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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/δ., 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 hep 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, DctSCct, the diffusion coefficient of oxygen in ZrOg 
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 experimental Iy. The second method compared 
predicted oxide thicknesses at specific times and 
temperatures with those observed experimental Iy. A value for 
SCcr from the literature was assumed. Then Dcr as a function 
of temperature was determined for both experimental methods. 
From the mass gain curve fitting method the diffusion 
coefficient, Dct=I.6X10-5EXP(-207Q0/RT) was found. From the 
oxide thickness comparison the diffusion coefficient, 
Dct=2.0X10-2EXP(-34300/RT) was found. It is concluded that 
the primary oxygen diffusion path is along grain boundaries, 
and that Dct 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 O2 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 ZrzOss was estimated to be 28.8 at. % oxygen 
by quantitative AES analysis.



I

INTRODUCTION

Background

Zirconium, Zr, is an abundant metal. However, its use 
in industry has remained limited. The nuclear industry uses 
about 90% of the total Zr refined as cladding for fuel rods, 
and is 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, Zr has 
found very little use except for ■ a limited amount in the 
electronics industry.

Zirconium oxide, ZrOg, has found extensive use. It is 
extremely heat and chemically resistant. Hydrofluoric and 
sulfuric acids are the only chemicals that attack the oxide 
with any significant of effect. Because of these properties, 
ZrOz ceramic tiles can be found in many high temperature 
applications. The oxide is also an effective catalyst for 
the coal-gas Iiquification process, where carbon oxides and 
hydrogen are passed over ZrOz at elevated temperatures 
resulting in carbon chain formations.
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The surface study of catalytic reactions on ZrO2 

present difficulties when certain surface selective 
spectroscopy methods are used. When the ZrO2 surface 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 ZrO2 
study surface. However, heating of the oxide coated metal to 
catalytic reaction temperatures under ultra-high vacuums 
results in the oxide layer disappearing. This phenomenon 
results when the oxygen dissolves into the bulk Zr (I). 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:Oss. Upon further study of this phenomenon, 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 ZriOss 
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 the 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.
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General Characteristics

At room temperature in air, bulk samples 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 system is shown in Figure I 
(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 is exposed to oxygen, air, or 
steam, at elevated temperatures, two processes take place. 
The oxide layer 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 cc-p 
transition temperature of 1135 K for pure Zr. Above this 
temperature, pure Zr exists in the p-phase. The oc-p 
transition is a change in the lattice structure of the'Zr 
from hep to bcc. As oxygen diffuses into the bulk p-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 recognized 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 low temperature 
oxidation. These regions also occur at high pressures and 
temperatures, but too rapidly to be easily observed. The 
first reaction regime is characterized by an unpredictable 
initial oxidation rate. This region continues up to an 
oxygen mass gain range of 0 to .01 mg 0/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 I mg/cm2,. The third transition 
occurs at various degrees of oxidation, depending on the 
purity and pre-treatment 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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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 is a description of the 
effect of each of these parameters on the rate of oxidation 
of Zr.

Effect of Oxygen Pressure on the Oxidation of Zr. The 
rate of diffusion of oxygen into Zr has been observed to be 
independent of O2 pressure down to about I 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 (I). 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 Oxidizing Agent. The oxidizing agent 
has some effect upon the initial rate of oxidation. The 
effect is only seen in the first two oxidation regions and 
doesn’t significantly influence longer term oxidation. The 
unpredictability in the initial oxidation rate is 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
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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 change in the electrical conductivity of the 
surface oxide.

Diffusion Characteristics
There are many difficulties encountered in the study of 

the diffusion of oxygen into bulk Zr. Some methods of study
J

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 measure the 
oxygen content of the sequentially exposed surfaces (4). 
Literature values of the diffusion coefficient of oxygen in 
Zr are in good agreement with each other. A good average 
correlation, and the one used in the following analysis is 
Da=5.2exp(-50800/R T)cm2/sec (2).

Currently, published diffusion coefficients for oxygen 
in ZrO2 are not in as good agreement as those in bulk Zr.
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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 from the 
uncertainty concerning the physical characterization of the 
oxide.

There have been many attempts to determine the 
coefficient of diffusion of oxygen in ZrO2. One method 
involves 18O exchange between isotope enriched oxygen and 
microspheres of ZrO2 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 is questionable whether the physical 
characteristics of the oxides studied are similar to the 
surface oxide that develops on bulk Zr. 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 is used to develop morphological 
information. The physical characteristics -of the surface 
oxides developed are compared to those found in the 
Iiterature.

There has been little AES work on the surface oxidation 
of Zr reported in the literature. One method of AES analysis 
is associated with depth profiling. Another study technique 
involves oxidizing the Zr surface by exposing the surface to 
small amounts of O2 . 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 
thickening range. Samples of Zr have also been 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, elemental Zr samples are oxygen 

saturated to form Zr=Oss. The Zr=Oss samples'are utilized in 
an AES study of its surface properties and initial oxidation 
characteristics. A primary thrust of this investigation is 
to compare the initial oxide formation on Zr=Oss with that 
on pure Zr. Future work will involve kinetic studies of 
surface reactions on an oxide layer formed on the Zr=Oss 
samples prepared in this work.
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'RESEARCH OBJECTIVES

The overall goal is to investigate the simultaneous 
surface oxidation and absorption of oxygen into bulk Zr. 
Also, develop a method to produce oxygen saturated bulk Zr. 
The specific objectives were:

1. Prepare a mathematical model of the oxidation process. 
The model's principle parameters are diffusion coefficients 
of oxygen in Zr and ZrOg and the change in concentration of 
oxygen through the surface oxide layer.

2. Calibrate the model using experimental Iy determined 
values of oxide thickness and mass gain.

3. Prepare Zr:Oss samples.

4. Develop evidence confirming the saturation of the bulk 
Zr samples by AES depth profiling, i

5. Observe the initial oxidation characteristics of Zr:Oss 
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 down into 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 ZrOg. 
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 limiting (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 
previous Iy.

The diffusion of oxygen through the surface oxide is 
assumed the rate limiting step during surface oxidation of
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processes occurring in the oxide during oxidation.
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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.

Ionic 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 ZrOg 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 ZrOz. The most popular 
and accurate methods involve nuclear reaction of oxygen (22) 
and 160/18Q exchange (26). These methods have been employed



Figure 4. Mechanisms that occur in the surface oxide during the oxidation of Zr.
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5. Identify diffusion 
route from studies 
of oxide morphology.

3. What is microscopic 3
transport route for 
electron current?

4. What is contribution of 
surface conduction to 
overall electron 
transport process?

* Define ionic
transport process

---> Define electron
transport process

± determine rate controlling process

Study process 
generating defects.
a. Stress in oxide
b . Recrystallization 

of oxide

vDefine oxide film 
breakdown process

v
Assess effect of variables (e.g. heat treatment, O2 pressure) 
on all processes

Predict behavior under given conditions
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on a growing oxide on bulk Zr. This eliminates the 
assumptions about the oxides physical characteristics that 
must be made when using pure single crystals and poly 
crystalline spheres of ZrO2. There is about a 10* order* of 
magnitude increase in the diffusion coefficients found for 
surface oxides over that of specially prepared bulk ZrO2.

Studies using ion bombardment mass spectrometry have 
determined that boundary diffusion of 02- . in poly 
crystalline ZrO2 is a more important transfer method than 
lattice 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 K, the oxide consists 
primarily of an amorphic oxide structure (3). Further oxide 
growth involves the increase in size of the oxide crystals. 
When the oxide- is 1000 to 2000 S thick, the crystallites, 
displace the amorphic oxide and occupy 100% of the surface 
(17-20). As size of the crystal Iite increases, the area 
available for boundary diffusion decreases.



