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SUMMARY

The isothermal reaction rates of steam and Zircaloy-4 were deter-
mined at 50°C (90°F) intervals from 900 to 1500°C (1652—2732°F). The
following correlations were obtained for oxide, alpha, and Xi layer

growth and for total oxygen consumption:

52/2 = 0.01126 exp(—35890/RT) em?/s for 1000°C < T < 1500°C,
aé/z = 0.7615 exp(—48140/RT) cm?/s for 900°C < T < 1500°C,

aé/z = 0.3412 exp(=41700/RT) cm?/s for 1000°C < T < 1500°C,

a%/z = 0.1811 exp(—39940/RT) (g/cm?)?/s for 1000°C < T < 1500°C,

where the 6%/2 are the parabolic rate constants (6%/2 = K dK/dt), ¢,
o, & refer to oxide, alpha and Xi layer growth, respectively, and 1

represents total oxygen consumed. The correlations for ¢, £, and 1

are not valid below ~ 1000°C (1832°F) because below this temperature
the oxide layer growth does not follow parabolic kinetics.

The conditions under which these data were obtained were carefully
characterized and the experimental procedures fully documented, especially
with regard to the accuracy of temperature, time, and phase thickness
measurements. The data were subjected to a rigorous statistical analysis,
and at the midpoint of the reciprocal temperature determinations
fv 1200°C (2192°F)] the uncertainty on 6%/2 at the 90% confidence level
was 2.5, 5.8, 1.5, and 1.7% for the oxide, alpha, Xi, and total oxygen
rate constants, respectively. At the extremes of the temperature range
these uncertainties were somewhat greater; e.g., at 1500°C (2732°F)
values of 4.3, 10.1, 2.6, and 2.9%, respectively, were obtained. An
absolute error analysis is also supplied. Within the limits thus
established and for the comparatively ideal oxidation conditions used,
we consider this isothermal data set to be highly reliable.

A series of scoping tests demonstrated that neither steam flow
rate (above steam starvation levels); steam temperature; the presence
of reasonable concentrations of oxygen, nitrogen, or hydrogen in the
steam; nor small variations in alloy composition significantly influence

the isothermal oxidation rate of Zircaloy-4.
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Two computer codes, SIMIRAN and BILD5, were written that together
successfully predict the thickness of the compact oxide and oxygen-—
stabilized alpha layers formed and total oxygen consumed during most
transient temperature oxidation experiments. Exceptions involve certain
postulated two-peak LOCAs where the phenomenon of "anomalous transient
temperature oxidation' is observed. The probable mechanism of this
effect is discussed in detail in the body of the report. The computer
codes also do not model the formation of alpha incursions or precipi-
tates in the beta regions of the fuel tubes during the cooling phase of
a temperature transient.

Areas in which it is suggested that further correlations be
developed or additional research performed include: (1) the effect of
fuel tube deformation on oxidation rate; (2) the phenomenon of the
formation of alpha incursions as related to the mechanical properties

of Zircaloy-4; and (3) anomalous transient temperature oxidation effects.



ZIRCONIUM METAL-WATER OXIDATION KINETICS IV.
REACTION RATE STUDIES

J. V. Cathcart, R. E. Pawel, R. A. McKee, R. E. Druschel,
G. J. Yurek,* J. J. Campbell, and S. H. Juryt

ABSTRACT

The isothermal rates of oxide, oxygen-stabilized alpha,
and Xi layer growth and of total oxygen consumption of
Zircaloy-4 in steam were determined from 900 to 1500°C
(1652—2732°C) and described in terms of analytical expres-
sion for the appropriate parabolic rate constants. Compar-
ison of the results with existing rate data demonstrates
the relative conservatism of the Baker-Just correlation.
Scoping tests of the effects on isothermal oxidation rates
of such system parameters as steam flow rate, injection
temperature, and purity and of small changes in alloy
composition showed these variables to have small or
negligible effects. Experimental transient temperature
oxidation behavior was found to be predictable by com-
puter codes designed for that purpose; the only exception
found was the case of certain hypothetical two-peak LOCA's.
The probable cause for this exception is discussed in terms
of the monoclinic-~tetragonal phase transformation of the
oxide. An error analysis of the oxidation data is presented
in both statistical and analytical terms, and possible kinetic
effects of hydrogen dissolved in oxidized samples are
considered and concluded to be negligible.

*Dept. of Materials Science and Engineering, Massachusetts Institute
of Technology, Cambridge, MA 02139.

+Consultant, University of Tennessee, Knoxville, TN.



INTRODUCTION

Models of hypothetrical loss-of-coolant accidents for light water
nuclear power reactors generally involve an excursion in temperature
for parts of the reactor core in which the reaction of the Zircaloy
fuel rods with the steam environment may become appreciable. The
effects of the Zircaloy-steam reaction must be considered in the
emergency core cooling system design because of their potential influence
o1 both the thermal and mechanical behavior of the system. Thus, it has
been considered important to establish a capability to evaluate and pre-
dict quantitatively the extent of the oxidation reaction during transient
temperature exposures.

The primary purpose of the present program is to provide reliable
kinetic measurements describing the reaction of Zircaloy with steam at
high temperatures. This information will provide a basic data set to
be used as input to computer codes to predict the oxidation behavior of
LWR fuel cladding during the various temperature excursions anticipated
for hypothetical LOCA's. This report constitutes the final report of
the oxidation kinetics phase of this research. Previous reports of
this work, which contain many of the details not emphasized here, are

the Quarterly Report series,l 2-5

6-7

several topical reports, and other
publications.
The oxidation of Zircaloy at temperatures above the alpha-beta
transformation will generally result in two distinct product layers
growing into the host beta: the outermost oxide phase, and an inter~
mediate layer of oxygen-stabilized alpha. During cooling of the speci-
men to room temperature, the beta core transforms back to alpha. However,
the metallographic appearance of this material is significantly different
from that of the oxygen-stabilized alpha, and the 'prior beta" is easily
recognized. The growth rates of these product layers are conveniently
measured parameters that may be used to describe the oxidation kinetics.
In addition, it is possible to utilize the phase thickness measurements,
in conjunction with other information, to calculate the total oxygen
consumption. The bulk of the experimental effort in this program was

directed at obtaining kinetic data for these parameters over the



temperature range 900—1500°C. In addition, computer codes were developed
that utilized these data to predict oxidation behavior during transient

temperature reactions.

EXPERIMENTAL PROCEDURES

The accurate measurement of réaction kinetics at elevated tempera-
tures requires a considerable effort in order to keep experimental
errors within acceptable limits. The apparatuses and procedures
utilized in this program were developed with these problems in mind, and
particular attention was directed throughout the research to assure that
accurate temperature measurements would be characteristic of all
experiments.

In order to accomplish all of the necessary tests, two experimental
steam oxidation apparatuses were constructed. Both apparatuses utilized
the multispecimen technique to examine the reaction kinetics. The first,
called MaxiZWOK, was based on a high thermal inertia furnace system, with
steam at or near the desired reaction temperature being passed over the
specimen. In this apparatus, the temperature of the specimen was not
controlled directly but was governed by its response to the heat trans-
fer from its steam and furnace enviroument. With this apparatus tests
could be conducted at comparatively high steam flow rates and insertion
temperatures. The second apparatus, called MiniZWOK, was based on a
low thermal inertia furnace system in which the specimen was heated in
flowing steam by a powerful radiant heating furnace. In this case,
the specimen temperature was controlled directly by regulating the
power to the furnace. A temperature programming capability for this
system made it convenient for performing both isothermal and transient-
temperature oxidation experiments.

Both apparatuses were developed and improved during the course of
this investigation and the chronology of these changes can be followed

1 The most important changes came about in

in the Quarterly Reports.
an effort to improve the accuracy of temperature measurements of the
gspecimen during oxidation. For example, the original MiniZWOK apparatus

was designed to oxidize both inner and outer surfaces of the Zircaloy



tube specimens. Preliminary experiments with this apparatus uncovered
a number of problems involving temperature measurements that were
alleviated when the system was modified to allow oxidation on

the outer tube surfaces only.

Thermocouple Selection and Calibration

A prime goal in the Thermometry Task of this program was to provide
temperature measurements traceable to the International Practical
Temperature Scale of 1968 (IPTS-68). 1In the temperature range 900 to
1500°C (1652—2732°F), the IPTS-68 is based on two instruments: (1) the
Pt vs Pt—10% Rh thermocouple, which spans the range 630.74 to 1064.43°C
(v 1167—1948°F), and (2) above 1064.43°C (v 1948°F), a radiation
pyrometer using the Planck Law of radiation with 1064.43°C (v 1948°F),
as the reference temperature and a value of 0.014388 meter-kelvin for
Cy, in the radiance equation.8

Because of its convenience aud superior characteristics for both
the oxidation and diffusion experiments, nowinal Pt vs Pt-10% Rh thermo-
couples (type S) were used as our primary means for determining tempera-
ture. The supplies of platinum and Pt—-107% Rh reference grade thermocouple
wire were cobtained from the Sigmund Cohn Corporation.* Individual lots
were fabricated from the same heat in order to minimize calibration
differences. Several wire diameters were specified, but subsequent
testing revealed no differences in the performance of thermocouples
made from 0.008, 0.025, and 0.051 cm (0.003, 0.010, 0.020 in.) diam
wires. Therefore, for the sake of ease of handling, the 0.025 cm
(0.010 in.) diam wire was used exclusively in all later experiments.

Prior to calibration all thermocouple wires were subjected to an
air anneal. The initial annealing schedule, 6 hr at 1300°Cc (2372°F),
produced no difficulties with the pure platinum wire, but the tensile
strength of the Pt—10%7 Rh was reduced by 30% and its total elongation
by 45%. This deterioration of mechanical properties was shown metallo~

graphically to be related to excessive grain growth in the wire during

*#Sigmund Cohn Corp., 121 S. Columbus Ave., Mt. Vernon, NY, 10553.



the anneal; the average grain size after anneal was about half the wire
diameter. Therefore, a less demanding annealing schedule was adopted:
2 min at 1400°C (2552°F), 20 min at 1200°C (2192°F), 1 hr at 1000°C
(1832°F), and 2 hr at 500°C (932°F). This treatment produced wires
composed of relatively small, equiaxed grains, and the mechanical
properties of the wires were not degraded.

The actual calibration of the various thermocouple combinations
was carried out in the Metrology Research and Development Laboratory,
Instruments and Controls Division, Oak Ridge National Laboratory. The
procedure used involved several comparison calibrations of the thermo-
couple wires to 1500°C (2732°F). Several thermocouples, including two
NBS—calibrated Pt vs Pt—107% Rh thermocouples, were connected to a common
hot junction and the emf values of various pairs compared with the
standards. A detailed description of the calibration procedure was
given in a previous report.3

The data obtained indicated that the thermoelectric properties of
our wires were excellent. The Pt vs Pt—10%Z Rh wire behaved very much
like the NBS-calibrated thermocouples.

This calibration procedure represented an attempt to achieve, under
ideal conditions, measurements of temperature with maximum uncertainty
of +2°C (3.6°F) on IPTS-68 at 1500°C (2732°F). Below 1064°C (1947°F),
estimated uncertainties of thermocouple calibrations were less than
£0.2°C (0.36°F) at fixed points and less than *0.3°C (0.54°F) for table

9 These uncertainties increased above

values between fixed points.
1064°C (1947°F). At 1450°C (2646°F) an uncertainty of +1°C (1.8°F)
is given for an NBS calibrated Pt vs Pt—10% Rh thermocouple, and we
estimated an uncertainty of *1.5°C (2.7°F) for our thermocouples at
1500°C (2732°F). Thus our goal of an uncertainty of *2°C (3.6°F) at
1500°C (2732°F) appears to be realized except for possible problems
associated with thermocouple decalibration during installation and use.
We addressed this latter concern by submitting for recalibration
a Pt vs Pt—10Z Rh thermocouple that had been used in several experiments
between 900 and 1475°C (1652—2687°F) for approximately 3 hr. This
thermocouple was tested to 1000°C (1832°F), and the results of the



recalibration gave no evidence of decalibration problems. Portions of

a similar thermocouple were also submitted for chemical analysis. There
was no indication of significant contamination which might lead to
decalibration of the thermocouples.

A feature of our experimental procedure that mitigates decalibration
difficulties is the facit that in a normal experiment the thermocouple
hot junction is made by welding the thermocouple leads to a small tab
of tantalum that is in turn welded directly to the specimen. At the
end of an experiment the leads are clipped off just below the hot
junction, and an entirely new hot junction is formed on the next speci-
men. Thus any contaminants near the hot junction are eliminated before
they have time to diffuse far enough along the thermocouple wires to

produce problems.

Thermocouple~Specimen Compatibility

The Zircaloy-steam reaction is highly exothermic (AH @& 140 kcal/mole
in the temperature range of interest), and significant self-heating of a
Zircaloy specimen can occur under conditions where the rate of oxidation
is high. Therefore, in osrdexr to monitor accurately the temperature of
an oxidizing sample, we considered it essential that metal-to-metal
contact be maintained at all times between the specimen and the
thermocouples.

Unfortunately, platinum-base thermocouples cannot be attached
directly to Zircaloy specimens used in experiments above v 1150°C
(2102°F) because of the formation of a low melting [1185°C (2165°F)]
Pt-Zr eutectic (see Fig. 1). We circumvented this problem by inserting
tantalum or iridium tabs [2 x 2 x 0.075 mm (0.08 x 0.08 x 0.003 in.)]
between the thermocouple and the specimen. The thermocouple leads were
first spot welded together on the tabs, and the tabs wevzs then spot
welded to the specimen.

Tan .alum proved to be an excellent tab material when used in
vacuum, as in our diffusion experiments, or in an inert gas, as in ourx
low thermal inertia oxidation apparatus (see below). A Zr-Ta eutectic

melting at ~ 1850°C {3%€2°%) has been reported!! but produced no problems.
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Fig. 1. Platinum~Zirconium Phase Diagram After Hawkins and
Hultgren.10

A narrow diffusion zone between a tab and a Zircaloy diffusion specimen
could be detected after a 30 min anneal at 1450°C (2642°C), but because
the junction between tab and specimen always consisted of metal with
good thermal conductivity, we see no reason to question the validity of
this form of thermocouple attachment. No Pt-Ta phase diagram appears
to be available, but metallographic examinations of the Pt-Ta interface
showed little evidence of interaction. The only disadvantage of the
tantalum tabs was the’necessity to protect them from steam during our
oxidation experiments. A cross—section through a thermocouple-tab-
specimen weld area is shown in Fig. 2. The specimen was from an experi-
ment in the MiniZWOK apparatus, (8-74), in which oxidation for 339 s at
1153°C (2107°F) took place. A good connection between the thermocouple

bead, the tab, and the specimen is seen to exist.



Fig. 2. Cross Section Through Thermocouple and Tantalum Tab Spot
Welded to Zircaloy-4 Specimen. Outer surface of specimen tube was
oxidized 339 s at 1153°C (2107°F). 75x.

Because it was much more difficult to protect the thermocouple tabs
in the preliminary version (two-sided oxidation) of the MiniZWOK appara-
tus, we originally employed iridium tabs for use in steam where, in the
temperature range of interest, iridium is inert. We were unable to find
a Zr-Ir phase diagram in the literature, and preliminary annealing

la i, vacuum did indicate the formation of a Zr-Ir eutectic between

tests
1200 and 1300°C (2192-2372°F). However, in these tests the specimen was
heated at a rate of 400°C/hr (720°F/bx), thus providing ample time for
interdiffusion between the sample and tab. In-a much shorter test, at

a temperature of ~ 1400°C (2552°F) and carried out under the time-
temperature regime shown in Fig. 3, the thermocouple did remain attached
to the specimen throughout the experiment. Subsequent metallographic
examination of the specimen (Fig. 4) showed evidence of liquation in

both the tab and the specimen. However, melting was confined to the

immediate vicinity of the tab, the tab itself was not penetrated (thus
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Fig. 4. Cross Section of Zircaloy—-4 PWR Tube Specimen after Exposure
in Steam According to the Temperature Cycle of Fig. 3. This illustrates
the interaction zone associated with the weld between the iridium tab (on
inside of tube) and the specimen. As polished, bright field, 62x.
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protecting the thermocouple leads from attack), and good physical and
thermal contact was maintained between the tab and specimen throughout
the experiment. For these reasons and because we anticipated oxidation
experiments of durations considerably less than 4 min at these very
high temperatures, we were confident that iridium tabs could have been
used successfully as needed in our oxidation rate studies. The modifi-
cation of the MiniZWOK apparatus to produce oxidation only on the outer

surface made it more practical to use the tantalum tabs.

Apparatus Description-MaxiZWOK

The MaxiZWOK steam oxidation apparatus is shown schematically in
Fig. 5. The main components of this system are the superheated steam
and distilled water supplies, the furnace and reaction tube, the speci-
men insertion device, and the instrumentation arvangements. The apparatus
provides for superheating steam at high flow rates and brings it in con~
tact with Zircaloy tubing specimens under well-documented conditions.

The incoming steam (65 psig) from the ORNL plant steam system
passes through a separator, is metered, and enters the superheater at a
pressure of 5560 psig. Tests on the plant steam have revealed that the
oxygen is maintained at less than 0.5 ppm, total soluble gases are less
than 15 ppm, and total solids are approximately 0.4 ppm. The superheater
consists of two coils of 0.95 cm (3/8 in.) OD Inconel 600 tubes that are
resistance-heated. Power to the coils is furnished by four 5 KVA step-
down transformers each fed by a Variac. The temperature of the Inconel
at several points near the top (and hottest portion) of the superheater
is monitored at all times as part of the "surveillance" thermocouple
system. The superheater system is well-insulated with high temperature
material (Kaowool). This arrangement proved capable of delivering
approximately 1 1b/min of steam at temperatures up to 1000°C (1832°F)
to the reaction chamber. Inconel tube temperatures approaching 1200°C
(2192°F) were common. At these mass flow rates, the linear velocity of
the steam was estimated to be about 20 m/s (66 ft/s) in the reaction

chamber, and a few hundred m/s in the superheater tube.
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The steam enters the top of the reaction chamber through an Inconel
"header'", where the steam temperature is measured by a Pt/Pt—10% Rh
thermocouple attached to a platinum support located in the middle of
the steam stream. The output of this thermocouple actuates a Speedomax H
recorder-controller system that maintains the inlet steam temperature at
the desired value by pulsing power to the superheater.

The reaction chamber consists of a 2" ID alumina tube surrounded
by a muffle furnace. The primary purpose of the furnace is to prevent
excessive heat losses from the steam before it contacts the specimen
and to prevent excessive radiation losses from the specimen to the
chamber wall. A thermocouple located in the annular region between the
furnace and the specimen tube is used in conjunction with another
Speedomax H system to control the power to the furnace. Generally, the
furnace temperature is set equal to (or slightly above) the inlet steam
temperature.

As shown in Fig. 5, a fraction of the steam leaving the separator
is condensed and cooled for use in the steam desuperheater and specimen
quench bath. Thus, all water coming in contact with the specimen in the
apparatus is distilled water.

The surveillance thermocouple system consists of twelve Chromel-
Alumel thermocouples located at important points on the apparatus. A
twelve~point recorder operates continuously during the course of an
experiment, serving as an early warning system for incipient troubles
in critical parts of the apparatus. Particular attention needs to be
paid to temperatures in the superheater system in order to prevent
them from becoming excessive. The possibility of a rupture of a super-—
heater tube operating at a high-temperature, high-flow condition creates
some interesting scenarios.

The specimen consists of a 46 cm (18 in.) length of Zircaloy tubing.
A small segment of the tube in close proximity to the thermocouple
stations actually serves as the basic specimen; the remainder functions
simply as support for the specimen and the thermocouple leads.

The specimen is cut from a standard PWR tube section. At a point

approximately 20 cm (8 in.) from the forward end, a series of staggered
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"ventilation' slots is cut in the tube in order to provide a path for
the steam flow through the interior of the tube and to interfere with
heat conduction from the upper end of the tube to its cooler lower
portions. The tube is then cleaned thoroughly with a detergent solution,
washed in alcohol, rinsed with distilled water, and dried.

Three thermocouple installations are made on the specimen. Generally,
all three are located on the outside of the tube, 120° apart, at a point
5 e¢m (2 in.) from the upper end. After oxidation, the tube is sectioned
at this elevation for appropriate metallographic measurements. If
desired, a different arrangement of the thermocouples can be made. As
mentioned previously, the thermocouples are 0.025 ¢m (0.010 in.)
Pt/Pt—10% Rh calibrated, reference—gfade materials encased in high-
purity alumina to a distance of about 1.2 cm (0.5 in.) from the welded
junctions. The ceramic tubes are positioned along the axis of the
tube and are held in place with several Nichrome wires. The outputs
of the three thermocouples attached to the specimen are fed directly
to one single-channel and one two-channel Esterline~Angus recorders.

The specimen temperature from insertion to quench can thus be monitored
at various chart speeds and sensitivities. In addition, a switch is
available to read the specimen thermocouple output directly on a Leeds
and Northrup K~3 potentiometer.

The instrumented specimen is installed in the apparatus in a collet
chuck located atop the plunger of a small hydraulic ram that serves as
the insertion system. The thermocouple connections are completed via
terminals located on a bakelite cylinder beneath the chuck. With the
specimen in place, the panel door to the specimen chamber is fixed
tightly in place with clamps. Distilled water is circulated in the
specimen chamber to keep the specimen cool prior to its insertion into
the reaction tube; this arrangement, in conjunction with the spray
desuperheater, also serves as an efficient quench bath at the conclusion
of the experiment.

Very concisely, an experiment in MaxiZWOK is conducted as follows:
{1) The instrumented specimen is mounted in the specimen chamber.

(2) With steam flowing through the system, power to the steam superheater

coils is increased until the desired steam temperature is reached.
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Concurrently, the furnace temperature, measured by a thermocouple located
in the annulus between the furnace wall and the reaction tube, is brought
into control at the desired value. (3) The hydraulic insertion system

is activated, driving the specimen into the reaction chamber. The time-
temperature response of the specimen is monitored. (4) At the conclusion
of the experiment, the specimen is withdrawn from the reaction chamber
into the quench bath. The oxidized specimen is now ready for metallo-

graphic analysis.

MaxiZWOK Temperature Control and Recording Systems

Power to the steam superheater is controlled by the signal from the
Pt vs Pt—107% Rh thermocouple located at the upper end of the reaction
tube. An ice bath cold junction is utilized, and control is provided by
an L&N Speedomax H recorder-controller. The furnace temperature is con-
trolled by the Chromel-Alumel thermocouple in the furnace annulus, again
using a Speedomax H controller with a built-in temperature compensator,
The outputs from measuring Pt vs Pt—10% Rh thermocouples avre fed into
two Esterline Angus, Model 1102S recorders; one of the couples is wired
through an L&N DPDT, low-thermal-emf, copper switch so that its signal
can also be read on the K-3 potentiometer. The calibration of the
Esterline Angus recorders is checked before and after each experiment
using a portable potentiometer; however, as in the case of MiniZWOK, the
accepted temperatures are based on the K-3 potentiometer readings.

At the control temperature, a MaxiZWOK specimen is subjected to
temperature oscillations of about #2°C (3.6°F). Two frequencies and
amplitudes of oscillations were observed related to the independent

control of the steam superheater and furnace temperatures.

Apparatus Description-MiniZWOX

The bulk of the reaction rate experiments were performed in the
MiniZWOK apparatus, a low thermal inertia system in which the tempera-
ture of the specimen (rather than that of its surroundings) is controlled
in a programmed time-temperature excursion. A schematic diagram of the

MiniZWOK steam oxidation apparatus is shown in Fig. 6. As mentioned
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Fig. 6. Schematic Diagram of the MiniZWOK Oxidation Apparatus.

previously, this apparatus has been improved in a number of ways since
its inception and hasrperformed efficiently in producing well-
characterized experiments under rather extreme experimental conditioms.
The reaction chamber consists of a 60 mm (2.36 in.) OD quartz tube
60 cm (23.6 in.) long with a Zircaloy-4 PWR tube specimen [30 mm long
by 10.92 mm OD by 9.65 mm ID (1.18 x 0.430 x 0.380 in.)] supported at
its center between two smaller quartz tubes. During an experiment,
steam flows past the outside surface of the specimen, and a slight

positive pressure of helium is maintained inside the support tubes in
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order to prevent ingress of steam to the interior of the specimen. A
helium flow rate of v 0.2 cc/s is used for this purpose. Steam is
generated in an all-glass boiler (not shown in the figure). For most
experiments the steam flow rate was adjusted to 30 g/min (0.066 1b/min)
which corresponds to a linear velocity of about 1 wm/s (3 ft/s) past the
specimen in the reaction tube.

The furnace surrounding the reaction chamber is a Research, Inc.
quadelliptical radiant heating chamber, Model E~4, with a hot zone of
25.4 cm (10 in.). Specimen heating rates in excess of 150°C/s (270°F/s)
can be attained with this unit, and the respounse of both the furnace and
its controller is very fast. These characteristics, plus the fact that
the furnace is controlled directly by the specimen temperature, prevent
specimen over-heating and allow essentially isothermal conditions fo be
maintained during oxidation.

The specimen is instrumented with three Pt vs Pt—10% Rh thermo-
couples. As described earlier, the hot junctions are formed by spot
welding the thermocouple leads to small tantalum tabs [2 x 2 x 0.075 mm
(0.08 x 0.08 x 0.003 in.)] that are in turn welded to the interior of
the sample near its midpoint. One thermocouple is connected to the
temperature controller, and the other two are used as measuring couples.
The two measuring couples are positioned 180 degrees apart at the same
elevation. Depending upon the duration of the experiment and the desired
sensitivity, the temperature-time excursion of the specimen as sampled
by each of the monitor thermocouples is determined by either a recorder
chart output, multiple readings on the standard L. & N K-3 potentiometer,
or the CODAS (Computer Operated Data Acquisition System). These mea-
suring systems will be discussed later.

This general design was adopted so that the tantalum thermocouple
tabs could be protected from the steam and also to minimize thermal
shunting effects. The latter purpose is also served by the tantalum
heat shield inserted into the upper portion of the specimen. A lower
heat shield is formed by the ends of the double-bore, DeCussit AL-23,
high~purity alumina insulators used to separate the lower portions of

the thermocouple leads. The upper parts of insulators are within the
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furnace and also serve to preheat the helium before it reaches the
interior of the specimen.

An experiment in MiniZWOK may be described briefly as follows:
(1) The instrumented specimen is mounted in the apparatus as shown in
the illustration. (2) The steam and helium flow is started and sufficient
time is allowed to purge the air from the apparatus. During this period
the furnace is on at very low power to eliminate condensation in the
vicinity of the specimen, which is ‘maintained at a temperature less than
200°C (392°F). (3) the CODAS is activated for the two monitor thermo-~
couples. (4) The specimen is now driven through the desired time-
temperature cycle by means of the programmable controller which actuates
the quadelliptical radiant heating furnace surrounding the specimen.
Sufficient cooling is available to perform an effective quench at the
end of an "isothermal" experiment. (5) After the experiment, the
specimen is removed from the apparatus for analysis. The thermocouple
tabs are left in place so that the metallographic measurements can be

referenced to the monitor thermocouple positions.

MiniZWOK Temperature Control and Recording System

The instrumentation for this apparatus is more complex than that
for MaxiZWOK and is indicated schematically in Fig., 6. All Pt wvs
Pt—107% Rh thermocouple wires are led out of the system uninterrupted
through ports sealed with silicone rubber or Teflon and from thence
to an ice bath where they join low thermal emf copper telephone wires.

Temperature control of the specimen is maintained with a Research,
Inc. Model D-30 MicroThermac Controller associated with a Data-Trak
Programmer for virtually any time-temperature regime. The signals from
the two measuring thermocouples, after passing through a thermal free,
multiposition switch (Contact resistance < 0.001 ohm, thermal emf < 1 uv),
may be (1) read on an L & N K~3 potentiometer, (2) recorded by a two-
channel strip chart recorder (Esterline Angus, Model 11025, a multi-span
unit with calibrated zero), or (3) fed to the computer operated data
acquisition system (CODAS). The CODAS system has been described in

12

detail elsewhere. In our system the CODAS computer periodically
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reads the thermocouple emf (25 readings in 2 msec), calculates an
average emf for a specified number of readings, converts the emf to
temperature according to the emf-temperature calibration for our particu-
lar Pt vs Pt—10% Rh thermocouple wires, and either prints the time and
the averaged temperature at specified intervals with the aid of a tele-
type or records this information on magnetic tape for later retrieval.
The CODAS system is calibrated directly before and after each experiment
with a Dial-A-Source voltage unit (General Resistance, Inc., Model
DAS-47A1) that itself is compared against our K-3 potentiometer.

Care was exercised in properly wiring, grounding, and shielding
the various components of the MiniZWOK control and recording system in
order to eliminate ground loops and other parasitic emf's., In addition
it was found that considerable high frequency noise was introduced into
the system by the operation of the silicon-controlled rectifiers of the
furnace power supply. For this reason a low band pass filter with a
cutoff above 50 Hz was installed between the multiposition switch and
the CODAS amplifier (items 19 and 24 in Fig, 6). The filter, installed
in each copper lead, consisted of a series-connected, 50 @, manganin-wire
wound resistor grounded through a 60 uF mylar capacitor.

The temperature control capability exhibited by this system, for
both isothermal and transient~temperature experiments, was excellent.
In the isothermal control regions only small temperature fluctuations,

~+1°C (+1.8°F), about the control temperature were observed.

Potential Errors in Temperature Measurements

Considerable care must be exercised in the use of thermocouples at
high temperatures if serious temperature errors are to be avoided. This
caution is particularly relevant in systems where experimental require-
ments create less than ideal conditions. We have considered the following
list of potential error sources in relation to the ZMWOK program:

1. Thermal shunting

2. Electrical shunting
3. Parasitic emf's
4

. Data acquisition system errors
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5. Thermocouple calibration errors
6. Temperature gradients in the sample
7. Decalibration of thermocouples
8. Tab attachment effects.
In this section we discuss the error sources listed above as they apply

to each of the apparatuses used in the program.

Thermal Shunting

The term "thermal shunting" is used here to mean the shunting of
heat to or from the thermocouple hot junction by convection, conduction,
or radiation. The process is illustrated in Fig. 7 for the case of
thermal shunting by convection. Cool steam flowing past the thermocouple
leads reduces their temperature and causes a flow of heat from the hot
junction to the leads. As a result the hot-junction temperature is
lowered with a consequent reduction in the emf generated by the thermo-

couple, and the indicated specimen temperature is erroneously low.
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Thermal shunting errors, or 'perturbation'" errors as they are some-

13 who have

times called, have been discussed by a number of investigators
made suggestions both for minimizing the errors and for calculating their
magnitude.

