as those in bulk Zr.




10
Several problems arise when attempting to evaluate this
diffusion coefficient. One complication is associated with
the determination of the oxygen concentration gradient
through the oxide. Another <complication arises frém the
uncertainty concerning the physical characterization of the
oxide.

There have ©been many attempts to determine the
coefficient of diffusion of oxygen in Zr0Os. One method
involves 180 exchange between isotope enriched oxygen and
microspheres of ZrO; which had been equilibrated at some
predetermined oxygen pressure (14,15,16). Another method
involves calculating the diffusion coefficient from
electrical conductivity data by means of the Nernst-Einstein
equation (16). The results from these analysis have good
correspondence to a model based on an anti-Frenkle defect
structure involving anion vacancies and interstitial anions
(3,16). However, it 1is questionable whethe% the physical
characteristics of the oxides studied are similar to the
surface oxide that develops on bulk 2Zr. It has been
demonstrated that the oxide produced on the metal surface
has variable physical characteristics .depending on
temperature, oxidizing agent and environment, impurities in

the Zr, and time of exposure to a specific environment.
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Surface Science

The advent of surface sensitive spectroscopy methods
has brought new direction to the study of the oxide
development on Zr. There are many surface. spectroscopy
methods, including Auger electron spectroscopy (AES) and
scanning electron microscopy (SEM).which have been used for
Zr oxidation research.

For this work, SEM 1is wused to develop morphological
information. The physical charécteristics .of the surface
oxides developed ‘are comparedv to £hose foﬁnd in the
literature.

There has Eeeﬂ little AES work on the surféée oxidation
Qf Zr reported in the literature. One method of.AES analysis
is associated with depth profiling. Another study technigue
involves oxidizing the Zr surface by exposing the surface to
small amounts of 02.' From these investigations, three
regions of surface oxidation have been observed (17-20). The
three regions of initial oxidation all lay within the first
two regions shown in Figure 2. They are usually described as
the chemisorption range, oxide nucleation range, and oxide
thickeniné range. Samples of Zr have also Eeen lightly
oxidized while the sample is resistively heated (19,20,21).
However, problems of diffusion of the oxygen into the bulk
Zr has made it difficult to observe surface oxidation rates

at high temperatures.
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In this research, elémental ér éahples are oxygen
saturated té form Zr:0ss. The Zr:bss samples "are utilized in
an AES study of its_surfacé properties and initial oxidation
characteristics. A primary thrust of this investigation is
to compare the initial oxide formation on Zr:0ss with that
on pure Zr. Future work will involve Lkinetic studigs of

surface reactions on an oxide layer formed on the Zr:0ss

samples prepared in this work.
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"RESEARCH OBJECTIVES

The overall goal 1is +to investigate the simultaneous
surface oxidation and absorption of' oxygen into bulk Zr.
Also, develop a method to produce oxyvgen saturated bulk Zr.

The specific objectives were:

1. Prepare a mathematical model of the oxidation procéss.
The model*s principle parameters are diffusion coefficients
of oxygen in Zr and Zr0O,; and the change in concentration of

oxygen through the surface oxidellayer.v

2. Calibrate the model wusing experimentally determined

values of oxide thickness and mass gain.
3. Prepare Zr:0ss samples.

4, Develop evidence confirming the saturation of +the bulk

Zr samples by AES depth profiling. .

5. Observe the initial oxidation characteristics of Zr:0ss
samples by AES and compare the results with +the oxidation

characteristics of pure Zr.
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MODEL DEVELOPMENT

Mechanisms During Surface Oxidation of Zr

There are several physical processes that occur during
the oxidation of Zr. These.are diagrammed in Figure 3. The
entire process can be broken 60wn info several stages. If
the rate controlling mechanism is determined and understood,
a mathematical representation of the oxidation process may
possibly be developed. There are four steps to the oxidation
of Zr. First, oxygen must be adsorbed onto the oxide layer
where it reacts to form 02- ions. Second, the 02- ions are
transported +through the oxide layer to the oxide metal
interface. Third, the 02- ions react with Zr +to form ZroO,.
Fourth, oxygen diffuses into the bulk metal.

The mechanisms involved with each step must be
understood in order to model the oxidation process. It has
been shown that +the adsorption of oxygen onto the oxide
surface is not rate 1imiting (3). There have also been
studies on the diffusion of oxygen into bulk Zr, and the
results appear to be consistent since various studies have
determined similar diffusion coefficients, ' as mentioned
previously.

The diffusion of oxygen through the surface oxide is

assumed the rate limiting step during surface oxidation of
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Zr. There are several possible mechanisms for the transport
of oxygen through the oxide. Shown in Figure 4 is a list of
the important mechanisms that may be involved in the surface
oxidation of Zr (3). Figure 4 also suggests procedures for
investigating each mechanism. The following is a discussion
of the steps outlined in Figure 4, and an interpretation of

their importance in developing a satisfactory model.

Jonic Transport in the Oxide

Throughout this analysis, 02- ions have ©been referred
to as the mobile species in the surface oxide. Although,
Zr+4 could be the mobile ion, studies using injected rare
gas atoms have shown that 02- ions are most probably the
mobile species (3). Studies of anodic films have shown that
movement of Zr+4 ions represents less then 1% of the total
ion transport (23):

Knowledge of the defect structure assists in the
understanding of the method of movement of the mobile 02-
species. It has been demonstrated that the defect structure
is p—-type at pressures near atmospheric, and n-type at
pressures below about 10-6 atm (24,25). However, these tests
were performed on stabilized Zr0; samples. It is not clear
whether the results apply to thin oxides grown on bulk Zr.
There have been many ' attempts to determine the macroscopic
diffusion coefficient of oxygen in Zr0O;. The most popular
and accurate methods involve nuclear reaction of oxygen (22)

and 160/180 exchange (26). These methods have been employed
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on a growing oxide on bulk Zr. This eliminates the
assumptions about +the oxidés physical characteristics that
must be made when wusing pure single crystals and poly
rcrystalline spheres of ZrO,. There is about a 104 order of
magnitude increase in the diffusion coefficients found for
surface oxides over that of specially prepafed bu}k Zr04 .

Studies wusing ion bombardment mass spectrometry have
determined 'that béundary diffusion of 02- . in poly
.crystalline ZrO; 1is a more important +transfer method than
}attice | diffusion (27). The diffusion  coefficients

determined by the model in the following analysis takes into

account both boundary and lattice diffusion.” Their combined
effect can be described as +the effective diffusion
coefficient.