19
Electron Transport in the Oxide

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

The general mechanism involves the adsorption of O2 on 
the oxide surface. The most probable surface reaction is:

O2 + 4e~ -- > 202-
Oxygen is then transported to the metal-oxide interface 
where it either reacts or diffuses into the metal. The 
reaction at this interface is:

202 -+Zr--- > Zr02 + 4e—
The electrons are possibly transported to the surface
through several routes (3). Experiments changing the
conductivity of the oxidizing environment, and changing the 
conductivity of the oxide, have indicated that electron 
transport is not a controlling or a limiting step except, 
perhaps, during the initial oxidation of the surface. 
Electron transport no longer influences 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 O2 through cracks and pores. 
Previous studies predict that for the range of oxygen 
exposure times and temperatures utilized 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 impurities 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 is 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 be 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 I as Model I. The model uses the method of 
lines approach to solve partial differential equations shown 
in the following sections. The program employees 
Differential Systems Simulator version 2 (DSS2) DSS2 is an 
integration package developed by Dr. W.E. Schiesser in the 
Chemical Engineering Department at Lehigh University. It has 
the ability to allow the user a choice of 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 y
As stated previously, the surface adsorption process is 

assumed not to be rate limiting. Hence, the rate of oxygen 
adsorption onto the oxide surface is assumed greater then 
the rate of oxygen diffusion through the oxide layer. This 
was accounted for in 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:

No -D
JCa 
J 6 (I)
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Where:
N17 - Mass flux of oxygen across the oxide 
Bcr - Diffusion coefficient of oxygen in Zr02 
Ccr - Concentration of oxygen in the oxide 
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 partial differential equation for this 
process is:

J C 2JC__S_ -_n__ELJe - Da Jx2 (2)

Where:
Ca - Concentration of oxygen in Zr 
9 - Time
Da - Diffusion coefficient of oxygen in bulk Zr 
X - Depth in metal

The mass flux of oxygen into the surface 
described by the equation:

JCCT I
Na ="Da --Ix--I . , ,\ x=mterface

of

(3)
Where:
Na - Mass flux of oxygen into bulk Zr

the bulk Zr is
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Interface

The interface equation describes the rate at which the 
surface oxide layer grows. It is developed with an oxygen 
balance at the oxide 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 ZrO2. The interface is a moving boundary with the rate 
of oxide growth described by the equation:

Where:
I - Position of the interface 
8 - Time
V - Ratio of density of pure Zr to that of ZrO2
Caa - Concentration of oxygen in oxide at interface
Cacr - Concentration of oxygen in Zr at interface
Solving the equations analytical Iy 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 compared to the bulk 
Zr, a linear assumption is made concerning the concentration 
gradient of oxygen through the oxide. Equation (I) then

dld8 (4)
OOC CCCT
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becomes:

SC

and
SC = C - C  o oa og

Where:
6 - Oxide layer thickness
Ccrg - Oxygen concentration in oxide at gas-oxide interface

The method of lines is used to solve equation (2) using the
relationships:

Moi
U 1% 
-» H I ^aCn+I) 

26X _̂ a_(n-12__ (6)
and

MO O ft I Ca(n+1) 2Ca(n)+ Ca(n-1) (7)JX2
and

(6X)2

JCa T1 Ca(n+1) 2Ca(n)+ Ca(n-1) (8)JG "a (SX)2

Where Ca<n) i s the concentration of oxygen in Bulk Zr at
some distance SX from the oxide-metal interface at some
point n. Demonstrated in Figure 5 is the progression of the
models development from point Co to point C% and the change 
with time SG. DSS2 automatically adjust the size of the 
change in time SG. The bulk Zr has been divided into equal 
sized divisions. In the model, the number of divisions is 
left as a variable. Each point is denoted by Cn where n is a 
numbered label for each point. The numbering begins with
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Figure 5. Progression of the oxide-metal interface and 
the change in 0 concentration in bulk Zr at 
points Cn at time 0 and points Cn at time 
6+ 66 .
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zero at the oxide-metal interface and ends at the midplane. 
Cn is the midplane oxygen concentration. As the oxide 
develops the size QX between each point decreases. Hence, 
not only is there a change between Cn at time 6 and Cn at 
time 0+69, 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 Cn , the relative deviation between 
each Cn calculated at each time interval was 1.0X10-7.

Boundary Conditions
Initial: 6=0 Ca=O for all X
Oxide-Zr interface: at X=O, Ca=C0=O.0302 mole 0/cc

The concentration of oxygen at the oxide-metal 
interface equal to C0 =0.0302 mole 0/cc 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 in 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:

, .n gm v lmole Zr v 0.289 mole 0
cc 91.22 gm Zr 0.702 mole Zr “ 0.0302 -2l£ 2 'cc of Zr
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Since the sample is exposed on both sides, there is 

-symmetry at the midplane: X = N = center

- S M——  j = 0 =—DIv m  CC
Ca(n+1) ^aCn-I)

!X=N 26XThen
Ca(n+1) ^a(n-l)

and
.^a(N) _ ( N+12l_^a (N-I)
J0 a (SX)2
JC_ g ( N 2 _ _ n  _^giN=i)__^g(N) Te =" a “ “ 2

(9)

(10)

(H)

The interface equation becomes:

dldQ

D (C - C  )CT CTCC CTg -DafC(I)-C(Q))
8

V*C og (O)
GX (12)

Where:
C(O) - Concentration of oxygen in Zr at oxide metal 
interface
C(i) - Concentration of oxygen in Zr at GX from interface.

Variables used in the model are listed in Table I. The 
model determines the amount of oxide growth and the 
proportional amount of bulk Zr reacted to form ZrOg. 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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the total mass gain of the sample, mass gain contributed bv 
oxide, and mass gain contributed by oxygen solution in bulk 
Zr.

Table I. Variables used in the model.
Variable Type Values Used
Da independent

----------------------------
5.2exp(—50800/R T)

DatiCo dependent
T independent 1073, 1173, and 1243 K
0 independent longer then run time

6-Initial independent 6.0X10-6 cm
V independent 1.5

Using the values listed in Table I and a literature 
value of D̂ tiCCT = —I.10X10-Io (2) at a temperature of 1243 K , 
mass gain curves and oxide growth can be calculated by the 
model. The long term oxidation of a sample illustrating the 
division of total mass gain of oxygen between the metal and 
the oxide is shown in Figure 6. The sample would be 
completely oxidized when the total mass gain curve and the 
oxide mass gain curve meet. Note that as oxidation 
continues, the mass of oxygen in the metal decreases as the 
metal is converted to oxide. This indicates that the model 
may be effective for long term oxidation, as well as short 
term, if the correct parameters are used. Figure 7 gives the 
predicted concentration of oxygen in a sample as a function
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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, which is arbitrarily set at zero depth. The 
oxide-metal interface is seen to move to the right-as bulk 
Zr is reacted to ZrOg. Since there is a density change from 
Zr to ZrOg, the midplane also must move as oxidation occurs, 
as is shown in Figure 7. As the oxide thickens, the rate of 
oxide growth decreases, as would be expected.

Utilizing the model to compare oxide growth and mass 
gains with those determined experimental Iy, the variable 
UcrSCcr will be determined by matching methods. One method is 
by manipulating DcrSCa- until the oxide thicknesses at 
specific times and temperatures match experimental values. 
Another method is a curve fitting technique, in which DctSCct 
will be manipulated until predicted total mass gain curves 
match those measured experimental Iy.
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EXPERIMENTAL EQUIPMENT 

Reactor for Oxidation and Saturation of Zr

A schematic of the apparatus utilized to expose Zr to 
pure O2 at elevated temperatures is shown in Figure 8. The 
purpose of the equipment was twofold. The first was to 
produce Zr:Oss samples. The second was to develop oxide 
layers on • the bulk Zr surface at several temperatures for 
various lengths of O2 exposure times. Parameters for the 
experiment are O2 pressure, temperature which was controlled 
by a computer, and duration of the run. Data obtained from 
the system 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 balance by a fine nichrome 
wire within a quartz tube. A chromeI-aIumeI probe type 
thermocouple was suspended near the sample. A Linberg single 
zone tube furnace was used to heat the sample. Isothermal 
conditions were maintained in the system by use of 
temperature control by an Apple II computer with a
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Figure 8. Schematic of the oxidation and saturation 
system.



34
Cyborg/Isaac analog-to-digital interface. The computer 
program used to control temperature is presented in the 
Appendix. The temperature was controlled to ± 1.0°K. 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 employed 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, used to measure higher 
pressures. ,

Surface Spectroscopy 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 
information about the spatial and structural 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 employed as a visual tool
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is simple in concept. The surface is rasterred with a finely 
focused beam of electrons,. When this beam impinges on the 
surface atoms, several signals 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 is rasterred across the surface with a computer 
assisted synchronized pattern which is displayed on a 
cathode ray tube. The intensity of the -moving -spot is 
modulated by monitoring the intensity of the secondary 
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 method, an image is produced which 
can be displayed on the CRT or recorded on photographic 
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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Angstroms of 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 usually relaxes in one of two 
ways. The atom may have an outer core electron fall into the 
place of the missing inner core hole, and in this process 
eject a photon of energy, or it may eject an electron from a
core, or "valence energy I eve I. The ejected electron is a
Auger electron. The energy of thi s electron is
characteristic of the element and is effected by the
■elements environment. The Auger electron is usually 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 level, and one from the N level 
dropped into its place, a valence, V, electron may be 
ejected. This process would be denoted as MNV Auger
electron.
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EXPERIMENTAL PROCEDURES 

Oxidation and Saturation Procedures

Two separate oxygen exposure procedures were followed 
in this research. The first was used to produce Zr:Oss 
samples. The second was employed to produce uniform surface 
oxide layers, and obtain total mass gain vs. time data. In 
both cases the apparatus depicted in Figure 8 was employed. 
The balance and strip-chart recorder were calibrated using 
Cahn calibration weights. Periodic checks of the balance 
indicated that the system remained in calibration throughout 
the research program. Each sample was pre—weighed and post- 
weighed on a separate Cahn/Ventron 29 null beam 
electrobalance accurate to ± 1.0 pg 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 polycrystaI line 
with a recrystal Iization texture after rolling which is 
characterized by a preferential orientation of the {1 0 T 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 about 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 foilows.