The analytical problem is essentially one of establishing an
acceptable model for the heat transfer system, and then solving the
heat flow equations so that the temperature at a given point in the
absence of the sensor can be calculated. While such solutions have been
obtained!"”16 for several cases relevant to the operation of thermo-
couples on specimens suspended in flowing gas streams, these solutions
are generally based on oversimplified system geometries. Obviously,
under these circumstances an experimental calibration of the system is
desirable; but frequently it is impractical or even impossible to carry
out such a direct calibration for a real system. For this reason we
have taken the position that we should design our apparatuses in such a
way as to minimize perturbation errors, while at the same time making
use of existing computational procedures to estimate the magnitude of
the errors involved and to guide the design work. Equations derived
by Nusselt (reported by Jakobl" and others) or Boelterl® proved useful
in the latter effort; and they have the added virtue that, because of
the nature of the assumptions made in each derivation, the calculated
perturbation error is believed to be greater than the actual error.

The results of these calculations, which predict thermal shunting
errors of v 3% of the difference between specimen and coolant tempera-
tures, are recognized as being approximate. Their contribution, there-
fore, lies not so much in a precise prediction of error values but in
the fact that they indicate the relationship between some of the
important system parameters that affect temperature measurements errors,
thereby suggesting means for reducing these errdérs to a minimum. Our
thermocouple installations are constructed with these ideas in mind.

The details of these calculations are reported fully in a previous
3

publication.

Thermal Shunting in the MiniZWOK Apparatus — Our decision to con-

struct the MiniZWOK apparatus as a one-sided oxidation system with

steam on the outside and the thermocouples mwounted internally was a
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direct consequence of the need to minimize thermal shunting effects.
Errors on the order of 100°C (180°F) have been observed in systems where
the thermocouples were exposed to rapidly flowing cool steam.1’ A
discussion of the magnitude of such errors may also be found in Jakob.l"
In MiniZWOK the thermocouples are subjected only to very slowly flowing
helium, and the helium itself is preheated as it passes over: the hot
Al,03 thermocouple insulation in the lower portion of the apparatus. In
normal experiments the helium flow rate through the center tube of the
apparatus is 0.24 cc/s, and no changes in the measured emf's of the
thermocouples were noted when helium flow rates were varied from O to
4.9 cc/s (higher flow rates were not attempted) in the range of 900 to
1300°C (1652-2372°F), indicating the absence of any significant con-
vective or conductive thermal shunting errors owing to the flow of
helium past the thermocouples.

In order to minimize the possibility of radiative thermal shunting,
a tantalum heat shield is located in the upper portion of the Zircaloy
specimen (see Fig. 6). The Al,03 thermocouple insulation located in
the bottom specimen support tube also acts as a heat shield.

As already noted the thermocouples used in this apparatus are spot
welded to tantalum tabs, and the tabs, in turn, are carefully spot welded
to the interior of the specimen tubes. The thermocouple wires are led
away from the tab along the tube wall in a path parallel to the axis of
the tube to minimize conduction errors (see inset, Fig. 6). The verti-
cal sections of thermocouple wire between the tabs and the double-bore
Al,03 insulation are covered with single-bore Al,03 insulation.

These various design features and tests have led us to the conclusion
that thermal shunting errors in the MiniZWOK apparatus are negligible.

Thermal Shunting in the MaxiZWOK Apparatus - Thermal shunting

problems in this apparatus are relatively minor because in isothermal
experiments both the steam and the furnace are at the same temperature.
Thus, even though the thermocouples are exposed to rapidly flowing steam,
there can be no cooling effect. The possibility of thermal shunting
does arise in experiments in which substantial specimen self~heating

occurs and in which the furnace temperature is higher than the steam
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temperatures. We expect such errors to be minimal, however, because

(1) the difference between steam and specimen temperatures is relatively
small — at most in the neighborhood of 200°C (360°F), and (2) since the
furnace temperature in many cases is higher than the specimen tempera-
ture, the errors due to convective losses (steam effects) will be of
opposite sign to those related to radiative effects (furnace wall
temperature). In the worst case, using the perturbation error analysis
above, we estimate errors due to thermal shunting to be no more than

~5°C (9°F).

Electrical Shuntiag

Thermocouple errors may arise due to electrical leakage of the
thermocouple insulators or to thermionic emission between thermo-
elements or other metals in the system. These errors can be as large
as several hundred degrees Celsius in certain enviromments and at very
high temperatures [e.g., in argon at a pressure of 43 torr and at
temperatures near 1800°C (3272°F)1.18 However, in the current work
this phenomenon was not a problem. For example, the resistance of
an open circuit thermocouple at 1300°C (2372°F) in the MiniZWOK apparatus
was 5 x 10° ohms and 1.7 x 10° ohms at 1455°C (2651°F), which are much
too high values to allow significant electrical shunting. A similar
experiment in the MaxiZWOK apparatus produced a value of ~ 10% ohms.

The decrease in resistivity relative to that measured in MiniZWOK was
attributed to the fact that the lower ends of the MaxiZWOK thermocouples
are exposed to the distilled water of the quench bath for the apparatus;
however, a resistance of 10" ohms was still considered sufficiently

high to preclude the existence of significant electrical shunting.

Parasitic EMF's

Temperature measurement errors can be caused by the presence of
parasitic emf's in the electrical circuitry of thermocouples. Reference
here is made to such effects as ground loops, noise pickup, and problems
associated with the use of improper lead wires, reference juunctions,
feedthroughs, etc. The ciimination of such error sources requires con-

siderable care and the use of proper thermometry techniques. In
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setting up the circuitry for all our systems we worked closely with
representatives of the Instruments: and Controls Division of ORNL, and

the steps taken to overcome these problems have already been outlined.

Data Acquisition System Errors

Qur primary standard used in measuring thermocouple emf's is a
carefully calibrated Leeds and Northrup K-3 potentiometer. The accuracy
of an individual measurements is given as 0.015% of the measured emf
plus 0.5 uV., Thus at 1500°C (2732°F) for a Pt vs Pt—10% Rh thermocouple,
the potentiometer has an accuracy of ~ 0.2°C (0.36°F).

For our MiniZWOK experiments, time and temperature are also recorded
with a Computer Operated Data Acquisition System (CODAS). This device
is calibrated against the K~3 potentiometer at the beginning of each
experiment, and recalibrations immediately after an experiment revealed
no change. Thus, for short periods of time the accuracy of CODAS appears

to be comparable to that of the K-3 itself.

Thermocouple Calibraticn Errors

Thermocouple calibration procedures and uncertainty limits were
described in detail in an earlier section. This uncertainty is greatest
at temperatures above the gold point [1064°C (1947°F)], and we estimate
it to be *1.5°C (2.7°F) at 1500°C (2732°F). Below the gold point the
uncertainty is #0.8°C (1.4°F). 1In situ calibration at the gold point
was conducted in the MiniZWOK oxidation apparatus. This measurement
indicated that the system uncertainty was less than 2°C (3.6°F) at

these temperatures.

Temperature Gradients in the Sample

We have no evidence for the existence of temperature gradients
within samples in the critical part of the tubing used as the specimen
in the MaxiZWOK apparatus. The MiniZWOK samples, however, are not
completely isothermal. For example, at 1200°C (2192°F) we observed a
longitudinal gradient of ~ 4°C/em (7°F/cm) from the center to the ends
of the specimens. There is also a circumferential variation (two-fold

symmetry) in temperature. The quadelliptical furnace is built in two
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hinged sections that can be opened to allow the insertion of the reac-
tion tube. The hinge and corresponding opening on the other side of the
furnace are located along the vertical center line of two opposed
elliptic hemi-cylindrical reflecting surfaces. The positions of the
cooler regions on a specimen correspond to the positions of the hinge
and opening, leading to the conclusion that these imperfections in the
reflecting surfaces reduce the efficiency of the furnace in these areas.

These temperature gradients cause no particular probhlem for our
measurements of oxide and alpha layer thicknesses siance we simply section
the specimen at the thermocouple tabs and make our metallographic mea-
surements in the immediate vicinity of the tabs where the temperature
is known. We did, however, investigate the possibility that, because
of the Seebeck effect, the existence of such thermal gradients could
lead to the generation in the thermocouple of an additional emf that
is proportional to the temperature difference between the two wires of
the thermocouple at the hot junction.

A calculation was performed for a thermocouple whose hot junction
consists of successive segments of Pt, Ta, and Pt—10% Rh. A temperature
gradient 1s assumed to exist across the junction with T; > T, > Tj,

Ty, Tp and T3 being the temperatures at the Pt/Ta junction, the mid-
point of the Ta segment, and the Ta/Pt-10% Rh junction, respectively.
Let EM and ET be, respectively, the emf's generated by the thermocouple
and a similar thermocouple in which the Ta segment is removed. It can
be shown that

E,—E., x (S

where the Sx's are the appropriate absolute Seebeck coefficients. The
results of this calculation are tabulated in Table 1 for the case
Ty — T3 = 1°C (1.8°F).

The "Worst Case Error' listed in the table was calculated on the
assumption that the thermocouple leads are welded at the edges of the
tabs, thus producing a hot junction length of ~ 2 mm. The worst
temperature gradient in our sample is v 0.8°C/mm (1.4°F/mm), thus

creating a temperature gradient of 1.6°C (2.9°F) across the hot junction.
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Table 1. Seebeck Effect Temperature Errors

(EM'“ ET/dE/dT)/°C

Temgerature EMw ET/°C Worst Case Error
= (uv/°c) °c/°C)  (°F/°0) (°c) 7
900 ~13.70 —1.2 -2.2 —-1.9 —3.4
1100 -18.60 —1.4 —2.5 ~2.2 ~4.,0
1300 ~22.70 —1.9 -3.4 - ~3.0 —5.5
1500 —26.2 —2.2 4.0 -3.5 6.3

a
See text.

In light of these findings we adopted the procedure of welding the
two thermocouple wires together and welding the junction thus formed to
a tantalum tab in the orientation shown in Fig. 2. Thus, for a well-
made thermocouple junction, the error due to the Seebeck effect is
expected to be negligible.

The calculations given above were made for a Pt/Ta/Pt—10% Rh
junction, whereas in actual practice the tantalum tab is attached to
the Zircaloy tube. Thus the Zircaloy might also be expected to con-
tribute to the Seebeck error. We have made a few rough determinations
of the absolute Seebeck coefficient for Zircaloy~4, however, énd find
it to be approximately 1 uV greater than that for tantalum, Therefore,
Eq. (1) may also be expected to give a reasonable estimate of the

Seebeck effect temperature error for a Pt/Ta-Zr/Pt—10% Rh junction.

Decalibration of Thermocouples

This problem was discussed in the section on Thermocouple Calibra-
tion Procedures. As stated, we have found no indication of decalibration

during times much longer than the duration of our experiments.

Tab Attachment Effects

As already pointed out, at temperatures above about 1100°C (2012°F)
we find it necessary to insert small tantalum tabs between the Zircaloy

and the thermocouples in order to circumvent the problem of the
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low-melting Pt~Zr eutectic. The success of this arrangement obviously
depends on establishing good thermal contact between the tabs and the
specimen, and our normal procedure is to spot weld the tab to the
specimen at several points. However, we have no way of determining
prior to an experiment just how good the tab attachment might be,
although in general it appears quite satisfactory. Note that "tab
attachment effects" represent a special case of thermal shunting.

We have attempted to establish an upper bound for tab attachwment
errors in the MiniZWOK apparatus by performing an experiment in which
one measuring thermocouple was attached to the specimen in the normal
fashion while the second thermocouple was spot welded to a tab and the
tab positioned in the approximate center of the specimen tube. Tempera-
ture differences of 9, 11, 10, and 15°C (16, 20, 18, and 27°F) were
observed at 900, 1100, 1300, and 1500°C (1652, 2012, 2372, and 2732°F),
respectively. 1In this experiment the flow rate of helium through the
interior of the specimen was varied from 0 to ~ 5 cc/s at each tempera—
ture; no change in the thermocouple readings was noted except at 900°C
(1652°F) where a temperature drop of 1°C (1.8°F) was noted for the
unattached thermocouple. These results set the maximum limits for
temperature errors due to poor tab attachment.

Our regular experimental procedure requires an examination of
both thermocouples and tabs after each experiment. Aany indication of
loose attachment, e.g., if the tab can be pulled loose with a pair of
tweezers, causes us to regard that experiment as suspect. Any accidental
leakage of steam into the interior of the specimen in quantities sufficient
to produce significant oxidation of the thermocouple tabs also leads to
a suspect experiment. Thus, in a normal experiment, errors due to poor
tab attachment are expected to be much smaller than the maxima given
above and should approach zero for good attachments.

One indication of the existence of tab attachment errors may be
obtained by comparing the temperatures indicated by the two measuring
thermocouples. Widely differing values suggest tab troubles. For
example, if the tab to which the control and the first measuring

thermocouple are attached makes poor thermal contact with the specimen,
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the control thermocouple will sense a temperature lower than that of
the specimen. The temperature of the specimen will thus increase until
the emf required by the controller is generated by the control thermo-
couple. The first measuring thermocouple (attached to the same tab as
the control thermocouple) will indicate approximately the expected
temperature; however, the second measuring thermocouple (assumed to be
well attached) will indicate a relatively high temperature — in this
case the true temperature of the specimen.

The requirement that reasonable agreement exist between the two
measuring thermocouple temperatures is not an absolute measure of tab
attachment quality. Real temperature differences may exist in the
specimen or both tabs may be poorly attached. With regard to the latter
problem, the probability that the thermal attachment of both tabs will
be equally poor seems small, but, clearly, the only real cure for tab
attachment effects is to make sure that good bonding is achieved between

tab and specimen, and we make every effort to see that that is done.

Evaluation of Temperature Errors

In this section we consider the magnitudes of the total temperature

measurement errors in our experimental systems.

Determinant Errors

Certain parts of the temperature measuring system used with a given
apparatus may be calibrated against external standards, and a quantita~
tive estimate of the error associated with each component can be obtained;
such errors are usually referred to as the determinant errors of the
system. The determinant temperature errors for our steam oxidation

apparatuses are summarized in Table 2.

Indeterminant Errors

It is considerably more difficult to specify quantitatively the
indeterminant temperature measurement errors associated with our
experimental systems, Indeterminant errors are those related to pro-

cedures or apparatus features not susceptible to direct, independent



Table 2. Determinant Temperature Errors in the MiniZWOK and MaxiZWOK Apparatuses

Error Source

Temperature Error, deg, at

900°C 1652°F 1200°C 2192°F 1500°C 2732°F
(°C) (°F) (°C) (°F) (°cy (°F)
Uncertainty relative to IPTS-68 +0.3 0.5 £0.7 1.3 +1.0 +1.8
Thermocouple material variability 0.5 0.9 0.5 0.9 0.5 0.9
Potentiometer 0.15 0.28 0.19 0.34 0.24 0.43
Potentiometer readout .33 0.59 0.33 0.59 0.33 .59
Thermal emf in copper leads <0.01 <0.02 <0.01 <0.02 <(.01 <0.02
Reference (ice bathB temperature 0.01 06.02 0.01 0.02 0.01 0.02
TOTAL 1.3 +2.3 1.7 £3.2 2.1 £3.7

8¢
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calibration as are, for example, thermocouples. Examples of such errors
include the problems of thermal and electrical shunting, decalibration
of thermocouples, tab attachment effects, and spurious emf's associated
with temperature gradients across the thermocouple hot junctions (the
Seebeck effect).

Indeterminant Errors in MiniZWOK — On the basis of evidence cited

in the section on Potential Errors we felt that indeterminant errors in
temperature measurements in the MiniZWOK apparatus were acceptably small.
The quantification of such errors is, however, extremely difficult, and
the procedure finally adopted for that purpose in the Thermomettry Report3
is admittedly rather arbitrary (see also the section on Total Error
Estimates below). For this reason and in consideration of the special
need for accurate temperature measurements in the ZWOK project we
continued throughout the entire program to perform experiments designed
to check our original estimates of *4°C (#7°F) and #6°C (#11°F) as the
maximum total uncertainty in temperature measurements at 900 and 1500°C
(1652—2732°F), respectively.

Particularly in the MiniZWOK apparatus, which was used to obtain
the base isothermal oxidation data set, these experimental checks have
been exhaustive. In addition to the external calibrations and tests
already described of the component parts of the thermometry assembly,
in gitu tests were performed to evaluate the accuracy of thermometry
measurements under operating conditions. In one such experiment the
calibration of the thermocouples was checked at the gold point [1064.43°C
(1947.9°F)}. TUsing a standard MiniZWOK Zircaloy tube specimen, one
recording thermocouple (designated T/C #1) was installed in the usual
fashion, i.e., attached to a Ta tab that was welded to the inside wall
of the specimen. A second recording thermocouple (T/C #2) was formed
by attaching a Ta tab to a length of Pt wire, which was then located in
the center of the specimen along the tube axis out of contact with the
tube walls. One end of a thin gold wire was welded to the back of this
tab, and the other end of the wire was attached to the Ta tab of T/C #1.
The electrical circuit for T/C #2 was completed through the Pt—-Rh leg of
T/C #1. The output of both thermocouples was recorded by the CODAS, the
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purpose of T/C #2 being to indicate by a loss of electrical continuity
the time at which the gold wire melted. The output of the normal thermo-
couple, T/C #1, served to measure the temperature of the Ta tab at the
moment of melting of the gold. The temperature of the sample was slowly
increased to the expected melting point of gold, and melting occurred at
a temperature of 1064 *+ 2°C (1947 + 4°F).

This test shows that the temperature of the thermocouple junction
accurately reflected the temperature of the Ta tab to which it was
attached. It demonstrates the accuracy of the external calibration of
the thermocouples and indicates that all potential sources of error,
save only thermal shunting, are small.

To evaluate thermal shunting errors, a specimen must be held at a
known temperature and that temperature compared to the apparent specimen
temperature as recorded by the thermocouple. This constraint was
satisfied in experiments in which we used the temperatures fo; the a-B
and o~y transformations in zirconium and iron, respectively, and the
melting point of gold as independent means of establishing the specimen
temperature.

For the a~B transformation in zirconium, a cylinder of crystal-bar
zirconium was machined into a tube having dimensions suitable for use
in MiniZWOK. This specimen was instrumented in the standard manner and
subjected to a steam oxidation experiment using techniques typical of
previous experiments. The initial portion of this experiment (which was
a transient-temperature test) involved a fast heat—-up to 1400°C (2552°F)
followed by a fast cool to 650°C (1202°F). The CODAS output describing
the temperature~time response of the two monitor thermocouples during
this part of the cycle is shown in Fig. 8a. The initial heating rate
of the specimen was 200°C/s (360°F/s), and the inflection in the heating
curve shown at about 860°C (1580°F) was a result of the endothermic
alpha-to-beta transformation of the Zircaloy, which, for the pure material,

takes place at 862 * 5°C (1584 + 9°F).
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Fig. 8a. Time-Temperature Excursion for Pure Zr Specimen in MiniZWOK
Apparatus. Note heating and cooling rates and o/B transition tempera-
tures indicated by tab-mounted thermocouples.

The iron o~y phase transition experiment was performed in a some-
what similar manner. A sheet of high purity iron* was formed into a tube
of the same dimensions as a standard MiniZWOK specimen, and the thermo-
couples were welded directly to the specimen. The thermal arrest
obtained on heating through the a-~y transition at a heating rate of
n13°C/s occurred at 912.7 # 0.1°C (1674.9 * 0.2°F). While iron is by no
means a standard reference material for temperature calibration, the

accepted value for the a-y transition temperature is 912°C (1674°F).

*Marz Iron obtained from Materials Research Corp. Vendor certified
analysis (ppm by wt): 12 C, 60 0, 1.0 H, 10 N, <0.1 Al, 1.6 Na, 0.87 Mg,
0.70 P, 2.60 S, 0.80 €1, 1.80 K, 0.80 Ca, 1.40 Ti, 0.60 Cu, <0.10 51,
1.60 Cr, <0.10 Ni, 1.90 Zn, <0.10 Ga, <0.10 Zr, <0.10 Nb, <0.10 Mo,
<0.10 P4, <0.10 Ag, <0.10 In, <0.10 Sn, <0.10 Sb, <0.10 Ta, <0.10 Pt,
<0.10 Au, <0.10 Pb, others <0.10.
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Perhaps the most convincing evidence that thermal shunting errvors
were negligible in the MiniZWOK apparatus was provided by a test in
which the specimen was held at the gold melting temperature, In order
to avoid any lowering of the gold melting point as a result of the for-
mation of a Au-Zr solid solution, this measurement was carried out in a
special "Zircaloy oxide crucible' made by arranging a standard PWR
Zircaloy-4 specimen concentrically inside a BWR tube of the same length,
both tubes being held in a Zircaloy jig as shown in Fig. 8b. Because
of the greater diameter of the BWR tube, an annular space approximately
0.075 cm (0.030 in.) was formed between the two tubes. The resulting
"specimen'" was then instrumented in the standard fashion and mounted in
the MiniZWOK apparatus where the outer and inner BWR~ and outer PWR-tube
surfaces were oxidized in pure oxygen at ~1000°C (1832°F) to form surface
oxide layers 30 pm thick. The net result of this treatment was the

conversion of the annular region of the sample into a "Zircaloy-oxide"

ORNL—-DWG 77-10953
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Fig. 8b. Schematic Drawing of the "Zircaloy Oxide Crucible" Used
in the Gold-Point Determination.
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crucible. Next the specimen~crucible was removed from the apparatus, a
gold foil of melting-point-standard purity* was inserted into the annular
crucible, and the entire assemblage was placed back in the MiniZWOK
apparatus. The subsequent melting of the gold was done with flowing
helium as an environment. The specimen was first driven through the
melting point of gold to bring the gold iunto intimate contact with the
oxide surface and then again driven through the transient pictured in
Fig. 8c. This mode of heating was identical to that in an oxidation
experiment except that when the temperature reached the melting point

of gold, a thermal arrest occurred,‘causing the oxide~gold interface

to be at a fixed and known temperature of 1064.4.% It is at this time

*Marz Gold obtained from Materials Research Corp. Vendor certified
analysis (ppm by wt): 15C, <5.0 0, <1.00 H, <5.0 N, 0.20 Al, 0.10 Na,
0.02 Mg, <0.01 P, 0.13 5, 0.16 €1, 0.40 K, 0.30 Ca, 0.01 Ti, 0.73 Fe,
1.30 Cu, 0.51 Si, <0.01 Cr, 0.05 Ni, 0.05 Zn, 0.06 Mo, 0.25 Pd, 4.20 Ag,
<0.01 Sn, 0.02 Sb, <0.01 Pb.
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Fig. 8c. Time-Temperature Excursion for Gold-Point Determination
in the MiniZWOK Apparatus.
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that the difference in the recorded thermocouple temperature and the
gold point is precisely the thermal shunting error. As is illustrated
in Fig. 8c, the thermal arrest at the gold point lasted for approximately
nine seconds, and with the temperature monitoring capability of CODAS,
seventy-five temperature measurements were made over this time interval,
the average temperature indicated by the thermocouple being 1064.4 * 0.3°C,
Attempts were also made to perform an Zn situ nickel-point deter-
mination using the "Zircaloy-oxide" crucible and by other approaches.
In all cases, however, severe experimental difficulties were encountered,
for example, the melting down of the crucible as a result of the alloying
of the nickel and Zircaloy when the oxide coating on the crucible either
cracked due to thermal straims or because the oxide dissolved into the
underlying Zircaloy as the sample was heated to the Ni melting tempera-
ture. For this reason we were unable to obtain a completely unambiguous
comparison between indicated thermocouple temperatures and actual specimen
temperatures at the upper end of the temperature range investigated.
Nonetheless, the rather remarkable results obtained for the transforma—-
tion temperatures of Zr and Fe and the melting point of gold strongly
suggest that thermal shunting effects in the MiniZWOK apparatus were
essentially negligible and that our estimates of maximum total tempera-
ture measurement uncertainties are valid and, if anything, somewhat

conservative.

Indeterminant Errvors in MaxiZWOK — Again for reasons already given,

we believe that electrical shunting and thermocouple decalibrations
errors are negligible in this apparatus. Errors due to thermal shunting
are also very small for isothermal experiments, although we estimate
that such errors may reach 5°C (9°F) in our "mixed temperature" experi-
ments where the furnace temperature exceeds the steam temperature. The
relative ease with which thermocouples may be installed and the absence
of significant thermal gradients in this apparatus tend to minimize both

the tab and Seebeck effects.

Total Exror Estimates

The total temperature error for a given apparatus is the sum of
the determinant and indeterminant errors for the system. The determinant

errors for the MiniZWOK -and MaxiZWOK apparatuses are listed above and we
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have already cited evidence for our belief that the indeterminant errors
are small. It is impossible to quantify them; however, in other studies!?
it has been observed that the probable absolute accuracy error of tem-
perature measurements in a well designed system is two-~to-three times

the reproducibility. Thus, taking the determinant error as an estimate

of reproducibility, we give as the probable temperature measurement

error in MiniZWOK and for isothermal experiments in MaxiZWOK values
ranging from +4°C (7.2°F) at 900°C (1652°F) to +6°C (10.8°F) at 1500°C
(2732°F). During transient temperature tests in the MaxiZWOK apparatus
where the temperatures of the steam, the furnace, and the specimen are

all different, the temperature error may be slightly larger than that
given above, the additional uncertainty reaching an estimated *5°C (9°F)
for those situations where, because of specimen self-heating, the speci-
men temperature is significantly above that of either the steam or the

furnace.

Weight Gain Tests

In order to provide a measurement of the kinetics of total oxygen
consumption during isothermal steam oxidation, it is necessary when
using the multispecimen technique to obtain for each specimen a value
of the oxygen uptake. Normally, this task would be accomplished by
precision weight-gain measurements or by quantitative chemical analysis.
However, both of these methods yield average values of the oxygen gain
for the whole specimen or sample and, thus, care must be taken to insure
that the entire specimen is uniformly reacted. In addition, for the
weight gain method, the possible problems associated with the thermo-
couple installations, end effects, and the like, must be considered.
These problems and others make the weight gain and chemical analysis
methods unattractive for assessing the extent of the high temperature
steam oxidation of Zircaloy fuel tubes.

An alternative procedure, based on the experimental observation
that compact and relatively uniform layers of oxide and alpha-Zircaloy
form during the reaction, is to calculate the total oxygen consumed from

phase thickness measurements and diffusion calculations, This value is
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obtained by computing the total oxygen associated with the oxide, alpha,
and (prior) beta layers, and subtracting from this the amount of oxygen
originally in the specimen. A basic assumption is that equilibrium
values of the oxygen concentrations apply at the various interfaces.

(It is common in calculations of this type to consider the oxide to be
completely stoichiometric rather than having an oxygen gradient across
it. Since the deféct structure of Zircaloy oxide is not well established,
a "conservative" estimate of total oxygen is obtained if the oxide is
assumed to be stoichiometric. Unless otherwise noted, as in the case
for calculating diffusion coefficients, we will report values of total
oxygen based on stoichiometric oxide. Furthermore, linear oxygen con~
centration gradients are assumed for the alpha phase, and a simplified
diffusion calculation is used to determine the amount of oxygen in the
beta phase. The accuracy of the latter calculation was checked for
several cases by a more sophisticated method and was found to be
satisfactory.)

We selected the following expressions to represent the equilibrium
solubility and diffusivity values for the Zircaloy-é4-oxygen system over
the temperature range of our experiments:

a. The concentration of oxygen in the oxide at the gas interface
(stoichiometric oxide):

= 3 f=)
Cox/gas 1.511 g/cm . (Ref. 20)

b. The concentration of oxygen in the oxide at the alpha phase
interface (used in calculations where an oxygen concentration gradient

across the oxide is considered):
Cox/a = 1:517 = 7.5 x 107° T [*K] g/em? . (Ref. 21)

c. The concentration of oxygen in the alpha phase at the oxide

intexrface:

] = 3 -
La/ox 0.4537 g/cm . (Refs. 22 and 23)
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d. The concentration of oxygen in the alpha phase at the beta

phase interface:

T[°K] /2

= [0.2263 + Rl 1 g1yt

63,385 ] L0649 g/cm (Ref. 24)

Cu/B

(T > 1073°K)

e. The concentration of oxygen in the beta phase at the alpha

phase interface:

¢ - (TLKI - 1081.7
B/a 491.159

] .0649 g/cm® (Ref. 24)

(T > 1373°K)

T[°K]

o [ /2
. [~.00428 + (392.46

¢ ~ 31611 %) L0649 g/em®  (Ref. 24)

B/
(1233°K < T < 1373°F)
f. ‘The diffusivity of oxygen in the beta phase:

Dg = -0263 exp(~28,200/RT[°K]) em?/s . (Ref. 4)
A direct comparison of the total oxygen values obtained by weight-
gain measurements and by calculations based on the metallographic phase

layer measurements is given in Table 3. These four experiments were

Table 3. A Comparison of Values for Total Oxygen Consumption by
Weight~Gain and Metallographic Measurements. Oxidation of
Batch B PWR tubes in steam at 1200°C (2192°F).

Total Oxygen Consumed

Time Layer Thickness
(s) Oxide Alpha Weight Ggin Metallography
(um) (um) (mg/cm?) (mg/cm?)
62 25.3 33.0 5.31 5.29
142 36.5 50.8 7.61 7.76
171 38.9 51.7 8.17 8.22

188 41.4 57.0 8.73 8.80
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conducted in an early version of the MiniZWOK apparatus, and particular
attention was paid to the weighing procedures for the specimen before
and after oxidation. The measured and calculated oxygen consumption
values are seen to exhibit very good agreement for each case, and we
regard this as further evidence that the metallographic method and
associated computational procedures are acceptably accurate, at least

for oxidation under isothermal conditions.

Characterization of Zircaloy-4 PWR Tube Specimens

The bulk of the oxidation experiments carried out in this program
were conducted with Reactor Grade Zircaloy-4 PWR tubing from Sandvik
Special Metals Corporation. This material was part of a larger gquantity
purchased specifically for use in a number of fuel cladding research
programs sponsored by the Division of Reactor Safety Research of the
Nuclear Regulatory Commission. The specifications and characterization
of this tubing have been published previously25 and will not be con-
sidered here. The partial chemical analyses of this material, along
with comparative values from a second lot, designated Batch B, is

presented in Table 4. The ORNL analyses for Fe and Cr were determined

Table 4. Nominal Analysis of Zircaloy~4 PWR Tubes Used in
ZWOK Steam Oxidation Experiments

ORNL Analysis ORNL Analysis Vendor Analysis Vendor Analysis

Element Batch B Tubes Sandvik Tubes Sandvik Tubes Sandvik Ingot
Sn 1.3 wt % 1.6 wt % 1.47 wt %
Fe 0.22 0.25 .21
Cr 0.10 0.12 .12
Ni <.02 <.0035
Si <.0015 .0080
0 1250 ppm 1200 ppm 1220 ppa 1240 ppm
C 100 90 110
N 15 30 33 32
H 15 2% 20 5
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by isotope dilution spark-source mass spectrometry methods with a
probable error within 5 to 10Z of the reported value. The Sn concen-
tration was determined photoelectrically with an uncertainty of about
5% of the reported value. The agreement between the vendor and ORNL
analyses for the Sandvik tubing is seen to be quite good. The concen-
trations of the metallic alloying elements in the Batch B material show
some small differences compared to the Sandvik tubing. The Batch B
tubing was used only in the preliminary oxidation studies and for one
of the scoping test sequences. The tube dimensions (Sandvik:

1.092 cm OD, .0635 cm wall thickness; Batch B: 1.067 cm OD, .0686 cm

wall thickness) were such that either could be used in our apparatuses

without modification.