An explanation for the second shift in the oxidation
rate has ©been proposed based on the studies of diffusion
paths (3). After nucleation and initial oxide growth, the
grain boundary size of +the oxide crystallites‘ grow by
continual recrystalization. At the start of oxidation, up to
an oxide thickness of less then 200 &, the oxidé consists
primarily of an amorphic oxide structure (Sj. Further oxide
growth involves the increase in size of the oxide crystals.
When the oxide is 1000 to 2000 & +thick, the crystallites
displace the amorphic oxide and occupy 100% of the surface
(17-20). As size of theA crystallite increases, +the area

available for boundary diffusion decreases.
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Electron Transport in the Oxide

Figure 3 indicates +that the transport of electrons
occurs through the surface oxide during +the oxidation
process. - With the wuse of technology deQeloped in the
semiconductor industry, a great deal has been learned about
the electrén transfer process. The complexity of the
electroﬁ transfer process is not important +to this work,
assuming that the electron +transfer process is not rate
limiting.

The general mechanism involves the adéorption of 02 on
fhe oxide surface. The most probable surface reaction is:
02 + 4e- ——=> 202;
Oxygen 1is then transported to thé metal-oxide interface
where it either reacts or diffuses into +the metal. The
reaction at this interface is:

202-+2r —-——=> Zr0,; + 4e-

The electrons are possibly +transported to the surface
th?ough several routes (3). Experimen{s changing the
conductivity of the oxidizing environment, and changing the
conductivity of the oxide, have 1indicated that electron
transport is not a cdntrolling or a limiting step except,
perhaps, during fhe initial oxidation of +the surface.
Electron transport no longe£ igfluences the rate after a

complete oxide has developed over the surface (17-20).
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Migration of Oxygen Through the Oxide

Other possible methods of +transport of oxygen through
the oxide other than lattice or grain boundary diffusion of
‘ions would be the migration of 0s through cracks and pores.
Previous studies predict that for +the range of oxygen
exposure times and temperatures wutilized in this work, few
cracks or pores should develop in the oxide layer (2,3). In
general, the concentration of cracks increase with‘
.temperature, and especially with temperature gradients. Pore
formation is common with high content of impﬁrities or with
alloying of the Zr. Within the time-temperature parameters
of this investigation, these methods of oxygen transport are

probably negligible for this work.

Development of a Mathematical Model

From the analysis above, an approach can be defined for
the development of a mathematical model of +the surface
oxidation and bulk oxygen solution process. The transport of
02- ions through the surface oxide 1is assumed +to be rate
limiting. The process involves diffusion of oxygen ions from
the oxide-gas interface to +the metal-oxide interface. The
model also assumes the samples to bg semi-infinite planes.
This assumption is based on the large surface area compared
to the thickness of +the samples, hence, edge effects are
assumed to be negligible.

The computer program modeling the diffusion process is
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shown in Appendix 1 as Model I. The model uses the method of
lines approach to solve partial differential equations shown
in the follgwing sections. The program employees
Differential Systems Simulator version 2 (DSS2). DSS2 is an
integration package developed by Dr. W.E. Schiesser in the
Chemical Engineeriﬁg Department at Lehigh University. It has
the ability +to allow the wuser a choicehof integration
methods and control over the degree of relative or absolute
error with each iteration. The Gearl Hindmarsh integration
method was used which employs a banded approximation of the

Jacobian matrix. Output points are found by interpolation.

Adsorption ‘ ) ;

As stated previously, the surface adsorption process is
assumed not to be rate limiting; Hence, the rate of oxyéen
adsorption onto the oxide surface is assumed greater then
the rate of oxygen diffusion through +the oxide 1layer. This
was accounted for 1in the model by giving a fixed oxygen

concentration in the oxide at the gas—oxide interface.

Mass Flux Across the Oxide

The oxygen mass flux +through the oxide layer is
considered to be the rate limiting step and to be diffusion

controlled. The differential equation for this process is:

N =-D_——sz2-— S (D)
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Where:

Ny - Mass flux of oxygen across the oxide ’
Ds — Diffusion coefficient of oxygen in Zr0,
Cs — Concentration of oxygen in the~oxiae

6 - Depth in oxide

"Diffusion of Oxygen into Bulk Zr

The diffusion of oxygen in +the bulk Zr metal is
determined by assuming unimolecular diffusion in one
direction. The wpartial differential equation for this

process is:

JC'C( Jg .
I e @
Where:
Ca — Concentration of oxygen in Zr
6 - Time
D¢ — Diffusion coefficient of oxygen in bulk Zr
X - Depth in metal

The mass flux 6f oxygen into the surface of the bulk Zr is
described by the equation:

e
Na =—Da —_TE—_= ‘ (3)
!x=interface

Where:

Ng¢ - Mass flux of oxygen into bulk Zr




23

Interfaée

The interface equation describes the rate at which the
surface oxide layer grows. It is developed with an oxygen
balance at the 6xide a-Zr interface with the added
complication of a density and concentration change. A mass
balance between the amount of oxygen transported to the
interface +through the oxide and the mass of oxygen
transported from the interface into the bulk metal is used
to describe the mass of oxide growth at +the oxide-metal
interface. The accumulated oxygen at the interface reacts to
form Zr0O;. The interface is a moving boundary with the rate

of oxide growth described by the equation:

ar . _Yolinterrace” No)interface (%)
doe - V¢ -~ C
le] xXO
Where:
I - Position of the interface
8 — Time

V — Ratio of density of pure Zr to that of Zr0;

Csa — Concentration of oxygen in oxide at interface

Cqs — Concentration of oxygen in Zr at interface

Solving the equations analytically is tedious, but numerical
analysis by a computer ‘simplifies the task and allows
" manipulation of the boundary conditions.