1. Weigh the sample on the Cahn 29 microbalance.
2. Drill a 0.05 cm hole for the mass balance support 

wire along one edge.
3. Reweigh on the Cahn 29 microbalance.
4. Etch for 40 seconds in a solution of 6OXHNO3 - 

SSXH3O-SXHf . 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 process by rinsing the sample 
with distilled water and methanol.

6. Weigh etched sample on the Cahn 29 microbalance.

Experimental Equipment and Procedure

The sample is then suspended 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 period. 
The procedure is outlined below, with the.extra argon soak 
denoted by asterisks.

I. 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 heating 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. Rinse with 

argon, then fill reactor to 620.4 mmHg pressure of argon. 
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 length 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 O2 pressure of 206.8±10 
mmHg. This pressure was chosen to be low enough to keep 
convection currents in the reactor to a minimum and high 
enough to prevent excessive leakage of air into the system. 
The O2 pressure is not critical at this level since the 
rate of oxidation is independent of pressure above about I 
mmHg. The pressure varied for two reasons. The first is due 
to the heating of the O2 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 limit the amount of oxide development on the 
samples' surface. At saturation, 6.9% of the mass of Zr:Oss 
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 length of the argon soak was estimated by the 
computer program shown in the Appendix as Model III 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 is 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 used (31). 
The model predicted times required to saturate were equal 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 properly labeled 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 samples 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 
final polish with 1500 grit. After the final polishing the 
surface appearance was a shiny metallic. The samples were 
then chemically etched with 60%HNC>3/35%H2 0/5%HF solution by 
rinsing the solution over the samples' surface. The etching 
process was stopped by rinsing with distilled 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 thus 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 University. The 
AES.spectra 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 electron 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 at 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 intervaI.

The second AES procedure included the exposure of 
sputter cleaned pure Zr foil and Zr:0ss samples to 
successive additions of O2 . 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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length of time that was used to achieve the desired extent 
of O2 exposure.

Table 2. Exposure times and pressures utilized in surface oxidation study.
I

O2 Pressure in torr.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Time
Exposed
seconds

Added O2 Exposure AccumuIated 
O2Exposure

0.0 0.0 0.0 0 . 01X10-8 30.0 0.3 0.31X10-8 70.0 0.7 1 . 02X10-8 100 . 0 2.0 3.07X10-8 100.0 7.0 10.02X10-7 100.0 20.0 30.07X10-7 100.0 70.0 100 . 01X10-6__ 200.0 200.0 300.0

SEM Analysis Procedure
For this work, the primary goal of SEM was to obtain 

measurements of the oxide layer thicknesses. This was done 
for the samples that were not soaked in argon. SEM also 
yields information about the oxides characteristics, such as 
the degree of cracking. In this case it was desired to 
obtain a picture of the magnified sample viewed on edge. The 
thickness of the oxide could then be accurately determined.

Depending upon length of the heat treatment, the 
samples ranged from soft to brittle. If a sample was 
brittle, it was fractured, and the fractured surface was 
used for SEM analysis. If the sample could not be fractured, 
it was cut with tin snips. Cutting the sample with tin snips 
usually damaged the oxide layer. The cut edge was then
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polished with silica—carbide paper. The sample was initially 
polished with 360 grit until no evidence of damage due to 
cutting was visible. The sample was then polished with 400, 
500, 600, 1200, and 1500 grit papers respectively. Water was 
used to flush the sample and paper. After polishing, the 
samples were etched in 60%HN03-35%H20-5%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.
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RESULTS AND DISCUSSION 

Analysis of Saturated Zirconium

All of the Zr:Oss samples prepared were saturated at 
1243 K. Table 3 lists the model predicted time that the 
samples were expected to reach a midline saturation of 
99.99%. Also shown in Table 3 is the actual length of the 
argon soak. As can be seen, the actual soak times were well 
beyond the calculated times.

Table 3. Predicted times to reach 99.99%
saturation at midplane and actual time of run.

,'Sample # Ca Icul ated 
Thickness in cm

Predicted 
Times to 
Saturate 
in Hours

Soak
Time
Hours

ZrlS 0.026 22.9
—  
25.0Zrl 9 0.028 25.9 39.0Zr21 0.027 23.8 40.0Zr22 0.026 22.9 25.5ZR23 0.028 25.9 51.0Zr 24 0.027 23.8 30.0Zr25 0.027 23.8 29.0

Several Zr:Oss samples were produced, one of which was 
used for AES analysis. The other samples are currently being 
used or will be used for other research.

The samples were very brittle, and tended to fall apart 
during the abrasive polishing step. The final size of the
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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 microscope 
at IOX magnification showed a clean metallic surface.

AES Spectra Analysis by Seah Method
Auger electron spectroscopy was used • 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 chemical characteristics of a surface.

An AES spectra of pure Zr and of Zr:Oss are shown in 
Figure 9 along with those of Zr:Oss after 10 L and 300 L of 
O2 exposure. There are five distinct Zr peaks. They are the 
Zr89 MNN peak, ZrI14 MNN peak, ZrI22 MNV peak, Zrl38-144 MNV 
peak, and Zr172 MVV peak. There is only one distinct oxygen 
peak at 506 eV. The peak intensities were determined, by a 
computer built into the AES equipment, by measuring the area 
under the peaks. For this research only the combined Zrl38- 
144 eV peak is used for analysis. There is some controversy 
in the application of this method when the Zrl38-144 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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Figure 9 . The AES spectrum from 78 eV to 178 eV for* 
(a) sputter cleaned pure Zr; (b) sputter 
cleaned Zr:Oss; (c ) 10 L O9 exposed Zr:0ss 
at room temperature; (d) 300 L O9 exposed 
Zr:Oss at room temperature ^
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et. al., estimated that an error of around 15% could result
when this peak is used for normalization (17). The Zrll4 eV
and Zrl22 eV peaks overlap making them difficult to use. And
the Zr172 eV peak essentially disappears with oxidation.

Peak intensities were converted to mole fractions by
the method developed by Seah (40). This is based upon the
following relationship:

I X
I
o_
Zr

K X
o
Zr

Where:
Io - Osoe peak intensity 
Izr - Zr peak intensity 
K - Proportionality constant 
X0 - Mole fraction of oxygen 
Xzr - Mole fraction of Zr

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

The constant K is evaluated by the following method. 
For stoichiometric ZrO2, the mole ratio is:

Xo 2

The Zrl38—144 eV and 0506 eV peak intensities were measured 
after 100 L of oxygen exposure to the Zr:Oss sample. It has 
been demonstrated that the surface of Zr is stoichiometric 
ZrO2 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 
ZrC>2 spectra. It is assumed here that the spectra after 100 
L of exposure is that of ZrO2. The peak intensities measured 
after 100 L O2 exposure were:

Io=53520 counts
Izr I 38-144 = 12690 counts
Then K=O.47 Dimensionless

This value of K is used through the remainder of this report 
to determine Zr and 0 concentrations from AES peak area 
intensities.

Depth Profile
A depth profile of the Zr=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=Oss sample was saturated. This is accomplished by 
demonstrating that the AES spectra no longer 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 of 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:Oss samples developed here has 
demonstrated that the samples are probably saturated.

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

Using SeahjS method to analyze the peak intensities 
from depth profiling, it is possible to obtain the 
concentration of 0 and Zr in the sputter cleaned Zr:Oss 
sample. The mole fractions of 0 and Zr are 28.8 atomic 
percent and 71.2 atomic percent respectively. This is close 
to the published values of 29.8 atomic percent and 70.2 
atomic percent for 0 and Zr, respectively.

Initial Oxidation
at Room Temperature

The initial oxidation characteristics of Zr:Oss were 
compared to that of pure Zr. Whatever steps were performed 
on the Zr:Oss sample were also performed on a pure Zr 
sample. 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 point 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 attain a certain 
extent of O2 exposure. It has been demonstrated that if 
different times and pressures are used to reach the same 
extent of exposure, different AES spectra are produced /(21). 
The changes are minor, and probably do not interfere with 
this analysis. Table 2 lists 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 0 spectra. Table 4 is 
a list of the peak area intensities calculated by the 
computer built-in to the PHI 595 system. Following SealV s 
procedure described above, and using the Zrl39-146 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 O2 exposed are shown in Figure 11. Both the 
saturated Zr and pure Zr curves are shown with dotted and 
continuous lines, respectively. The Zr:Oss curve starts at 
27.8% 0 and approaches the saturation value of 67% 0 which 
was used as the calibration point. The pure sample starts at 
about 0.0% 0 and approaches 67% 0 at a slightly larger
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extent of O2 exposure. The end result is that the saturated 
sample and the pure Zr appears to oxidize in similar 
fashions at room temperature.

Table 4. AES primary peak intensities for pure and Zr:0ss.