EXPERIMENTAL RESULTS FOR ISOTHERMAL OXIDATION

The main objective of the Reaction Rate Task of the Zirconium
Metal-Water Oxidation Kinetic Program was to provide a basic set of
isothermal oxidation rate parameters for Zircaloy-4 in steam at temper-
atures from 900 to 1500°C (1652 to 2732°F) obtained under carefully
controlled experimental conditions. A number of scoping tests were
also conducted. These were designed to establish the effect on the
isothermal rate of oxidation of Zircaloy-4 of (a) the steam injection
temperature, (b) steam flow rates, (c) the presence in the steam of
gaseous impurities such as oxygen, hydrogen, and nitrogen, and (d) small
variations in alloy composition. (Scoping tests of the effect of steam
pressure are presently in progress and their results will be described
in a subsequent report,) In addition, a number of transient-
temperature oxidation tests were performed in order to provide a basis
for testing our code predictions based on the isothermal data.

The primary data set for isothermal oxidation was obtained using
the MiniZWOK oxidation apparatus. This apparatus proved to be extremely
versatile and was also used for many of the scoping tests. The MaxiZWOK
apparatus provided scoping test information (steam flow rate and insertion
temperature) for oxidation at the lower temperatures of interest. A few

"mixed-temperature' experiments, where the steam and furnace were
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maintained at different temperatures, were also conducted in this

apparatus.

Primary Isothermal Data Set — MiniZWOK Apparatus

The kinetics of the reaction between the standard batch of Sandvik
Zircaloy~4 PWR fuel tubes and steam were studied under essentially
isothermal conditions over the temperature range 900—1500°C (1652—2732°F)
at 50°C (90°F) intervals. The MiniZWOK oxidation apparatus was utilized
to produce series of oxidized specimens that were then examined by
metallographic methods in order to obtain the basic kinetic parameters.
For each temperature investigated, at least ten specimens were oxidized.
The maximum oxidation time at each temperature was chosen to enable an
accurate description of the kinetics to be obtainmed yet to avoid problems
that arise at longer oxidation times where excessive oxXygen solution in
the beta phase occurs.

Most of the data-gathering procedures have been discussed in detail

in previous Quarterly Reports.1

We will include here a general des~
cription of the techniques used emphasizing only those points that have
not previously received attention. The procedures outlined in the
preceeding chapter of this report describing the apparatus were followed.
For all of the experiments involved in the primary data set, the steam
flow rate was set at approximately 30 g/min (0.066 1lb/min) corresponding
to a linear velocity of about 1 w/s (3 ft/s) pasl the specimen in the

apparatus.

Time~Temperature Cycles

The time-temperature cycles used to approximate the isothermal
exposures were set into the programmer for the temperature controller
prior to each experiment. Generally these experiments involved heating
the specimens to the desired temperature at rates in excess of 100°C/s
(180°F/=), holding the specimen at copstant temperature, within about
+1°C, for the required time, and finally cooling the specimen at
initial rates greater than 100°C/s (180°F/s). Two time-temperature

curves illustrating typiczs?! isothermal experiments are shown in
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Figs. 9 and 10. A comparatively low-temperature, long-time experiment
is shown in Fig. 9, which is taken from a recorder trace of an oxidation
experiment conducted nominally at 1100°C (2012°F). The high degree to
which this cycle approximates an isothermal exposure is clear. Figure 10
is a similar recorder trace for a high-temperature, short-time experiment.
While equally fast heating and cooling rates were employed here, the very
short time-at-temperature suggests that a significant fraction of the
total oxidation proceés occurred during heating and cooling. It was
congsidered necessary to account for these contributions in all the iso-
thermal experiments. This process requires an accurate record of the
complete time-temperature cycle.

The connection of the CODAS to the temperature measuring circuit of

the MiniZWOK apparatus permitted a complete and sensitive record of the
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time~temperature history of each experiment to be obtained. The inter-
face circuitry was designed so that the temperatures sensed by the two
monitor thermocouples could be measured. Thermocouple enf's could be
gathered by the computer in time steps as small as 50 ms over the entire
duration of the experiment, stored, and recalled on demand. The CODAS
computer converted thermocouple emf's to temperature according to the
calibration for our Pt vs Pt—10% Rh thermocouples,3 and frequent
standardization procedures showed that the accuracy of the system was
equivalent to that of the Leeds and Northrup K-3 potentiometer. Both
teletype printout and paper tape records of the experiment histories
were utilized. The paper tape record was subsequently used in a com-
puter program, discussed below, for the normalization of the time~
temperature data and the establishment of effective times—at-temperature

for each set of isothermal experiments.

Normalization of Time~Temperature Excursions

The experimental determination of an isothermal rate constant using
a multispecimen technique — where a change in a parameter is measured as
a function of time — requires considerable care to insure that all
variables, save time, are equivalent for each measurement. For "iso-
thermal" experiments in either of our oxidation apparatuses, the problem
is two-fold. First, the heat-up, cool-down, and stabilization times
frequently constitute significant departures from isothermal conditions;
secondly, it is rare that any two experiments result in precisely the
same equilibrium temperature. These difficulties can be circumvented
by appropriate normalization of each of the individual time-temperature
excursions to an equivalent isothermal excursion at some assigned,
representative temperature.

The normalization is accomplished in a manner identical to that
employed by diffusion researchers to compensate for heat-up times and

26 1f we assume that the

small differences in annealing temperatures.
rate constants for the kinetic parameters of interest in the steam
oxidation of Zircaloy-4 are represented by Arrhenius relationships, we

can write for any known time~temperature excursion:
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gt exp[-Q/RT(t)] dt

(eff) EXP["Q/RT(eff)]
where
t(eff) = equivalent time, s, at an assigned temperature, T(eff)’
= 3 . e
T(eff) assigned temperature, K,
T(t) = actual temperature, °K, as a function of time, t,

Q = activation energy (rate constant) cal/g-mol,
R = gas constant, 1.987 cal/g-mol-°K,

t = time, s.
This expression permits the calculation of the equivalent reaction time,

t(eff) at an arbitrary constftant temperature, for any giveun

T(eff)’
temperature-time excursion. We have written a simple cowputer program
that accomplishes the above calculation.

For each set of isothermal experiments conducted in the oxidation
apparatuses, the average temperature of the set was determined, and the
equivalent time at that temperature was calculated according to Eq. (2)
for each experiment. In these calculatious, an activation energy of
40 Kcal/mol was assumed to apply for each rate process. However,
sensitivity tests showed that the time corrections to most experiments
varied only slightly for values of Q in the range of 30 to 50 Kcal/mol.
Moreover, as part of a later iterative calculation check, rate constants
were computed for oxide and alpha layer growth at 1253 and 1504°C
(1287-2739°F) using the actual Q values for each. The average change in
the range constant observed using the iterative method for computation
of the times was less than 0.5%; thus, we have concluded that Eq. (2)
performs accurate normalizations of the time-temperature excursions
using a mean value for the activation energy. Of course, the magnitude
of the correction and its sensitivity to the precise values of the
activation energy will depend upon the exact shape of the time-temperature
cycle in relation to the desired isothermal.

The calculations of the effective oxidation times according to
Eq. (2) were performed by computer. The CODAS system provided the

basic time~temperature function, T(t), which, for the very-short-time



experiments at the highest temperature, consisted of temperature readings
on each thermocouple every 50 ms. For longer experiments the CODAS

input to the program was approptriately modified with no appreciable loss
in accuracy. It should be pointed out that where. temperature differences
existed between the monitor thermocouple positions during oxidation on

a single specimen, the equivalent times associated with each position
were generally different. The self-consistency of the calculated
effective oxidation times in such cases was regarded as further evidence

of the accuracy of our temperature and layer-thickness measuring procedures.

Metallographic Procedures

In order to establish the growth kinetics of the oxide and oxygen-
stabilized alpha phases, it is necessary to measure accurately the
phase thicknesses on each specimen. Standard metallographic techniques
were relied upon to accomplish these measurements. Each oxidized
specimen was carefully sectioned in the transverse direction with a
slow-speed, diamond-impregnated wheel. The section was then mounted in
an epoxy resin mixture containing 407 (by weight) of 1 ym alumina
particles (Linde C) to aid in edge preservation during subsequent
polishing. Polishing was accomplished in two stages using a Syntromn
vibratory polisher. The first stage consisted of a 24 hr polishing
period using 0.3 um alumina (Linde A) on a new Buehler Pellon polishing
cloth. This was followed by a 12 to 36 hr period using 0.5 um diamond
paste on a standard nylon polishing cloth. This procedure proved
particularly effective in preserving edges and the fine-structure
associated with the oxide layer,

For oxidation temperatures above about 1050°C (1922°F) there
was no serious problem in defining the phase boundaries during
subsequent metallographic examination of specimens oxidized for
relatively short times. However, in comparatively long-time
oxidations, specimens exhibited irregular "incursions" of alpha
that affect an observer's ability to define precisely the position of
the alpha-beta interface. Similarly, at lower oxidation temperatures,
notably for the series of specimens oxidized between 900 and 1000°C

(1652 and 1832°F), the alpha-beta boundary was poorly defined, and a
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certain degree of arbitrariness was involved in fixing its position. We
found that the degree of arbitrariness could be lessened by utilizing an
etch-anodization procedure to prepare the specimen for examination. This
procedure led to an improved definition (by interference color) between
the high~oxygen alpha phase and the low-oxygen (prior) beta phase in the
specimen. Measurements made in bright-field illumination using this
technique were more counsistent, and variations in measurements made by
different individuals were greatly reduced. The method was also suitable
for examining specimens oxidized at the higher temperatures.

The etch—anodization procedure is as follows. The polished specimen
is etched for 10 to 15 s with swabbing and agitation in a diluted Kroll's
etchant consisting of 4 ml conc. HNO3 and 2 ml conc. HF per liter of water.
The specimen is then anodized in a 17 KOH solution to 20 v and held at
this potential for 120 s by which time the current drops essentially to
leakage levels. Color micrographs ave useful to illustrate the advantages
of this treatment; however, the improved sharpness of the alpha/beta
boundary is clearly evident even in the micrographs shown in Figs. 11
and 12, which are from cross-sections of specimens oxidized at 900 and
1005°C (1652 and 1841°F).

Representative layer thickness measurements were determined for
each specimen. Several different measurement schemes were investigated
for obtaining these values, and both an image-shearing eyepiece and a
standard filar micrometer eyepiece have been utilized. The measurements
reported here were obtained using a calibrated filar micrometer eyepiece

on a small Bausch and Lomb bench metallograph.

Phase Thickness Measurements

After each steam-oxidation experiment was completed, the specimen
was removed from the apparatus, sectioned on a diamond-impregnated wheel,
mounted in epoxy, polished, and prepared for metallographic examination
by the etch-anodization treatment previously described. Care was taken
to insure that the final polished section was at the elevation which
included the weld positions of all three thermocouple installations.
Thus, the phase thickness measurements could be made in very close

proximity to the monitor thermocouple locations. 1In the light of the
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% : : _ ki
Fig. 11. Cross-Section of Zircaloy-4 PWR Tube Oxidized in the

MaxiZWOK Apparatus for 858 s at 900°C (1652°F) (Expt. MAX-17). Outer

surface. Etch-anodized specimen. Bright field illumination. 750x.

Fig. 12. Cross-Section of Zircaloy~4 PWR Tube Oxidized in the
MaxiZWOK Apparatus for 99 s at 1005°C (1841°F) (Expt. MAX~23). Outer
surface. Etch-anodized specimen. Bright-field illuminaticn. 750x.
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general observation that the temperature (and thus the product layer
thicknesses) of the specimens oxidizing in MiniZWOK exhibited a circum-
ferential variation, it was important to associate each phase thickness
measurement position with a point on the specimen having a known time-
temperature history.

The two monitor thermocouple stations on each specimen were always
located in the same relative position with respect to the heating lamps
within the furnace. These positions were generally the "hot' positions,
and, thus, the extent of the temperature variation around a specimen
could only be determined by rotating the specimen (or furnace) during
oxidation or inferred by measuring the circumferential variation in
product layer thicknesses after the experiment. At low temperatures,
these variations were small. A plot of oxide and alpha layer thicknesses

after oxidation at 1153°C (2107°F) as a function of angular position on

ORNL-DWG 76—-140599

EXPT. S-74
30 105 sec AT 1153°C (ALPHA)
£
e VN
N 26
wJ
z
X
%% 22
-~ 32 T
o IS . l (OXIDE) o ®
e g | Iy p—— —re
I N Ao = ® ®_®
i 28
®
24
0 60 120 180 240 300 360

POSITION (RELATIVE TO TC NO.2) (deg)

Fig. 13. Variation in Oxide and Alpha Thicknesses on Specimen S-71,
Oxidized Nominally 105 s at 1153°C (2107°F). Thermocouple No. 2 located
at approximately 0° and thermocouple No. 3 at approximately 180°.
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the circumference of the specimens is presented in Fig. 13. While the
periodicity is evident, the magnitude of the variation is seen in this
case to be little more than the normal data scatter. At higher tempera-
tures, the effect was generally more pronounced. Figure 14 illustrates
the variation observed after an experiment at 1504°C (2739°F). Although
in this case the temperature~time cycles recorded by the two monitor
thermocouples (thermocouples Nos. 2 and 3) located at approximately O

and 180 degrees were virtually the same, the thickness variations observed
over the whole specimen imply that a maximum temperature variation of
about *15°C (27°F) existed. The periodicity of the temperature variation
is consistent with the furnace geometry, and "cold" positions correspond
to the location of the two furnace seams. A case where the two monitor
thermocouples registered different temperatures is shown in Fig. 15.

Here, the measured temperature difference accounted accurately for the
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Fig. 14. Variation in Oxide and Alpha Thicknesses on Specimen $-137,
Oxidized Nominally 22 s at 1504°C (2739°F). Thermocouple No. 2 located
at approximately 0° and thermocouple No. 3 at approximately 180°.
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Fig. 15. Variations in Oxide and Alpha Thicknesses on Specimen S-136,
Oxidized Nominally 47 s at 1504°C (2739°F). Thermocouple No. 2 located
at approximately 0° and thermocouple No. 3 at approximately 180°.

measured phase thickness difference. The maximum variation in layer
thicknesses over the whole specimen can be accounted for by a temperature
variation of about *20°C (36°F).

The existence of circumferential variations in temperature about a
specimen made it mandatory that layer thickness measurements be made at
points where the temperature is well known. Thus, layer thicknesses were
measured to coincide with each of the wonitor thermocouple positions. In
order to reduce errors in the thickness measurements, the average of seven

measurements made at 5° intervals *15° from each thermocouple position was

used.

Results
The procedures outlined above were used to obtain measurements of
oxide layer thickness and alpha layer thickness as functions of time

for each temperature investigated. In addition, the oxygen uptake for
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each specimen was calculated from the layer thickness measurements on
the basis of the model discussed earlier that assumed that all the
oxide was stoichiometric, that a linear oxygen concentration gradient
existed in the alpha layer, and that a simple diffusion calculation
would suffice for determining the amount of oxygen in the beta phase.
The data obtained in this phase of our investigation are presented
in Tables 5 to 17. We have discarded the results of experiments only
when the experiment was obviously flawed. These were very few in number.
The results of certain of the other experiments, also few in number, may
be regarded statistically as "outliers' but have nevertheless still been
included in the present data set. Additionally, for oxidation measure-
ments at and above 1400°C (2552°F) instrumentation changes permitted
complete and independent measurements of time and temperature at two
positions on each specimen. For experiments below this temperature,
only measurements at the No. 2 thermocouple position were considered

in the analysis.

Table 5. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 905°C (1661°F)

X Layer Thickness Total Oxygen
Time
Expt. No. R Consumed
(s) Oxide Alpha (mg/ cm?)
(ym) (um)
5-15 791.9 13.5 13.2 2.37
S~16 776.6 13.8 13.5 2.42
5~-17 <2088.7 17.4 18.2 3.08
S~18 1148.8 15.8 16.5 2.80
S$-19 420.3 11.5 9.4 1.97
§-20 2088.7 17.7 18.3 3.13
S-21 1228.2 15.1 14.1 2.63
$-22 1509.5 17.0 20.4 3.08
5-23 1623.4 17.2 21.0 3.12

S~24 370.7 11.2 10.0 1.94
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Table 6. Steam Oxidation of Sandvik Zircaloy-4 P'WR
Tubing at 956°C (1752.8°F)

. Layer Thickness Total Oxygen
Time
Expt. No. , Consumed
(s) Oxide Alpha (mg/cm?)
(um) (um) ’
S-49 1344.9 26.5 24,1 4.62
S-50 977.9 23.1 18.9 3.97
S-51 1595.7 26.2 25.2 4,61
S-52 690.6 21.3 15.7 3.62
S-53 774.6 22.5 16.9 3.83
S-54 1300.2 25.1 22.3 4,37
5-55 948.7 22.0 19.9 3.83
S5-56 1634.5 26.3 26.4 4.65
S-57 412,2 17.9 13.0 3.04
S~-58 428.7 18.0 15.3 3.11

Table 7. Steam Oxidation of Sandvik Zircaloy—-4 PWR
Tubing at 1001°C (1833.8°F)

. Layer Thickness Total Oxygen
Expt. No. Time , Consumed
(s) Oxide Alpha (mg/cmz)
(pm) (um)

S-37 1130.5 40.5 23.7 7.04
S-38 725.2 32.6 23.1 5.77
5~39 301.1 22.5 15.2 3.95
S~40 925.0 37.4 24.6 6.57
S-41 300.2 20.9 14.4 3.69
S-42 483.4 26.5 18.0 4.67
S-43 678.6 29.9 20.8 5.30
S-44 1104.1 38.6 26.1 6.81
S-45 915.5 34.5 24.6 6.13
S-46 475.7 25.9 17.6 4.57
S—-47 493.4 27.1 19.5 4,80
S-48 299.4 21.3 13.8 3.73
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Table 8. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1050°C (1922°F)

. Layer Thickness Total Oxygen
: Time
Expt. No. . Consumed
(s) Oxide Alpha (mg/cm?)
(um) (um) &
S~59 576.4 40.7 32.7 7.50
S-61 518.6 38.6 24.3 6.93
S-62 663.5 43.1 35.6 7.98
S5-63 351.4 32.1 27.7 5.97
S-64 482.7 37.4 27.6 6.83
S~65 338.6 30.9 24.5 5.69
S5-66 833.2 48.4 36.0 8.85
S-67 763.0 44,7 35.7 8.26
S-68 204.7 24,2 23.4 4,57
S-69 209.0 24.6 23.4 4.63

Table 9. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1101°C (2013.8°F)

Time Layer Thickness Total Oxygen
Expt. No. (s) Oxide Alpha %;2722%?
(um) (um)
8-25 495.6 45.7 41.6 8.77
5~26 252.7 33.5 33.0 6.49
$~27 313.4 36.6 36.6 7.12
S5-28 512.4 47.1 45,4 9.10
S$-~29 348.1 37.2 37.0 7.25
5-30 383.4 40.8 37.1 7.82
S-~31 252.1 33.3 24.5 6.22
5-32 159.5 26.0 23.1 4.97
S-33 173.9 29.4 26.9 5.61
$-35 449.3 45.7 43.5 8.79
5-36 458.9 44,6 44.5 8.66




54

Table 10. Steam Oxidation of Sandvik Zircaloy-—4 PWR
Tubing at 1153°C (2107.4°F)

. Layer Thickness Total Oxygen
Time

Expt. No. , Consumed

(s) Oxide Alpha (mg/ cm?)
(um) (pm) i
S-70 269.5 43.0 40.6 8.42
S-71 104.8 28.9 27.9 5.64
S-72 343.3 50.2 47.7 9.82
S-73 193.7 37.6 38.0 7.42
S-74 339.0 48.9 46.7 9.59
S-76 249.4 42 .4 42.6 8.36
S-77 108.6 29.1 29.5 5.73
5-78 1692.9 37.0 37.4 7.27
5-79 388.2 53.2 46.5 10.29
S-80 29.6 16.8 15.8 3.24
$-81 29.9 16.9 15.9 3.26

Table 11. Stea: Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1203°C (2197.4°F)

. Layer Thickness Total Oxygen
Time
Expt. No. . Consumed
(s) Oxide Alpha (mg/ cm)
(pm) (um) s
5-82 236.4 49.4 53.5 10.03
S-83 160.2 42.8 4a .7 8.59
S5-84 126.6 38.9 41.0 7.81
5-85 280.2 53.5 54.9 10.78
5-86 234.6 50.2 51.6 10.09
S-88 56.1 26.6 28.2 5.33
S-89 171.8 43.2 44,0 8.66
5-90 66.1 28.6 30.9 5.75
S-91 111.2 37.2 39.7 7.46
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Table 12. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1253°C (2287.4°F)

Layer Thickness Total Oxygen

Expt. No. f;?e Oxide Alpha Consumgd

(m) (um) (mg/ )
5-92 240.3 59.2 67.2 12.30
S5-93 189.0 54.2 61.3 11.21
5-95 50.7 30.2 34.2 6.20
5-97 90.2 39.5 44.3 8.12
5-98 62.5 32.3 37.7 6.69
5-99 117.8 43.5 50.2 9.02
5-100 55.5 30.3 36.4 6.31
S-101 169.3 50.7 60.2 10.59
s-102 226.4 58.5 66.9 12.15
5~103 48.6 30.0 34.3 6.16

Table 13. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1304°C (2379.2°F)

, Layer Thickness Total Oxygen
Expt. No. Time . Consumed
(s) Oxide Alpha (mg/ cm?)
(um) (um)

5-1 138.4 56.2 66.9 11.87
5-3 151.4 59.7 71.8 12.61
5-4 83.4 44,9 53.4 9.45
S~5 124.4 51.7 61.7 10.96
S~6 123.2 53.1 60.6 11.13
§-~7 32.9 28.9 32.5 6.01
5-8 30.0 27.9 31.7 5.81
5-9 111.1 50.1 58.9 10.57
5-10 62.2 38.2 45,2 8.05
S-11 79.9 41.2 48.6 8.72
§-12 59.3 36.4 42.8 7.68
5-13 57.7 36.5 42.2 7.67
S-14 34.3 28.0 32.4 5.89
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Table 14. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1352°C (2465.6°F)

. Layer Thickness Total Oxygen
Time 24
Expt. No. . Consumed
(s) Oxide Alpha (mg/cm?)
(um) (um) &re
5-104 112.8 62.3 78.1 13.36
S-105 80.8 52.7 66.9 11.33
S$-106 69.5 46.9 60.5 10.16
S-107 73.1 49.8 63.2 10.71
S-108 28.3 31.8 41.3 6.85
S5~-109 90.1 53.7 70.3 11.66
5-110 32.4 32.5 39.6 6.96
S-111 50.9 40.6 52,1 8.78
§-112 116.5 60.9 79.3 13.21

Table 15. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1404°C (2559.2°F)

Time Layer Thickness Total Oxygen
Expt. No. B , Consumed

(s) Oxide Alpha >

(um) (um) (mg/em®)

S~114-~TC-2 72,7 58.4 78.3 12.84
S-114-TC-3 62.2 53.4 70.9 11.74
S$-115-TC-2 29.7 38.7 51.0 8.45
5-115-TC-3 28.6 35.2 49,2 7.84
S~116~TC~2 45.7 45,7 62.9 10.12
§-116~TC-3 42.6 44.7 60.4 9.85
S-117-TC-2 14.3 28.0 36.8 6.08
§-117-TC-3 13.5 26.1 35.7 5.74
S-118-TC-2 11.2 24.5 31.8 5.31
S§-118-1C~3 10. 4 23.4 30.7 5.09
5-119=TC-2 56.4 51.6 67.5 11.29
$-119-TC-3 54,2 48.8 65.7 10.79
$-120-TC-2 44,8 47.1 62.2 10.29
§~120-TC-3 43.4 45.1 60.4 9.92
S-121-TC~-2 27.5 39.1 51.1 8.47
S-121-1C-3 29.8 39.2 51.4 8.53
5-122-TC-2 74.1 59.0 77.3 12.92
§-122~TC-3 78.9 60.3 77.6 13.18
§-123-TC~2 29.3 39.0 50.4 8.46
§-123-TC-3 26.5 35.1 47.2 7.73
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Table 16. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1454°C (2649.2°F)

Time Layer Thickness Total Oxygen
Expt. No. , Consumed
(s) Oxide Alpha (mg/ cm?)
(um) (um) &
$-124-TC-2 57.1 61.8 81.4 13.64
5~124~TC~3 54.0 59.7 79.1 13.20
$-125~TC-2 25.1 41.5 56.5 9.20
S§-125-TC-3 23.2 40.7 53.4 8.94
S§~126~TC~2 27.9 45.5 59.4 9.96
S-126-TC-3 26.1 42.2 57.4 9.36
$-127-TC~3 53.3 58.7 78.0 13.01
$-128-TC-2 27.3 42.8 58.7 9.52
$-128-TC~3 26.4 42.5 57.4 9.41
5-129-TC-2 13.7 32.6 42,4 7.11
§-129-TC-3 14.9 32.6 42.0 7.14
$-130-TC-2 43.5 54,5 72.6 12.04
5-130-TC~3 43,1 54.6 72.2 12.03
S§-131-TC-2 47.2 56.4 74.3 12.44
$-131~TC-3 42,0 52.6 68.9 11.61
S§~-132-TC~-2 15.3 32.3 41.8 7.10
$-132~TC~3 14.5 31.0 40.6 6.84
5-133~TGC-2 36.8 49,7 64.9 10.95
$-133~-TC-3 34.5 47.5 62.9 10.51

Table 17. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1504°C (2739.2°F)

R Layer Thickness Total Oxygen
Time
Expt. No. . Consumed
(s) Oxide Alpha (mg/cn?)
(um) (um) "8
S—-134-TC-2 31.8 53.6 72.1 11.98
5-134-TC-3 28.9 50.7 68.1 11.34
$-135-TC~-2 33.0 57.8 75.7 12.76
S~135~TC-3 31.2 50.3 74.2 11.53
5-136-TC-2 47.0 65.6 88.2 14.65
S-136-TC-3 42.6 61.8 83.8 13.84
$-137-TC-2 22.8 45.8 63.6 10.29
$-137~TC-3 21.9 43.8 62.8 9.93
S-138-TC-2 7.6 27.3 38.7 6.13
$-138~TC~3 8.2 28.5 38.5 6.34
$-139~TC~2 53.2 73.7 97.6 16.29
S-141-TC-2 9.2 30.0 40.7 6.68
$~141-TC-3 8.9 28.9 40.8 6.50
$-142-TC-2 49.0 62.6 93.9 14.42
S-142~TC~3 50.0 62.5 91.4 14.34
$-143-TC-2 42.4 65.9 85.6 14.51
$~-143-TC-3 37.8 57.5 80.3 12.97
$-150-TC-2 13.9 37.5 48.3 8.25
§~-150-TC-3 13.2 35.5 48.6 7.93
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Examples of the appearance of cross-sections of oxidized specimens
are given in Figs. 16—18. These are 100x micrographs taken from specimens
oxidized at 1101, 1304, and 1504°C (2014, 2379, and 2739°F) and represent
typical microstructures showing the oxide, alpha, and prior beta regions.
The tendency for separation within the oxide layer (along the tin~rich
particle 1ine®) for the longer experiments at 1304 and 1504°C (2379—2739°F)
was aggravated by the particular method employed in mounting the speci~
mens. In the event of such a separation, separate measurements were made
of the two parts of the oxide and the results summed to give the total

oxide thickness.

Correlation of the Data

An examination of the rates of growth of the oxide and alpha layers
over the temperature range of this investigation revealed that parabolic
growth kinetics applied to both phases at temperatures above 1000°C
(1832°F) but only to the alpha phase below this temperature. For this
reason, parabolic rate constants will not be reported for oxide growth
at temperatures below 1000°C (1832°F). Since the rate constants for
Xi (oxide + alpha) layer growth and for total oxygen consumed involve
the oxide growth parameter, they also are subject to this limitation.

The basic expression for the rate of a reaction where parabolic

kinetics control is

O
e

(3)

i

dt

where
K is a kinetic parameter [i.e., oxide layer thickness, ¢; alpha
layer thickness, a; Xi (o§}de + alpha) layer thickness, £; or total
K

oxygen consumed, t], and is defined as the isothermal parabolic rate

constant.*

*1t should be emphasized, see Eq. (3), that we express the parabolic
rate constants as 62/2. These values must be multiplied by two to give
the slope of a plot of K? vs t [c.f., Eq. (4)]}. Different authors use
other conventions such as designating the parabolic rate constant as
being the slope of a K2 vs t plot. The matter comes down to the question
of whether the factor of 1/2 obtained during the integration of KdK (i.e.,
gK KdK = K?2/2) in Eq. (3) is or is not incorporated in the rate constant.
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Fig. 16. Cross-Sections of Sandvik Zircaloyéé PWR Tube Oxidized in
Steam for (a) 160 s and (b) 512 s at 1101°C (1834°F). Experiments S-32
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Fig. 17. Cross-Sections of Sandvik Zircaloy-4 PWR Tube Oxidized

Steam for (a) 30 s and (b) 151 s at 1304°C (2379°F).
and S-~3. Etch-anodized; bright-field; 100x.
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The integrated form of this equation is
2 - g2 4+ 82 ¢ 4
K KO SKL, (&)

and, thus, a plot of K2 vs t should be linear with a slope of 6; and an
intercept of Kg. Such plots of experimental data with nonzerc values
of Kg might indicate deviations from strict parabolic behavior at short
times, a pre-existing film or reaction layer on the specimen, ov poor
determinations of time-at-temperature for the reaction.

Parabolic rate constants for the four kinetic parameters ¢, o, &, and
T were determined, where applicable, at each reaction temperature from
the experimental data presented in Tables 5 through 17 by a least-squares
treatment based on Eq. (4). Although we investigated both approaches,
the present rate constants were calculated on the basis that KO = 0,
which assumes "ideal" parabolic behavior. While the observed trend in
the data was for K0 to have small, positive values, virtually no loss in
statistical confidence was found as a result of this arbitrary assignment.
In fact, the Arrhenius correlation of the rate constants calculated in
this way exhibited a lower sum of squares of error, implying that this
procedure gives a more consistent final result.