Since the oxide layer is very thin comparea to the 'bulk

Zr, a linear assumption is made concerning the concentration

gradient of oxygen through the oxide. Equation (1) then
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becomes
. 6C
No =D =5~ (3)
and
8C = C_ -

o oa og
Where:
6 — Oxide layer thickness
Cog — Oxygen concentration in oxide at gas—-oxide interface

The method of lines is used to 'solve .equation (2) using the

relationships:

JC C - C
= —_a(n+l) “a(n=1) __
TIXTT R 26X , ' | (6)
and ’
e Cameny” e Samon) )
IX (6X) 2
and
IC C < 2C + C
~55-- =_Da__ELEill___E%El___EEE:ll__ (8)
(8X)

Where Cq(n) is the concentration of oxygen in Bulk Zr at
some distance 6X from the oxide—metal interface at some
point n. Demonstra£ed in Figure 5 is the progression of the
models development from point Co to point Cy and the change
with +time 66. DSS2 automatically adjust the size of the
change in time 66. The bulk Zr has been divided into equal
sized divisions. 1In the model, the number of divisions is

left as a variable. Each point is denoted by C, where n is a

numbered 1label for each point.‘The numbering begins with
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zero at the oxide—metal interface and ends at‘ the midplane.
Cy 1is the midplane oxygen coﬁcentration. As the oxide
develops the size 6X‘ between each point decreases. Hence,
not only 1is there a change between Cp, at time 6 and Cn at
time 6+66, but there is a change in the relative position of
Cn. To prevent possible errors that ‘may be caused by the
shift in the position of Cp, the relative ~deviation between

each Cp calculated at each time interval was 1.0X10-7.

Boundary Conditions

Initial: 6=0 Cq=0 for all X

Oxide-Zr interface: at X=0, Cq=C0=0.0302 mole O/cc

The concentration of oxygen at the oxide-metal
interface équal to C0=0.0302 mole O/cé is based on three
assumptions. First, it is assumed +that there must be an
oxygen saturated layer in the bulk Zr ©before oxide can
develop and grow. Second, the saturation concentration is
29.8 at.% oxygen. Third, it is assumed +that there is no
volume change 1in the bulk Zr metal as oxygen dissolves into
the bulk Zr. Therefore, the concentration of oxygen at
saturation is the molar density of Zr, times the ratio of
moles of 0 at saturation, to moles of Zr at saturation. If

Zr=6.49 g/cc then:

gm ¢ lmole Zr __ , 0.289 mole O _ mole O -
6.49 cc X 91.22 gm Zr X 0.702 mole Zr ~ 0.0302 cc of Zr
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Since the sample 1is exposed on both sides, thefe is

-symmetry at the midplane: X = N = center

_igg_i = 0 ==D Egiﬁiil:_ggig:il;_ (9)
TX ixan « 26X '
Then
C
a(n+l) a(n-1)
and
_Ca_p CaxnT et San-iy (10)
40 a 2
(8X)
J _
)y Fav-1)T 2Cen (11)
410 a 2
(6%)

= DolChe € g) —DQ(C(l)—C(O))
dI -
as~ = V=T T T (12)
Where:
C¢oy — Concentration of oxygen 1in Zr at oxide metal
interface
C¢1y - Concentration of oxygen in Zr at 8X from interface.

Variables used in the model are listed in Table 1. The
model determines the amount of oxide growth and the
proportional amount of bulk Zr reacted to form Zr0,;. The
model then calls the derivative routine +to determine the
concentration of oxygen through the bulk:/Zr. With the values

calculated from the derivative routine, the model determines
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of depth for various oxidation times up to 10 hours.
Represented on the left hand side of Figure 7 is the gas-
oxide interface, thch is arbitrarily set at zero depth. The
oxide-metal interface 1is seen to ﬁove to the right-aé bulk
Zr is feactedvto ZrO,. Sincé there is a density change from
Zr to Zr0,;, the midplane also must move as oxidation occurs,
as is shown in Figpre 7. As the oxide thickéns, the rate of
oxide growth decreases, as would be expected.

Utilizing the model to compare oxide growth and mass
gains with 'those determined experimentally, the vériablé
Ds6Cqy will be determined by matching methods. One method is
by manipulating Dg6Cy until +the oxide thickneéses at
specific times and temperatures match experimentalnvalues.
Another method is a curve fitting technigque, in which Ds6Cq
will be manipulated until predicted total mass gain curves

match those measured experimentally.
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EXPERIMENTAL EQUIPMENT

Reactor for Oxidation and Saturation of Zr

A schematic of the apparatus utilized to expose Zr to
pure O3 at elevated temperatures is shown in Figure 8. The
purpose ofv the equipment was +twofold. The first was to
produce Zr:0ss samples. The second was to develop oxide
layers on"the bulk Zr surface at séveral temperatures for
various lengths of 03 exposure times. Parameters for the
experiment are 0O pressure, temperature which was controlled
by a computer, and duration of +the run. Data obtained from
the systeﬁ was mass gain of the sample as a function of
time.

‘The system includes a Cahn/Ventron R-100 null beam
electrobalance. The balance detects sample weight gain by
application of a counter force to maintain a null position.
The counter force is converted to voltage which is recorded
by a Varian model 9176 strip-chart recorder. ® The sample was
supported from the beam 'of the Dbalance by a fine nichrome
wire within a éuartz tube. A chromel—alumel probe type
thermocouple was suspended near the sample. A Linberg single
zone tube fﬁrnace was used to heat the sample. Isothermal
conditions were maintained in the system by wuse of

temperature control by an Apple 1II computer with a
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Cyborg/Isaac analog—-to-digital interface. The computer
program used to control temperature 1is ©presented in the
Appendix. The éemﬁerature was controlled +to # l.OOK‘ A
Sargent-Welch model 1400 vacuum pump was used in conjunction
with needle valves and pressure regulators to control gas
inlet and outlet flow. Two pressure gauges were employved to
monitor the gas pressures. A Consolidated Vacuum Corporation
thermocouple vacuum gauge type GTC-100 was used to measure
pressure in the range of 0-1000 microns of mercury. An
Ashcroft dial vacuum gauge was ﬁsed to measure higher

pressures.

Surface Spectros;opy Methods

The surface selective spectroscopy methods used were
SEM and AES. The following is a description of the equipment
and the procedures that were followed in +the surface

studies.

Scanning Electron Microscopy

SEM was employed to provide morphological information.
SEM allows® +the scanning of very tiny objects. It provides
inférmatioﬁ about the spatial and étructural relationships
between the oxide and metal. It has several advantages as an
imaging tool, including the ability +to observe a small
point, about 50 Angstroms in diameter, or an area of several
square centimeters.