Trial Langmuirs 
of O2

AES Peak Intensities eV
Zr89 Zrl39-146 Zrl72 0516

Zr:Oss
TZSM08 0.0 11155 18690 3761 15150TZSM09 0.3 9785 15679 2381 30840TZSMlO 1.0 8780 14783 1635 38996TZSMll 3.0 8376 13624 902 45851TZSMl2 10.0 8295 13106 672 48951TZSM13 30.0 8075 13120 431 51704TZSMl4 100.0 7912 12690 192 53520TZSMl5 300.0 7628 13002 0 60774

Pure Zr
TZPM03 0.0 11936 21346 4634 717TZPM04 0.3 11396 18891 3391 17020TZPMO5 I . 0 10249 17019 2507 49847TZPM06 3.0 9583 15586 1555 37895TZPM07 10.0 8996 14759 1023 43431TZPM08 30.0 8877 14584 748 47260TZPMO9 100.0 8453 13963 450 50248TZPMlO 300.0 7786 13155 255 51093

Diffusion Coefficient Determination

The model is used to estimate values of DcrSCa by 
matching predicted to experimental oxide thicknesses and 
mass gain curves. When values of DaSCa are obtained, they 
are evaluated for accuracy. The discussion of the model 
results is divided into four sections. The first section 
introduces some of the models deviations from reality, and



the steps that have been taken to account for the 
deviations. The second section discusses the results 
obtained from the curve fitting technique. The third section 
discusses the results 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 techniques of mass gain curve 
fitting and oxide thickness matching are independent of. each 
other. The only factor that links 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 separately, and will later be 
compared to each other.

Model Application
Model I shown in Appendix I is an isothermal model of 

the oxidation-diffusion system. Model I was used to 
determine the values of DctSCct by the two methods of curve 
fitting and oxide thickness matching. However, the 
experimental system in actuality is not isothermal. The 
system requires approximately 35 minutes to go from room 
temperature to 1243 K . About the same amount of time is 
required for cooling. In using the isothermal model, error 
is involved by determining the point at which time must 
start and stop with the experimental data. Time was started 
when the reactor temperature reached 873 K , and the run time

55
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ended when the reactor temperature cooled to 873 K. A 
temperature of 873 K was chosen by assuming that very little 
oxidation or 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 I as Model II. Time- 
temperature data was obtained from the experimental system. 
To develop the non-isothermal model, the values of DctSCct 
found in the isothermal model were used to calculate Dcr as a 
function of temperature. Then Dcr values as a function of 
temperature were used in the non-isothermal model. The 
change in results between the non-isothermal model mass gain 
predictions, and oxide thickness predictions with 
experimental values, will establish the degree of error due 
to warm up effect.

Table 5 lists the trial numbers and the exposure 
conditions for each sample. The total experimental 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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warm up and cool down time is least for the longest runs, 
but is as high as 46% for the shortest run. This is 
especially significant in the runs at 1243 K. The percent of 
the run time that is cool down and warm up time is listed in 
Table 6, together with total mass gain measurements by the 
R-100 balance and the Cahn 29 balance, and the deviations 
between the two methods.

As mentioned in the introduction, the initial rate of 
oxidation varies with reactor conditions. For this work, 
each sample has a high purity and each went through the same 
pre-treatments. It is therefore assumed that the rate of 
oxidation was equal for each sample under similar
conditions. The length of the runs in this work were long 
enough to avoid interference from the first two oxide 
development transitions, but short enough that the oxide 
growth didn’t approach the third, oxide break-down, stage.

Table 5. Oxidation conditions of each zr sample.
Run # Experimental 

Run Time 
in Hours

Total
Areacm2

O2Pressure
mmHg

TemperatureK

Zr38 6.9 0.989 207.6 1073Zr39 10.0 0.991 207.6 1073
Zr37 2. I 0.985 207.8 1173Zr36 4.1 I . 068 207.3 1173Zr34 6.3 I . 047 206.8 1173Zr 35 8.2 I . 087 206.8 1173Zr33 10.4 I . 422 206.8 1173
Zr40 I . 8 I . 096 206.8 1243Zr41 2.7 I . 108 206.8 1243
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Table 6. Percent of total time sample was in cool-down and 

warm-up stage, and the percent deviation of final mass between Calm 29 and R—100 balances.
Run ,jA Total % Time

Experimental at 
Time Non—steady(Hour) State

Final Mass Gain
Cahn 29 R-100
(mg) (mg)

%DEV.

Zr38 6.9 8. AZr39 10.0 12.1
Zr37 2.1 40.0Zr36 A. I 20.4Zr34 6.2 13.4Zr35 8.2 10.3Zr33 10.2 8. I
ZrAO I . 8 46.0ZrA I 2.7 34.0

11.659 13.69 17.46.270 6.33 I . 0
5.330 5.17 3.08.190 8.62 5.39.914 11.01 11.013.627 14.65 7.517.481 21.79 19.7

10.146 10.97 8.1*7.702 16.63 115.9
* Cahn 29 mass measurements are not accurate due to loss of mass from the samples during removal from reactor.

Isothermal Model Correlations 
from Curve Fitting Methods^

The experimental mass gain curves used in the curve 
fitting process were obtained from the strip—chart recorder 
system described in the experimental section. A typical 
experimental mass gain curve is shown in Figure 12. During 
the initial heating, a sharp jump in mass is detected 
equivalent to about I mg. This occurred right after the 
system was evacuated and then filled with oxygen. At the end 
of the curve is an equivalent sharp drop in mass. This 
occurred when the system returned to ambient conditions. It 
was also noticed that when the quartz tubing was raised 
around the sample, the sample had a tendency to cling to the 
walls of the quartz reactor, probably due to static charges.
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Figure 12. Typical experimental mass gain curve showing the effect of evacuating 
the system at the start of the run, and returning the system to 
atmospheric pressure at the end of the run.
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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 apparent mass. It decreases a total of 
about 0.4 mg from the start 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 DCT6CCT 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 0% 
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 total mass gain, mass 
gain due to oxide growth, and mass gain of oxygen in the 
bulk metal. The parameter Da6CCT 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 DaSCcy
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found at the three temperatures by this method are listed in 
Table 7. Also shown in Table 7 is DaSCa estimated from the 
oxide thickness measurements, which will be discussed in the 
following section.

Table 7. DaSCa from oxide thickness measurements and mass gain curve fitting.
Run # Time

Hours Temp. 
K DaSCa 

From 
Oxide 
Thickne s s 
mole 0/cm sec

DaSCa
From
CurveFit

mole 0/cm sec
Zr38
Zr39

6.9 
10.0 1073

1073
-1.02X10-H -4.53X10-12

Zr37 2.1 1173 -5.12X10-H -I . 14X10-HZr36 4. I 1173 -3.93X10-HZr34 6.3 1173 -3.49X10-11Zr35 8.2 1173 -3.37X10-11Zr33 10.4 1173 -2.93X10-H
Zr40 I . 8 1243 -I.14X10-10 -I.10X10-10Zr41 2.7 1243 -I.10X10-10

Experimental Errors Involved with Curve Fitting. The
experimental error involved with the mass vs. time data was 
estimated by comparing the final mass of the samples 
recorded on the R-100 and the Cahn-29 balances. Table 6 
lists the deviation in final masses between the two balances 
for each trial. The large deviation in trials Zr33, Zr38, 
and Zr4I is due to loss of oxide from the edges of the 
samples as they were removed from the quartz reactor. The 
experimental mass gains are estimated to be accurate to + I. 
mg. Since an error of ± I. mg is greater than the deviation
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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 
include accuracy of matching two differently shaped curves. 
An error of ± I. mg translates to an error of about ± 0.7 
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. Since the model 
curve doesn't have the same shape as the experimental 
curves, it is only possible to fit part of the predicted 
curve to the experimental curves. This can be observed in 
Figure 13 where the model curve does not lay within the 
marked deviations at all points. The end result is that the 
DctSCct values found by the curve fitting method are not very 
precise, and the errors can not be easily qumrtifTed.

Several previously published mass gain curves are 
compared to those obtained here in Figure 16. Curve (c) is 
produced from experimental results of Osthagen et. al. at 
1073 K (32), curve (d) from experimental results of Leviton 
et. al. at 1073 K (6) and curve (e) 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 as 200 minutes the rate of 
mass gain starts to increase above those previously
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Figure 16. Experimental and published mass gains; dashed lines this

research at (a) 1173 K, and (b) 1073 K; solid lines published
(c) Osthagen et. al. at 1073 K (32), (d) Leviton et. al. at 
1073 K (6), (e) Rosa at 1123 K (33).



67
observed. This type of behavior is usually 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 edges 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 fitting with the model, the section of the 
curve assumed to be associated with the edge curl effect was 
neglected during the curve matching procedure.