Illustrations of the kinetic behavior for oxide and alpha growth
for temperatures from 1001 to 1504°C (1834 to 2739°F) are given in
Figs. 19 to 24. At the lower end of this temperature range [1001—1101°C
(1834—2014°F)], a larger scatter exists for the alpha layer measurements.
This is in large part due to the uncertainties in locating precisely
the position of the alpha-beta interface at these temperatures. At
temperatures below 1400°C (2552°F), each data set included measurements
from only one reference point per specimen (the No. 2 thermocouple
position); at higher temperatures, measurements were made at each of
the two monitor thermocouple positions on each specimen, and the high
degree of self-consistency of these measurements is evident. In each
of these cases, as in all cases for reaction above 1000°C (1832°F), the
growth rates of these phases are well represented by parabolic growth
kinetics. It should be pointed out that the kinetics for Xi (oxide

+ alpha) layer growth, &, and for total oxygen consumption, T, behave
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similarly. Since most of the total oxygen consumed by a specimen is
located in the oxide layer, the kinetic response of this parameter is
virtually identical to that for oxide layer growth.

The data for steam oxidation at 905 and 956°C (1661 and 1733°F)
differ from the higher temperature results in that non-parabolic growth
of the oxide layer was observed at both of these temperatures. The
data set for oxidation at 956°C (1753°F) furnishes a good example of
these differences. These data are presented in Fig., 25. While the
growth of the alpha layer appears to be accounted for satisfactorily
by parabolic kinetics, departures from this behavior clearly exist for
the oxide layer growth. In fact, the growth rate of the oxide layer
at this temperature is more closely representaed by a cubic rate expres-

sion, as shown in Fig. 26.

ORNL-DWG 76~9768
| o

700 b f— ]

ZIRC-4 PWR TUBE
600 | 956 °C /

//“’ 0 /
/ |
£

/

N,
\
o

400 /

(LAYER THICKNESS)? (

300 uE /A
( 4 &
200 l
00 /T/T/ a ALPHA LAYER
M o OXIDE LAYER —
) -
0

400 800 1200 1600
' (sec) :
Fig. 25. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing in the

MiniZWOK Apparatus at 956°C (1753°F). Example of nonparabolic growth
in oxide layer.



67

ORNL-DWG 76 -9767

20,000 | i |
ZIRC-4 PWR TUBE * /~°
956 °C, MINIZWOK /
15,000 = " v iDE LAYZERO /I :
[ ]

10,000 /./‘

5000 - / :
e

o'T

0 400 800 1200 1600
! (sec)

(LAYER THICKNESS)® (um)?

Fig. 26. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing in the
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The parabolic rate constants from the present data sets are given
in Table 18. It is interesting to observe that the scatter in the
individual data, indicated by the statistical confidence in the rate
constants, actually improved as the temperature increased. Part of the
unexpected improvement must be associated with the fact that the mea-
surements of interface positions are relatively more accurate at the
higher temperatures because the system behaves more ideally.

Correlations of the rate constants in terms of simple Arrhenius
relationships were, except for the alpha layer growth, restricted to
the temperature range 1000—1500°C (1832—2732°F). 1In fact, because the
rate constant for oxide growth at 1001°C (1834°F) appeared a little low
compared to the rest of the data set, the least-squares and statistical
representations were based on the data at and above 1050°C (1922°F).
The four sets of parabolic rate constants are plotted in Arrhenius
fashion in Figs. 27-30. The data are obviously well represented by

this relationship, although a critical examination seems to indicate




Table 18. Parabolic Rate Constants for Isothermal Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing

62 52 62 32
ICIPETALUe $ [oxide] Dev.® % [Alpha] Dev.®  —=[Xi] Dev.®  — [Oxygen] Dev.’
(o -] -/ L/ L/ o a,
¢ Cn (cm?/s) (= % (em?/s) (= %) (en/s) B (g/cm?)?/s (%)
x 108 x 108 x 107 x 107

905 1661 0.1012 36.9

956 1753 0.2027 12.4

1001 1834 0.7072 8.0 0.3139 i7.2 0.1961 8.7 0.2191 7.2
1050 1922 1.399 5.8 0.8493 28.2 0.4421 13.0 0.4725 6.0
1101 2014 2.171 8.0 1.950 21.2 0.8230 i2.3 0.8066 7.6
1153 2017 3.631 4,9 3.254 13.7 1.375 8.3 1.387 5.0
1203 2197 5.389 10.4 5.872 14,1 2.251 11.9 2.185 9.7
1253 2287 7.663 6.7 10.07 8.2 3.530 7.2 3.300 6.0
1304 2379 11.41 4,8 15.93 5.3 5.431 5.2 5.078 4.2
1352 2466 16.51 6.9 27.10 4.4 8.592 4.6 7.693 5.2
1404 2559 23.51 4.1 41.22 4.4 2.70 3.9 i1.331 3.4
1454 2648 33.66 3.5 5¢.01 4,1 18.18 3.6 16.41 3.0
1504 2739 45.25 8.7 85.95 3.4 25.58 4.5 22.79 6.0

Maximum uncertainty at 907 confidence level.

89
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that some minor but systematic deviations exist. It should be mentioned,
for example, that if the Arrhenius representation for the oxide and
alpha rate constants are each linear with different slopes, then the
corresponding representation for Xi must exhibit curvature. This effect
appears ﬁegligible in the present case, and we have determined all of
the expressions for the temperature dependence of the parabolic rate
constant on the basis of conformity to the Arrhenius equation.
Individual confidence intervals for the pre-exponential and activa-
tion energy terms of the Arrhenius expressions for the rate constants
were calculated. In addition, the joint confidence intervals for the
rate constants themselves were also calculated. The computation
procedures and significance of thekstatistical quantities have been
reported previously" and will not be repeated here. Specifically, it

was shown that

§2 .

4 = 01126 (071 exp(~35890[22.2%1/RT) cn?/s (5)
52 .

~%~= L7615 [igg;] exp (—48140[+2.6%]/RT) cm?/s (6)
§2 .

5 = 3412 [jigé] exp (—41700[+1.2%]/RT) em?/s (7)
87 203

~%~= .1811 [il6;] exp(—39940[+1.4%]/RT) (g/em®)?/s (8)

82
where each-—% is the parabolic gate constant for the kinetic parameter
k calculated on the basis that ~% = k-%%. The gquantities in the brackets
refer to the individual 90% confidence limits on the pre~exponential
and activation energy terms.

While the individual confidence intervals are useful in describing
the statistics on the specific terms, the joint confidence intervals are
more meaningful descriptions of the accuracy of the specific rate con-~
stants because the uncertainties on the pre—exponential and activation
energy terms are correlatgg. From Constructions'of the joint confidence
intervals, the ranges of ~% at the 90% level were calculated and are

given in Table 19. The confidence ranges for the rate constants shown

in Table 19 are considered to be excellent. Thus, the data are consistent
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Table 19. 90% Joint Confidence Intervals for the Parabolic Rate
Constants for Oxide Layer Growth, Alpha Layer Growth, Xi Layer
Growth and Total Oxygen Consumption

Rate Constant Percent Deviation from Expected Value at

2

S 1500°C (2732°F)  1250°C (2282°F)  1050°C (1922°F)
2 .

62

4 +4.3 +2.5 +4.9
2 ~4,1 2.4 4.7
(52

a +10.1 +6.1 +12.1
2 9.2 ~5.8 —10.8
52

& +2.6 +1.5 +3.0
2 —2.6 —1.5 —2.9
§2

T +3.0 +1.7 +3.4
2 ~2.9 1.7 —3.3

with and represented accurately by the given Arrhenius relationships.
(For a more complete exposition of the statistical treatment of the

data, see Appendix A.)

Oxide-Alpha Thickness Ratios

As has been pointed out, the activation energies for oxide and
alpha layer growth are 35,890 and 48,140 cal/mole, respectively. This
difference is expected to produce differences in the relative rates of
growth of the two phases as a function of temperature, and such a
phenomenon is observed as shown in Fig. 31 where the oxide~alpha layer
thickness ratio (¢/a) is plotted as a function of temperature. The
error bars represent two standard deviations from the mean of the ratios
observed.

It has been suggested that the ¢/o ratio might be used as a measure
of oxidation temperature of specimens oxidized under approximately iso~
thermal gonditions. Such an approach is certainly possible but must be

used with considerable caution. As the data demonstrate, even when
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Fig. 31. Oxide/Alpha Thickness Ratios Plotted as a Function of
Temperature for Zircaloy-4 Specimens Oxidized in Steam.

samples are oxidized under carefully controlled conditions, a substantial
variation in the ¢/a ratio is observed. This variation could lead to
errors in temperature estimates of 100°C (180°F) or greater.

The method certainly should not be used at temperatures below
1000°C (1832°F). At 900 and 950°C (1652~1742°F) the oxide growth rate
is not parabolic, and, as a consequence, the ¢/a ratio changes as a
function of oxidation time as well as temperature. This effect is
illustrated in Fig. 32(b) where ¢/o is plotted against oxidation time.
At temperatures above 1000°C (1832°F), however, this ratio does not

appear to vary significantly with time [see Fig. 32(a)].

Comparison of Isothermal Kinetic Data

A general comparison of the results of this investigation with
previous work can be made %E terms of the parabolic rate constants for
total oxygen consumption,ﬂq%. The temperature dependences reported by
(or derived from the data of) a number of investigators are given below.

I+ should be remembered that we have defined these rate constants as
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62

~—% (g/em?)2/s = 1 d

T . .
—, where 1 is the total oxygen consumed in grams/cmz.
de Ve

Present Investigation (Based on Stoichiometric Oxide):

----- = .1811 exp[-—39940/RT(°K)] (g/cm?)?/s

Present Investigation (Based on Stoichiometry Gradient in Oxide):

5 = -1680 exp[—39870/RT(°K)] (g/cm?)?2/s
HOBSONZ 7 (Analysis of Complete Data Set):

52
mg = .1553 exp[—39290/RT(°K)] (g/cm?®)?/s
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HOBSON?7 (Point-by-Point Analyses):

(32

-% = .008311 exp[—31110/RT(°K)] (g/cm?)?/s

BAKER-JUSTZ8 :

O
P PO

= 2.0496 exp[—45500/RT(°K)] (g/cm?)?2/s

LEMMONZ?

—= = .02203 exp[~33500/RT(°K)] (g/cm?)2/s

KAWASAKI, et al.3l:

O3
[R TN

= .1994 exp[~40500/RT(°K)] (g/cm?)?/s

LEISTIKOW, et al.32 (approximated from graphical data)%

*The analytical expression derived for the data of Leistikow, et
al. exhibits a comparatively large activation energy term, although the
individual experimental rate constant values agree reasonably well with
other recent data (see Appendix A). It appears that the high activation
energy stems from the inclusion in this data set of the very low value
of the parabolic rate constant determined at 900°C (1652°F), which pro-
duces a relatively steep slope for the Arrhenius plot. If this point
is neglected, as suggested by our results that indicate the kinetics to
be non-parabolic at this temperature, the activation energy decreases to
less than 42000 cal/mole with a corresponding change in the pre-exponential
term.
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62
—J = 2.142 exp[~47640/RT(°K)] (g/cn?)?/s

(900°C < T < 1300°C)
(1652°F < T < 2372°F) .

While significant variations exist in both the pre-exponential and
exponential terms of the various Arrhenius expressions, most of the
rate constants predicted by these equations lie within a comparatively
narrow band over the temperature range where they apply. Several of
these data sets are compared in Fig. 33. As anticipated from an exami-
nation of the analytical expressions listed above, several of the sets
are virtually didentical. For example, the data of Kawasaki, et al.
agrees very well with the present data; the "Klepfer correlation', as
it is sometimes called, agrees well with the recent data of Biederﬁan,et al.
The Baker-Just expression is seen to produce values for the parabolic
rate constant which diverge at elevated temperatures from the main body
of experimental data. Furthexr discussion of the extent of agreement

among these various data sets can be found in Appendix A,

Scoping Tests

A number of tests were conducted in both of the steam oxidation
apparatuses in order to assess the effect of certain experimental or
system variables on the observed reaction behavior of Zircaloy. The
effect of variations in the steam flow rate and steam injection tempera-
ture was determined by comparison of the data obtained in the MaxiZWOK
apparatus with the standard data set. The effects of gaseous impurities
in the steam and of small compositional variations in the Zircaloy were

studied by additional experiments in the MiniZWOK apparatus.

Isothermal Oxidation Tests in Max1ZWOK

The MaxiZWOK apparatus was utilized to conduct oxidation tests at
nominal temperatures of 900 and 1000°C (1652 and 1832°F) for comparison
with the MiniZWOK data obtained for the same temperatures. The experi-

mental conditions in MaxiZWOK, as discussed in a previous section, differ
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Fig. 33'62A Comparison of Parabolic Rate Constants for Total Oxygen
Consumption, _T, from Several Investigators.

from those in MiniZWOK in two important ways: (1) the steam insertion
temperature is approximately the same as the reaction temperature, and
(2) the steam flow rate is maintained at about 360 g/min (0.8 1lbs/min),
which corresponds to a velocity of about 18 m/s (40 mph) in the reaction
tube or more than order of magnitude higher than corresponding values
in MiniZWOK.

Representative time~-temperature excursions for experiments con—
ducted at 900 and 1000°C (1652—1832°F) are shown in Figs. 34 and 35.

Upon insertion of the specimen into the reaction tube, the specimen
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temperature increases rapidly to the system temperature. A perturbation
of the heating rate is observed due to the endothermic o—~to-8 transforma-
tion of the Zircaloy, which makes the rate of approach to temperature at
900°C (1652°F) somewhat sluggish. ‘For reaction at 1000°C (1832°F), the
exothermic heat of reaction is sufficient to drive the specimen temper-
ature above that of its environment, creating the "overshoot' that was
typical of MaxiZWOK experiments in this temperature range. In the
particular case illustrated in Fig. 35, an overshoot of about 18°C

(32°F) was observed before the specimen temperature began to return to
its steady-state value, and several minutes were required for the effects
of specimen self-heating to be dissipated. At the termination of each
experiment, the specimen is withdrawn from the reaction chamber into the
quench bath, and the temperature drops rapidly.

Data and Results — The basic experimental phase thickness measure-

ments were obtained from the oxidized MaxiZWOK specimens using essentially
the same procedures discussed in connection with the MiniZWOK apparatus.
One exception in the procedure concerned the gathering of the phase
thickness measurements since this apparatus produced specimens oxidized
on both sides. Thus, measurements were made on each surface for
comparison.

In order to check on the uniformity of the reaction, phase thick-
ness measurements were made on several specimens as a function of
angular position around their circumferences. While there were obvious
local artifacts which affected the accuracy of some of the individual
measurements, the circumferential variation of the phase thicknesses
was considered small enough for MaxiZWOK specimens so that an "average"
layer thickness was meaningful. Circumferential layer thickness measure-
ments on the outer surfaces of two épecimens oxidized at 900 and 1005°C
(1652-1841°F) in the MaxiZWOK apparatus are presented in Figs. 36 and 37.
Similar results were obtained for measurements on the inner surfaces.
While no statistical treatment of these data has been performed, we
have used such plots to justify the use of a simple data-gathering
procedure involving few measurements: this procedure was to make only
four measurements, approximately 90° apart, starting from a random

point for both inner and outer surfaces of the specimen tube. Care
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was taken to avoid obviously nonrepresentative areas. The thickness of
each layer on each surface was then taken as a simple average of the

four measurements., The arrows in Figs. 36 and 37 indicate the average
thickness values obtained by this latter procedure for each layer.

They are seen to agree well with the mean value computed from the entire
data set. The MaxiZWOK data presented later in this report were obtained
by this four-point meﬁhod.

The equilibrium temperatures for the set of MaxiZWOK experiments
nominally at 900°C (1652°F) varied from 897 to 902°C (1647—1666°F); at
1000°C (1832°F), the range was 1000 to 1009°C (1832—1848°F). Corresponding
isothermal temperatures of 900 and 1005°C (1652—1841°F) were chosen to
represent each of these data sets. On this basis, and the measured time-
temperature excursion for each experiment, the effective time at temper-
ature for a true isothermal oxidation was calculated as previously
described.

Correlation of Data and Comparisons — Values of the oxide and alpha

phase thickness measurements for the sets of oxidation experiments in
MaxiZWOK at 900 and 1005°C (1652~1841°F) are presented in Tables 20 and
21. Measurements for both outer and inner surfaces of the tube are
reported. It should be emphasized’here that the consistency of the
alpha layer thickness measurements is not as high as that obtained
after oxidation at higher temperatures because of difficulties in
defining the o/f or af(o+8) interface.

A parabolic plot for the growth of the outer oxide layer at 900°C
(1652°F) is given in Fig. 38, which shows the extent of the departure
from ideal parabolic behavior and also compares this data set with the
MiniZWOK results for oxide growth ét 905°C (1661°F). (Note that four
additional points at short times were added to the MiniZWOK data set to
aid in this comparison. These four data points were not included in
Table 5.) The very good agreement)between these two data sets is
regarded as evidence that steam flow rate and steam insertion tempera-
ture do not affect significantly the kinetics of the steam oxidation

of Zircaloy, at least in this temperature range.



82

Table 20. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 900°C (1652°F) MaxiZWOK Data

Quter Surface Inner Surface
Expt. No. fi?e Oxide Alpha Total Oxygen Oxide Alpha Total Oxygen
) (um) (um) Consumed (um) (pm) Consumed
(mg/cm?) (mg/cm?)
Max-11 637.3 12.8 15.3 2.314 12.0 14.1 2,163
Max~12 75.8 5.6 5.0 .968 4.9 4.7 .856
Max-13 1194.0 15.7 18.6 2.833 14.4 18.0 2.624
Max~14 136.4 7.0 7.9 1.253 6.6 7.9 1.193
Max~15 46.3 5.0 3.9 .852 3.8 3.9 .670
Max~—16 383.4 9.9 11.3 1.776 9.4 11.0 1.693
Max~17 857.7 13.2 17.5 2.431 12.6 17.9 2.350
Max-28 2291.1 19.6 21.7 3.500 18.3 21.4 3.296

Table 21. Steam Oxidation of Sandvik Zircaloy-4 PWR
Tubing at 1005°C (1841°F) MaxiZWOK Data

Outer Surface o Inner Surface
Expt. No. ?i?e Oxide Alpha Total Oxygen Oxide Alpha Total Oxygen
(um) (pm) Consumed (um) (um) Consumed
(mg/cm?) (mg/cm?)
Max-21 367.4 25.8 17.6 4.547 24.6 17.7 4.370
Max-22 866.5 40.6 26.0 7.104 38.3 24.9 6.727
Max~23 99.4 13.7 10.2 2.436 11.8 10.1 2.147
Max-24 640.5 35.3 22.6 6.173 33.3 22.3 5.865
Max~25 234.4 20.6 14.1 3.632 20.1 13.6 3.543
Max-26 512.4 31.0 19.3 5.410 30.4 18.3 5.292
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Fig. 38. Non-Parabolic Growth of Oxide Layer on Zircaloy-4 PWR
Tube in the Mini~ and MaxiZWOK Apparatuses at &~ 900°C (1652°F).

The parabolic plot for the 1005°C (1841°F) MaxiZWOK data set is
presented in Fig. 39, which shows the behavior for both outer and inner
surfaces of the tube. The kinetic behavior at this temperature is
clearly parabolic with only minor differences observed for the layer
growth on the outer and inner surfaces. Small differences of this sort
may be due to geometrical effects or to the different final inner-outer
surface treatments used by the tube manufacturer.

A list of the parabolic rate constants for the kinetic parameters
{(where they apply) for oxidation in MaxiZWOK is given in Table 22.
While the 900°C data ¢ompare very favorably with the values predicted
from the MiniZWOK data obtained at 905°C, the comparison is not as good
for the data sets at nominally 1000°C. Although the MaxiZWOK data at
this temperature suggest a slightly higher value for the parabolic rate
constant for oxide and alpha growth, it is interesting to observe that

the actual MiniZWOK rate constant values for reaction at 1001°C are
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Fig. 39. Oxidation of Zircaloy-4 PWR Tube in the MaxiZWOK Apparatus
at 1005°C.

Table 22. Parabolic Rate Constants for Oxidation of Sandvik Zircaloy-4
PWR Tubes in MaxiZWOK Apparatus at 900 and 1005°C (1652--1841°F)

Parabolic

Temperature Rate Constant l')ev.a
- Parameter 52 (2

(°c)  (°F) 5 108

900 1652 Oxide (outer) non-parabolic

900 1652 Alpha (outer) .123 cem?/s 26.4
900 1652 Xi (outer) non~parabelic

900 1652 Total Ox. (outer) non-parabolic

900 1652 Oxide (inner) non-parabolic

900 1652 Alpha (inner) .119 cn?/s 26.2
900 1652 Xi (inner) non-parabolic

900 1652 Total 0x. (inner) non-parabolic

1005 1841 Oxide (outer) .949 cm?/s b2
1005 1841 Alpha (outer) .393 cm?/s 9.9
1005 1841 Xi (outer) 2.562 cm?/s 4.2
1005 1841 Total Ox. (outer) 2.908 (g/cm?)?/s 3.6
1005 1841 Oxide (inner) .858 cm?/s 6.0
1005 1841 Alpha (inner) .368 cm?/s 16.4
1005 1841 Xi (inner) 2.349 cm?/s 4.8
1005 1841 Total Ox. (inner) 2.649 (g/cmz)z/s 4.3

Maximum uncertainty at 907 confidence level.
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somewhat lower than those predicted by the Arrhenius curves considering
each data set as a whole. Additionally, the fact that this temperature
is within a very critical range regarding the crystal structure of the
growing oxide may be responsible for these small differences in rates.
This point will be discussed later with regard to transient-temperature
oxidation behavior. It should also be pointed out that one additional
experiment in MaxiZWOK, rum under conditions where the furnace tempera-
ture was higher than the steam temperature, produced a single data point
at 1050°C that agreed within experimental uncertainty with the standard
data set.

Thus we argue that the variations in steam flow rate (at least for
flow rates above those necessary to prevent hydrogen blanketing) and
steam insertion temperature produce little effect on the isothermal rate
of oxidation of Zircaloy-4. Of course, steam flow rate and temperature
are recognized as important factors in determining the tempefature
response (i.e., the extent of temperature rise due to specimen self-

heating) of a specimen in a given environment.

Mixed Gas Experiments

A number of scoping tests were performed in which specimens of
the standard Zircaloy-4 PWR tubes were oxidized in steam to which small
amounts of potentially reactive gases had been added. Experiments were
conducted at nominally 1101 and 1304°C (2014-2379°F) with either
10 mole %Z N,, 10 mole %Z 0y, or 5 mole 7 H, added to the flowing steam.
These experiments were conducted in the MiniZWOK apparatus to which a
gas injection device had been added. The gas flow rates were monitored
with a calibrated flow-meter. In order to insure adequate mixing of
the impurity gases with the steam, they were injected at a point just
above the steam boiler.

The oxidation and data~gathering procedures used in these tests
were identical to those reported previously for the basic set of iso-
thermal data. Oxide and alpha layer thicknesses were determined at
each monitor thermocouple position. The reaction time at the assigned

reaction temperature was calculated by an integration scheme which
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utilized the CODAS output for the entire temperature excursion. These
data, plus a calculation of the total oxygen consumed by each specimen,
are presented in Tables 23 through 28.

The tabulated data are presented in graphical form in Figs. 40
through 45. These are plots of the sguare of the oxide and alpha layer
thicknesses as functions of time for the various experimental conditions.
In each figure, the straight lines represent the behavior predicted for
the rates of layer thickening by the analytical expressions derived from
the basic data set for oxidation in pure steam.

It will be noted that in some instances the individual data points
from the scoping tests differ from the baseline correlations. However,
because of the comparatively small number of tests used to define the
rate curves in the scoping experiments, we feel that these airfeveances
are not significant with the possible exception of the results for
oxygen additions at 1101°C (2014°F).

For example, Fig. 40 compares the baseline data with those obtained
after oxidation at 1101°C (2014°F) in steam containing 10 mole % N,. Tt
is obvious in this case that the differences in the kinetic behavior for
oxide and alpha layer growth are insignificant. Indeed, the rate con-
stants for ¢ and a calculaned from tihc scoping test data are virtually
identical to the "standard" values. On the other hand, for tests at
1101°C (2014°F) in steam containing 10 mole % O,, Fig., 41 indicates a
small, but consistent effect: the oxide layer appears to grow a little
faster under these conditions, and because of the resulting enhancement
of the rate of movement of the oxide-alpha boundary, the rate of growth
of the alpha layer is reduced. However, while the rate constant for
oxide layer growth is about 19% larger, the statistical significance
of this difference is marginal. In Fig. 42, the addition of 5 mole 7 H,
to the steam is shown to exhibit a negligible effect on the oxidation
kinetiecs at 1101°C (2014°F).

The comparisons for the tests at 1304°C (2379°F), shown in Figs. 43,
44 and 43, similarly indicate no dramatic kinetic effects of impurity
gas additions (at the levels studied) to the steam. Even for the case

)

of the 10 mole % oxygun 27dition, the comparison with the standard data

is very good. Thus., the ~nly scoping test involving impurity gas
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Table 23. Steam Oxidation of Sandvik Zircaloy~-4 PWR Tubing at
1101°C (2014°F) (10 mol % Nitrogen Added to Steam)

R Layer Thickness Total Oxygen
Expt. No Time (mg/cm?)
' ) (s) Oxide Alpha
(um) (um)
5~170-TC~2 168.1 27.7 25.5 5.31
§-170~-TC~-3 161.7 28.4 25.9 5.42
S$~171~TC-2 147.1 28.9 25.2 545
8S-171-TC~3 162.2 27.5 23.4 5.21
S-172-TC-2 556.6 49.2 43.3 9.39
S-172~TC~-3 543.1 48.6 42.8 9.28
8-173-TC-2 519.6 48.1 43,2 8.20
8~173-TC-3 523.3 47.2 40.0 8.97
$~175~TC-2 26.5 12.6 11.7 2.39
$~175-TC-3 28.5 13.5 12.1 2.55

Table 24. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing
at 1101°C (2014°F) (10 mol % Oxygen Added to Steam)

Layer Thickness

Expt. No. fl?e Oxide Alpha To?;l/g$g§en
5 (um) (um) &/
$-188~TC~2 160.5 29.8 23.7 5.56
S5-188-TC~3 157.5 29.5 24.0 5.52
5~189-TC-2 185.7 32.7 25.3 6.08
$-189-TC~-3 177.5 32.2 24.7 5.97
5-191-TC~2 545.8 53.0 36.1 9.75
S~191-TC-3 510.0 51.2 34.1 9.40
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Table 25. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing
at 1101°C (2014°F) (5 mol % Hydrogen Added to Steam)

Layer Thickness

Expt. No Time Total Oxygen
N : . (8) Oxide Alpha (mg/cm?)
(um) (um)

S-180-TC~-2 169.8 28.2 25.5 5.39
S-180~TC-3 171.1 28.1 26.1 5.39
S-181-TC-2 182.4 29.1 27.2 5.58
$~181-TC~-3 181.6 29.4 27.0 5.62
S-182-TC-2 579.9 52.0 43,2 9.82
S-182~TC-3 523.6 51.0 39.8 9.54
S-183-TC~2 585.3 51.0 424 9.66
S~-183-TC-3 546.0 48.1 39.3 9.10

Table 26. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing
at 1304°C (2379°F) (10 mol % Nitrogen Added to Steam)

Layer Thickness

A Time Total Oxygen
Expt. No. (=) Oxide Alpha (ng/cm?)
(um) (um)
S§-174~TC-2 31.5 28.4 32.5 5.92
$-174~TC-3 27.1 26.7 31.9 5.60
S-176-TC-2 30.5 28.1 33.2 5.89
§5-176-TC-3 31.5 27.7 33.8 5.85
S-177-TC-2 30.4 28.2 33.4 5.91
S~-177-TC-3 25.5 25.6 30.0 5.36
S-178-TC-2 158.4 60.7 74.2 12.87
5-178-TC-3 157.0 60.1 71.2 12.68
S$~179-TC~2 170.1 60.7 Th.4 12.93
$-179~TC-3 167.6 61.5 73.4 13.00
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Table 27. Steam Oxidation of Sandvik Zircaloy~4 PWR Tubing
at 1304°C (2379°F) (10 mol % Oxygen Added to Steam)

Layer Thickness

; Time Total Oxygen
Expt. No. (s) Oxide Alpha (mg/cm?)
(um) (ym)
$~192-TC-2 27.6 26.3 29.7 5.48
§-192~-TC-3 26.5 26.6 31.2 5.55
S-193-TC-2 25.8 26.6 28.3 5.46
$~193-TC~-3 24,7 27.2 28.4 5.54
$-194-TC-2 147.5 57.7 65.7 12,10
$-194-TC-3 128.0 56.2 62.0 11.67
5-195~TC~2 143.1 57.0 63.2 11.90
$-195-TC-3 147.3 58.8 66.2 12.28

Table 28. Steam Oxidation of Sandvik Zircaloy-4 PWR Tubing
at 1304°C (2379°F) (5 mol % Hydrogen Added to Steam)

Layer Thickness

, Time Total Oxygen
Expt. No. (s) Oxide Alpha (mg/cm?)
(um) (um)
S~184~TC~-2 33.8 29.5 35.1 6.19
5-184-TC~3 34.4 29.1 35.7 6.15
5~185-TC-2 32.9 28.5 34.7 6.02
$-185-TC-3 28.4 26.7 32.5 5.63
5-186-TC-2 173.8 60.2 72.1 12.80
S~186~TC~3 157.4 58.2 68.9 12.32
$-187-TC-2 152.4 57.9 68.1 12.23
S~187~-TC-3 160.2 59.7 70.5 12.61
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Fig. 40. Oxidation of Sandvik Zircaloy-4 PWR Tubing at 1101°C
(2014°F) in Steam Containing 10 Mole % N,. Solid and dashed lines
represent parabolic oxide and alpha layer growth in pure steam.
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additions to the steam in which (possibly) a kinetic effect was observed
was the set for oxidation at 1101°C (2014°F) in steam containing
10 mole % 0,.

While the number of experiments in these scoping tests was rela-
tively small, it is nevertheless possible, as mentioned above, to
compute parabolic rate constants from the oxide and alpha layer thick~
ness measurements for each set. These rate constant values are compared
with those of the baseline data set in Tableg 29 and 30. With the one
exception, the maximum difference observed in the rate constants was
less than 10%, indicating again that for the particular concentration
levels studied, the influence of the gaseous impurities on the kinetics

of oxidation was very small,

Alloy Composition Variation

In order to assess the possible influence of small differences in
the alloy composition of reactor-grade Zircaloy-4 tubing on the oxida-
tion kinetics, measurements were made at two temperatures on specimens
obtained from an alternate tubing supply that we have designated
Batch B*. Using the identical equipment and procedures documented
previously, steam oxidation experiments were conducted at 1153 and
1504°C (2107—2739°F) for comparison with the standard Sandvik tubing
data for these same temperatures.

The data obtained for oxidation of the Batch B tubing are given
in Tables 31 and 32. Also listed in these tables are the calculated
values for the total oxygen consumed by the specimens. Parabolic
plots for the thickening of the oxide and alpha layer are presented in
Figs. 46 and 47, which include the comparisons to ‘the baseline Sandvik
tubing data taken from the analytical representations. These compari-
sons show insignificant differences in the rates of alpha layer growth
at these temperatures and small but apparently consistent differences

in the rates of oxide layer growth. Tabulated values of the rate

%Reactor grade PWR Zircaloy~4 tubing, Batch B. Composition
(wt Z): 1.3 Sn, 0.22 Fe, 0.10 Cr, 0.125 0, 0.010 C, 0.0015 N, and
0.0015 H.