The principal behind SEM when emploved as a visual tool




35

is simple in concept. The surface is rasterred with a finely
focused beam of electrons. When this beam impinges on the
surface atoms, several éignalé are produced. These include:
secondary electrons, backscattered electrons, Auger
electrons, characteristic x-rays, and photons of various
energies. The secondary electrons are the preferred emission
for imaging. They offer higher resolution than backscattered
electrons due to enhanced emissions on rough surfaces (28).
The detector is sensitive to secondary electrons that escape
from the surface with energies of less then 50 keV (29).

The primary electron beam is produced by an electron
gun similar +to that used in a television tube. The electron
beam 1is rasterred across +the ‘surface with a computer
assisted synchronized pattern which 1is displayed ’on a
cathode ray tube. The intensity o©of +the moving =spot -is
modulated by monitoring +the intensity of the sécondar&
electrons. The primary beam doesn’t continuously cover the
entire area observed, but moves along the surface in a point
by point manner. By this methoa, an image 1is produced which
can be displayed on the CRT or recorded on phdtographic
negatives. The instrument control is computer assisted, and

is operated by an expert technician.

Auger Electron Spectroscopy

Auger Electron Spectroscopy, AES, is a surface
qualitative and quantitative analysis technique. It detects

the elements that are present within about the first 10
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Angstromsvof surface. Although AES is not fully refined to
its fullest capabilities, it does have the ability' to yield
chemical bonding information. '

The Auger electron is produced in the following manner.
The surface of the sample is excited by a primary electron
Beam from an electron gun. The excitation occurs when an
inner core electron is knocked out of its orbit by a primary
electron. The excited atom wusually relaxes in one of two
ways. The atom may have an outer core electron fall into the
place of +the missing inner core hoie, and in this process
eject a photon of energy, or it may eject an electron from a
core, or :valence enefgy level. The ejected electron is a
Auger electrén. The energy of this electron i;
characteristic Jof‘ the element and is effected by the

elements environment. The Auger electron is wusually denoted

by the energy levels that are involved in the process of

producing the Auger electron. For example, if an electron
was removed from +the M 1level, and one from the N level
dropped into its place, a valence, V, electron may be

ejected. This process would Dbe denoted as MNV Auger

electron.
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EXPERIMENTAL PROCEDURES

Oxidation and Saturation Procedures

Two separaté oxygen exposure procedures were followed
in this research. The first was used +to produce Zr:0ss
samples. The second was employed to produce uniform surface
oxide layers, and obtain total mass gain vs. time data. In
both céses the apparatus depicted in Figure 8 was employed.
The balance and strip—chaft recorder were calibrated using
Cahn calibration weights. Periodic chécksvof the balance
indicated that the system remained in calibration throughout
the research program. Each sample was pre-weighed and post-
welghed on a separate Cahn/Ventron 29 null beam
electrobalance accurate +to £ 1.0 pug as a double~-check for

accuracy of the dynamic mass vs. time measurements.

Sample Preparation

The Zr samples were cut from 0.25 mm thick rolled foil
and have a purity of 99.99%. The samples are polycrystalline
with a recryétallization texture after rolling which is
characterized by a preferential orientation.of the {1 0 1T 0}
planes at 32 degrees with respect +to the plane of rolling.
The <1,1,2,0> direction is parallel to the rolling direction -
(4). The Zr foil has ©been examined for bulk oxygen

concentration by AES. The oxygen content has been found to
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be near zero (30).

Samples of abgut 1.0 cm X 0.7 cm in size were cut from
the foil. Each samples’ dimensions were carefully measured
to within 0.025 cm. The sequence of sample- preparation were
as follows.

1. Weigh the sample on the Cahn 29 microbalance.

2. Drill a 0.05 cm hole for the‘mass balance support

wire along one nge.

3. Reweigh on the Cahn 29 microbalance.

4, Etch for 40 seconds in a solution of 60%HNO3-—
35%H2 O-5%HF. The primary etchent' in the solution is the HF
acid. The nitric acid in this case acts as an oxidizer to
slow‘the etching rate.

5. Stop +the etching prdcess By rinsing the sample
with distilled water and methanol.

6. Weigh etched sample on the Cahn 29 microbalance.

Experimental Equipment and Procedure

The sample 1is then suspehded from the"balance by
nichrome wire within the quartz reactor. Each ‘sample
underwent the same procedure, +the only difference between
the saturating process and the oxide growth process is that
the saturation process includes an added argon soak ﬁeriod.
The procedure is outlined ©below, with the.extra argon soak
denoted by asterisks.

1. Tare the R-100 balance to zero.
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2. Evacuate the system to less than 1.0 mmHg.
3. Rinse the system with medical grade oxygen.
4, Fill reactor with medical grade oxygen to a static

pressure of 206.8 mmHg.

5. Start computer program to begin heatiﬁg to a pre-
programed temperature of 1073, 1173, or 1243 K.

6. Start strip-chart recorder +to measure mass gain
vs, time.

*7. At 7.5% mass gain evacuate the system. Riﬁse with
argon, then fill reactor to 620.4 mmHg pressure of érgon.
Soak in argon at 1243 K. The duration of the argon soak is
explained below.

7. Heat +the sample at 1073, 1173, or 1243 K for
desired lenéth of time or total mass gain.

8. Shut off the heater. When the sample cools +to 673
K open the heater to quicken the cooling of the sample.

9. Post-weigh the sample on Cahn 29 microbalance.

Each trial was conducted at an 0; pressure of 206.8%10
mmHg. This pressure was chosen to be 1low enough +to keep
convection currents in the reactor to a minimum and high
enough to prevent excessive léakage of air into the systém.
The 0O, pressure 1is not critical at +this level since the
rate of oxidation is independent of ©pressure above about 1
mmHg. The pressure varied for two reasons. The first is due
to the heating of the 03 in the enclosed system. The second

is due to air leakage into the system. Leakage of air into
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the system was checked by evacuating the system to 0.1 mmHg
and then observing the pressure change with +time. The
pressure increased at a rate of about 0.033 mmHg/min. At a
pressure of 206.8 mmHg there was no measurable change in
pressure over 30 minutes time.

Determination of Time to
Saturate Samples

For the saturation procedure, a mass gain of 7.5% was
chosen to 1limit +the amount of oxide devélopment on the
samples’ surface. At saturation, 6.9% of the mass of Zr:0ss
is oxygen. Hence, a mass gain of 7.5% ensures an excess of
oxygen present to diffuse into the bulk Zr during the argon
soak. Most of the initial.oxygen probably reacts to form a
surface oxide which diffuses into the bulk during the argon
soak period.