Isothermal Model Correlations 
with Oxide Thickness 
Measurements

The same samples for which mass gain results correlated 
were 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 is an SEM 
enlargement of sample Zr34. The surface oxide layer is 
fairly even, with no spots of local heavy oxidation evident. 
Only a small representative portion of the sample was 
photographed. The thickness of the surface oxide was 
determined by measuring several points on the picture, from 
which an average thickness was determined. This method of 
measurement is accurate to ± 5X1.0-6 cm. Hence, the largest 
error involved may result from the degree of resemblance of

‘i
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50 microns
Figure 17. SEM 2OOX enlargement of polished Zr 

edge showing surface oxide growth 
after 6.3 hours at 1173 K in medical grade O2.
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the measured edge to that of the entire sample. Visual 
inspection in the SEIi indicated that the samples were fairly 
uniform.

Evaluation____of____DrrdCcr from Experimental Oxide
Thicknesses. The value DcrSCcr was changed in the model until 
the model's value of oxide thickness at a specific exposure 
time and temperature matched those measured experimentally. 
Model predicted oxide thicknesses were adjusted until they 
matched the experimental values to ± I.X10-6 cm. Table 7 
shows the estimated values of DcrSCcj obtained by this method. 
What is noticed is that for increasing O2 exposure times at 
constant temperatures, decreasing values of DcrSCcr were 
calculated. The largest decrease is 37 % at 1173 K for a 500 
% increase in exposure time.

Experimental Errors Involved with Oxide Thicknesses. 
There are few published oxide thickness measurements at 
temperatures studied in 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 curves. Curves (a), (b) and (d) represent this 
works observations at 1243, 1173 and 1073 K respectively. 
Curve (c) is J.P. PernsIer'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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Experimental and published oxide thicknesses: 
(a) this research at 1243 K , (b) this research at 1173 K, (c) Pemsler at 1373 K (34),
(d) this research at 1073 K, (e) Rosa at 1123 K (331 .

Figure 18.
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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 in this research. 
Since the samples are so thin, 0.025 cm, the oxygen 
concentration gradient in the bulk Zr decreases due to 
diffusion of 0 into the bulk. This would result in slowing 
the transport of oxygen into.the bulk. Hence, more oxygen 
will react to form ZrO2 with a corresponding thicker oxide 
layer when compared to surface oxides grown on thicker bulk 
Zr samples. The samples used by Rosa were 0.35 cm thick. The 
reproducibility of oxide thickness data at a specific O2 
exposure time and temperature was not determined.

Since the oxide thickness of the samples could be 
■ measured accurately, it was possible to obtain DcrSCa values 
that were sensitive to ± 1X10-6 mole 0/cm sec. However, due 
to the inability to obtain isothermal conditions because of 
warm up and cool down effects, the values of DaSCa may not 
exhibit that tolerance. To determine the accuracy of these 
results, a non-isothermal section was added to the model, 
and will be discussed later.

Determination of Da as a 
Function of Temperature

Since there is very little literature reporting DaSCa 
values, it was decided to evaluate Da as a function of 
temperature. To evaluate Da a literature value for SCa was 
used. Values for SCa have been determined by several
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researchers (35,36,37). For this research the value of SC0- 
given by Pawel was used (36). The value is a function of 
temperature and is written:

SC0-=Cct a-Cc, g- (13)
where:
Coa=O.09481 - 4.6875X10-6 X T  g mole 0/cc 
Cag=O.09444 g mole 0/cc 
T= Temperature in K

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

Since Dct was determined at three temperatures, it is 
possible to correlate Dct with temperature. This is
accomplished by plotting InDcr vs 1/T. The intercept is Do, 
and the slope is Energy of activation, E. This plot is 
presented in Figure 19 along with several published
correlations. The values of Dcr as a function of temperature 
obtained for both the curve fitting method and the oxide 
thickness matching method are:

Mass Gain Curve Fitting; Dct=I.58X10-5EXP(-20700/R T)
Oxide Thickness Matching; DCT=2.00X10-2EXP(—34300/R T)

Where R is the ideal gas constant 1.987 cal /mole K., and T is 
temperature in K.
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Table 8. Dct from oxide 

curve fitting. thickness measurements and mass gain

Run # Time
Hours Temp. 

K SCct
mole 0/cc 
X 1000

Dct
From 
Oxide 
Thickness cm2/sec

DctFrom
Curve
Fitcm2/sec

Zr 38 
Zr39 6.9 

10.0 1073
1073

—4.66 
— 4.66

2.19X10-9 9.72X10-10

Zr37 2. I 1173 -5.13 9.96X10-9 2.22X10-9Zr36 4. I 1173 -5.13 7.66X10-9Zr34 6.3 1173 -5.13 6.80X10-9Zr35 8.2 1173 -5.13 6.57X10-9
Zr33 10.4 1173 -5.13 5.71X10-9
Zr40 I . 8 1243 -5.46 2.09X10-8 2.00X10-8Zr41 2.7 1243 -5.46 2.01X10-8

Deviations Between Experimental and Published Values of 
Dcr . Several published correlations of Dcr are shown in Figure 
19, along with the results obtained here. Curves (a) and (b) 
are from this work by mass gain curve fitting and oxide 
thickness matching, respectively. The slope between the 
correlations found by the two experimental methods of mass 
gain curve fitting and oxide thickness matching are not 
equal, as can be seen in Figure 19. The deviations between 
the two methods range from about 0.0 percent at 1243 K to 
about 2 orders of magnitude 1073 K. However, the deviations 
between the two experimental results are not very 
significant when compared to the deviations found in 
published results. There are several orders of magnitude 
variation between various published correlations. The values 
determined by HageI and Rosa are close to the values found
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in this research (38). HageI and Rosa used a mathematical 
model and mass gains to evaluate Dct. There are five orders 
of magnitude difference between this research and the value 
reported by A. Madeyski et al. (26). Madeyski used Qia 
gaseous exchange with near stoichiometric single crystal 
ZrOz. The value of Dct obtained by Smith is also reasonably 
close to those from this work (39). Smith determined Dct by 
obtaining mass vs. time data at a relatively low temperature 
of 659 K and assuming that diffusion of oxygen into bulk Zr 
was negligible. Curve (f) in Figure 19 was developed by 
Keneshea and Douglass (15). Their correlation is not in good 
agreement with this work. It was obtained by use of 18o 
gaseous exchange with microspheres of ZrO2, and is assumed 
by Keneshea and Douglas to be primarily related to lattice 
diffusion.

The possible effect of changes in SCct values is not 
large enough to change Dct by an order of magnitude. Also, 
there is not an order of magnitude, deviation of Dct within 
the experimental results of this work. Hence, another 
explanation for the large difference between this works 
results and those found in the literature must exist. The 
most probable explanation is that the oxide characteristics 
are changing during the time of oxidation. The surface 
oxide's physical characteristics are believed to be changing 
for two reasons. One is the fact that Dct values obtained on 
surface oxides grpwn on bulk Zr are larger by several orders
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of magnitude than Dct values obtained in specially prepared 
bulk ZrOa samples. The second is the decrease in Dct with an 
increase in length of oxygen 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 lattice diffusion as 
the oxidation process proceeds. Since there is some
transport through the grain boundaries and some through the 
lattice, Dcr determined by the model is actually DCTef f. Which 
can be written as: (26)

DCTeff=DL(1-f)+DBf (14)
Where:
Dl --Lattice diffusion coefficient 
Db - Boundary diffusion coefficient
f - Fraction of the total available oxygen sites lying, at 
the crystallite boundaries.
It is calculated that f is approximately 0.1 if a 
crystallite is considered to be 10 Angstroms in width (26). 
At 1173 K, DCTeff=7.98X10-9 cm2/sec, from oxide thickness 
measurements. For near stoichiometric single crystal 
zirconia Dl=SXIO-13 cm2/sec, found by Madeyski (26). Using 
equation 14 it is found Db =7.98X10-8 cm2/sec. This indicates 
that the primary diffusion path of 02- in the surface oxides 
developed in this work is boundary diffusion. The ratio of 
Db /Dl =1.6X105, is larger then others reported by Douglas
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which were about Db /Dl~1 CH (2). It is not surprising that 
dB/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 boundary 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 are changing during the 
time of oxidation then Dcr will also change. This probably 
explains why a different value of Dcr is found for different 
lengths of runs at the same temperatures as can be seen in 
Table 8. The values of Dcr 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 decreases as the crystal Iite size increases. To 
produce an accurate model Dcr 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-isothermaI model was
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developed, and is shown in the Appendix as Model II. The 
correlations for Da derived from the isothermal model were 
then used in the non-isothermaI model. The values of oxide 
thickness evaluated from the non—isothermal model are 
compared to measured thicknesses in Table 9. The largest 
deviation between experimental and model oxide thickness at 
each temperature is -5.9, -25.2 and 12.4 at 1073, 1173 and 
1243 K respectively. A comparison of total mass gain curves 
between both the non-isothermaI and isothermal models with 
experimental at 1073 K is shown in Figure 20. There is very 
little difference between the isothermal and non-isothermal 
curves, less then the estimated experimental error of ± .7 
mg/cm2. Hence, less error occurs with assuming isothermal 
conditions then occurs from other sources. The other 
temperatures of 1173 and 1243 K have similar results.
Table 9. Experimental oxide thicknesses and the percent 

deviation vs. predicted non-isothermaI model, 
oxide thicknesses.