Table 29. Comparison of Parabolic Rate Constants for Oxidation in Steam at 1101°C (2014°F)

{(Impurity Gas Additions)

Parabolic Parabolic

pata Set Rate Constant® Differenceb Rate Constant Difference
52 {oxide) (%> ) (alpha) (%)
5
—%3 em?/s x 108 —%3 em?/s x 108

Basic {pure steam) 2.198 1.673

10 mol % N, added 2,201 * 5.4% +.1 1.5698 + 8.4% *1.5
10 mol % 0, added 2.618 + 8.1% +19.1 1.269 = 34.9% —24.1

5 mol % H, added 2.289 + 9.1% +4.1 1.564 + 16.0% —6.5

a 4y . . . <
Error iimits indicate uncertainty at 90% confidence level.

bPercent difference compared to baseline value.

%6



Table 30. Comparison of Parabolic Rate Conmstants for Oxidation in Steam at 1304°C (2379°F)

(Impurity Gas Additions)

Parabolic b Parabolic b

Data Set Rate Constant Difference Rate Constant Difference
€ (oxide) (%) ) (alpha) (%)

§
—%, cm?/s x 107 —%, em?/s x 107
~ &
Basic {(pure steam) 1.194 1.619

10 mol % N, added 1.136 + 4.1% —4.9 1.652 + 3,9% +2.0
10 mol % 0, added 1.170 + 6.3% —2.0 1.467 + 5.2% —9.3
5 mol % H, added 1.087 + 5.5% —9.0 1.531 + 6.0% 5.4

a , s 2 , g .
Error limits indicate uncertainty at 90% confidence level.

bPercent difference compared to baseline value.
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Table 31. Steam Oxidation of Batch B Zircaloy-4 PWR Tubing
at 1153°C (2107°F)

Layer Thickness

Time Total Oxygen
Expt. No. (s) Oxide Alpha (mg/cm?)
(um) (pm)
AB~197-TC-2 239.4 37.4 39.5 7.51
AB-197-TC-3 231.7 37.1 39.0 7.44
AB~198~-TC-2 103.5 24,2 30.7 5.01
AB-198-TC~3 103.1 24,2 30.3 5.00
AB-202-TC-2 182.4 32.8 35.1 6.59
AB~202-TC-3 174.3 32.0 34.1 6.43
AB-203-TC-2 294.4 41.0 43,9 8.26
AB-203-TC~3 284.0 40.1 42.9 8.08
AB-206-TC~2 246.6 37.6 37.2 7.48
AB-206-TC-3 241.0 38.0 37.7 7.55
AB-207-TC~2 181.6 33.4 36.7 6.73
AB~207-TC~-3 165.4 3L.4 35.0 6.35
AB~208-TC~2 386.0 46.4 46.0 9.25
AR-208-TC-3 374.3 45.5 44,7 9.06
ABR-209-TC~-2 101.8 25.7 29.3 5.19
AB-209~TC-3 92.7 24.4 28.5 4.95

Table 32. Steam Oxidation of Batch B Zircaloy—~4 PWR Tubing
at 1504°C (2739°F)

Layer Thickness

Time Total Oxygen
Expt. No. (s) Oxide Alpha (mg/cm?)
(um) (um)
AB-210-TC-2 25.7 44,6 68.1 10.33
AB-210-TC-3 27.0 44.9 70.8 10.50
AB-211-TC~2 28.7 46.8 74.3 10.95
AB~211-TC-3 26.3 44,7 68.2 10.37
AB-212~TC-2 16.2 36.9 56.0 8.49
AB-212-TC~3 16.2 36.9 54.7 8.45
AB~213-TC~2 17.2 38.0 53.6 8.61
AB~-213-TC~-3 16.8 36.4 56.9 8.47
AB~214~TC~2 40.1 59.8 84.3 13.50
AB-214-TC-~3 37.5 54.0 81.6 12.48
AB-215-TC~2 35.7 51.8 80.1 12.06
AB-215~TC~3 34,2 51.8 77.1 11.93
AB~-216~TC~2 7.7 27.3 38.8 6.14
AB~216-~TC-3 8.1 27.4 38.5 6.17
AB-217~TC~2 7.3 25.0 38.0 5.75
AB-217-TC~3 6.9 24.5 36.3 5.60
AB-218-TC~3 47.9 62.0 89.7 14.17
AR-219-TC-2 51.4 61.6 94.8 14.34
AB-219~TC-~3 49.8 61.4 95,6 14,31
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Fig. 46. Steam Oxidation of Batch B Zircaloy-4 PWR Tubing at
1153°C (2107°F). Dashed lines represent parabolic oxide and alpha
layer growth on Sandvik tubing.
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constants calculated from these data are given in Table 33. The
percentage difference in the rate constants for oxide layer growth for
the two batches of tubing is small in both cases, but is measurably

less at the higher temperature.

Summary of Isothermal Scoping Test Results

(1) Variations in the steam flow rate from about 1 m/s to about
18 m/s exhibited only minor effects on the oxidation of Zircaloy-4 PWR
tubing. A few preliminary tests!C were run with steam velocities as
low as 0.2 m/s with similar results. These results are consistent with
those of Biederman, et al.l7 who reported no effects even under conditios
of no forced steam flow (only convective currents). Kawasaki, et al.3!
also reported no measurable effect of steam flow rate for experiments
at 1000°C (1832°F) where the flow rate was varied from about 0.2 to
1.6 m/s.

(2) Variations in the steam injection temperature from approximately
150°C (202°F) to above 1000°C (1832°F) produced no significant pertur-
bation of the oxidation kinetics. Biederman, et al,l7 reported no
measurable effects for steam superheat temperatures from 66 to 316°C
(150-600°F).

(3) The composition of our alternate supply of PWR tubing was
slightly different from that of the standard Sandvik tubing, and this
compositional variation produced only a small but consistent variation
in the rate of growth of the oxide layer; alpha layer growth was

unchanged., Biederman, et al.,!”

reported no significant differences
in oxidation behavior for three batches of tubing, perhaps because only
very small compositional variations existed.

(4) Additions of 10 mole % N,, 10 mole % 0, or 5 mole % H, to the
steam were shown to have only minor, if any, effects on the oxidation

rate of Zircaloy tubing.

COMPUTER CODES AND TRANSIENT-TEMPERATURE OXIDATION

Two computer codes have been developed that permit, on the basis

of an ideal model, the calculation of important kinetic and oxygen



Table 33. Comparison of Parabolic Rate Constants for Sandvik and Batch 'B' Tubing at 1153 and 1504°C

Parabolic Parabolic

Data Set Rate Constanta Difference Rate Constanta Differenceb
€ (oxide) €3] (alpha) (%)
52 §2
w%, em?/s x 108 ~%3 em?2/g x 108
Sandvik, 1153°C 3.551 3.183
Batch 'B', 1153°C 2.875 * 4,3% —19.0 3,112 + 16.67 —2.2
Sandvik, 1504°C 43,34 91.27
+ 5,2% —9.6 86.17 = 3.4% —2.3

Batch 'B', 1504°C 39,16

#Error limits represent uncertainty at 90% confidence level.

bPercent difference compared to baseline value.

66
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distribution parameters during any given temperature excursion for
Zircaloy in steam.

SIMTRAN is a Fortran IV computer program written for the IBM 360/91
system which solves SIMultaneously the TRANsport equations for both heat
and mass flow for the one dimensional, multiphase, moving boundary,
transient temperature transport problem in a finite geometry system
defined by cylindrical coordinates. The code utilizes an ideal diffu-
sion model based on a finite difference analysis that requires uniform
layer growth of all phases and assumes the existence of thermodynamic
equilibrium at all interfaces at all times.

BILD5 is a much simpler code that is a modified version of a program
used in some prior analyses of the oxidation of Zircaloy.33’3“ It pre-
dicts oxide thickness, alpha thickness, and total oxygen consumption by
an integration of the various rate constants for a given time-temperature
cycle. A finite difference method is used to calculate the oxygeun con-

tent and distribution within the beta region.

Isothermal Model Verification

The mass transport equations in our major computer code, SIMTRAN,
are solved using a model based on Fick's laws of diffusion and the
premise that thermodynamic equilibrium is maintained at all interfaces.
The basic input to this portion of the code consists of the oxygen
diffusion coefficients and equilibrium oxygen concentrations in each
of the phases. With the exception of numerical values for these important
input data, a detailed description of the code has been published as a
topical report? and will not be considered here.

In order to obtain an acceptable verification of SIMIRAN for iso-~
thermal oxidation, it is then necessary to supply consistent sets of
oxygen diffusivity and oxygen solubility data as functions of tempera-
ture that combine to yield good agreement with the experimental obser-
vations for layer thickness growth. Literature data for these quantities
for all phases of the Zircaloy-oxygen system at elevated temperatures
are scarce and are of generally unknown accuracy. Thus, care musi be

exercised to insure that the predictions of the code, which rely on
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this input, agree with the experimental results for isothermal oxidation
hefore comparisons are attempted for transient temperature reaction.

The equilibrium solubility values for oxygen utilized in the present
version of SIMIRAN are those listed in an earlier chapter of this report,
and were selected from the data of Ruh and Garrett,?! Gebhardt, et al.,??
Domagala and McPherson?3 for the system Zr-0, and recent results from
ANL by Chung, Garde and Kassner?“ for the system Zircaloy-0. The
effective oxygen diffusion coefficients were calculated from the data
generated in this program. The chemical diffusion coefficient for
oxygen in the beta phase of Zircaloy-4 was determined* by direct mea-

surements as a function of temperature to be
D, = 0.0263 exp(—28,200/RT[°K]) cm?/s . (9)

The ‘diffusion coefficients of oxygen in Zircaloy oxide and in alpha
Zircaloy were determined by a treatment of the kinetic phase-growth data
obtained in the present investigation. A topical report describing
these calculations and results has been issued.® This treatment involved
a consideration of the system as a classical multiphase, moving boundary,
diffusion problem in which the diffusion coefficients were expressed
in terms of the reaction rate constants and solubility values. The
appropriate chemical diffusion coefficients for oxygen in the tetragonal

oxide phase and in the oxygen-stabilized alpha phase are, respectively,
D_, = 0.1387 exp(~34,680/RT[°K]) cm? /s (10)
D, = 3.923 exp(~51,000/RT{°K]) em?/s . (1)

Using the above values for the oxygen solubilities and diffusivities,
a comparison between the SIMIRAN-predicted and the experimentally
observed values for oxide layer thickness, alpha layer thickness, and
oxygen consumed as a function of time was made over the temperature
range 1000—1500°C (1832-2732°F). Temperatures lower than 1000°C (1832°F)
were not included in this comparison because the non-parabolic kinetic
behavior observed for the oxide layer at these temperatures does not
conform to the SIMTRAN model, which requires diffusion controlled,

parabolic kinetics.
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For isothermal oxidation at 1000 to 1500°C (1832—2732°F) over the
range of times reported in our experiments, SIMIRAN predictions of the
important kinetic parameters compared to the parabolic representations
of the experimental data were considered to be excellent (which is not
surprising, since the SIMTRAN input was derived in part from the experi-
ments themselves). For example, SIMIRAN overpredicted the oxide laver
thickness by less than 3% over the whole temperature range; the agree-
ment for alpha growth and total oxXygen consumption was even better.

Thus, with the noted exception for temperatures less than 1000°C (1832°F),
we regard these results as a code or model verification for reaction
munder isothermal conditions.

An isothermal oxidation verification is redundant in the case of
the BILD5 code since it makes direct use of the parabolic rate constants
to compute the rates of increase of the kinetic parvameters. O0f course,
this code in its present form also camnot be used to consider oxidation
where non-parabolic behavior exists. No direct experimental verification
of the accuracy of the BILD5 calculation of the oxygen distribution in
the beta phase is available except to note that it compares favorably

with the SIMTRAN calculation.

Mixed-Temperature Experiments

In addition to the isothermal experiments at 900 and 1005°C
(1652—1841°F), we conducted several experiments in MaxiZWOK in which
the steam and furnace temperatures were maintained at different values,
The purpose of such experiments was two~fold. First, the furnace and
steam temperatures are the principal variables governing the rate of
heat transfer mechanisms. Thus, the specimen heating and temperature
overshoot behavior could be examined over a range of conditions. Such
information is useful for comparison with the results of SIMIRAN, which
can predict such temperature excursions on the basis of an ideal model.
Secondly, these data permitted an additional evaluation of the effect
of inlet steam temperature, per se, on the kinetics of the steam-
Zircaloy reaction.

Three mixed-temperature experiments were conducted with the steam

temperatures varying from 894 to 994°C (1641—1821°F) and furnace
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temperatures varying from 1040 to 1110°C (1904—2030°F). Except for
the degree of overshoot, the specimen temperature response in all three
runs was similar and is illustrated in Fig. 48. This drawing was made
from the recorder trace for the eXperiment in which the steam tempera-
ture was controlled at 994°C (1821°F) while the furnace was maintained
at 1110°C (2030°F). 1In this environment the Zircaloy-4 PWR tube speci-
men experienced a 43°C (77°F) temperature overshoot before its tempera-
ture decreased to an equilibrium value of 1057°C (1935°F). Thus, even
at this comparatively low temperature, it is evident that appreciable
specimen self-heating can occur. It would be anticipated thét for
similar heat transfer characteristics, the extent of self-heating would
increasé substantially with increaSing temperature,

1f the time of this pseudo-isothermal experiment is normalized to

an effective value for an isothermal experiment at 1050°C, we find that
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the measured values of oxide and alpha layer thicknesses (40.3 + 1.9 and
37.5 + 3.1 um, respectively) agree within the uncertainty limits with
the standard experimental data set obtained in MiniZWOK for this temper-—
ature (39.0 £ 1.1 and 31.0 * 4.4 pm, respectively). This suggests that
our methods of time-temperature normalization are satisfactory and
offers an addirional point where a good agreement exists for data
obtained in our two oxidation apparatuses.

This experiment was also used to test the temperature-~time predictive
capability of SIMIRAN on the basis of the physical property, heat-of-
reaction and heat~-transfer data input to the code. The specimen is
assumed to be inserted into an environment where it receives heat by
radiation from the furnace wall and by convection from the flowing
steam. It was found that very good agreement between the observed and
predicted temperature cycles could be obtained simply by varying the
convective (steam) heat-transfer coefficient within a reasonable range.
For example, a convective heat transfer coefficient of .00407 cal/s-cm?-°C
(30 Btu/hr-ft2~°F) used as input to SIMTRAN produced the result illus-

trated in Fig. 49, which is a comparison with the actual experiment.
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The agreement is seen to be quite good, particularly in the light of the
assumptions which go into this calculation. Such agreement lends a
degree of confidence to the SIMIRAN predictions of time-temperature
behavior during exposure of Zircaloy tubes at higher temperatures under

known heat-transfer conditions.

Transient Temperature Oxidation Experiments

A variety of transient temperature oxidation experiments was
performed in order to test the predictions of our computer codes. The
temperature—time profiles used are shown in Fig. 50. The very simple
transients in Fig. 50(2) were designed to investigate the effects of
variations in heating and cooling rates on code predictions. The
profiles in Fig. 50(b) should reveal any effects on oxidation rate
related to changes in scale microstructure or other factors influenced
by an increase or decrease in temperature near the beginning or the
end of the transient. Curve No. 1 in Fig. 50(c¢) simulates a transient
calculated for a particular hypothetical LOCA; curve No. 2 is similar
except that the maximum temperature of the blow-down peak was increased
from 900°C (1652°F) to 1400°C (2552°F).

Oxide and alpha phase thickness measurements were made for each of
the transient-temperature oxidation tests. For several representative
transients, as shown ih Table 34, the predictions of the SIMTRAN and
BILDS codes were compared with the experimental measurements. The code
predictions were made on the basis of approximate descriptions of the
exact time-temperature cycles, and the code results are, therefore,
thought to be slightly conservative. For the cases examined to date,
except as noted below for the "two-peak' transients, both codes predict
oxide thickness after transient oxidation to within about 10%. However,

the tendency for the formation of "

alpha incursions', as opposed to
uniform alpha layer growth, during the cooling pbrtion of a transient~
temperature oxidation test represents a growth situation that is not
properly modeled by the ideal growth schemes emploved by the codes. In
SIMTRAN, for example,‘the alpha-beta boundary movement is accelerated

during cooling due to the changes in the equilibrium solubilities and
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Table 34. A Comparison of Experimental and Predicted Values for
Kinetic Parameters. for Transient Steam Oxidation of Zircaloy-4

Measured BILDS SIMTRAN

Bxpt. Transient ' . -
No Type Oxide Alpha Oxide Alpha Oxygen Oxide Alpha  Oxygen
(Fig. 47) (um) (um)  (m)  (m)  (mg/ew®) (um)  (m)  (mg/cm?)
5~-155 a-1 39.3 j46.5 40.0 © 39.4 7.74 41.0 64.5 7.77
$-158 a~3 35.8 40,7  36.7 : 36.8 7.15 37.5 55.1 7.15
5-163 b?l 65.2 82.3 71.0 85.4 14.62 74.4  132.1  14.66
S~164 b=2 65.8 86.9 73.6 . 88.6 15.16 73.7  141.8  14.97
5~160 -1 45.8 49.8  48.4 : 45.8 9.24 49.5 77.2 9.26
5-196 c-2 40.2  52.4  49.7  47.7 9.53 51.1 78.8 9.61

the oxygen concentration gradients at this interface, but no incursions
or precipitation in advance of the interface are allowed, even in the
region of supersaturation. Thus, since supersatufation can be relieved
in this model only by diffusion to a growth front, SIMIRAN tends to over-
predict the compact alpha layer thickness. BILD5, on the other hand,
appears to predict the thickness of the compact portion of the ‘alpha
layer to within about 107%. Neither program characterizes incursion
formation; however, the difference in the alpha layer predictions for
the two codes is related to the extent of the incursions. While no
experimental values are available for comparison, the codes yield values
of total oXygen consumed during transient oxidation that are in good
agreement.

The metallographic structures exhibited by the transient tempera—
ture oxidized specimens are illustrated in Figs. 51—53. Figure 51 is
the cross section of the specimen from Expt. S-155 (see Table 34), which
was a simple "'trapezoidal' transient with a peak temperature of 1200°C
(2192°F) that lasted 120 s. While only a few incursions developed in
this specimen, much more incursion growth and alpha precipitation were
observed in the sample from Expt. 8-163 (see Fig. 52) where the peak
temperature was 1400°C (2552°F), and in which, consequently, a higher
oxygen concentration developed near the alpha-beta interface. Most

probably, a combination of excess oxygen and comparatively high
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Fig. 51. Cross-Section of Sandvik Zircaloy-4 PWR Tube Oxidized
in Steam According to Expt. S-155. Max. temp. = 1200°C (2192°F).
Etch~anodized; bright-field; 100x.

Fig. 52. Cross-Section of Sandvik Zircaloy—-4 PWR Tube Oxidized
in Steam According to Expt. S~163. Max. temp. = 1400°C (2552°F).
Etch-anodized; bright-field; 100x.
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Fig. 53. Cross-Section of Sandvik Zircaloy-4 PWR Tube Oxidized in
Steam According to Expt. S-160. Max. temp. = 1200°C (2192°F). Etch-
anodized; bright-field; 100x.

temperatures (high oxygen mobility) favors the formation and growth of
incursions on cooling.  However, incursions apparently can also form
in advanced stages of an isothermal reaction as the beta phase nears
saturation. For example, for isothefmal reaction of our Sandvik PWR
tubes on one side at 1200°C (2192°F), significant numbers of incursions
were observed in the microstructures after oxidation times approaching
1200 s. This general phenomenon was previously discussed by Hobson. 3°

Figure 53 is the cross section of the specimen from Expt. §-160, the
LOCA-like transient shown in Fig. SO(c)—l. A few incursions afe observed
in the microstructure.

In terms of the total oxygen consumed by a reacting specimen, the
alpha incursion modeling problem is likely to be comparatively minor.
From the Standpoint of the mechanical response of an oxidized specimen,

however, the existence .0of incursions is considerably more important.35

Anomalous Transient Temperature Oxidation

The experimental results obtained for the two tramsient temperature

oxidation tests illustrated in Fig. 50(c) and reported in Table 34 offer
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an example of apparently "anomalous" oxidation behavior for this

material, It was observed that the measured oxide layer thicknesses

for the two tramsients were inconsistent with their known time-temperature
histories: less oxide existed after transient (2) than for transient

(1). This result, which appears to be identical to the "preoxidation"

17d-£ was confirmed

effect reported by Biederman, Ballinger and Dobson,
by subsequent experiments and, additionally, was found to exist for
oxidation of pure zirconium. Also in accord with the Biederman obser-~
vations was the result that the calculated values, using the BILD5
program, for the oxide layer thicknesses based on the isothermal oxida-
tion data were consistently higher than those observed. The results of
these experiments are listed in Table 35.

Since the anomalous behavior occurred only for specimens subjected
to transients of the type shown in Fig. 50(c¢), it seemed reasonable to
assume that some feature of the initial peak created the conditions
necessary to produce the observed oxidation characteristics. One
obvious difference from transients in which "normal' behavior is obtained
is the fast cool and reheat portion of this type of transient. Thus, in
order to define further the particular characteristic of the time-

temperature cycle which leads to this effect, a number of steam oxidation

Table 35. Experimental and Predicted Layer Thickness Values for
Transients Illustrated in Fig. 47(c)

Layer Thickness

Transient

Expt. No. Material Measured Calculated
Typed
Oxide Alpha Oxide Alpha
(pm) (pm) (um) (um)
S-160~TC-2 Zirc-4 (1 45.8 49.8 50.5 47.9
S-162-TC-2 Zire~4 n 47.5 51.0 51.6 49.7
5-196-TC~2 Zirc-4 (2) 40.2 52.4 51.2 49.6
§-199-TC~-2 Pure Zr (1) 32.6 61.4
S-200-TC~2 Pure Zr (2) 26,0 66.4

aType (1): First temperature maximum = 900°C (1652°F); Type (2);
First temperature maximum = 1400°C (2552°F).
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experiments were performed on Zircaloy-4 specimens in the MiniZWOK
apparatus in which several key parameters of a double-peak transient
were varied.

The general form of the transients used for this series of tests is
illustrated in Fig. 54, which may be described as follows. The specimen
is heated quickly (in approximately 10 s) to the first peak temperature
Ty, and cooled, again in » 10 s, to:a specified lower temperature, T5.
The specimen is then reheated to T3 (unless T, = Tg), held under iso-
thermal conditions for a time, t3, and finally cooled. The nominal
test conditions for this series are listed in Table 36. Included in
this table are values of the observéd and calculated oxide thicknesses from
which it is possible to detect the occurrence of anomalous behavior., It
should be pointed out that the calculations, which utilized the BILDS code,

were made on the basis of the CODAS output for each run and not on the basis

ORNL-DWG 76-15545
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Fig. 54. Schematic Representation of Double-Peak Transients Used
to Study Anomalous Transient Temperature Oxidation Effect. See Table 36
for list of nominal times and temperatures.



Table 36. Nominal Test Conditions for Anomalous Transient Temperature Oxidation Tests

Maximz? Temp. Mini:giezemp. Plateau Plateau ‘ . .
Expt. No. First Peak First Peak Tempirature Time Oxide Layer Thicknesses Diff?;snce

31 32 (;g) (s? Calculated Observed )

°C) °cy (ym) (um)
S-224 10590 650 1056 210 25.2 12.2 107
$~225 1400 650 1050 210 27.2 12.6 116
$-226 1400 650 1200 110 38.8 36.3 7
$-227 1050 650 1400 55 52.9 50.2 5
§5-228 1400 650 1400 55 56.7 54.6 5
§-229 1400 1200 1200 190 51.7 49.7 4
S$-230 1400 1200 1200 210 50.0 48.4 3
$-231 1400b 1200 1200 160 54.9 53.1 3
5-232 1400° 1200 1200 100 61.4 60.6 1
5-238 1400 1050 1650 200 28.4 29.4 -3
$-239 1400 650 1090 165 28.2 10.5 169

a .
Percent difference between observed and calculated layer thicknesses.

°Siowly cooled from Ti.

¢TT
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of the nominal time-temperature descriptions given for each experiment
in Table 36.

0f the oxidation tests reported in Table 36, three exhibited
significant differences between the observed and calculated oxide
thickness values and were considered anomalous. Common to all three
of these experiments were the facts that (1) each was a "two-peak"
transient, (one in which the specimen was cooled significantly between
heating cycles), and (2) the temperature of the second peak was less
than 1200°C (2192°F). Important clues relating these facts to a viable
mechanism may be obtained by comparing several of the experimental
observations. For example, Expt. 5-224 differs from a standard iso~
thermal experiment at 1050°C (1922°F) only in that the specimen was
cooled to 650°C (1202°F) and then reheated to 1050°C (1922°F). This
difference obviously was important. Expt. 5-227 involved the same
initial peak as S~224, but subsequent oxidation took place at 1400°C
(2552°F) rather than 1050°C (1922°F). Anomalous behavior for this
experiment was not observed. |

A gimilar sequence is found in which the initial peak temperature,
Ty, was 1400°C (2552°F). Expt. 5-225 differs from $~238 only in that
the former specimen was cooled and reheated to the plateau temperature,
1050°C (1922°F), while the latter was simply cooled to the plateau
temperature from T;. The cooling-reheating sequence after the first
temperature maximum is thus a critical parameter. Expts. S$-239, 5-226
and S~228 differ from S-225 only in the temperature of the second peak
(or plateau), T3. For T3 = 1090°C (1994°F), anomalous behavior was
observed; for T3 = 1200°C (2192°F) or 1400°C (2552°F) the oxidation
was considered normal.

The results of these experiments constitute a convincing set of
evidence that points to the involvement of the monoclinic~tetragonal
phase transformation in the oxide in the mechanism responsible for the
anomalous transient temperature oxidation effect. The key characteris-
tic appears to be the extensive temperature hysteresis associated with
the transformation, 337
This behavior is illustrated by the high~temperature x-~ray diffrac~-

36

tion results of Grain and Garvie, shown in Fig. 55, who also demonstrated
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Fig. 55. Hysteresis in the Monoclinic~Tetragonal Phase Transforma-
tion in Zr0,. After Grain and Garvie.3%,36

that the details of the transformation depended upon the crystallite size.
Upon heating, the transformation is seen to take place over a narrow
temperature range near 1200°C (2204°F). On cooling, the reverse trans-
formation is initiated near 1000°C (1832°F) but is not completed until
the temperature has fallen several hundred degrees. A number of
investigators have observed similar transformation behavior.3773% These
data were obtained for Zr0O, specimens of a specified purity and treat-
ment which are certainly different from those of the oxide formed on
Zircaloy-4 under oxidizing conditions. However, it is reasounable to
assume that the general features of the transformation shown in Fig. 55

will apply to the Zircaloy oxide system.
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It has been suggested by Pemsler and others"? that tetragonal
zirconia may be stabilized at lower temperatures by stress, small grain
size, or high defect concentrations, and there is evidence that the
growing oxide scale on Zircaloy-4 may have a tetragonal structure at
temperatures lower than those indicated in Fig. 55. Thus our oxidation
rate data at 1050°C (1922°F) and, to a slightly lesser extent, at 1000°C
(1832°F) are completely consistent with the results at higher tempera-
tures where the oxide is certainly tetragonal, and one is led to the
idea that the oxide formed during our typical "isothermal” excursions
at these temperatures is predominantly tetragonal. This conclusion is
also consistent with the fact that oxidation rates observed during the
first minute or two at 900 and 950°C (1652-1742°F) agree well with those
predicted by extrapolations of the high temperature data.

40 it appears likely that in the

Following Pemsler's arguments,
initial stages of our isothermal experiments at temperatures where the
monoclinic oxide is normally stable, a thin layer of the tetragonal
oxide is formed due to favorable conditions of stress, grain size, or
defect structure. During further oxidation at 1000 to 1200°C (1832—2192°F),
the presence of this initial tetragonal oxide layer is sufficient to
stabilize the additional oxide generated in the tetragonal structure as
well. The decreased oxidation rates that we observed below 1000°C
(1832°F) may be rationalized in these same terms if it is assumed that
the diffusion flux across a monoclinic oxide layer is smaller than that
for a corresponding tetragonal scale.“? Thus, below 1000°C (1832°F),
despite the formation of an initial layer of tetragonal Zircaloy oxide,
continued oxidation eventually results in the transformation of part of
the oxide to the monoclinic structure, presumably due to stress relief,
grain growth, etc. If this transformation resulted in the formation of
layers of tetragonal and monoclinic oxide whose thickness ratio varied
with time, one would expect to see the non-parabolic oxide growth
kinetics that we have actually observed at 900 and 950°C (1652-1742°F).

Returning to the question of anomalous transient temperature
oxidation, an explanation for the phenomenon can be put forward on the
basis of a set of assumptions derived from the arguments just given and

of the experimental results summarized in Tables 35 and 36.
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1. The initial oxide formed during a typical isothermal experiment
has a tetragonal structure.

2. If the isothermal oxidation temperature is greater than v 1000°C
(1832°F), the subsequently formed oxide will also be stabilized in the
tetragonal structure,

3. If the initially formed tetragonal oxide is held at a sufficiently
low temperature [v 900°C (1652°F) or lower], it transforms to the mono-
¢linic structure, and any subsequently formed oxide will also be pre-
dominantly monoclinic unless the temperature is raised to v 1200°C
(2192°F).

4, The diffusion flux across a growing monoclinic Zircaloy oxide
scale is smaller than that for the corresponding tetragonal oxide.

In these terms the following sequence of events may be visualized
in a typical two-peak LOCA such as that hypothesized in Fig. 47(c).

1. The oxide formed during heating to the first peak temperature,
T,, (see Fig. 54) is predominately tetragonal.

2. On cooling to Ty, the oxide transforms to the monoclinic
structure.,

3. During the heating phase of the second peak, because of the
existence of the monoclinic oxide, oxidation proceeds more slowly than
would be predicted on the basis of the high temperature isothermal data,
and this condition will persist until a temperature near 1200°C (2192°F)
is reached, at which time the monoclinic oxide is converted to tetragonal.