The 1length of +the argon soak was estimated by the
computer program shown in the Appendix as Model 1III to

achieve 99.99% midline saturation. This model is the same as

Model I shown in the Appendix, - and uses ' the same
assumptions, except that it neglects the surface oxide
layer. Hence only equation 2 in the model development

section needs +to be solved. The Zr surface exposed to the
gas 1s assumed saturated as the boundary condition. As a
check to the model, Heisler plots which have been developed
by analytical solution to equation 2 were also wused (31).

The model predicted times required to saturate were egual to
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those obtained by the Heisler plots. This indicates that the
integration section in the models shown in the Appendix are

properly calculated.

AES Analysis Procedure

When the samples were removed from the reactor, they
were prbperly labe;ed and prepared for AES or SEM-analysis.
The samples that underwent saturation treatment were covered
with an oxide layer. This layer was abrasively removed with
several grades of silica-carbide ©paper. The sémples were
first mounted on a metal holder with thermal set acetone
soluble glue. Water was used to flush the samples surface as
it was abrasively cleaned. The ©polishing process went
through several grits of 320, 360, 400, 500, 600, 1200, and
finai polish with 1500 grit. After +the final ©polishing the
surface appearance was a shiny metallic. The sémples were
then chemically etched with 60%HNO3/35%H,0/5%HF solution by
rinsing the solution over the samples’ surface. The etching
process was’stopped by rinsing with distilléd water. No
silica~carbide particles were detected when analyzed for in
the AES equipment, indicating that rinsing and etching
removed most foreign particles.

The sample %hus prepared for AES analysis was then
mounted on a special clip designed for use in the AES system
located in the CRISS Center at‘Montana State‘Univefsitym‘The
AESLspectra were measured on a Physical Electronics (PHI

595) Scanning Auger Microprobe. Throughout all of the AES
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work, the sample was analyzed with a primary electron beam
energy of 3.0 KeV with a beam current of 200 na. Two primary
regions of Auger electfon} energy were examined, the region
of 78-178 eV for Zr spectra, and the region of 495-515 eV
for oxygen spectra.

Two procedures were followed for the AES analysis. One
included depth profiling scan. The depth profiling was used
to determine‘when a point was reached in the sample at which
there was no longer an oxygen concentration gradient. Depth
profiling is achieved within the AES equipment by bombarding
the surface with argon ions. The ion bombardment was
interrupted by intermediate AES analyses a# specific sputter
times. Although it is possible to estimate the depth of the
sputter, in this case it was not necessary. An important
experimental parameter is the control of +the ion beam to
ensure that a large enough area was sputtered to prevent
interference from the edges of the sputter crater during AES
analysis. The sputter times were 0.0, 1.0, 2.0, 3.0, 4.0,
5.0, 10.0, and 20.0 minutes with AES analysis between each
time interval.

The second AES procedure included the exposure of
sputter cleaned pure Zr foil and Zr:0ss samples to
successive additions of 0z. Oxygen was exposed at 0.0, 0.3,
1.0, 3.0, 10.0, 30.0, 100.0, and 300 Langmuirs. AES analysis
were obtained after each oxygen exposure. A Langmuir is

defined as 1X10-6 torr.-sec. Table 2 lists the pressure and
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polished with silica-carbide paper. The sample was initially
polished with 360 grit wuntil no evidence of damage due to
cutting was visible. The sample was then polished with 400,
500, 600, 1200, and ;500 grit papers respectively. Water was
used to flush the sample and paper. After polishing, the
samples were etched in 60%HNO3-35%H,0~5%HF solution for 10
seconds and then rinsed in distilled water. The samples were
mounted on holders with a colloidal graphite support. The
SEM measurements were performed at the Veterinary Science
Department at Montana State University. The samples were

magnified 200 times, and polaroid pictures were obtained.




>E

"N #% (S

¢ O#DOI™ "$&IM&I& 1% Ol "# #1% #
0AS= 4 1= "#' #1 $(%! &% +#% #S$ # # #!
"&IT 91l L&IHHY% #( 1+ $% ! "# #( (
1141134 "("(©Q = “#! +#  VH  (#]
K "(84 M4+ IMIJ#! +# "(8#S$" OO

(% #! + + #1% #3$1"4

=4 19 +#1% # 3" #( '+ 11411J
'('I# #( #S%& ! % +# #3!
4

N$!e + #1% 106 +#1%
+8 1™ " #
+$ # #

( n

B4BA@ AAA1

1 B4BA2 AE41

A0 B4BAF A=42

AA B4BA@ AA4L

= B4BA2 AE41

A> B4BAF A=42

AE B4BAF A=42
51 ™ "$&IM O & (% +1%/(! (9 + 9"

"1% *( "4 (#1 "S&IM L+ I ¥

"oH (9 ! M% ( (#! M +4
I "$&I" Ol 51 ## 1 % # %% # ' & #
% *#1 "SI&(" * WL | ' "1 (#

AE4B
=14B
>B4B
AEAE
EO4B
=B4B
Al14B



46
sample used in this work was about 0.25 cm2 and
approximately one half.of the samples original thickness.
Visual inspection of the polished surface under a micrpscope
at 10X magnification showed a clean metallic surface.

AES Spectra Analysis
by Seah Method

Auger electron .spectroscopy was wused:. primarily for
qualitative and quantitative measurements of Zr and oxygen
concentrations. However, AES spectra is also affected by the
bonding relationships between atoms and can yield important
information about. the chémicalycharacteristics of a surface.