Run # Time
Hours

Temp. 
K

Experimental Oxide 
Thickness 
X 1000 
cm

Non-
isothermaI 

Oxide
Thicknesses 
X 1000 cm

%
Deviation

Zr38 6.9 1073 1.930 2.044 -5.90Zr39 10.0 1073 2.585 2.464 4.68
Zr37 2.1 1173 2.525 2.160 14.45Zr36 4.1 1173 2.985 3.038 -17.76Zr34 6.3 1173 3.410 3.775 -10.70
Zr 35 8.2 1173 3.840 4.367 -3.72
Zr33 10.4 1173 4.015 5.025 -25.15
Zr40 I . 8 1243 3.338 2.924 12.40
Zr4 12.7 1243 3.995 3.627 -9.21
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DO 300.00TIME(MIN)

Figure 20. Experimental and theoretical mass gains at 1073 K. 
a. Experimental b. Isothermal model c. Non-isothermal 
model.
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The validity of the Dcr values reported here depends on 

the accuracy of the model. In this case the model did not 
take into account the phase change in the bulk metal that 
occurs at 1135 K . At this temperature oc-Zr transforms to p- 
Zr. This research operated around the transition temperature 
at 1073, 1173, and 1243 K. However, this should not affect 
the model if the original assumption is correct that the 
oxidation process is diffusion controlled through the oxide. 
Also, it has been shown that there is little effect on Dcc 
with the phase change (2). The Zr bcc, p-phase, becomes
oxygen stabilized Zr hep, a-phase, at an oxygen
concentration of about 0.004 g mole 0/cc within the
temperature range of this work as shown in I. In the 0.025
cm thick samples used here the center reaches a stabilized 
a-phase in about 180 minutes at 1173 K. Both of the 1243 K 
runs have the p-phase present, and only the shortest 1173 K 
run has the p-phase present during the entire run. The 10.4 
hour run at 1173 K is with mostly the a-phase present. The 
1073 K run has no p-phase present since it is below the 1135 
transition temperature. The experimental values of Dct at 
each temperature found by the oxide thickness measurements 
nearly fall on a straight line- as seen in Figure 19. This 
indicates that Dct is not effected by the a-p Zr phase 
change. On the other hand experimental values of Dct at each 
temperature found by the mass gains of the samples are not 
very linear, indicating that Dcr may be affected by the
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change in phases. It is felt that the value obtained by the 
oxide thickness measurements are more trustworthy.

The model also doesn't take into account the possible 
transport of oxygen along cracks and pores. A SEM polaroid 
of a fractured oxidized ,Zr surface of sample Zr33 is shown 
in Figure 21. Pores cannot be seen at a magnification of 
only 200X, but shouldn't develop in the high purity Zr used 
here. In the oxide a typical columnar grain can be seen. 
Cracks can also be seen in the surface where localized 
reactions have taken place. However, the occurrence of 
cracking is infrequent and occurred only in the 1243 K runs 
and the longest 1173 k run. Hence, oxygen transport through 
cracks is unlikely to effect these results.
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Figure 21. SEM 200X enlargement of a fractured 
Zr edge showing surface oxide growth 
after 10.4 hours at 1173 K in 
medical grade C^.
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CONCLUSIONS

1. A model was developed', and can be used to evaluate the 
diffusion coefficient of oxygen in the surface oxide layer 
on Zr from either mass gain values or oxide thickness 
measurements.

2. Grain boundary diffusion rather than lattice diffusion 
plays the major role in the transport of 02- ions during the 
surface oxidation of Zr.

3. The variable Dcr is not only a function of temperature, 
but also a function of 0% exposure time. This is believed to 
result from the continually changing physical 
characteristics of the surface oxide. The crystallite size 
increases as the surface oxide develops, thus reducing grain 
boundary surface for diffusion.

4. A method was developed to effectively produce Zr:Oss 
samples. Saturation was proven by depth profiling and 
obtaining constant peak intensities as a function of sputter 
time.

5. The mole fractions of 0 and Zr in Zr:Oss were 28.8 and 
71.2 percent respectively, determined by quantitative AES.
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RECOMMENDATIONS FOR FUTURE RESEARCH

1. Produce an AES profile of the saturated Zr as it 
undergoes step by step oxidation at high temperatures.

2. Further surface studies of Zr:Oss by XPS would give 
more information about the bonding between oxygen and Zr in 
a saturated environment.

3. To produce an accurate model, time temperature data 
must be produced to evaluate DafiCcr as a function of 0% 
exposure time and temperature.
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Figure 22. Computer Program: Temperature control in the reactor.

10 HOME : PRINT : PRINT "ENTER VALUES FOR THE FOLLOWING:"15 & AOUT,<C#> = 0,(DV) = 294720 INPUT "SETPOINT ";SP
30 INPUT "MAXIMUM TEMPERATURE ";TM
40 INPUT "CYCLE TIME - SECONDS ";CV
50 INPUT "CONTROL CONSTANT - KC "? KC
60 INPUT "CONTROL CONSTANT - TAU I »;TAU
63 INPUT "DAY,HOUR,MIN TO QUIT "? DY,HOUR,MIN70 El = 0
75 FH = 0
80 T = 0
85 & TIME TO HR,MN,SC
86 TIME = HR + MN / 60
87 TVME = HOUR + MIN / 60
88 IF TIME = TVME THEN GOSUB 300
90 Q WRDEU, CD#'1 = 0, (W#> = 2, (DV) = I
100 & ASUM,(TV) = T,(C#) = 9,(Dtt) = 0,(SW) = 25110 T = T z 25
120 T = . 649 * (T — 2048) + I 
130 PRINT T;"DEG. CENTIGRADE"
140 ER = SP - T
150 FH = FH + KC * (ER - El) + KC + CY * ER z TAIL 160 El = ER
170 IF FH > 100 THEN FH = 100 
130 IF FH < 0 THEN FH = 0 
190 & AOUT,(C#) = 0,(DV) = 3350200 & PAUSE = CY * FH z 100
210 & AOUT,(C#) = 0,(DV) = 2047220 S: PAUSE = CY * (I - FH z 100)
230 IF T > TM THEN GOTO 250 
240 GOTO 30
250 S= AOUT, (C#) = 0, (DV) = 2047 
260 HOME : PRINT
270 PRINT TAEK 9)?"MAXIMUM TEMPERATURE OF"
280 PRINT TAEX 10)?TM?" DEGREES EXCEEDED"295 REM SUE TO DETERMINE END 
300 S: DAY TO VR, MO, DA, DT 
310 IF DA < > DY THEN GOTO 350
320 & AOUT,(C#) = 0,(DV) = 2047
330 HOME : PRINT
340 PRINT TAB( 10)? HR,MN?" SHUT DOWN"
345 GOTO 360 
350 RETURN 
360 END
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Figure 23. Computer Program: Isothermal Model I
■ * A  A  A  A A  A  A t

*  A  A  A  A

MODEL I A A A m A A A A A A A A A A A A A A A A A A A

A A A A  A"  A  A M  A  A A A A A  A A  A  A A A ^ A Aisothermal
PROGRAM TO MODEL THE DIFFUSION OF OXYGEN INTO ZIRCONIUM 
AND TC DETERMINE MASS AND OXIDE THICKNESS AS A FUNCTION OF TIME. MASS GAIN OUTPUT TO F0R01C.DAT
BY BRIAN THIESEN

TIME IS IN HOURS. NUMBER OF PLOTS EQUALS TF/TP 
INITIALIZATION 
SUBROUTINE INITAL
COMMON/T/THETA,NFIN,NRUN/Y/CZR(0:50)

$ /F /DCZR(O :50)/P /N S T A R T ,D O Z R .D E L T A X ,F Z R ,T M G O X I D E ,T M G Z R ,
& T M A S S ,C O N C ,TCONC > N S ,D O Z R O ,X Z R ,C O G ,C O I t XOXI D E ,C O (0 :52),X O (G :52) 

PRINT *, 'ENTER TEMPERATURE, 1/2 ZR THICKNESS,
& INITIAL OXIDE THICKNESS, DOZRO AND NUMBER OF POINTS '

READ *, T, X Z R 5X O X IDE,D O Z R G 5NS 
R=1.987
D O Z R = S .2*3600.* E X P (-50800/R/T)

C D O Z R O = I .1 E-2*360Q.*EXP(-31000/R/T)
C DOZRO=I.1E-3*3600.*EXP(-35D00/R/T)

d e l t a x = x z r /n s
CZR(O)=0.0302 
DO 4 I = I 5NS 
CZR(I)=O 

4 CONTINUE
DO 3 I=0,NS+2 
CO(I)=O.
XO(I)=O.

3 CONTINUE
C O G = .09444
COI=.09481-4.6875E-6*!
NSTART=O
FZR=O.
CONC=O.
TCONC=O.
TMASS=O.
TMGOXIDE=O.
TMGZR=O.
RETURN
END
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C DERIVITIVE SECTION
C

SUBROUTINE DERV 
C SAVE

C G W O N / T / T H E T A , N F I N jNRUN/Y/CZR (0:50) /F/
& D C Z R (O :50)/P/NST A R T ,D O ZR,DELTAX,F Z R ,T M G O X I D E ,T M G Z R ,
& TMASS,CO N C , T C O N C ,NS,DOZRO,XZR,COG,C O I ,XOXIDE,CO(0:52),X0(0:52) IT=IT+!