Three critical features can be identified in this model for anomalous
transient temperature oxidation: the minimum temperature reached after
the first peak, the rate of heating from this minimum to the second peak
temperature, and the second peak temperature itself, If, after the first
peak temperature is attained, the temperature is maintained at a suf-
ficiently high level to preclude transformation to the monoclinic oxide,
the oxidation kinetics for the transient will be normal in the sense
that the extent of oxidatlon will be predictable on the basis of high
temperature isothermal oxidation data. Even in cases where the oxide
is converted to the monoclinic structure, if the heating rate to the
second peak is sufficiently fast and if the second peak temperature is

sufficiently high, no perturbation of the final oxide thickness will be
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observed provided the time at the second peak temperature is long enough
to produce significant oxide growth. Anomalous transient temperature
oxidation effects are favored by conditions where the oxide transforma-
tion occurs after the first peak, the heating rate for the second peak
is low, and/or the second peak temperature is bhelow ~ 1200°C (2192°F).
The existence of the anomalous transient temperature effect
obviously raises questions concerning the techniques currently being
used to predict transient temperature oxidation behavior. Computer
codes based on typical isothermal oxidation results will tend to over-
predict oxide layer thicknesses and, hence, total oxygen consumption
(although not necessarily the quantity of oxygen dissolved in the beta
region) for a hypothetical two peak LOCA such as those shown in Fig. 50(c).
The critical factors in such a case are the minimum temperature reached
after the first peak, the maximum temperature of the second peak, and
the rate at which this second temperature is reached. The prospects
for more precise predictions of oxidation behavior during single peak
LOCA's are better, although the rate at which the maximum temperature is
attained could also be important. Clearly, however, the problem of

transient temperature oxidation predictions deserves further study.

CONCLUSIONS AND RECOMMENDATIONS

A variety of conclusions may be drawn and recommendations made on
the basis of results obtained in the ZMWOK Program.

1. The Program has yielded a set of isothermal reaction rate data
for the oxidation of Zircaloy-4 in steam between 900 and 1500°C
(1652—2732°F). The conditions under which these data were obtained have
been carefully characterized, and the experimental procedures used in
the study were fully documented. In addition the data were subjected
to an extensive statistical analysis in order to establish appropriate
confidence limits for the results, and an analysis of the maximum
absolute errors inherent in the procedures was performed. Within the
limits thus established and for the comparatively ideal set of oxidation

conditions used, we consider this data set to be highly reliable.
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2. The ZMWOK data set provides a basis for quantifying the degree
of conservatism of the Baker-Just correlation for the oxidation rate
of Zircaloy. Under the conditions used for our experiments, the Baker-
Just relationship predicts oxidation rate constants 32, 78, and 147%
higher than ours at temperatures of 1000, 1200, and 1500°C (1832, 2192,
and 2732°F), respectively.

3. A study of the influence of deformation during oxidation on the
oxidation rate of Zircaloy is beyond the scope of the ZMWOK program.
The effects of deformation could, however, alter the oxidation behavior
of Zircaloy. Under hypothetical loss-of-accident conditions in a FWR,
ballooning and possibly some bending of the fuel rods is anticipated.
Any oxide on the surface of the rod at such a time would tend to undergo
cracking with a resulting increase in oxidation rate. Whether the total

2 during the LOCA is significantly increased

oxXygen consumption per cm
would depend to a large extent on the temperature and time into the
LOCA at which deformation occurred. If tube rupture and, hence,
ballooning, are complete at temperatures near 900°C (1652°F),

then the influence of deformation on the high temperature

oxidation process might be restricted to increases in the rate at which
the beta regions of the tube £i1l up sith oxygen, an increase related
to the thinning of the tube wall during ballooning. We recommend, how-
ever, that the effect of deformation on oxidation be taken into con-
sideration in best estimate computer codes such as FRAP-T. Data from
other RSR-sponsored projects, &.g., the Multirod Burst Test Program,
should provide useful information in this regard.

4. Oxide layer growth at 900 and 950°C (1652--1742°F) is not
describable in terms of parabolic kinetics. Extrapolation below ~ 1000°C
(1832°F) of high temperature rate constant data for oxide or Xi layer
growth or total oxygen consumption will yield overpredictions of these
quantities. However, the error resulting from such an extrapolation is
likely to be negligible if the time of oxidation at the lower tempera-
tures dces not exceed &~ 100 s (but see Par. 7 below).

5. Neither steam flow rate (above levels leading to steam starva-—
tion); steam temperat:tr:; the presence in the steam of reasonable

concentrations of oxygen, aitrogen, or hydrogen; nor small variations



in alloy composition significantly influence the isothermal rate of
oxidation of Zircaloy-4. Obviously, however, both steam temperature
and flow rate are important parameters in heat transfer calculations,
and any failure to remove the heat of the Zircaloy-steam reaction from
the fuel cladding can result in an increase in the temperature of the
cladding. We have shown that the extent of this temperature increase
can be calculated with the SIMIRAN computer code given an input of
appropriate heat transfer coefficients.

6. Except as described in Par. 7 below, the SIMTRAN and BILDS
computer codes can be used together to provide adequate predictions of
the thickness of oxide and oxygen-stabilized alpha layers and probably
of total oxygen consumption during transient temperature oxidation.
Neither code, however, models the formation of alpha incursions or
precipitates in the beta regions of a sample during the cooling phase
of most transients. It is likely that the presence of such precipitates
will influence the mechanical properties of the prior-beta regions, and
we recommend that a further correlation be developed between alpha
incursion formation during transient temperature oxidation and the
mechanical properties of the Zircaloy fuel tubes.

7. The two computer codes also overpredict oxide thickness and,
therefore, total oxygen consumption in certain hypothetical two-peak
LOCAs. This phenomenon is described in the body of the text (see p. 109)
as "anomalous transient temperature oxidation". Its occurrence is
probably related to the manner in which the monoclinic-to-tetragonal
phase transformation occurs in the oxide and to the extent that the
tetragonal oxide is stabilized at low temperatures by stress, departures
from stoichiometry, and other factors. Accurate predictions of overall
oxidation rates under these conditions clearly require that additional
research be done. It should be emphasized, however, that while overall
oxygen consumption during anomalous transient temperature oxidation is
less than expected, there is every reason to believe that the rate of
oxygen solution in the beta phase continues to be that predicted on the
basis of calculations using the high temperature data, that is, a reduc-
tion in the rate of oxide formation does not reduce the rate of embrittle-

ment of the beta phase due to oxygen solution.
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APPENDIX A

ERROR ANALYSIS

INTRODUCTION

The experimental method used in this study requires the deter~
mination of three parameters, viz., temperature, time, and phase
thicknesses, in order that a rate of oxidation may be estimated. 1In
this section we analyze the uncertainties agsociated with these mea-
surements in an effort to establish rational error limits for the data
presented.

Two basic approaches are used. 1In the first the data are subjected
to a statistical analysis to establish the degree of self-consistency
of the results. Such a treatment reflects the reproducibility of the
data and sets confidence limits on the overall results; however, it
provides no information concerning any possible systematic errors
inherent in the techniques used.

In the second approach an attempt is made to establish limits for
these systematic errors through an analysis of the determinant errors
associated with the measuring techniques used and through an estimate
of the indeterminant errors involved insofar as they are reflected in
the raw data. An overall estimate of the absolute ervor limits is then
obtained by summing the determinant and indeterminant errors. It should
be emphasized that the results of this procedure represents the maximum
possible error for the data; the difference between the measured and
true values of a given parameter is expected in a very large majority

of instances to be significantly less than this maximum error.

STATISTICAL TREATMENT OF ISOTHERMAL OXIDATION RATE DATA

A statistical analysis of the isothermal oxidation rate data
generated in this program was performed. The analysis provided estimates
of the parameters of the Arrhenius prediction equation and, in addition,

provided 90% joint and individual confidence intervals for the rate
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constants and the parameters. The details of these calculations were
outlined in a previous report1 covering the diffusion results and will

not be repeated here.

Data

The isothermal steam oxidation rate data were assumed to be

represented by the parabolic rate of reaction kinetic model in time (t):

6 -
dk _ 1 K (A1)

where K is a kinetic parameter (i.e., oxide layer thickness, ¢; alpha
layer thickness, a; Xi (oxide + alpha) layer thickness, £; and total
oxygen consumed, T) and 6;/2 ig defined as the isothermal parabolic
rate constant. The isothermal parabolic rate constant can be estimated
from the integrated form of Eq. (Al): K2 = KO + Gét by the method of
least squares. The estimated values of 6%/2 were calculated on the
basis that K, = 0, which assumes "ideal" parabolic behavior, and these
estimated values are tabulated in Table Al. The parabolic rate con~-
stants in Table Al were rounded to three significant figures for the
statistical treatments outlined below. Thus, the prediction equations
from this analysis are not precisely those presented earlier where
rounding was not done. The differences in the statistical parameters,
however, are negligible.

The treatments for the rate constants for the oxide layer and
subsequently for the £ layer and t were restricted to the temperature
range 1050-1504°C (1922-2739°F) for reasons discussed in the body of

this report. The alpha layer rate constants were examined for the

temperature range of 905-1504°C (1661—2739°F).

Prediction Equations for Rate Constants
The theoretical prediction equation for a rate constant, 6%/2 is:

612(/2 = Aexp(—Q/RT) , (A2)
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Table Al. Parabolic Rate Constant Data,6§/2

Oxide Alpha Oxide + Alpha Total

Temﬁféiture Layer Layer Layer Oxygen
(cm?/s % 10%) (cm?/s x 108) (em?/s x 107) [(g/em?)2/s] x 107
905 .101
956 ,203
1001 .314
1050 1.40 . 849 A42 JA72
1101 2.17 1.95 .823 .807
1153 3.63 3.25 1.38 1.39
1203 5.39 5.87 2.25 2.18
1253 7.66 10.1 3.53 3.30
1304 11.4 15.9 5.43 5.08
1352 16.5 27.1 8.59 7.69
1404 23.5 41,2 12.7 11.3
1454 33.7 59.0 18.2 16.4
1504 45,2 85.9 25.6 22.8

where A and Q are constants to be determined from experimental data,
R{1.987 cal/(mole ¢« kelvin)] is the gas constant and T is temperature
(kelvin). Equation (A2) is linearized by taking logarithms, ¢n 6%/2
= n A — (Q/R) 1/T, and, assuming this linear model is the correct
representation of the data, the following computations can be made:

1. Calculate by the method of least squares a prediction equation:
n 5%/2 = n"A — (Q/R) 1/T

2., Calculate the individual and joint 90% confidence intervals
on the expected values of the estimates &n"A and (Q?R).

3. Calculate the 90%Z confidence interval for the expected pre-
dicted values of 2n”6§/2.

4. Calculate the 907 confidence interval for the expected values

of A and 6.



128

The symbol """ over a letter means ''the estimate of'". For example,
¢n"A is "the estimate of" the constant 2n A.

Let §i = 23(6%/2)i be the predicted value of the logarithm of a
rate constant at temperature Ti where 1 = 1, 2, ..., n {(number of data
points) and let Yi be the observed experimental value of the logarithm
of a rate constant at temperature Ti' The correct model for the observed
values is assumed to be Yi = E{Qi} + €59 where the error random variables,

£.'s, are independent and identically distributed with zero mean and

i
constant variance (UZL and E{§i} represents the expected value of the
predicted value. Tn addition, the errors are assumed to be normally
distributed for the purposes of calculating confidence intervals.
The estimates of the constants in the prediction equation are found
by minimizing the sum of the squares for error:

n n ~
SSE = I €2 = 31 (Y.—Y.)?%2 .
i=1 Y o4=1 ¢ 7

The solutions to this minimization for each rate constant are tabulated

in Table A2.

Table A2. Prediction Equations for the Logariihm of the Rate Constants

Applicable Range

Model Prediction Equation (°C)
Oxide in aé/z = —4,48868 — 18060 (1/T) 10501504
Alpha 2 ag/z = —0.27230 — 24230(1/T) 905-1504
Oxide + Alpha 20 aé/z = ~1.07462 — 20990(1/T) 1050—1504
Total Oxygen on 5§/z = —1.70986 — 20100(1/T) 10501504

The observed and predicted values of the rate constants and the 90%
confidence intervals for the predicted values are tabulated in Table A3.
Columns 5 and 7 of the table express the confidence interval as a per-
centage of the predicted values at the extremes and approxXimate mean of
the observed reciprocal temperatures. These same data are displayed

graphically in Figs. Al—A4. The confidence interval lines (dashed lines)
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Table A3. Observed and Predicted Values and 90%\C8nfidence

Intervals for the Predicted Values of n &

e

2
Temperature Observed Predicted Lower 90% C1  Uncertainty Upper 90% C1  Uncertainty
°c) Value Value For Mean (%) (%) (%
Oxide
1050 ~-18.0842 —18.1381 —18.1862 —4.0 ~18.0899 +5.0
1101 —17.6459 —-17.6315 -17.6705 ~17.5925
1153 —17.1314 —17.1523 ~17.1837 ~17.1208
1203 ~16.7361 —16.7234 ~16.7498 ~16.6969
1253 —16. 3846 --16.3225 —16.3468 —2.4 —~16.2982 +2.5
1304 —15.9870 ~—15.9398 ~15.9649 —15.9148
1352 ~15.6173 -15.6016 -15.6296 —~15.5737
1404 —15.2636 —15.2571 —15.2894 —~15.2247
1454 —14.9031  —14.9453 —14.9825 ~14.9081
1504 —14.6095 —14.6511 —14.6934 ~4.1 —14.6088 +4.3
Alpha
905 ~20.7133 —20.8375 —20.9520 ~-10.8 —20.7229 +12.1
956 —20.0152 —19.9842 --20.0801 ~19.8883
1001 ~19.5790  —19.2880 —19.3699 -19.2061
1050 ~18.5843 ~18.5838 -18.6535 ~18.5141
1101 —17.7528 —~17.9042 ~17.9649 -17.8434
1153 ~17.2420 —~17.2613 —17.3174 —17.2051
1203 —16.6508 —16.6858 —16.7419 —5.4 ~16.6298 +5.8
1253 —~16.1081 —16.1481 ~16.2075 ~16.0887
1304 —-15.6543 —15.6347 —15.6999 -15.5895
1352 —15.1211 —15.1810 ~15.2530 —15.1089
1404 ~14.7022 —14.7187 ~14.7989 —14.6386
1454 ~14.3431  —14.3005 —14.3888 ~14.2122
1504 ~13.9674 —13.9058 —14.0022 ~9.3 —13.8094 +10.1
Oxide + Alpha
1050 ~-16.9345 —16.9371 —16.9666 ~2.9 —16.9076 +3.0
1101 ~16.3128 —16.3484 -16.3722 —16.3245
1153 —15.7960 —15.7915 -15.8107 ~15.7722
1203 -15.3071 —15.2930 -15.3092 ~15.2768
1253 —14.8567 —14,8271 —14.8420 1.5 ~14.8123 +1.5
1304 ~14.4261 —14.3824 ~14.3978 ~14.3671
1352 ~13.8674 —13.989%4 —-14.0065 —-13.9723
1404 ~13.5764 —13.5890 ~13.6088 ~13.5691
1454 —13.2166 —13.2267 ~13.2495 -13.2039
1504 ~12.8755 —12.8848 ~12.9107 —2.6 —12.8589 +2.6
Total Oxygen
1050 —16.8688 —16.8993 ~16.9322 ~3.2 ~16.8664 +3.3
1101 ~16.3325 —16.3356 ~16.3622 —-16.3089
1153 —15.7887 —15.8023 ~15.8238 -—15.7808
1203 ~15.3387 —15.3249 —15.3430 —~15.3068
1253 ~14.9241  —14.8789 ~14.8955 -1.6 —14.8623 +1.7
1304 ~14.4927 ~14.4530 ~14.4702 ~14.4359
1352 —~14.0781 —14.0766 ~14.0957 ~14.0576
1404 —13.6932 —13.6932 ~13.7153 —13.6711
1454 —13.3208 —13.3463 ~13.3717 ~13.3209
1504 -12.9913 ~—13.0189 ~l3.0478 -~2.9 —12.9900 +2.9
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in the figures are so narrow for the £ and T measurements that it is
difficult to distinguish them from the prediction lines.

The estimated values, Rﬂ A and (Q/R) are unbiased estimates of the
true values of #n A and (Q/R). The 90% confidence intervals for the

jndividual expected values of the estimators are listed in Table A4.

Table A4. Tndividual 90% Confidence Intervals for the Expected
Values of 24 A and (Q/R)

Estimator Lower 90% Estimated Upper 907
Confidence Interval Value Confidence Interval

Oxide
Lh A —4, 74691 ~4.,48868 -4, 23045
(Q/R) 17670 18060 18450
Alpha
2 A ~{0,70658 -0,27230 0.16198
(Q/R) 23600 24230 24850
Alpha + Oxide
2@ A —1.23275 —1.07462 —0.,91649
(Q/R) 20750 20990 21230
Total Oxygen
R@ A ~1.886.8 —1.70986 ~—1.53334
(Q/R) 19830 20100 20370

The individual confidence intervals on fn A and (Q/R) are appropriate
for specifying ranges for an individual estimator irrespective of the
value of the other estimator. To interpret the possible values of the
estimators of %n A and (Q/R) simultaneously, which takes into account
the covariance and the relative sizes of the variances of the two
estimators, joint 90% confidence regions are given in Figs. A5AS.
Each pair of points (2n A, (Q/R)) inside the confidence region (the
ellipse) determines a prediction line contained inside the confidence
interval about the corresponding prediction line in Fig. Al—A4. Those
points on the confidence region boundary in Figs. A5-A8 determine pre-
diction lines which are tangent to the confidence interval boundaries

on the corresponding prsdictioan lines.
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Because the evaluation of confidence intervals and confidence
regions depend on the assumption that the errors are normally distributed,
the residuals (observed values — predicted values), were examined to see
if there was any indication that this assumption might be false.

The residuals were standardized by dividing by the estimated
standard deviation (8) of the error random variables and then plotted
versus the predicted value. None of the residuals is three standard
deviations from zero, and, except for one residual point for the alpha
layer data, all remaining points are within two standard deviations
from zero. Therefore, there are no apparent outliers. To test for
normality, Bowman and Shenton's test? on the skewness and kurtosis
statistics was used at the 10% significance level with no significant
results for any of the data sets. There did appear to be some trends
in the residual plots but because of the small number of points, only
gross deviations from the assumption could have been detected. The
examination of the residuals did not indicate that any assumptions were
false.

To estimate the constants A and Q in Eq. (A2), the estimators
20 A and (Q/R) from the linear prediction equations are used. The

estimators of the two constants are:

A = exp{2a A}, and (A3)
Q = R(Q/R) . (A4)

The estimator ﬁ is an unbiased estimate of Q but A is a slightly biased
estimator of A with the expected value of A being exp{(og/Z)A], where
cg is the variance of 24 A. If the estimate of Gi is used, the bias
can be shown to be less than 1% of the true value for all four data
sets. Since the bias is so small, the correction for bias will not

be used. Table A5 lists the values of A and Q and their corresponding

confidence intervals.
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Table A5. Estimated Values and 90% Confidence Intervals
for A and Q
Bstimator Lower 90% Estimated Upper 90%
stimato Confidence Interval Value Confidence Interval
Oxide
A 0.00868 0.01124 0.01455
Q 35100 35890 36670
AlEha
A 0.49333 0.76163 1.17584
Q 46900 48140 49390
AlEha + Oxide
A 0.29149 0.34143 0.39992
Q 41220 41700 42190
ToEal Oxygen
A 0.15162 0.18089 0.21581
Q 39400 39930 40470

Confidence Intervals at the 957 Level

Throughout this report we have chosen to discuss statistical
uncertainties on the data in terms of 907 confidence levels. As
pointed out in the introduction to this appendix, the basic purpose
of a statistical analysis of a data set is to provide an objective
measure of the self-consistency and reproducibility of the data. From
this point of view, the particular confidence level selected for use is
to a large degree a matter of individual judgment, the 90% confidence
level being one frequently chosen by many experimenters. On the other
hand, the 95% level is also popular, and in this section we summarize

our statistical results based on calculations at that confidence level.

Individual Confidence Limits

Values for the upper and lower individual 907 confidence limits
on A and Q are listed in Table A5 for oxide, alpha, oxide + alpha, and
total oxygen. To change the upper and lower 90% levels to the 95%
levels, we can multiply the uncertainty, in each upper value by the ratio
(upper 95%/upper 90%) and each lower value by the ratio (lower 95%/lower

90%). Since the arguments given below for deriving these two ratios are
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symmetrical and the numerical values of the ratios are identical, only
the ratio (upper 95%/lower 90%) is derived. Note also that the ratios
given below may be used only when the uncertainties at the 907 confidence
level are expressed as a percentage uncertainty in the estimator; they
are not directly applicable in converting the absolute numerical values
of the 90% confidence limits to corresponding values at the 95% level,

(Upper 95%/Upper 90%) for Estimator A — For a (1-a)% confidence

~

interval, an upper (l-a)% value for the estimator A, expressed as a frac-

tion of A, is defined by

explin A+ /2 (v) 511 — exp(in A)
upper (1-a)% = — oxp (1n &)

(A5)

where

l-oa, expressed as percent, represents the desired confidence level,

2n A is the estimator of Zn A (see Tables A4 and A6). (Note that
the value of n A is independent of the value of o chosen.),

S; is the standard deviation of 4n A for the given data set (see
Table A6), and

ta/z(v) is the a/2 percentage point of the t-distribution with (v)
degrees of freedom.

Therefore,

upper_95% exp(tg,p25(v) S1) — 1

upper 90% Egb(to‘os(v) $1) -1

. (A6)

Evaluation of the ratio in Eq. (A6) requires knowledge of the appropriate
values of the ta/z(v)'s and of the standard deviations for the estimators.
These quantities are listed in Table A6; note that ta/z(v) is dependent
on the degrees of freedom and, hence, the number of observations for a
given data set. Substituting these quantities in Eq. (A6), one obtains
the desired ratios, which are tabulated in Table A7. As may be seen,
the change from a 90% to a 95% confidence interval increases the
uncertainties on A by amounts varying from about 26 to 31%; e.g., if
the uncertainty on the A value in the expression for the oxide parabolic
rate were *107% at the 90% confidence level, it is *+12.87 at the 95% level.
Numerical values for the upper and lower limits for the 95% individ-

ual confidence intervals for A are given in Table AS.
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Table A6 Values of and the Standard Deviations for the Estimators
¢N A and (Q/R) and the Degrees of Freedom and Appropriate t /2 (v)
Values for the Various Data Sources

Estimator Degrees

Source Estimator Estimated Standard of t (v) =t v)
Value .. .05 .025
Deviation Freedom
Oxide ) 8 1.860 2.306
fn A -4 .,48868 0.13883
(Q/R) 18060 212
Alpha R 11 1.796 2.201
n A —0.27230 .24180
(Q/R) 24230 348
Xi R 8 1.860 2.306
(oxide + alpha) n A ~1.07462 0.08501
(§/R) 20990 130
Total Oxygen . 8 1.860 2.306
n A --1.70986 0.09490
(Q/R) 20100 145

Table A7. Ratios to be Used in Converting Uncertainties at the 90%
Confidence Level to Uncertainties at the 957 Confidence Level.
Conversion Applicable to Individual Confidence Limits Only

Source Ratio
(Upper 95%/Upper 90%)

Oxide 1.281

Alpha 1.314

Xi 1.264

Total Oxygen 1.267
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Table A8. Estimated Values and 95% IndiyidualAConfidence
Intervals for the Estimators A and Q
Fstimator Lower 95% Estimated Upper 95%
Confidence Interval Value Confidence Interval

Oxide
A 0.00816 0.01124 0.01547
Q 34910 35890 36860
Alpha
A 0.4473 0.7616 1.297
Q . 46620 48140 49670
Alpha + Oxide
A 0.2807 0.3414 0.4154
Q 41110 41700 42300
Total Oxygen
A 0.1453 0.1810 0.2252
0 39270 39930 40600

{(Upper 95%/Upper 90%) for Q — For a (1-a)% confidence interval,

an upper (l-a)% limit for the estimator O, expressed as a fraction of Q,

is defined by

R(Q/R) + Rt_, (v)S, — R (O/R)

Upper(l-a)Z = 0/ 2
pper(l-a) RCATE)
or
Upper(l-a)% = ta/z(v)sg/(Q/R) (A7)
where
Q/R is the estimator of Q/R,
R is the gas constant, and
S, is the standard deviation of Q/R.
Therefore
Upper 9574 _ ijOZS(v) _ )1.240 for v = 8
Upper 90% tg.o5(V) 1.226 for v = 11 (A8)
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The numerical values at the right of Eq. (A8) were obtained by inserting
appropriate values of ta/z(v) from Table A6. See Table A8 for numerical

values of the 95% confidence limits on Q.

Joint Confidence Intervals

The joint confidence interval on 5/2, in contrast to the individual
confidence limits for A and Q, varies over the width of an Arrhenius
plot, being minimum at the mean of the reciprocal temperature observa-
tions. For this reason no single conversion factor can be used to
convert uncertainties at the 907 level to corresponding values at the
95% level. We have, therefore, recalculated these confidence intervals
using the F-distribution statistics appropriate for the 95% level. The
results are given in Table A9, which may be compared to Table A3 where
the corresponding 907% level values are summarized. Graphical represen—
tations of these data in the form of joint confidence ellipses are
presented in Figs., A9-Al2. The joint confidence regions at the 90%

level are also displayed.

MAXIMUM ABSOLUTE ERROR LIMITS FOR EXPERIMENTAL PROCEDURES

Temperature Measurement Errors

Temperature measurement errors in this program were extensively
analyzed in a previous report.3 Potential error sources considered
included thermal shunting, electrical shunting, parasitic emf's, data
acquisition system errors, thermocouple calibration errors, temperature
gradients in the sample, decalibration of thermocouples, and tab attach-
ment effects. It was concluded that the maximum probable temperature
measurement error in the MiniZWOK apparatus ranged from *4°C (7.2°F) at
900°C (1652°F) to *6°C (10.8°F) at 1500°C (2732°F). The wvalidity of
these limits was confirmed by the subsequent 7Zn situ determination of
the alpha-to-beta phase transformation temperature for pure zirconium (see
p. 30); the additional <n situ melting point determination (p. 31 ) did not
bear directly on the question of the extent of thermal shunting errors,
but this result did show that the contributions of the other potential
error sources to the uncertainties of temperature measurements lie well

within the limits given above.
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Predicted Values for the Estimators %n 82/2 and 95%

Percentage Uncertainties on §2/2 are Also Shown

in 82/2

Temperature Lower 957% CL Uncer;glflty Upper 95% CL Uncerg;unty

o) Observed Predicted For &n 8%2/2 on f /2 For %n 82/2 n ?’/2

Value ‘Value 3] (%)
Oxide

1050 —18.0842 —18.1381 —18.1978 ~5.8 -18.0784 +6.1

1101 —17.6459 -~17.6315 -17.6798 —17.5832

1153 ~17.1314 ~-17.1523 -17.1913 -17.1133

1203 ~16.7361 —16.7234 —16.7562 -16.6905

1253 —16.3846 ~16.3225 —~16.3527 3.0 —16.2924 +3.1

1304 —15.9871 —15.9398 —=15.9710 —15.9087

1352 —15.6173 —15.6016 —15.6363 ~15.5670

1404 ~15.2636 —15.2571 —15.2972 ~15.2169

1454 ~14.9031 —14.,9453 —~14.9915 —14.8992

1504 —14.6095 —14.6511 —14.7036 —5.1 -14.5987 +5.4

Alpha .

ans -~20.7133 —20.8375 -=~20.9779 ~-13.1 —20.6970 +15.1

956 --20.0152 —-19.9842 —20.1017 —19.8666

1001 —19.5790 ~19.2880 -19.3884 —19.1876

1050 —18.5843 -—18.5838 —18.6692 —18.4984

1101 ~17.7528 —~17.9042 —17.9786 —17.8297

1153 ~=17.2420 ~17.2613 —17.3301 ~17.1925

1203 ~16.6508 —16.6858 —-16.7545 ~6.6 —-16.6172 +7.1

1253 —16.1081 ~16.1481 --16.2209 -16.0753

1304 -15.6543  —15.6347 =15.7147 ~15.5548

1352 -15.1211 —15.1810 —15.2693 —15.0927

1404 —-14.7022 —14.7187 —14.8170 —14.6205

1454 —~14.3431 —14.3005 —14.4087 ~14.1923

1504 —13.9674 —-13.9058 —14.0240 -11.1 -13.7877 +12.5

Oxide + Alpha

1050 —16.9345 —16.9371 —16.9737 ~3.6 —16.9005 +3.7

1101 -16.3128 —16.3484 —16.3780 ~16.3188

1153 -15.7960 —15.7915 —15.8153 —-15.7676

1203 ~15.3071 —15.2930 —15.3131 —15.2729

1253 —~14.8567 —14.8271 —14.8456 ~1.8 —14.8087 +1.9

1304 ~14.4261 ~14.3824 —-14.4015 —14.3634

1352 ~13.9674 —13.9894 —14.0106 —13.9682

1404 —13.5764 —13.5890 ~13.6135 —-13.5644

1454 13,2166 —13.2267 ~13.2549 —13.1984

1504 ~12.8755 —12.8848 —12.9169 ~3.2 ~12.8526 +3.3

Total Oxygen

1050 —16.8688 —16.8993 —16.9401 4.0 —16.8585 4,2

1101 —16.3325 —16.3356 —16.3686 —16.3025

1153 —~15.7887 —15.8023 —-15.8289 ~15.7756

1203 ~15.3387 —15.3249 —15.3474 -15.3025

1253 —14.9241 —14.8789 —14.8995 —2.0 ~14.8583 +2.1

1304 ~14.4927 —14.4530 —14.4743 —14.4318

1352 -~14.0781 —14.0766 —14.1003 —14.0530

1404 ~13.6932 ~13.6932 -13.7206 —13.6658

1454 ~13.3208 —13.3463 -13.3779 —13.3148

1504 ~—12.9913 -13.0189 -13.0548 3.5 —~—12.9830 +3.7
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Time Measurement Errors

Absolute measurements of time in virtually all experiments were
made using the Computer Operated Data Acquisition System (CODAS). CODAS
utilizes a quartz crystal clock whose accuracy is warranted to %13 uys.
There is, however, an uncertainty as large as 2 ms in the time of
triggering of the CODAS clock at the beginning of an experiment, and
2 ms may thus be regarded as the maximum error in our absoclute time
measurements. The effect of this error on the oxidation results is
obviously negligible.

A second source of error in the oxidation times reported stems
from the necessity for normalizing the time-~temperature record for each
experiment to an equivalent time of iscothermal oxidation at some average
temperature. The technique used, which is described in detail in the

body of the report (p. 43), utilizes the expression

t
I{_exx:v[—Q/RT(t)]dt
t = T , (A9)
where t(eff) is the equivalent oxidation time for strictly isothermal

-

conditions, r(eff) is the temperature (°K) to which the data are to be
normalized, T(t) is the actual temperature of the experiment expressed
as a function of time, Q is the activation energy for the process, and
R is the gas constant. Application of Eq. (A9) thus allows one to
correct for oxidation during heat-up and cool-down and for small varia-
tions in set-point position of the tempervature controller in experiments
performed at some nominal temperature.