An AES spectra of pure Zr and of Zr:0ss aré shown in
Figure 9 along with those of Zr:0ss after 10 L and 300 L of
02 exposure. There are five distinct Zr peaks. They are the
Zr89 MNN peak, Zrll4 MNN peak, Z2r122 MNV peak, Zr138-144 MNV
peak, and Zrl172 MVV peak. There is only one distinct oxygen
peak at 506 eV. The peak intensities were determined, by a
computer built intd the AES equipment, by measﬁring the area
under the peak;. For this research only the combinéd Zrl138-
144 eV ﬁeak is used for analysis. There is some controversy
in the application of this method when the Zrl138-144 eV peak
is utilized. As the surface is oxidized, this peak splits,
as seen in Figure 9. However, it has been demonstrated that
the overall peak intensity is not affected (30). The Zr89 eV
peak is not used because of the difficulty in determining

where the peak begins from the background spectra. Axelsson
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et. al., estimated that an error of around 15% could result
when this peak is used for normalization 617). The Zril4 eV
and Zri22 eV peaks overlap making them difficult to use. And
the Zr172 eV peak essentially disappears with oxidation.
Peak intensities were converted +to molé fractions by
the method developed by Seah (40). This is based upon the

following relationship:

Io Xo
———F~—= K = -

Zr Zr

Where:

I, - Os506 peak intensity

Izr - Zr peak intensity

K — Proportionality constant

Xo - Mole fraction of oxygen

X7zyr = Mole fraction of Zr

>

Seah has demonstrated that in many instances the ratio of
peak intensities 1is proportional +to the ratio of mole
fractions. Deibert has demonstrated that this holds for Zr
(30).

The constant K is evaluated by the féllowing method.

For stoichiometric Zr0O;, the mole ratio is:

The Zrl138-144 eV and 0506 eV peak intensities were measured
after 100 L of oxygen exposure to the Zr:0ss sample. It has
been demonstrated that the surface of Zr is stoichiometric

Zr0, after 60 L of oxygen exposure (17-20). However, the
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mean escape depth for the 506 eV oxygen peak is 3 times that
of the Zr peaks (21). Hence, it is important to be certain
that the oxide layer is thick enough to produce the desired
Zr0; spectra. It is assumed here that the spectra after 100
L of exposure is that of ZrO,;. The peak intensities measured
after 100 L 0O, exposure were:
I,=53520 counts
Izr138-144=12690 counts

Then K=0.47 Dimensionless

This value of K is used through the remainder of this report
to determine Zr and O concentrations from AES peak area

intensities.

Depth Profile

A depth profile of the Zf:Oss sample was produced by
sputtering the surface with argon ions. In this case it was
not important to determine +the depth of sputter as a
function of time, it was only necessary to determine that
the Zr:0ss sample was saturated. This is accomplished by
demonstrating that the AES spectra no ionger changed with
continued sputtering. Also it may be demonstrated that the
concentration of oxygen and Zr on the sputtered surface is
close to the saturation concentration of 29.8 at% oxygen.
The concentration of oxygen and 6f Zr as a function sputter
time is shown in Figure 10. The sample was sputtered for a

total time of 20 minutes. After 5 minutes of sputtering the
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oxygen concentration appears to slowly decrease. This
indicates that the sample may not be saturated. However,
further experimental work, accomplished at Montana State
University, using the Zr:0ss samples developed here has
demonstrated that the samples are probably saturated.

To pfove saturation of _the.Zr:Oss samples produced in
this work, Kahraman.et al, grew thin oxide layers on the
Zr:0ss samples and heated +them to 1200 K for 5 minutes and
900 K for one hour (21). In beth cases the oxide thickness
did not change, indicating that the gamples were saturated.
Had the samples not been saturated, +the oxide layef would
have been absorbed into the bulk Zr. |

Using Seah’s method to ahalyze the peak‘intensities
from depth profiling, it is possible to obtain the
concentration of 0 and Zr in the sputter cleaned Zr:0ss
sample. The mole fractions of 0 and Zr are 28.8 atomic
percent and 71.2 atomic percent respectively. This 1is élose
to the published values of 29.8 atomic percent and 70.2
atomic percent for O and Zr, respectively.

Initial Oxidation
at Room Temperature

The 1initial oxidation characteristics of Zr:0ss were
compared to that of pure Zr. Whatever steps were performed
on +the Zr:0ss sample were élso performed on a pure Zr
samﬁle. After the\sample was milled clean by rastering the

surface with argon ions, successive additions of oxygen were
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exposed: to the surface at room temperature. This was
accomplished by opening an oxygen valve leading to the AES
chamber. The pressure was increased to a set poin; for a set
length of time to allow exposures of 0.3, 1.0, 3.0, 10.0,
30.0, 100.0, and 300.0 Langmuirs. There are several
‘combinations of times and pressures to at£ain a certain
extent of 02 exposure. It has been demonstrated that if
diffegent times and pressures are used to reaéh the same
extent of éxposure, different AES spectra are produced ,(21).
The changes are ﬁinor, and probably do not interfere with
this analysis. Table 2 1lists the times and pressures used to
achieve +the 'desired exposures. After each exposure, the
sample was analyzed in the energy ranges of 78-178 eV for
the Zr spectra, and 495-515 eV for the O spectra. Table 4 is
a list of the peak area intensities calculated by the
computer built-in +to the PHI 595 system. Following Seah’s
procedure described above, and wusing the Zri139-146 eV and
the 0506 eV peak intensities a comparison between the
oxidation characteristics of pure and saturated Zr was made.

The mole fraction of oxygen and of Zr as a function of
the extent of Oz.exposed are shown in Figure 11. Both the
saturated Zr and pure Zr curves are shown with dotted and
continuous lines, respectively. The Zr:0ss curve starts at
27.8% O and approaches the saturation value of 67% O which
was used as the calibration point. The pure sample starts at

about 0.0% O and approaches 67% O at a slightly larger
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the steps that have been +taken to account for the
deviations. The second section discusses the results
obtained from the curve fitting techniqﬁe. The third section
discusses the resultg observed from the oxide thickness
matching technique. The fourth section compares the results
to literature and‘discusses the meaning and importance of
the results.

The model matching ‘techniqﬁes .of mass gain curve
fitting and oxide thickness matching are 'independent of eacﬁ
- other. The only factor that 1inks them is that the
experimental data for each method was obtained from the same.
Zr samples. In the following discussion, the results from
each +technique is treated separa{ely, and will later be

compared to each other.

Model Application

Model,I\shown in Apbendix 1 1is an 1isothermal model of
the oxidation—diffusion system. Model I was used to
determine the values of Dg8Cqs by the two methods of curve
fitfing and oxide thickness mafching. However, the
expérimental system in actuality is ’not isothermal. The
system réquires épproximately 35 minutes to go from rooﬁ
temperature to 1243 K. About the‘ samé amount of +time is
required for cooling. In using the isothermal model, error
is involved by determining the point at ‘which time ﬁust
start and stop wifh the éxperimental'data. Time was started

when the reactor temperature reached 873 K, and the run time
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ended when the- reactor temperature coolpd‘ to 873 K. A
temperature of 873 K was chosen by assuming that Véry little
oxidation of diffusion occurred below this temperature, and
that the rate of oxidation and diffusion remain constant
during the +temperature transition from steady state to 873
K. The experimental system required approximately 6 minutes
to warm up to 873 K, and.about 10 minutes to go from 873 K
to room temperature. .