IF (I T .LT.10) GOTO 7 
C IF (THETA.LT.0.01) GOTO 7

D S D T = (-DOZRO*(COI-COG)/XOXIDE+DOZR*(CZR(I)-CZR(O))/DELTAX)/
& (1.5968*C0I-CZR(0))

C IF (D S D T . G T .1 .1 1 E - 4 ) DSDT=I.11E-4
DELX=DSDT*(THETA-THETACLD)
QU=THET A-THET AOLD 
DELOXIDE=I.5958*DELX 
XZR=XZR-DELX
d e l t a x = x z r /n s
XOXIDE=XOXIDE+DELOXIDE 

7 PRINT *,THETA,DSDT,QU,XOXIDE
C W R I T E (54,*)T H E T A ,D S D T ,D E L X ,DELTAX,XOXI D E ,C Z R (I )

DCZR(O)=O 
DO 9 M = I 5NS-I
DCZR(M) = (C Z R (M + l )- 2 * C Z R (M ) + C Z R (M - I ))*D O Z R /DELTAX**2 

C PRINT*, M 5D C Z R ( M ) 5DCZRO(M),CZRO(M)5CZR(M)
9 CONTINUE

D C Z R (N S )=(2 * C Z R (N S - I )-2*CZR(NS))*D0ZR/DELTAX**2

Figure 23.-Continued

MASS OF OXYGEN ENTERING METAL
FZR=-DOZR*(C Z R (I )-CZR(O))/DELTAX 
C0NC=FZR*QU-0.0302*0ELX 
TCONC=TCONC+CONC 
TMASSZR=TC0NC*15.*2 
T M G Z R = T MASSZR*1000.
MASS OF OXYGEN REACTING TO OXIDE
f o x i d e =- d o z r o *( c o i - c o g )/xoxiDE
REACT=FOXIDE-FZR
0REACT=REACT*QU+O.0302*DELX
TOREACT=TOREACT+OREACT
TMOR EACT=TOR EACT *16.*2.
TMG0XIDE=TM0REACT*1000.
THETAOLD=THETA
RETURN
END
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Figure 23.-Continued
C
C

&
&

PRINTING SECTION
SUBROUTINE P R I NT(NI j NO)
C O M vD M Z T / T H E T A jN F l N jNRUNZYZCZR(OrEO)/F/
D c z r (O--So )Zp z n s t a r t jD o z r jD e l t a x jFz r j Tm g o x i d e jTm g z r j
T MASS,CONC,TCONC,NS,DOZRC j X Z R ,COG.COI,X O X I D E ,CO(0:52),X0(0:52)
Co m m o n z s y s t m i z t o jT F j T P jNd u m (A),e r r o r  '
DIMENSION S T O R E ( I I jS S jZ)
STORE MASS GAIN DATA IN FILE F0R010.DAT
TMG=TMG0XIDE t TMGZR 
SQT=THET a * * . 5 
RMIN=THETA*S0.
W R I T E (10,*)THETA,TMG0XIDE,TMGZR,TMG 
IrtSITE(30,*)R M I N jX O X I D E jXOXIDE,XOXIDE TCT=ICT+!
TX=TP*(ICT-1)
PRINTING SECTION TO STORE DATA, AND TO PLACE IT IN FILE 
F0R055.DAT IN PLOTGEN COLUMNER F O R M A T .
RENAME DATA TO COMMON VARIABLE NAMES (CO) & (XO)
XO(O)=O.0 
XO(I)=XOXID e  
DO 45 J = C jNS 
X0(J+2)=X0XIDE+J*DELTAX 

45 CONTINUE
CO(O)=COG 
CO(I)=COI 
DO 21 J = C jNS 
C0(J+2)=CZR(J)

21 CONTINUE
W R I T E ( N O J* ) T H E T A J (CC(I),I=OjNSrZ) 
W R I T E ( 5 5 J*)THETA,XOXIDE
STORE THE DATA
DO 11 I = O jNSrZ
S TORE(ICTjI jI)=XO(I)
STORE(ICTjI jZ)=CO(I)

11 CONTINUE
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C CHECK FOR END POINT
C

I F (IX.L I .TF)GOTO 12

STORE COLLECTED DATA IN PLOTGEN FORMAT IN FILE F0R055.DAT
WRITE(55,*)2*(ICT+l)-2 
WRITE(55,*)5 
DO 13 1=0,4
W R I T E (55,*)(STORE(u,1,1),0=1,IC T ),(STORE(0,1,2),J=1,ICT) 
W R I T E (55,*)((STORE(J,1,I),ST0RE(J,I,2)),0=1,I C T )

13 CONTINUE 
12 RETURN 

RETURN 
END

Figure 23.-Continued
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F i g u r e  24. C o m p u t e r  P r o g r a m :  N o n - I s o t h e r m a l  M o d e l  II.
PROGRAM TO MODEL THE DIFFUSION OF OXYGEN INTO ZIRCONIUM 
AND TO DETERMINE GAIN IN MASS AS A FUNTI ON OF TIIvE  
MASS IS IN GRAMS. AND TO CALCULATE A SURFACE OXIDE 
THICKNESS ASSUMING MASS TRANSFER IS OF CONTROLING 
IMPORTENCE.
BY BRIAN THIESEN
TIivE  IS IN HOURS. NUMBER OF PLOTS EQUALS TF/TP 
INITIALIZATION 
SUBROUTINE INITAL
COMMON/T/THETA,N F I N jN R UN/Y/ C Z R (0:250)

$ /F/DCZR(O :250)/PZNSTART,D OZR, D E L T A X ,F Z R ,T M G O X I D E ,T M G Z R ,
& TMASS,C O N C ,T C O N C ,N S ,D O Z R O ,X Z R ,COG,C O I ,XOXIDE,
& C O (0:252), X O (0:252),PF,NCT,T,TSS,TOREACT,TMOREACT 
& ,D E L X ,T M A S S Z R ,F O X ID E ,R E A C T ,O R E A C T ,THETAOLD

PRINT *, 'ENTER TEMPERATURE, 1/2 ZR THICKNESS'
READ *, T S S 1XZR 
PRINT*, 'ENTER # OF POINTS'
READ *, NS
PRINT *, 'ENTER PRINT FRACTION, #PRINT S = T F / P I / P F '
READ*, PF 
WRITE( 10,*)4 
W R I T E ( 10,*)119 
XOXIDE=0.000006 
DELTAX=XZRZNS 
CZR(O)=0.0302 
DO 4 1=1,NS 
CZR(I)=O 

4 CONTINUE
DO 3 I=0,NSr2 
CO(I)=O.
XO(I)=O.

3 CONTINUE
COG=.09444 
NSTART=O 
T=400.
FZR=O.
CONC=O.
TCONC=O.
TMASS=O.
TMGOXIDE=O.
TMGZR=O.
TOREACT=O.
Tm o r e a c t = O .
NCT=O 
RETURN 
END
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C DERIVITIVE SECTION
C

SUBROUTINE DERV 
SAVE
C O W O N / T / T H E T A , NFIN, NRUN/Y/CZR (0:250) /F/

& DC ZR (0:250) / P / NST ART ,DOZR, DELT A X , F Z R , TIvG O X  IDE, T M G Z R , 
a TM A S S ,C O N C ,T C O N C ,N S ,D0ZR0,X Z R ,COG,C O I ,X O X I D E , 
a C O (0:252),X O (0:252),Nd, RF,T ,TSS,TO R E A C T, TMOREACT 
a ,D E L X ,TMAS S Z R ,F O X ID E ,R E A C T ,O R E A C T ,THETAOLD

NON-ISOTHERMAL SECTION
IF (THETA.L T . 0.17221667) THEN 
T=295.814244-1+2798.269*THETA
ELSE IF (THETA.G E . 0.17221667 .AND. THETA.LT.0.504) THEN 
T = 1532.395+431.039 * L 0 G (T H E T A )
ELSE IF (THETA.GE.0.504) THEN 
T=TSS 
END IF
IF (T.GT.TSS) T=TSS 
D 0 Z R = 5 .2*3600.* E X P (-50800/1 .987 ZT )
DOZRO=O.0198789*2500.*EXP(-34327.908/1.937/T)
D O Z R O = I .5774E-5*3600.*EXP(-20668.539/1.9 8 7 / T )
DOZRO=I.1121*3500*EXP(-44574.11/1.987/T)C O I = .09481-4.5875E-5*T
INTERFACE EQUATION
IT=IT+!
IF (IT.LT.10) GOTO 7
D S D T = (-DOZRQ*(C O I - C O G )/XOXIDE+DOZR*(CZR(I)-CZR(O)) 

a /DELTAX/(1.5968*CQI-CZR(0))
DELX=DSDT*(THETA-THETAOLD)
QU=THET A-THET AOLD 
DELOXIDE=I.5968*DELX 
XZR=XZR-OELX 
DELTAX=XZRZNS 
XOXIDE=XOXIDE+DELOXIDE 