Implicit in Eq. (A9) is the assumption that the reaction being
considered, e.g., the growth of the oxide layer, can be described in
terms of a single process (i.e., single activation energy) over the
entire temperature range of interest. Inspection of the Arrhenius
plots for the oxide and alpha layer kinetic data (Figs. 27 and 28)
shows that this assumption is surely valid from ~1000 to 1500°C
(1832—2732°F). Below this temperature range a change in oxidation

mechanism does occur at relatively long oxidation times; however, the
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amount of oxidation taking place at temperatures below 1000°C (1832°F)
at heating rates of ~100°C/s (180°F/s) will be small. Furthermore, as
shown below, changes in teff produced by relatively large changes in
the value of Q used in Eq. (A9) occasioned only minor changes in the
§2/2 values calculated from K% vs t(eff) plots; thus, unless the true
activation energy below 1000°C (1832°F) is radically different from
that at higher temperatures, the time correction given by Eq. (A9)
should be approximately wvalid.

As experimental data were gathered during the course of this study,
it was, of course, necessary to use Eq. (A9) to construct oxidation
rate curves and, ultimately, the Arrhenius plots from which values of
the activation energy could be obtained. Since accurate values of Q
were not available at that time, we chose 40,000 cal/mole as a
reasonable approximation. Strictly speaking, once experimental values
of Q were determined, these new values of Q could have been used in
Eq. (A9) and an iterative procedure applied to the entire data set to
obtain the best possible evaluation of Q. However, when the experi-
mental activation energies (35,890 and 48,140 cal/mole for oxide and
alpha layers, respectively) were used, tests on several representative
data sets revealed that the resulting small changes in oxidation time
never produced changes greater than ﬁl% in the slopes of the oxidation
rate curves. Thus the time corrections made are rather insensitive
to the precise value of Q used in Eq. (A9), and we concluded that time
corrections are responsible for no more than a 1% error in the parabolic

rate constants.

Thickness Measurement Errors

Errors in the measurements of oxide and alpha layer thickness can
arise from several sources. For well~defined, uniform scales the
reproducibility of readings with the filar eyepiece used in these
determinations was ~30.25 um, producing thickness uncertainties ranging
from +2.0 to *0.25% in thickness determinations for the thinnest and

thickest scales measured. In some instances the interface between
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different phases, particularly the alpha/prior-beta boundary at low
temperatures was ill defined, and measurement uncertainties under these
conditions were somewhat greater.

Accurate phase thickness measurements require that specimens be
mounted so that they can be sectioned perpendicular to the fube wall.
The maximum mounting error was V5°, resulting in a thickness uncertainty
of +0.4%.

As described in the body of the report, oxide and alpha layer
thicknesses represent the average of seven measurements made at 5°
intervals over a 30° arc centered on the bead of a measuring thermo-
couple. This procedure was adopited because of the circumferential
temperature gradient in the specimens and because of the existence of
small variations in layer thicknesses over short distances caused by
other factors. We consider that this procedure minimizes uncertainties
in layer thickness.

An estimate of these uncertainties was made by computing the mean
+20, where ¢ is a standard deviation, for the seven layer thicknesses
measured in each experiment. The 20's were then expressed as a percentage
of the mean thickness. A typical data set at 1203°C (2197°F) is shown
in Table AlO.

From 10 to 20 individual mean thickness determinations were used
to define the rate curve at each temperature, and the wvalues of iZOK/E,
where K represents the mean thickness of either the oxide or the alpha
layer, were summed and averaged and a value for two standard deviations,
20”, for the mean computed. The resulting quantity, iZUK/ﬁ * 207, for
each temperature is to be interpreted as the maximum uncertainty
(expressed as a percentage of K) in thickness measurements at the con-~
fidence level (approximately 957%) represented by two standard deviatiouns.
Tables All and Al12 list values for this maximum uncertainty at several
temperatures under the heading "Thickness Variability". Tt should be
noted that ZOK/E + 207 contains the uncertainties related to the
reproducibility of individual measurements but does not take into
account the possibility that the measured section was not cut precisely

perpendicular to the specimen wall.



153

Table AlQ. Estimates of Mean Oxide and Alpha Layer Thicknesses and
Their Standard Deviations for Experiments at 1203°C (2197°F)

~(a) (b) &(C) (b)

b 20 204/ 20 20 /o
Expt. No. o a
*pEe TO (ym) (um) & (3m) (um) ()
5-82 49,46 +1.64 +3.3 53.54 £1.04 +2.0
5-83 43.13 2.32 5.4 44.74 1.06 2.4
S84 38.86 1.63 4.2 40.97 0.96 2.3
5-85 53.52 1.33 2.5 54.62 1.35 2.5
S-86 50.22 1.96 3.9 51.66 1.04 2.0
5-87 58.10 1.35 2.3 64.79 0.91 1.4
S--88 26.64 1.41 5.3 28.23 0.55 2.0
5-89 43.21 1.37 3.2 44.01 1.06 2.4
$~90 28.79 1.23 4.3 30.87 0.81 2.6
5~91 37.23 1.03 2.8 39.74 2.61 6.6
i20¢ﬁ5 * 205 - +3.72 + 2,182
+20 Ja + 207 = + 2.62 + 2.88%
o o
(3)5 = mean oxide layer thickness.
(b)c = gtandard deviation of layer thickness measurements in a
single experiment; K = ¢ or a. '
(c)=

o = mean alpha layer thickness.

(d)o; = standard deviation of the mean ch/ﬁ; K = ¢ or a,



Table All. ©Probable Maximum Determinant Errors in Oxide Growth Rate Measurements

Error at

Error Source 905°C 1001°C  1101°C  1203°C  1304°C  1404°C  1504°C

(1661°F) (1884°F) (2014°F) (2197°F) (2397°F) (2559°F) (2739°F)

Temperature measurement uncertainty 4.0 4.3 4,7 5.0 5.3 5.7 6.0
(°C)
Uncertainty in 62/2 due to time +1.0 +1.0 +1.0 +1.0 +1.0 +1.0

correction (%)

Thickness measurement uncertainties

Mounting error (%) +0.4 +0.4 +0.4 +0.4 +0.4 +0.4 +0.4
Thickness variability (%) +16.1 +11.3 *6.5 £5.9 6.7 +6.9 +131.7
Total (%) +16.5 +11.7 +6.9 +6.3 +7.1 +7.3 +12.1
—15.7 -10.9 —6.1 —5.5 -—6.3 —6.5 —-11.3

Calculated uncertainty in 6;/2 (%) +29.2 +19.3 +17.7 +19.0 +19.3 +28.6
~-27.6 —17.7 —16.1 —17.4 —17.7 -27.0

ST



Table Al2. Probable Maximum Determinant Errors in Alpha Layer Growth Measurements.

Error at
Error Source 905°C 1001°C  1101°C  1203°C  1304°C  1404°C  1504°C
(1661°F) (1884°F) (2014°F) (2197°F) (2397°F) (2559°F) (2739°F)
Temperature measurement uncertainty  +4.0 4.3 4,7 5.0 5.3 £5.7 6.0
(°C)
Uncertainty in 8%/2 due to time +1.0 +1.0 +1.0 +1.0 +1.0 +1.0 £1.0

correction (%)

Thickness measurement uncertainties

Mounting error (%) +0.,4 +0.4 +0.4 +0.4 +0.4 +0.4 +0.4
Thickness variability (%) +22.6 +15.6 +13.2 5.5 6.4 +4.9 £3.9
Total (%) +23.0 +16.0 +13.6 +5.9 +6.8 +5.3 +4.3
—22.2 —~15.2 —12.8 —5.1 -6.,0 —4.5 —3.5

Calculated uncertainty in 8272 (D) +54.,0 439.4 +34,2 +18.4 +19.8 4+16.5 +14.2
@ —52.4 ~37.8 —32.6 —16.8 2 —14.9 ~12.6

138
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This method of assessing the uncertainty in thickness measurements
in relative terms, i.e., as a fraction of the observed mean thickness,
implies that the uncertainty increases with increasing thickness.
Although a careful examination of the raw data does reveal such a trend,
it is a weak one, and the error band defined on K2 vs t plots using the
uncertainties in thickness, X, given in Tables All and Al2 easily
encompasses all of the experimental data points. Thus the thickness
uncertainties listed are quite conservative and tend to overestimate
the thickness errors.

Under these circumstances it might be argued that a more realistic
estimate of the uncertainty in thickness wvariability would be given by
the variance (o2) or the actual values of the 20's for the mean of the
thickness determinations. As may be seen in Table AlO, 20 for the oxide
thickness determinations is, with one exception, less than £2 mp for
oxidation at 1203°C (2197°F). The present method was, nonetheless,
chosen (1) because it does provide somewhat conservative estimates of
thickness uncertainties, and (2) because it expresses the thickness
error in relative terms that are especially convenient in evaluating

relative errors in the rate constants,

Uncertainty in Parabolic Rate Constants

The fractional error in the parabolic rate constant may be estimated
from the sum of the uncertainties in layer thickness and time measure-
ments. The rate constant, §2/2, is related to layer thickness, K, and

time, t, through the parabolic rate equation:

K% = 82t . (A10)

e2

Solving for 6 and taking the total derivative, one obtains

d(s?) _ 2dk , dt
—ST‘)‘”‘ <t (A1D)

2
In Eq. (All)gég~l~is the fractional uncertainty in 62/2 occasioned by

the fractional uncertainties, dK/K and dt/t, in K and t, respectively.
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All signs on the right hand side of Eq. (All) are taken as positive on
the assumption that in the worst possible case all errors are additive.
While Eq. (All) provides an estimate of the errors in 82/2 due to
uncertainties in K and t, it should be noted that implicit in Egs. (Al0Q)
and (All) is the assumption that the temperature, T, is known exactly.
Such, of course, is never the case, and an additional uncertainty in
§2/2 arises from uncertainties in T. Consider, for example, a situation
in which K and t can be measured exactly but where T is measurable only
to T * ¢, where *e is the uncertainty in the temperature measurement.
If a series of experiments is performed in which specimens are oxidized
for various times at the nominal temperature T but in which the true
temperature varies randomly about T in the range *e¢, then a plot of K2
versus t, whose slope is proportional to the rate constant, will show
a scatter of data points about the best estimate line. Thus even though
K and t are known exactly, an uncertainty in 62/2 will exist because of
the uncertainty, *e, in the measurements of T.
The contribution of these temperature uncertainties may be estimated

by making use of the Arrhenius equation:

§2/2 = A exp(—Q/RT) . (A12)

Again taking the total derivative of §2/2, one obtains

a(s?) _ = 4T
8 "RT T ° (413)

where the last term on the right gives the contribution of the fractional
uncertainty in temperature, dT/T, to the uncertainty in §2/2.
We, therefore, take as the mawimum possible determinant error in

§2/2 the sum

d(82)/82 = 2dg/g + dT/t + (Q/RT)(dT/T) . (A14)

The resulting calculated uncertainties in 82/2 are summarized in

Tables A1l and Al2.
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Uncertainties in A and Q

Treating the quantities A and Q in Eq. (A12) as variables and

differentiating as before, it can be shown that

RT dA RT d(6&2 dT
g«%"l'“d**'g:—“a“%?)—”"’ff . (A15)

The terms on the left side contain the uncertainties dQ/Q and dA/A in

the activation energy, Q, and the pre-exXponential term, A, respectively,
and the equation expresses these quantities in terms of errors in §2/2

and T. The right hand side may be evaluated using inforwation from

Tables A1l and Al2. TFor example, for oxide layer growth at 1203°C (2197°F),
(RT/Q) (d(82)/6%) is .015 and dT/T = 0.003. Assuming all errors to be
additive,dQ/Q + RT/Q dA/A = 0.018 or 1.8%. However, Eq. (Al5) contains

two unknowns, dQ/Q and dA/A, and it is impossible to specify either
uniquely. TFor estimates of dQ/Q and dA/A, therefore, we rely on the

statistical analysis given in the first part of the Appendix.

Indeterminant Errors

Any experimental program is subject to indeterminant errors, i.e.,
errors that by definition are not known to exist but may be present and
may be either systematic or random. In general, the only way their
presence can be detected is through the comparison of a given data
set with a comparable set determined by an independent method.

The only internal evidence for the lack of indeterminant errors in
the present program is the relatively good agreement between results
obtained in the MiniZWOK and MaxiZWOK apparatuses.

Table Al3 gives a comparison of the parabolic rate constants for
total oxygen consumption found in the present results with correlations
obtained by other investigators. There is excellent agreement between
our results and those of Kawasaki.* The agreement with the Hobson data®
set is also reasonable. Less good agreement exists with the results of

7 8

Biederman,® Klepfer,’ and Lemmon. The activation energies determined

by the latter three workers are all somewhat smaller than that reported
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Table Al3. Percent Differencea Between Parabolic Rate Constants for
Total Oxygen Determined in this Studyb and Those Calculated
From Other Correlations

Temperature Kawasaki Hobson® Biederman Klepfer Lemmon Baker-Just
(°c) (°®

1000 1832 7.5% 16.3% ~48.37% —62.77% —75% ~31.7%
1200 2192 4.6 12.7 4.6 ~15.6 -27.7 ~-78.3
1500 2732 0.7 9.0 28.1 20.0 9.1 —147.0

a R .
The dlfferences‘are calculated relative to the results of the
present study.

b , . R .
The correlation based on the assumption of a stoichiometric
gradient in the oxide is used (see p. 85).

“Correlation based on analysis of complete data set (see p. 85).

by us, and on an Arrhenius plot their best estimate lines cross ours at
temperatures somewhat above 1200°C (2192°F).
There is in addition a recently completed set of measurements by

Leistikow, Berg, and Jennert.?

They report an activation energy of

47 kecal/mole for the rate constant for total oxygen consumption. Their
analytical expression for Si/Z is biased, however, by the fact that they
included a rate determination at 900°C (1652°F) in their calculation. A
point by point comparison of their results at 1000, 1100, 1200, and
1300°C (1832, 2012, 2192, and 2372°F) showed that their experimental
values for 8?/2 at these temperatures differed from ours by 22, 11, 5,
and 27, respectively, Thus in the range 1000 to 1300°C (1832-2372°F)
the measurements of Leistikow, et al. appear to be in reasonable agree-
ment with ours.

It is difficult to use these comparisons as a basis for any quanti-
tative estimates of the indeterminant errors in our experimental procedures.
The various déta sets appear to fall into two clusters, our results and
those of Kawasaki, Hobson, and Leistikow, et al. in one and those of
Biederman, Klepfer, and, to a lesser extent, Lemmon in the other.

Furthermore, unless total oxygen consumption is determined directly
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(i.e., gravimetrically or by hydrogen release), quantitative comparisons
of data sets are somewhat uncertain unless specific information is
available on the computational technique and oxygen solubility data used
in the calculation of total oxygen. For these reasons we have chosen
not to include any estimate of the magnitude of indeterminant errors in
our total absolute error calculations. We feel, in any case, that such

errors are small.

SIGNIFICANCE OF ABSOLUTE ERROR ESTIMATES

10

The theory of propagation of errors requires that for a calculated

quantity, X,

x = f(a,b,cye..)

where a, b, ¢,... are experimentally measured variables, the error in
x be taken as the sum of the errors related to each measured variable.
Thus this procedure describes the worst possible case: all measurement
errors are assumed to be maximum and systematic and to have the same
sign. The purpose of the exercise is not to give a realistic estimate
of the magnitude of the actual error im x but rather to set a maximum
upper bound for that error.

This absolute error analysis is included in this report in order
to provide such an upper bound. It must be borne in mind, however,
that it is highly unlikely that the various experimental errors dis-
cussed did, in fact, occur systematically and were of the same sign.

To the extent that the various experimental measurement errors are
random, the uncertainty on §2/2 would be best described by the confi-~
dence limits derived from a statistical treatment of the data. In

other words, errors in thickness, time, or temperature measurements

for any given single oxidation specimen would tend to be averaged out

in the 10 to 20 such sets of measurements used to define the oxidation
rate curve and, hence, 62/2, at any temperature. Furthermore, a similar
averaging occurs during the construction of an Arrhenius plot, thus

minimizing further the effects of random errors,
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As already noted in the section on indeterminant errors, it is
impossible to prove absolutely that unknown, systematic errors do not
exist in our data. qu the reasons already given, however, we believe
that such errors, if they exist at all, are small, and we feel that
the best available description of the uncertainties in the data is that
derived from the statistical treatment of the results. Thus, although
the absolute error analysis yields uncertainties in the parabolic rate
constant for oxide growth of ~+167% at 1050°C (1922°F), ~+19% at 1250°C
(2282°F) and ~*+287 at 1500°C (2732°F), a better approximation to the
real uncertainty is given by the statistical results: ~+5% at 1050°C

(1922°F), ~#2.57% at 1250°C (2282°F), and 4% at 1500°C (2732°F).
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APPENDIX B

HYDROGEN ANALYSES FOR OXIDIZED SPECIMENS

INTRODUCTION

Hydrogen, like oxygen, can dissolve in large quantities in zirconium
or Zircaloy and in certain circumstances is capable of ewbrittling
Zircaloy seriously. Because hydrogen is one of the products of the
steam~Zircaloy reaction, one is always concerned about the possibility
of hydrogen pick-up during steam oxidation. Fortunately, the presence of
an oxide film greatly retards the rate at which hydrogen is absorbed by
Zircaloy; nonetheless, we considered it important to obtain a series of
hydrogen analyses for specimens used in the present investigation.

These analyses showed that many of the MiniZWOK specimens had
absorbed considerable quantities of hydrogen during oxidation. In this
Appendix the analytical results are summarized, the manner in which the
hydrogen entered the specimens is discussed, and experimental evidence 1s
cited to show that the presence of hydrogen did not significantly influence

the observed rates of oxidation of the samples.

ANALYTICAL RESULTS

A variety of samples were submitted for hydrogen analysis. Included
were sections of as~received tubes as well as samples oxidized on both
sides (two~sided oxidation) in several different apparatuses. This
latter set contained standard MaxiZWOK samples, specimens from the high
pressure steam apparatus (SuperZWOK), and several tubes oxidized in a
preliminary version of MiniZWOK where specimens‘were oxidized on both
the inside and outside surfaces., 1In addition analyses were obtained for
a large number of samples oxidized under both isothermal and transient
temperature conditions in the standard MiniZWOK apparatus where oxida-
tion occurred primarily on the outer surfaces of the specimens (one-sided
oxidation). Also included in the category of one-sided oxidation experi-

ments were three specimens oxidized in a specially modified version of
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MiniZWOK; these samples, designated as "MiniZWOK, full length", were

cut to such a length that their ends extended beyond the top and bottom
of the apparatus. These tubes were held in place with O-rings, and the
interior of the tubes was filled with slowly flowing, high purity helium.
This design made it possible to exclude steam rigorously from the interior
of the tubes,

Samples to be submitted for hydrogen analyses were obtained from
oxidized specimens in the following manner. A riog section, approximately
0.5 cm (3/16 in.) wide and containing the tabs to which the thermocouples
are attached, was cut from the approximate center of the specimen and was
used for metallographic evaluation of oxide and alpha layer thicknesses.
A second ring section of about the same dimensions was then removed from
that end of the remaining portions of the specimen that was adjacent to
the section removed for metallographic purposes, and this ring, after
being cut in half, was submitted for analysis. 1In general, the analytical
laboratories cut smaller aliquots from the sample submitted before per-
forming the actual analysis. It should also be noted that in some
instances where multiple analyses were obtained on the same specimen,

a second ring section, further removed from the central specimen, was
used.

Prior to submission for amalysis, all specimens were washed in a
detergent solution, rinsed thoroughly with alcohol and water, and dried
to make certain that no organic surface contaminants were left on the
samples. Specimens were analyzed in both the as-oxidized condition and
after both the outside and inside surfaces had heen machined down to
bare metal. No significant differences in reported hydrogen concentra-
tions were noted for specimens prepared in these two different ways.

Because the initial hydrogen analyses obtained for the standard
MiniZWOK specimens showed considerable scatter, samples were submitted
for amalysis at three different laboratories: the Analytical Chemistry
Division, ORNL; the Analytical Laboratory of the Wah Chang, Albany Corp.;
and the Plant Apalytical Laboratory at the Y-12 facility in Oak Ridge.
Techniques used in the analyses included vacuum fusion, inert-gas fusion,
and hot, vacuum extraction. The results of these analyses are summarized

in Table Bl.



Table B1.

Hydrogen Analyses of Zircaloy-4 Specimens

Experimental
Description of Specimen Expt. No. _Conditions gsz;zg Hydrogen Content (ppm zy wt) 5
t(s) T(°C) ORNL Wah Chang Y-12 Y-12
As-received tubes Sandvik 20,23,26, 15,17 23
Sandvik 19,20,25,
Sandvik 26,22,17,
Sandvik 24,
As-received tubes Batch "B" 14,14,11
Two~Sided Oxidation
MiniZWOK* 10-16-1142 188 1200 Batch "B" 14,16 14
MiniZWOKc 10-16-1408 142 1200 Batch "B" 16,32
MiniZWOKS 10-18-1051 546 1180 Batch "B" 15 18
MiniZWOK® 10-18-1404 171 1200  Batch "B" 16,17
MiniZWOKC 10-18-1438 62 1200 Batch "B" 17
MiniZWOK 10-11-1042 56 1210 Batch "B" 10
MiniZWOKC 10-11-1318 50 1190 Batch "B" 23
MiniZWOK® 10-11-1533 65 1204  Batch "B" 26
MaxiZWOK Max-26 383 900 Sandvik 27,28,24 19
MaxiZWOK Max-24 640 1005 Sandvik 35,26,25 i7 21
SuperZWOK Z-13 380 905 Sandvik 36,27 40 18
One-Sided Oxidation
MiniZWOK, full—lengthd SL-244 176 1038 Sandvik 25 11
MiniZWOK, full-length SL-246 180 1068  Sandvik 27 25
MiniZWOK, full-length SL~247 65 1153 Sandvik 22 21

S9T1



Table Bi. (Continued)

Description of Specimen

Experimental
Expt. No. Conditions 222;25
t{s) T(°C)

Hydrogen Content (ppm by wt)

ORNL Wah Chang Y-12% ¥-12

b

MiniZWOXK,
MiniZWOK,
MiniZWOK,
MiniZWOK,
MiniZWOK,

MiniZWOK,
MiniZWOK,
MiniZWOK,
MiniZWOK,
MiniZWOK,

MiniZWOK,
MiniZWOK,
MiniZWOK,
MiniZWOK,
MiniZWOK,
MiniZWOK,

MiniZWOK,
MiniZWOK,

standard
standard
standard
standard
standard

standard
standard
standard
standard
standard

standard
standard

standard
gtandard

standard
standard

5% H, added
5% H, added

One-Sided Oxidation {Continued)

S-80 30 1153 Sandvik
S-71 105 1153 Sandvik
5-73 194 1153 Sandvik
§-76 246 1153 Sandvik
S-79 388 1153 Sandvik
S-118 11 1404 Sandvik
S-115 30 1404 Sandvik
S-116 L6 1404 Sandvik
S-119 56 1404 Sandvik
S-122 74 1404 Sandvik
S-19 420 905 Sandvik
5-23 1623 905 Sandvik
S-90 56 1203 Sandvik
S-82 236 1203 Sandvik
5-138 & 1504 Sandvik
S-136 47 1504 Sandvik
S-180 170 1101 Sandvik
S-185 33 1304 Sandvik

9

81

380

320

740

35 50

46 130

1456 36

92 61

187 75

109,67 500

119,103 230

£2 45 43
294,449,427

37,37 30

30,188 190

255,130 320
48,160,83 32

93
368
150
425

1096

290

2
=

30
213

-
7

991



Table Bl. {(Continued)
Experimental
Description of Specimen Expt. No. Conditions ggiizg Hydrogen Content {ppm bz wt) -
t{s) T(°C) ORNL Wah Chang Y-12° 7Y-12

MiniZWOK, 2-peak LOCA
MiniZWOK, 2-peak LOCA
MiniZWOK, trapezoidal transient
MiniZWOK, trapezoidal transient
MiniZWOK, 1400/1100°C transient
MiniZWOK, 1100/1400°C transient

Transient Temperature Oxidation {(One-Sided)

$-160
5-196
5-155
S5-156
S-163
S-164

Sandvik
Sandvik
Sandvik
Sandvik
Sandvik
Sandvik

9490
978
487
509
497
>827

1140
1180

8y-12 high vacuum, hot exXtraction analysis,

bY-l2 inert gas fusion analysis.

CPreliminary MiniZWOK experiments, Batch B tubing.

dModified MiniZWOK apparatus; see text.

L9T
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EVALUATION OF ANALYTICAL DATA

Inspection of Table Bl will reveal a considerable scatter in the
data obtained from the three laboratories for standard MiniZWOK speci-
mens. Two causes for this variability suggest themselves: (1) inaccuracies
in the amnalytical procedures and (2) an inhomogenecous distribution of
hydrogen in the samples.

All laboratories cited uncertainties of V410 to 207 of rveporied
values for the results of vacuum~ or inert-gas fusion techniques, with
the higher uncertainties being applicable in the 20 ppm Hy range. The
hot extraction methods are thought to be somewhat more accurate,
especially the High Vacuum Hot Extraction technique employed by the Y-12
Plant Laboratory where uncertainties less than 1 ppm are claimed in the
1 to 20 ppm range. These error estimates appear to be more or less
consistent with the relatively small variations in hydrogen content
reported for the as-received Zircaloy tubes and for specimens subjected
to oxidation on both sides. They are not sufficiently large to allow
the variations in the reported hydrogen contents of the MiniZWOK samples
to be reconciled, however.

Given the manner in which hydrogen gets into the specimens (see
below), it is possible that hydrogen is not distributed homogeneously
throughoﬁt a sample despite the very high diffusion rates expected for
hydrogen in Zircaloy at high temperatures. Lack of homogeneity would
certainly lead to varying results for the hydrogen concentrations mea-
sured. Furthermore, there is no a priori reason to assume that the
hydrogen content of one oxidized sample will be completely comsistent
with that for another, and this type of variability could contribute
to the apparent inconsistency of some of the results as well. This
gquestion is considered further in connection with the mechanism of
hydrogen solution in the samples,

While it has not been possible to exorcise all doubts concerning
the accuracy of the hydrogen analyses, particularly at high hydrogen
concentrations, we have concluded that rather high hydrogen concentra-

tions existed in many of the MiniZWOK samples and that a substantial
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part of the variability in the results is attributable to an inhomo-

geneous distribution of hydrogen in the samples.
DISCUSSION OF THE ANALYTICAL RESULTS

As-Received Tubing

As already pointed out, analyses of the as-received tubes were quite
self-consistent (see Table Bl). Sandvik tubing exhibited hydrogen con-
centrations ranging from 15 to 26 ppm, twelve determinations yielding a
mean value of 21.3 ppm with a standard deviation of *3.6 ppm. The
hydrogen content of the "Batch B" tﬁbing was somewhat smaller: 11 to

14 ppm.

Two~Sided Oxidation

Specimens oxidized on both sides, whether made of the "Batch B" or
the standard Sandvik tubing and whether oxidized in the MaxiZWOX,
SuperZWOK, or preliminary MiniZWOK apparatuses, yielded hydrogen con-~
centrations in this same general range. This result is in agreement
with the previously reported data of Biederman, et al.l and Kawasaki,
et al.? for Zircaloy-4. This result is also consistent with the obser-

3

vations of Gulbransen and Andrew® who found that hydrogen absorption by

zirconium was greatly impeded by the presence of a surface oxide film,
For a further discussion of this gquestion, see a recent review by Cox."
Thus it seems clear that as long as the oxygen potential over a Zircaley
sample is high enough to produce significant oxide formation, the rate
of hydrogen pickup will be very small, at least for short time oxidation

at high temperatures.

One~Sided Oxidation

The situation with regard to specimens oxidized on the outside only
is quite different. Virtually all of the standard MiniZWOK specimens
exhibited a tendency to pick up hydrogen, and many exhibited hydrogen

concentrations in the range 100 to 300 ppm.
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An exception to this general statement is to be found in the analyti-
cal results for the three specimens designated "MiniZWOK, full length"
(see Expts. SL-224, 246, and 247, Table Bl). The hydrogen concentrations
in these specimens are very close to those for the as-received Sandvik
tubes, and the agreement between the analyses obtained at ORNL and those
from the Y-12 laboratory is quite satisfactory. It will be recalled
that the '"MiniZWOK, full length" experiments were designed so that steam
was rigorously excluded from the interior of the sample tubes, and these
analytical results demonstrate that when no source of hydrogen is present
in the interior of a specimen, no more hydrogen is ahsorbed by the
Zircaloy sample during one-sided oxidation than would be the case for
two-sided oxidation. These same results also strongly suggest that the
hydrogen present in the standard MiniZWOK specimens must have been
absorbed through the surface of the inner wall of the specimen tube.

Further clues as to the manner in which hydrogen enters the samples
way be obtained from Figs. Bl and B2. 1In Fig. Bl hydrogen concentration
is plotted as a function of total oxygen consumed, 7, by the isothermally-
oxidized, standard MiniZWOK samples. The very considerable scatter of
the data is evident, but within this scatter there is no discernible
correlation between hydrogen concentration and T when data at all tempera-
tures are considered together. Such a result is not surprising in 1light
of the fact that we have already concluded that hydrogen does not enter
the specimen in significant quantities through the heavily oxidized outer
surface of the tube.

Figure B2 shows hydrogen concentration as a function of oxidation
time for the same set of samples. Here, despite the scatter in the data,
a trend may be detected; the longer the oxidation time, the greater is

the chance that high hydrogen concentrations will be observed.

Mechanism of Hydrogen Absorption

The standard specimen used in the MiniZWOK apparatus is a 3 cm
(1.2 in.) long PWR Zircaloy tube held between two specially ground quartz
tubes in the center of a steam—filled reaction chamber. A slight posi-

tive pressure of helium is maintained inside the specimen to prevent
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ingress of steam to the inner surface of the tube. Thin tantalum washers,
which oxidize when the temperature is increased to the desired oxidation
range, also help in sealing off the ends of the specimen.

However, despite these precautions small amounts of steam have been
known to leak into the center of the specimens in some experiments.
Observations on longitudinal sections through oxidized specimens
have, in fact, revealed the presence of a thin layer of oxide on the
inner surface of the tube; this oxide layer is thickest at the end of
the tube and tapers down to nothing as the center of the tube is approached.
Thus it appears that in many MiniZWOK experiments small amounts of steam
have leaked around the ends of the specimens and reacted at the inner
surface of the tube, creating oxide and releasing hydrogen. The Zircaloy
acts as an efficient getter for the steam so that the center of the
specimen is under virtual steam starvation conditions. The Zircaloy
surface there is either free of oxide or covered by only a thin oxide
layer. Under these conditions hydrogen is easily absorbed as has been
shown by Kawasaki, et al.?

This scenario explains a number of observations relative to hydrogen
absorption. The amount of hydrogen absorbed will depend in two ways on
the leak rate of steam into the center of the gpecimen. To begin with,
to obtain significant hydrogen absorption the leak rate must be less
than a certain maximum value; above this level the entire inner surface
of the specimen will be oxidized, steam starvation conditions will not
prevail, and little hydrogen pickup will be observed. The comparatively
low hydrogen concentrations observed for the specimen oxidized for
1623 min at 905°C (1661°F) (see Expt. S-23, Table B1) may, perhaps, be
accounted for on this basis.