To determine the effect of ignoring the warm up
temperature transition, the results from the isothermal
model were used in a non-isothermal model. The non-
isothermal model is shown in Appendix 1 as‘Model II. Time-
temperature data was obtained from the eiperimental system.
To develop the non-isothermal model, the values of Dg6Cq
found in the isothermal model were used to calculate Dy as-a
function of +temperature. Then Dy values as a functiga of
temperature were used in the non-isothermal model. The
change in results between the non-isothermal model mass gain
predictions, and . oxide thickness preaictions with
experimental values, will establish the degree of error due
to warm up effect.

Table 5 1lists +the trial numbers and the exposure
conditions fér each sample. fhe ‘total-experiﬁental time
started when the temperature in the reactor reached 873 K.
The system was’very consistent at warming up at the same

rate for each trial. The percent of the +total time that is
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Although the sample itself was grounded, an induced charge
may have ©been placed on it from the charged and insulated
quartz reactor walls. The two jumps in mass are probably due
to the change in the -static forces with a change in
pressure. The point at which the heater was +turned off is
marked in Figure 12. As the reactor temperature cools, there
is a decrease in appafent mass. It decreases a total of
about 0.4 mg from the stgrﬁ of cooling to the time that room
temperature is reached. This decrease in mass is probably

due to a change in convection currents as the system cools.

Evaluation of Dg8Cs from Curve Fitting. In developing

experimental mass gain curves the mass change due to the
static forces was subtracted from the plotted curves to
produce an adjusted mass gain curve. The model was fitted
with the adjusted curves. The experimental mass vs 03
exposure time curves at temperatures of 1073, 1173 and 1243
K are plotted in Figures 13-15, together with the mass gain
predicted by the isothermal model. The dashed lines are the
experimental mass gain curves. Two experimental curves were
produced at 1073 K and 1243 K, and five experimental curves
were produced at 1173 K. The solid lines are the curves
produced from the model. They include ﬁotal mass gain, mass
gain due to oxide growth, and mass gain of oxygen in the
bulk metal. The parameter Dys8Cs is adjusted in the model
until the model total mass gain curve has the best visual

fit with experimental mass gain curves. The values of Dg6Cy
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of 0.4 mg caused by convection currents, convection forces
do not significantly interfere with the analysis.

Other possible errors associated with this analysis
inplude accﬁracy of matching two differently shaped curves.
An error of *# 1. mg +translates to an error of about #* 6.7
mg/cm2 of Zr surface. This range of error has been marked in
Figure 13. Most of the experimental mass gain curves lay
within the estimated experimental deviation. Sincé the model
curve doesn’t have +the same shape ‘as the experimental
curves, it is only possible to Ifit‘part of the’p£edicted
curve to the gxperimental' curves. This can be observed in
Figure 13 where tﬁe model curve does not lay within the
marked deviations at all points. The end result is that the
Ds6Cs values found'by the curve fitting method’ are.not very
precise, and the errors can not be easily -quantified.

Several previously published mﬁss gain curves are
compared to those obtained here in Figure 16. Curve (c) is
produced from experimental resulté of Osthagen et. al. at
1073 K (32), curve (d) from~experiﬁ¢nta1 results of Leviton
et. al. at 1073 K (6)n andﬁ cufve (es from experimental
results of Rosa at 1123 K (33). The dashed lines are the
experimental mass ’gains found from this work at 1073 and
1173 K. The initial section of: the mass gain curves
developed in +this work follow closely with those previously
published. However, at as early‘és 200 ‘minutes. the rate of

mass gain starts to increase- above +those previously
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observed. This type of behavior is wusually associated‘with
the third transition stage. However, the mass increased- more
dramatically and at earlier times than for previously
published mass gain curves. It was also noticed that the
samples were heavily-oxidized along their edges. This heavy
oxidation caused the wedges to curl up, possibly allowing
runaway oxidation. This phenomenon has been noted by
Madeyski et al, on thin Zr samples (26). The edge curl
effect explains the rapid change in the rate of mass gain.
During the curve f?tting with the moael, the section of the
curve assumed to be associated with the edge curl effect was
neglected during tﬁe curve métching procedure.

Isothermal Model Correlations

with Oxide Thickness
Measurements

The same samples for which mass gain results correlated
ywere also employed for oxide +thickness measurements. Edge
views of the oxidized samples were enlarged 200 times by -
SEM. A typical view is shown in Figure. 17 which 1is an SEM
enlargement -of sample Zr34. The surface -oxide layer is
fairly even, with no spéts ofllocal heavy oxidation evident.
Only a smail. representative portion of the samble was
photographed. The thickness of the surface oxide was 
determined by measuring several points on the picture, from
which an average thickness was determinea. This method of
meaéurement is accurate to % 5X10-6 cm. Hence, the largest

error involved may result from the degree of resemblance of
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the measured edge to +that of the entire sample. Visual
inspection in the SEM indicated that the samples were fairly

uniform.

Evaluation of D+ 6Cqs from Experimental Oxide

Thicknesses. The value D;8Cs was changed in the model until

the model’s wvalue of oxide thickness at a specific exposure
‘time and temperature matched those measu?ed_experimentally.
Model predicted oxide thicknesses were adjusted until they
matched the experimental values to * 1.X10-6 cm. Table 7
shows the estimated Valueé of Ds6Cs; obtained by this method.
What is noticed is that for increasing 02 exposure times at
vconstant temperatures, decreasing values of Dg8Cs were
calculated. The largest decrease is 37 % at 1173 K for a 500
% lncrease in exposure time.