7 DCZR(O)=O
DO 9 M = I,NS-I
D C Z R ( M ) = (C Z R (M+ l )- 2 * C Z R (M ) +CZR(M-I))*D0ZR/DELTAX**2 

9 CONTINUE
D C Z R (N S )=(2 * C Z R (NS-I)- 2 * C Z R (NS))*D0ZR/DELTAX**2
MASS OF OXYGEN ENTERING METAL
F Z R = - D O Z R * (C Z R (I )- C Z R (O ))/DELTAX 
C0 N C = F Z R * q U - 0 .0302*DELX 
TCONC=TCONC+CONC 
TMASSZR=TC0NC*15.*2 
T M G Z R = T MASSZR*1000.
TMIN=TKETA*50.
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Figure 24.-Continued

MASS OF OXYGEN REACTING TO OXIDE
FOXIDE=-DOZRC*(C O I - C O G )ZXOXIDE 
REACT=FOXIDE-FZR 
0REACT=REACT*QU+0.0302~DELX 
TOREACT=TOREACTfOREACT 
T M O R E ACT=TOREACTrLS.*2 - 
TMG0XIDE=TM0REACT*1000.THETAOLD=THETA
RETURN
END
PRINTING SECTION 
SUBROUTINE PRINT(NI j NO)
c o m y o n /t /Th e t a jN f i n jNr u n z y z c z r (0:250)/f /

& DC Z R (0:250)Z P Z N S T A R T ,D O Z R ,D E L T A X ,F Z R ,TMGOXI D E ,T M G Z R , 
& Tm a s s jCo n c jT c o n c jN s jD o z r o j Xz r jCo g jC o i j Xo x i d e j 
& Co(O L z s z ) jXo(O z z s z ) jP F jN c T jT jT S S jT O R E A C T jTMOREACT a ,DELXjT M A S S Z R ,F O X I D E ,REACT,O R E A C T ,THETAOLD 

C oMMoNzSYSTMiZTOjT F jT P jN D U M ( A ) ,ERROR 
DIMENSION STORE ( I l jZ S Z jZ)
STORE MASS GAIN DATA IN FILE F0R010.DAT
RMIN=THETA*50.
TMG=TMGOXIDEfTMGZR 
W R I T E ( 1 0 J* ) R M I N JT M G 0XIDEJTMGZR,TMG 
v\iR ITE (33,*) T HETA ,XOX IDE
PRINT ONLY AT DESIRED INTERVAL BY CONTROL OF PF
PRINT *,RMIN 
NCT=NCTfl
IF(THETA.EQ.O.) GO TO 27 
IF(NCT.LT.PF) GO TO 12 

27 NCT=O
ICT=ICTfl 
T X = T P * (IC T - I )*PF
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Figure 24.-Continued

PRINTING SECTION TO STORE OXIDE GROWTH DATA, AND TO PLACE 
DATA IN FILE F0R055.DAT IN PLOTGEN COLUMNER F O R M A T .
RENAME DATA TO C C M vO N  VARIABLE NAMES (CO) & (XO)
XO(O)=O.O 
X0(1)=X0XIDE 
DO 45 J=O,NS 
X O (J + 2 )=XOXIDE t J*DELTAX 

45 CONTINUE
CO(O)=COG 
CO(I)=COI 
DO 21 J=C,NS 
CO(JtD)=CZR(J)

21 CONTINUE
WRITEfNO,*)THETA,(CO(I),1=0,NSt2)
STORE THE DATA
DO Tl I=0,NS+2 
STOREfICT,!,1)=X0(I)
ST O R E (ICT,I,2)=C0(I )

11 CONTINUE
CHECK FOR END POINT 
IF(TX.LT.TF)GOTO 12
STORE COLLECTED DATA IN PLOTGEN FORMAT IN FILE F0R055.DAT
WRITE(55,*)2*(ICTtl)-2 
W R I T E (55,*)NSt3 
DO 13 I=0,NSt2
WRITEf55,*)((STORE(J,I,I ) ,STORE(J,I,2)),J=1,ICT)

13 CONTINUE
12 RETURN 

END



n
o

n
 

n
o

o
o

n
n

o
n

n
99

Figure 25. Computer Program: Model III, Difusion model 
to determine the time to reach 99.99% saturation at the midplane.

PROGRAM TO MODEL THE DIFFUSION OF OXYGEN INTO ZIRCONIUM.
BY BRIAN THIESEN

TIME IS IN HOURS. NUMBER OF PLOTS EQUALS JF/JP 
INITIALIZATION 
SUBROUTINE INITAL
COMMON/T /THETA,N F I N .NRUN/Y/CZR(0:50)

$ /F/DCZR(0:50)/P /N S T A R T .D G Z R ,D E L T A X ,F Z R ,T M G O X I D E ,T M G Z R ,
& T M A S S ,C O N C ,T C O N C ,N S ,D O Z R C ,XZ R , C O G jCOI,XOXIDE,C O (0:52).X O (0:52) 

PRINT *, 'ENTER TEMPERATURE, 1/2 ZR THICKNESS,
& AND NUMBER OF POINTS '

READ *, T , X Z R jNS 
R=1.987
D 0 Z R = 5 .2*3500.* E X P (-50800/R/T)
d e l t a x = x z r /n s  
CZR(O)=O.0302 
DO 4 I=IjNS 
CZR(I)=O 

4 CONTINUE
DO 3 I = O jNS t Z 
CO(I)=C.
XO(I)=O.

3 CONTINUE
NSTART=O 
END
DERIVITIVE SECTION
SUBROUTINE DERV 

C SAVE
COMMON/T/THETA,NFIN,NR U N / Y / C Z R (0:50)/F/

& DCZR(0:50)/P/NSTART,DOZR,DELTAX,FZR,TMGOXIDE,TMGZR,
& TMASS,C O N C jT C O N C , N S jD O Z R O jXZR,C O S , C 0 I JX0XIDE,C0(0:52)JX0(0:52) DCZR(O)=O 

DO S M = I 5NS-I
DCZR (M) = ( CZR (NH-I) -2*CZR (M ) + C ZR (M - I ))*D0ZR/DELTAX”*2 

9 CONTINUE
D C Z R (N S )=(2 * C Z R (N S - I )- 2 * C Z R (NS))*D0ZR/DELTAX**2 
END
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C PRINTING SECTION
C

Figure 25.-Continued

&
&

SUBROUTINE P R I N T (NI,NO)
C O W O N / T / T H E T A , N F I N 5N R U N / Y /CZR (0:50) /F /
D C r R (O :50)/P/NSTART,D O Z R ,D E L T A X ,F Z R ,T N S O X I D E 5TMGZR

DIMENSION STORE-11,52,2)
52)

PRINTING SECTION TO STORE DATA, AND TO PLACE IT IN FILE 
F0R055.DAT IN PLOTGEN COLUMNER F O R M A T .
RENAME DATA TO COMMON VARIABLE NAMES (CO) 6 (XO)
XO(O)=O.O 
XO(I)=XOXID e 
DO 45 U = G 5NS 
X O (042)=XOXIDE^J^DELTAX 

45 CONTINUE
CO(O)-COG
CO(I)=COI.
DO 21 U = O 5NS 
CO(JrZ)=CZR(J)

21 CONTINUE
!NRITE(NO,w )THETA, (CC(I)5I = O 5NSrZ) 
l ^ I T E  (55,*) THETA, XOXIDE
STORE THE DATA
DO 11 I=O5NSfZ 
S T O R E d C T 5I , D = X O ( I )
S T O R E (ICT51,2 ) =CO(I)

11 CONTINUE

CHECK FOR END POINT
I F (T X .L T .T F )GOTO 12
STORE COLLECTED DATA IN PLOTGEN FORMAT IN FILE FOR055.OAT

13
12

WRITE; 55,*)2*( I C T r D - Z
WR1TE(55,*)5
DO 13 1=0,4
W R I T E ; 5 5 , * ) (STORE(J5I 5I ) ,J=I5I C T ) , (STORE;J 5I .2),J = I 5ICT) 
W R I T E (55,*)((STORE(J5I 5I) , S T O R E ( J 5I 5Z ) ),J=I5ICT)
CONTINUE
RETURN
RETURN
END



MONTANA STATE UNIVERSITY LIBRARIES

3 762 10023624 7