Experimental Errors Involved with Oxide Thicknesses.l

There are few published ‘oxide thickness measureménts at

temperatures studied 1in this work. However, a general
comparison can still be made at other. temperatures.
Experimental oxide layer thicknesses as functions of
exposure time are shown in Figure 18, +together with
published 'curvés. CurQes (a), (b)‘and (d) represent this

works observations at 1243, 1173 and 1073 K respectively.
Curve (c) 1is J.P. Pemsler's at 1373 K (34) and curve (d) is
the results from C.J. Rosa at 1123 K (33). The curves all
have the‘same general shape, but the surface oxides produced

during this research are thicker +then 'those reported by
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Pemsler and Rosa when compared to similar temperatures and
times. The larger oxide thicknesses obtained here are
possibly due to the +thin samples used iq this research.
Since the samples are so thin, 0.025 cm, the oxygen
concentration gradient in the bulk Zr decreases due to
diffusion of O into the bulk. This would result in slowing
the transport of oxygen into.the ©bulk. Hence, more oxygen
will react to form Zr0O; with a corresponding thicker oxide
layer when compared to surface oxides grown on thicker bulk
Zr samples. The samples used by Rosa Qere 0.35 cm thick. The
reproducibility of oxide +thickness data at a specific 0O,
exposure time and témperature was no% determined.

Since the oxide +thickness of +the samples could be

-measured accurately, it was possible to obtain Dys86Cs values

that were sensitive to % 1X10-6 mole O/cm sec. However, due
to the inability to obtain isothermal conditions because of
warm up and .cool down effects, the values of Dy6Cy may not
exhibit that tolerance. To determine the accuracy of these
resulfs, a non-isothermal section was added +to the model,
and will be discussed later.

Determination of Dy as a
Function of Temperature

Since there 1is very 1little literature reporting DGSCc
values, it was decided +to evaluate Dy as a function of
temperature. To evaluate Dy a literature value for 86Cs; was

used. Values for 6Cs have been determined by several
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researchers (35,36,37). For this research the value of 6Cqs
given by Pawel was "used (36). The value 1is a  function of
temperature and is written:

6Ce=Coa—Cog (13)
where:
Coa=0.09481 - 4.6875X10-6 X T g mole O/cc
Cog=0.09444 g mole O/cc

T= Temperature in K

Table 8 shows the resulting values‘of Dy calculated at each
temperature by both the mass gain and the oxide thickness
measurements.

Since D; was determined at three temperatures, it is
possible to correlate Dy with temperature. This 1is
accomplished by plotting InDs vs 1/T. The intercept is Do,
and the slope is Energy of activation, E. This plot is
ﬁresented in Figﬁré 19 along with sevéral pﬁblished‘
correlations. The values of Ds; as a function of temperature
obtained for both the curve fitting method and the oxide

thickness matching method are:

Mass Gain Curve Fitting; DU=1.58X10—5EXP(—20700/R T)

Oxide Thickness Matching; Dg=2.00X10-2EXP(-34300/R T)

Where R is thé ideal gas constant 1.987 cal/mole K, and T is

temperature in K.
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in this research (38). Hagel and 'Rosa usea a mathematical
model and mass gains to evaluate Dy. There are five orders
of magnitude difference between this research and the value
" reported by'A. Madeyski et al. .(26). Madeyski used 018
gaseous exchange with néar stoichiometric single crystal
Zr0z . The value of Ds; obtained by Smith is also reasonably
close to those from this wérk (39). Smith determined D; by
obtaining mass vs. time data at a relétively low temperature
of 659 K and assuming that diffusion of oxygen into bulk Zr
was negligible. Cupve (f) in Figure' 19' was developed by
Keneshea and unglass (15). Théir cbrrelation is not in good
agreement with this work. It was obtained by use of 180
gaseous/exchange with microspheres of Zr0O;, and is assumed
by Keneshea and Douglas to be primérily related to lattice
diffusion.

The possible effect of changes in 86Cs values is not
large enough to change Dy by an order of magnitude. Also,
there is not an order of magnitude deviation of Ds within
fhe experimental results of this work. Hence, another
explanation for the 'large difference Dbetween this works
results and those found in the 1literature must exist. The
most probable expianation is that the oxide characteristics
are changing .during the time of oxidation. The surface
oxide‘*s physical characteristicé are believed to be changing‘
for two reasons. One is the fact that Dy values obtained on

surface oxides grown on bulk Zr are 1érger by several orders
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of magnitude than D, values obtained in specially prepared
bulk Zr0, samples. The second is the decrease in Dy with an
increase 1in length of oxygenl exposure at a constant

temperature.

Changing Characteristics of the Oxide. Changing

characteristics of the oxide would result in a change in the
ratio of grain boundary "diffusion to laétice diffusion as
the oxidation process ©proceeds. Since there is séme
transport through the grain boundaries and some through the
lattice, Dy determined By the model is actually Dgeff. Which

can be written as: (26)-

Doeff=pP; (1-£)+Dp f (145
Where: .
Dy -.Lattice diffusion coefficight
Dp - Boundary diffuéion coefficient
f — Fraction of the total available oxygen sites lying at

the crystallite boundaries.

It 1is calculated that £ is approximately 0.1 if a
crystallite is considered to be 10 Angstroms in width (26).
At 1173 K, Dgygeff=7.98X10-9 cmy/sec, from oxide thickness
méasurements. For near stoichiometric single crystal
zirconia‘DL=5X10—13 cmy /sec, fpund by Madeyski (26). Uging
equation 14 it is found Dy=7.98X10-8 cmy/sec. This indicates
that the primary diffusion path of 02- in the surface oxides
developed in this work is boundary diffusion. The ratio of

Dg /Dy =1.6X105, is larger +then others reported by Douglas
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which were about Dp/Dy~104 (2). It is not surprising thét
D /DL is larger, since this research deals with the initial
stages of oxidation at which time the oxide crystallites in
the surface oxide are small. Hence, more grain boundafy area
and more transport along the boundaries. However, the
crystallites start out small and increase in size as the
oxide grows. Therefore, the fraction of total available
oxygen sites lying on the crystallite boundaries, f, changes
with time as oxidation proceeds.

Since the oxide characteristics ére changing during the
time of oxidation then Dy will also change. This probably
explains why a different vélue of Dy is found for aifferent
lengths of runs at the same temperatures as can be seen in
Table 8. The values of Dy decrease with an increase in
oxidation time. This corresponds well with the fact that the
crystallites start out small and increase in size with time
of oxidation. The amount of area available for boundary
diffusion decfeases as the crystallite size increases. To
produce an accurate model D, must be expressed as a function
of time or extent of oxidation. This can be accomplished by
making many experimental runs at varying times at several
temperatures. Accurate control of temperature and time would

be very important.

Effect of Warm-Up and Cool-Down. A correlation between

time and temperature was developed from the experimental

system. With this correlation a non-isothermal model was
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