For leak rates below this maximum, the extent of hydrogen absorption
should depend primarily on absolute magnitude of the leak rate and on the
time of oxidation. This conclusion can account for the correlation with
time noted in Fig. B2 and for the scatter in the analytical results.
Variations in leak rate could produce variations in the extent of
coverage by oxide of the inner specimen surface, thus also accounting

for the apparently inhomogeneous distribution of hydrogen in the specimens.
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Transient Temperature Oxidation

As may be noted in Table Bl, specimens subjected to transient tem-
perature oxidation exhibited particularly high hydrogen levels. The most
likely explanation of this phenomenon rests on the fact that the coef-
ficient of expansion of a Zircaloy specimen is much larger than that of
the quartz tubes that hold it in placé in the oxidation apparatus. Thus
when the specimen expands or contracts in the various stages of a tramsient,
the upper quartz tube, which is lightly spring loaded, must move up and
down if the seal between it and the specimen is to be maintained. It
seeng plausible that such motion could produce a slight unseating of the
tantalum gaskets at the ends of the specimen, thus increasing the steam
leak rate slightly and enhancing hydrogen absorption.

Another mechanism that cannot be discounted involves our explanation
of anomalous transient temperature oxidation (see p. 109 of the main body
of this report). We suggested the possibility of the transformation of
an initially tetragonal oxide scale to a monoclinic structure during
portions of certain types of temperature transients, e.g., the two-peak
LOCA's tested in Experiments S-160 and S~196 (see Table Bl). Evidence
exists® that during oxidation at relatively low temperatures where the
monoclinic oxide is stable, hydroxyl ions may diffuse through the oxide,
releasing hydrogen at the oxide-metal interface. We can cite no evidence
in support of this mechanism as a means for introducing hydrogen into

our specimens, but it remains a possibility.

POSSIBLE EFFECTS OF DISSOLVED HYDROGEN ON OXIDATION RATES

Having established that the rather high hydrogen concentrations
observed in many MiniZWOK specimens in all probability were the result
of a characteristic of the apparatus, we considered it important to
address the question of whether hydrogen dissolved in the metal phases
of the specimens might have influenced the measured rates of oxidatiom.
There is a considerable body of indirect evidence that suggests that no
such perturbation of the oxidation rates occurred, but as an additional

check we also carried out a special series of oxidation experiments in
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which the MiniZWOK specimens were oxidized in pure oxygen rather than
steam. In this section we describe these various observations and results
and conclude finally that the presence of hydrogen in the metal did not,

within the sensitivity of our measurements, influence oxidation rates.

Indirect Evidence

Self-Consistency of Rate Data

Inspection of Table Bl and Figs. Bl and B2 shows that the hydrogen
content of the MiniZWOK specimens tended to increase with the total time
of oxidation essentially independent of temperature or total oxygen con-
sumption. Thus when a series of specimens was oxidized for varying
lengths of time at a fixed temperature in order to generate an oxidation
rate curve, the specimens oxidized for shorter times contained, in
general, less hydrogen than those oxidized for lounger periods [cf.,
MiniZWOK specimens oxidized at 1153°C (2107°F), Table Bl]. Yet no
significant deviation from parabolic behavior was observed in the
corresponding rate curves as might have been expected had hydrogen
dissolved in the metal had a major effect on the kinetics.

A similar argument may be made regarding oxidation at different
temperatures. Specimens oxidized at 1404°C (2559°F), for example,
contained less hydrogen than those oxidized at 1153°C (2107°F) (see
Table Bl) because oxidation times at the higher temperatures were shorter.
However, inspection of the Arrhenius plots of the rate data shows that
the high temperature results are entirely consistent with those cobtained
at lower femperatures, again suggesting that the hydrogen dissolved in
the metallic phases of the Zircaloy had no effect on oxidation rates.

We conclude, therefore, that the self-consistency of the oxidation
rate data is itself evidence against spurious oxidation results relating

to the absorption of hydrogen by the MiniZWOK specimens.

Comparison with Other Data

Oxidation rate data obtained with the MiniZWOK apparatus (relatively
high hydrogen contents) agrees well with data obtained in the MaxiZWOK
apparatus (low hydrogen) at 900 and 1000°C (1652—1832°F) and in the high
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pressure apparatus (SuperZWOK) where the hydrogen content of the specimens
was also low (c¢f., Table Bl). Similar good agreément can be cited between
our data and those of Kawasaki, et al.® and Leistikow, et al.,’ both the
latter investigations involving specimens with low hydrogen contents.

Thus a comparison of our MiniZWOK results with other data sets also
supports the conclusion that hydrogen dissolved in Zircaley has no

appreciable effect on its oxidation rate.

Experiments in Pure Oxygen

Although the indirect evidence just cited suggests strongly that the
hydrogen found in the MiniZWOK specimens did not influence their oxida-
tion rate, we felt that the possibility of "hydrogen effects" actually
occurring should not be dismissed out of hand. For example, the forma-
tion of O-H complexes, which could alter the diffusion rates of oxygen,
has been observed near room temperature and below in niobium containing

hydrogen and oxygen. 859

These complexes tend to .dissociate at tempera-
tures slightly above room tempervrature, making remote the likelihood of

their existence in Zircaloy at temperatures of interest in this study.

Nevertheless, we have performed experiments in pure oxygen in order to

provide a reference state against which possible hydregen effects in

Zircaloy can be judged.

Analysis of Possible Effects

At high temperatures Zr0, is generally assumed to be an n-type con-—
ductor with diffusion proceeding via an anion vacancy mechanism. Thus
if hydrogen dissolved in the metal phases of a specimen has no effect
on the oxidation rate and if no changes in stoichiometry, defect con-
centration, or ionic mobilities occur in the oxide, oxidation in pure
oxygen should be identical with that observed for steam oxidation in the
MiniZWOK apparatus. On the other hand, changes in mobility or equilibrium
oxygen solubilities in oxide, alpha, or beta phases should cause oxidation
behavior in pure oxygen to be different from that in steam, and it is
possible to predict trends in the growth rates of oxide and oxygen~-

stabilized alpha layers on the basis of any such differences.
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The velocity of any phase boundary in an oxidizing Zircaloy specimen
is proportional to the difference between the oxygen fluxes into and out

of the boundary. For example, the velocity, vy i of the i,j boundary is
2

given by

v, .=, =TI, /A, . (B1)
1,] ( i,] J’l) i,]

and

J, . =-D,Ve, . (B2)
1,] 1 1,]

where Ji . is the oxygen flux to the i,j boundary, the first subscript

b

indicating the phase in which the flux is measured; Vci . is the oxygen
3>

concentration gradient in the i'th phase at the i,j boundary; Di is the

diffusion coefficient in the i'th phase; and Aci 3 = ¢y w'cj,; with ¢y
2

and Cj being the equilibrium oxygen concentrations in the i'th and j'th
phases, respectively, at the i,j boundary. Thus any change in VLo must
A
involve changes in diffusion coefficients or equilibrium oxygen concen—
trations or both. (Strictly speaking, the denominator of Eq. (B1l) should
be written as V, , C, , —C, ., where V, , is the ratio of equivalent
1,3 1,3 1,1 1,3
volumes of the i'th to the j'th phase. At the oxide-alpha boundary V
has a value of 1.5 and is essentially unity at the a/Bf interface. 1In
the discussion to follow the actual value of V, i does not enter into
’

consideration, and for the sake of notational simplicity we shall use
Eq. (Bl) in the form shown with the understanding that AC, , =V, ., C, |

1,3 1,1 1,]
—C, ..

3,1

Effects in the Alpha and Beta Phases — It would appear that the

only possible effect of hydrogen on Da or D, would be that of decreasing

the diffusivities. As mentioned previously? changes in the diffusion
coefficient for oxygen in Nb containing dissolved hydrogen could be
brought about by the formation of the O-H complexes observed at low
temperatures, It is most unlikely, however, that such complexes could
retain any degree of stability im Zircaloy at the high temperatures used
in this study; but if they do, the presence of the complexes should, if

anything, reduce oxygen mobility. Both oxygen and hydrogen diffuse
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interstitially in Zircaloy, and the jump frequency, for an O-H

YO_H ’

pair is related to the jump frequencies, Q. and QH’ of isolated oxygen

0
and hydrogen atoms, respectively, by
Yo-H = QOQH/(QO +a0 =9/ + QO/QH) . (B3)
and QH > QO. Therefore,
Yoo < % (B4)

Thus the formation of O~H pairs should either reduce the diffusivity of
oxygen or leave it unchanged. Da or DB might also be decreased if, as a
result of the presence of hydrogen, the correlation factor for oxygen
were reduced below the value of unity expected for interstitial diffusion.
An increase in the diffusivity, on the other hand, would require that the
strain field associated with dissolved hydrogen produce an increase in

the jump frequency, 0 , for oxygen. In light of the smallness of the

s
hydrogen atoms and thgir high rate of diffusion, however, such a possi-
bility is dismissed, and we conclude that only decreases in Du and D8 can
occur as a result of the presence of hydrogen.

C.Roy10 reports that when a crystal-bar zirconium sample, previously
charged with 44 ppm tritium, was oxidized in oxygen at 500°C (932°F) loug
enough to produce an oxide film 2.5 um thick, subsequent autoradiographs
revealed no tritium in the oxide or in the underlying metal zone highly
enriched in oxygen. When the oxidized specimens were annealed at 800°C
(1472°F) to dissolve the oxide scale and then either slow cooled or
quenched, "very little hydrogen was found in the thick layer of metal
enriched in oxygen'. Clearly, the introduction of oxygen into a Zircaloy
specimen will reduce the solubility of hydrogen in the metal, and this

result suggests the existence of a solubility product relationship

lay]la] =k (85)

where a, and a, are the activities of oxygen and hydrogen, respectively,

and k is the solubility product. ROy's experimental results indicate

that the magnitude of any hydrogen effect in the alpha will surely be
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small, and the solubility product relationship suggests that hydrogen in
the beta phase could only reduce the equilibrium oxygen solubility.
Since a reduction of the solubility of oxygen in the beta would also

lead to a reduction in Ve » we can conclude that solubility changes

B,a
due to hydrogen in the beta will produce only decreases in the oxygen

flux, into the beta [ecf., Eq. (B2)].

JB o’
>
Effects in the Oxide — Kofstad's!l summary of the properties of Zx05

makes it clear that transport mechanisms in ZrO, are not fully under-
stood. The predominant characteristics of Zr0, are those of an oxygen-
deficit, n-type semiconductor with material transport occurring via anion
vacancy diffusion. Given the great stability of zirconia, the assumption
of most investigators that Zr0, is stoichiometric in either steam or oxygen
at one atmosphere might appear justified. With regard to the possible
effects of the hydrogen liberated by the steam~Zircaloy reaction, we
have already cited evidence for the limited solubility of hydrogen in
Zr02,10 and any effect of such small quantities of hydrogen on the
vacancy diffusion rate in the oxide should be insignificant. On the
basis of such arguments one would predict that oxygen mobilities and
interfacial concentrations in the oxide would be the same during oxida—
tion in oxygen or in steam,

On the other hand, electrical conductivity measurements at 1550°C
(2822°F) and below provide somewhat controversial evidence for a component
of p-character in the conductivity of ZrO,. 1In such a case, the rate of
oxidation might be some function of oxygen pressure. Furthermore,
McClaine and Coppel12 reported differences in the conductivity of Zr0,
measured in Hy-H,0 atmospheres as compared to data obtained in CO-COs
mixtures having the same oxygen partial pressure. They attributed their
results to hydrogen entering the Zr0, as an interstitial positive ion
with an associated electron. These observations raise the possibility
that during oxidation of Zircaloy in steam, small quantities of hydrogen
dissolve in the oxide and change its defect concentration. For example,
either an interstitial proton or a proton trapped on a vacant cation site
would produce an increase in the oxygen vacancy concentration in the

oxide. The influence of such hydrogen impurity atoms would be most
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important at the gas—oxide interface where the intrinsic vacancy con-
centration is virtually zero; at the oxide—-alpha interface, however, the
intrinsic vacancy concentration is so high (v8%) as to make extrinsic
contributions negligible. The net effect, then, of hydrogen dissolved
in the oxide would be that of reducing slightly the defect concentration
gradient across the scale by reducing the oxygen concentration in the
oxide at the oxide-gas interface. For additional information see also
Refs. 4 and 5.

The above comments relate to the properties of relatively pure Zr0,.
The oxide formed on Zircaloy contains small amounts of various alloying
additions such as Sn, Fe, and Cr. Depending on their oxidation state,
these impurity elements could contribute to the extrinsic defect con-
centration in Zircaloy oxide. However, in principle, at least, the
various arguments given above should apply to both pure ZrO, and the
oxide formed on the alloy.

We conclude from this discussion that it is difficult to suggest a
mechanism by which oxygen mobility in the oxide can be affected by the
oxidizing medium. However, the possibility of a variation in equilibrium
solubilities cannot be dismissed. If such a change does occur, one
should recognize that it is a natural consequence of oxidizing Zircaloy
in two widely differing media, and the change should not be described as
a "hydrogen effect" in the sense of possible effects on oxidation rates

produced by hydrogen dissolved in the alpha or beta regions.

Experimental Results for Oxidation in Oxygen

With these various possibilities in mind, oxidation rate curves were
determined for Zircaloy-4 in 5-9's oxygen at 1253 and 1404°C (2287-2559°F).
Ten specimens were used to define each curve, and the specimens and pro-
cedures used were identical to those employed in the standard MiniZWOK
experiments except that pure oxygen at one atmosphere pressure was sub-
stituted for steam.

The results obtained are summarized in Table B2 in terms of parabolic
rate constants for oxide and a-layer growth. The uncertainties listed are
for the 907 confidence level. For ecase of comparison the corresponding

rate constants obtained for oxidation in steam are also listed. Values



Table B2.

in Oxygen and Steam at 1253 and 1404°C (2287—2995°F)

Parabolic Rate Constants for the Oxidation of Zircaloy-4

Temperature 6;/2 Dev.? 63/2 Dev. 2 82/2 Dev.? 65/2 Dev.?
[°c (°™»1 {(cm?/s x 107) (% (em2/s x 107) &) (em2/s x 107) (% [(g/em?)2/s x 1071 (%)
Oxidation in Oxygen
1253 (2287) 0.9275 +3.1 0.9875 +4.9 3.827 +2.0 3.5847 1.9
1404 (2559 2.681 +2.6 3.830 +5,2 12.92 +3.1 11.55 +2.1
Oxddation in Steamb
1253 (2287) 0.7663 6.7 1.007 +8.2 3.53C +7.2 3.300 6.0
1404 (2559) 2.351 +4.1 4,122 4.4 12.70 +3.9 11.31 +3.4

aUncertainty (%) at the

b, . . .
Kinetic parameters in steam calculated from actual data at each temperature.

907 confidence level.

08t
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of oxidation times, observed oxide and alpha layer thicknesses, and total

oxygen consumed (calculated) are tabulated in Tables B3 and B4.

Discussion of Results

Inspection of Table B2 shows that the rate of oxide growth is
smaller in steam than in oxygen, while the rate of alpha growth is slightly
greater in steam than in oxygen. At both temperatures investigated the
differences in the two data sets are small, but for 6@/2 and 6?/2 these
differences lie outside the statistical uncertainty limits at the 90%
confidence levels. The uncertainty intervals of 62/2 and 62/2 do over-
lap at the 90% level. For both these parameters, however, the trends
in the experimental data are clear; the growth rate of the alpha
layer is slightly greater in steam than in oxygen, while the reverse
is true for Xi layer growth. We conclude, therefore, that the oxida-
tion behavior of Zircaloy-~4 in oxygen is not equivalent to oxidation

in steam, and that

¢ly,0,0 < ¢lo, (B6)

*lay0,8 > *lo, (B7)

where ¢ and o are the oxide and alpha layer thicknesses, respectively.

One may also infer from Eq. (B6) that

vd’salHZOs_I_{_ ) \)d),(xlOz ) (88)

Hydrogen Effects in the Beta Phase Only — The most immediate explan~

ation that suggests itself for these differences is the possibility of a
hydrogen effect in the beta phase. As already pointed out, most of the
hydrogen in the MiniZWOK specimens must have been concentrated in the
beta phase, and reasonable arguments can be made that other effects in
the oxide and alpha layers should be minor. Consider, therefore, the
following postulate, which we will prove false.

Postulate I. A hydrogen effect occurs in the beta phase only.
It follows from the postulate that mobilities and equilibrium oxygen

concentrations are undisturbed in the oxide and alpha layers.
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Table B3. Oxidation of Sandvik Zircaloy~4 PWR Tubing
in Pure Oxygen at 1253°C (2287°F)

Time Oxide Layer Alpha Layer Total Oxygen

prpe- Mo (s) (ym) (ym) (mg/cn?)
5-255-TC~2 31.5 25.1 23.8 4.854
5-255-TC-3 34.1 25.6 24.7 4.972
5-256-TC-2 259.5 68.9 75.1 13.676
5-256-TC-3 254.5 67.1 73.4 13.351
S-257-TC-2 273.1 69.4 74.2 13.76

5-257-TC-3 266 70.1 71.3 13.755
$--258-TC-2 168.6 57.5 54.6 11.131
8~-258-TC~3 158.7 55.7 53.5 10.802
S5~259-TC-2 162.6 55.4 55.7 10.839
§-259~TC-3 152.9 54.3 54.4 10.606
5-260-TC-2 100.6 45 44,7 8.758
§-~260-TC~3 103 45.4 4.1 8.809
5-261~-TC~2 8.6 15.5 14.4 2.94

§~261-TC-3 9.5 15.8 14 2.985
§-262-TC-2 110.3 46.1 45.7 8.99

5-262-TC-3 102.8 44.9 bh.7 8.753
S~-263-TC-2 99.4 43.5 41.8 8.448
5-263-TC-3 100.2 43,2 40.4 8.366
§-264~TC-2 23.5 23.2 20.2 4.401
5-264~TC-3 23 23.1 21.6 4,424
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Table B4. Oxidation of Sandvik Zircaloy-4 PWR Tubing in
Pure Oxygen at 1404°C (2559°F)

Expt. No. ?i?e Oxi%imgayer Alp?imgayer Toiiélgigﬁen
§-265-TC~2 53 53.8 62 11.085
$-265~TC~3 52.2 53.3 61.3 10.979
§-266-TC~2 59.6 56.3 69.5 11.763
§-266~TC-3 60.5 57 66.4 11.777
$-267~TC-2 52.5 52.4 62.3 10.885
5-267-TC-3 53 53.3 62.6 11.03
$-268-TC~2 57.6 54.9 65.6 11.415
S$-268-TC~3 57.9 55.4 68.8 11.59
$§-269-TC~2 41.6 47 58.4 9.832
$-269-TC-3 41.5 46.8 57.7 9.78
§~270-TC~2 11.7 26.8 31.8 5.511
5-270~1C~3 12 27 30.5 5.495
$-271-TC~-2 11.9 27.6 , 31.5 5.623
$-271~-TC~3 12.7 28.1 33.6 5.783
§~272-TC~2 23.6 35.4 43 7.375
§-272-TC-3 23.8 36.4 43.4 7.535
§~273-TC~2 27.3 38.5 48.8 8.073
§-273-TC-3 27.6 38.4 45,8 7.97
$§-274~TC~2 41.7 47.9 56.4 9.901
§-274~TC~3 38.9 45.6 53.8 9,446

We shall now examine the experimental results for oxidation in
steam and oxygen. The pertinent data are represented schematically in
Fig. B3 where the positions of the various phase boundaries are referenced
to the original metal surface. We consider the relative velocities of
the oxide~alpha (¢-u) interfaces in steam and oxygen.

Vo,a = Yo T Ya, ) 800 (89)

Therefore,
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Fig. B3. Schematic Representation of Oxygen Concentration Gradients
in Oxide and Oxygen—Stabilized Alpha Layers. The linear gradient shown
in the oxide is a very good approximation of reality; the gradient in the
alpha layer is certainly curved but is shown as linear in order to emphasize
the differences in slope in steam as compared to oxygen. The arguments
presented in the text turn on the relative values of VC at the various
interfaces, and the relative differences in the values are the same whether
the actual gradient across the phase is linear or a function of position.

-

V¢,alH20,E w V¢,a!02 - Aey [(J¢,alﬂzo,g " J¢,al02)
Term 1
- (Ja,¢‘Hzolg'— Ju,6l0,)] (810)
Term 2
It can be seen in Fig. B3 that Vc¢,alH20,§ > Vc¢’ [02 and vca,¢!H20,E

<V , and recalling that Ji . = DiVC. .3

COL,¢|02 1,7

?.

J‘b’a‘HZO’E g J¢’a(02 (Bll)

and

J . < J . B12)
ay011,0,8 < Ta,0l0, (
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Referring Eqs. (B11l) and (B12) to Eg. (B10), it is evident that
Postulate I requires the right side of Eq. (B10) to be a positive
quantity, while the experimental observation [cf. Eq. (B8)] shows that
the left side of the equation is negative. Therefore, Postulate I is
false; the differences between oxidation in steam and in oxygen cannot
be explained in terms of a hydrogen effect in the beta alone.

Effects in the Oxide Only — We consider now a second postulate con~

cerning the possibility that the decrease in oxide growth rate and the
increase in the alpha growth rate in steam relative to oxygen is due to
a decreased oxygen flux into the oxide for oxidation in steam. We shall
show that this idea is consistent with the experimental results.
Postulate II. The oxygen flux into the oxide is smaller in steam
than in oxygen, and oxygen mobilities in the o and B phase remain
unchanged as do the equilibrium oxygen concentrations at the ¢,n and
o4f boundaries.
This postulate is consistent with the experimental observations as

may be seen from the following arguments. By Postulate II

J : (313)

CP,OL!HZO,B_“( J¢’0‘102 ’

therefore, the first term on the right side of Eq. (B10) is negative.
Referring again to the oxygen concentration gradients in the :alpha phase
(Fig. B3), it is evident that Eq. (B12) holds in this case also; there-
fore, the second term on the right of Eq. (B10) is negative and makes a
net positive contribution in light of the negative sign in front of it,

The left side of the equation is negative, requiring only that

ITerm 1| > |Term 2]

in order to satisfy the experimental observations.
This type of analysis can also be extended to take into account the

relative velocities of the a/B interface.
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R S —
Va,elﬂzo,g_ ‘)oa,glo2 - B, o [(Ja,BIHZO,E Ja,sloz)
Term 1
— ( )3 (B14)

Tg om0, g,alo0,

Term 2

The experimental observation is that

Ely,om < tlo, > (B15)

where £ is the combined oxide and alpha layer thickness, and when the
position of the a/B interface was referenced to the original metal
surface, we found

va,BlH20aﬂ‘i vd’8|02 . (B16)

Therefore, the left side of Eq. (B1l4) is equal to or slightly less than
zero. As previously, Term 1 on the right side of Eq. (B1l4) is negative.
Since the position of the a,B boundary is almost the same in the two
oxidizing media, it is likely that Term 2 in Eq. (Bl4) is close to zero,
but in any event, we only require that !Term l] Z_|Term 2|. Thus we
conclude that Postulate II is consistent with the experimental results.
It is, in fact, possible to offer supplementary evidence that changes
in oxide stoichiometry are responsible for the observed differences for
oxidation in steam and in oxygen. This additional evidence involves the
observation that a line of metallic particles, rich in tin, is found in
cross sections through the oxide formed on Zircaloy tubes oxidized in
either steam or oxygen. This phenomenon has been reported in detail
previously,13 and the key fact is that the oxide is divided into inner
and outer regions by the particle line with the ratio of the inner oxide
layer thickness, ¢i’ to that of the outer layer, ¢0, being essentially
constant with oxidation time. Since the oxygen concentration gradient
across the oxide is virtually linear, the constancy of ¢O/¢i indicates
that the metallic particles must form and move along a plane of constant

oxygen potential in the oxide.
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Values of ¢0 and ¢i were obtained for specimens oxidized in steam
and in oxygen at 1253 and 1404°C (2287—2559°F), and the results are
summarized in Table B5. In both oxidizing media the ratio of inner to
outer oxide thickness, ¢i/¢0, is constant with both time and total oxide
thickness; however, the inner oxide is relatively thicker in steam than
oxXygen.

These results underscore some interesting aspects of the differences
in the oxidation behavior of Zircaloy in steam and oxygen. ssuming only
that the constant oxygen potential at which the metallic particies form
is the same in both media, the fact that ¢i/¢o is different in the two
cases means that the equilibrium oxygen content of the oxide at ome or
both interfaces is different in steam than in oxygen. Furthermore, as
will be demonstrated graphically below, the fact that ¢i/¢ol

Hzoaﬁ
> ¢,/¢ | indicates that the difference between the oxygen concentration
i 002

Table B5. Comparison of Growth Rates and Thickness Ratios of Inmer and Quter
Oxide Layers Formed in Steam and Oxygen

Temperature [°C (°F)]

1253 (2287) 1404 (2559)
sq?;/zlo2 x 108 (outer oxide) 3.44 + 10.6% 8.47 + 11.8%
5@/2]02 x 108 (inner oxide) 1.45 + 5.9% 5.12 + 4.9%
2 8 . P . o
5¢/2lnzolg x 108 (outer oxide) 2.33 £ 9.7% 7.40 + 6.9%
2 8 2 3 o 0
5¢/21H20»E x 108 (inner oxide) 1.55 + 7% 5.25 & 3.2%
¢i/¢o|02 .649 777
¢i/¢T|O2 .394 .437
¢i/¢olH20!E .815 .842

449 457

¢i/¢o!H201§
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at the oxide-gas interface, c , and that, c s, at the oxide-alpha

a

interface in steam is less thiégthe corresponging difference,
cq)’g—-c¢ o’ in oxygen. This condition is precisely one of the phenomena
in the 5xide previously suggested as a cause of the differences in the
oxidation behavior of Zircaloy in oxygen and steam.

These experimental results can be used as a quantitative basis for
assessing the extent and nature of the "hydrogen effect" in the oxide.
Figure B4 is a schematic representation of the oxygen concentration

gradient across a Zircaloy oxide scale. Note that the triangle

C¢,g’A’C¢,a is similar to the triangle C,B,C¢’a; therefore,
cC—¢C Cc — C
$,0 . i’g 4’_1_(1 (Bl7)
21 bp
or
d. cC—¢C
E&.z ET‘““Tf%fl‘" , (B18)
T $,8 $,0

where ¢T = ¢o + ¢i is the total oxide thickness. Equation (B18) is wvalid
for oxidation in either steam or oxygen. Note also that Eq. (B18)
demonstrates that the ratio ¢i/¢T is independent of any effect attributable
to the presence of dissolved hydrogen in the oxygen-stabilized o or the

8 phases.

One may now form the ratio

C~C
50
g/ o  Co,elm0,8 ~ Cpa
G780 T, C=%, . (B19)

¢’g102 - C¢su

oT

(¢i/¢T)lH20’E_ Cﬁg[oz"’% .
/90 |, ©p,8'1,0,8 " Cp0

(B20)
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' ALPHA

OXYGEN CONC —»

PARTICLE LINE -4
t
i

e Oy —ola D >

- Oy ————

Fig. B4. Schematic Representation of Oxygen Concentration Gradient
in the Oxide Layer Showing Position of the Tin-Rich Particle Line.
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On the basis of phase diagram information the equilibrium oxygen
C¢ o’ are 1.403 and

3
1.391 gm/cc at 1253 and 1404°C (2287-2559°F), respectively.l" Taking

concentrations at the oxide-alpha boundary,

the oxide at the oxide-gas interface to be stoichiometric in pure oxygen

(c | = 1,511 gm/cc), the appropriate experimental values of ¢,/¢
$.8'0o i 'T

(Table B5) may be used to calculate C The result at both

¢’g |HZO :_I:I,.

temperatures is C 1.50 gm/cc, which is equivalent to Zr0jp.g9.

¢>81H20aﬂ
The "particle line" observations thus indicate that oxidation in
P

steam produces a reduction in VC as compared to oxidation in oxidation

Y

in oxygen. However, the flux across the oxide~gas interface is the

product of VC and the chemical diffusion coefficient, D¢, for the

$,a

oxide.

= D VC : 21
To,6 ™ 267C,q (B21)

We now demonstrate that the variation of VC¢ o deduced from the particle
line observations can alone account for the differences in oxidation in

0 en as compared to steam, in other words, that D =D .
e P ’ ’ olo, = Psluy0.m

An analytical expression for D, may be obtained from Eq. (B21) by

¢

noting that the gradient in the oxide is essentially linear. Thus!¥

Tog = D¢VC¢,a=:*D¢(C¢,g -c¢’u)/¢ = dt/de (B22)

where T is the total oxygen consumed by the sample., From the fundamental

equations describing parabolic oxidation kinetics, we have

dt/dt = (si/z)/T . (B23)
T=6 Ve o, (B24)

and
¢ = 5¢ Ve o (B25)

Using Egs. (B23) and (B24),

dr/dt (B26)

il
(o]
«
~
N
™
-
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and substituting Eq. (B26) into Eq. (B22), using Eq. (B25), and solving

for D,, we obtain

¢

D¢ = 6T5¢/2(C¢,g *‘C¢’a) . (B27)

Equation (B27) is wvalid for both oxidizing media; therefore, we may form

the ratio

D (6T6 )

] - : Bo0.8 6y olo, ~Coa
D‘i’ 02 ( T ¢)02 l_cq)agIHZOa_Ii Cd)s“

¢]HZO’E

(B28)

If the diffusion coefficient in the oxide is the same for oxidation in

steam as in oxygen, obviously, the ratio D¢|H20,§/D¢[02

We evaluate Eq. (B28) using the value of C

must be unity.

s g|H20 g = 1-50 gm/ce

L] E okl

obtained from the '"particle line'" observations; values for C¢ o BFe based
>

on the phase diagram data already cited; C = 1.511 gm/cc; and ST

¢agloz
and 6¢ values are derived from the oxidation data for oxidation in oxygen
(see Table B2) and from the values for 5%/2 and 6;/2 obtained from the

standard MiniZWOK data set at 1253 and 1404°C (2287-2559°F) (see pp. 51~57

of this report). The results obtained were

/m,|

D¢IH20zE 0.971 at 1253°C (2287°F) (329).

0,

and

D¢|H20,E/D¢l02 1.02 at 1404°C (2559°F) . (830)

These results show that the ratio of oxide diffusion coefficients
is certainly unity within experimental uncertainty, and it is interesting
to dwell on the implications of this conclusion. Unlike Eq. (B20), where
all quantities on the left side of the equation are direct observations
and independent of hydrogen effects in either the a or B regions, the
right side of Eq. (B28) involves the product of ST and 6¢, both of which
could be influenced by hydrogen effects in the o and B. Furthermore,
while 8, is an experimental quantity based on observations of oxide thick-~

¢

ness as a function of time, 61 is a calculated value in our study. Its



192

evaluation requires not only direct measurements of oxide and alpha layer
thicknesses, but also information concerning oxygen diffusivity in the
beta and oxygen interfacial equilibrium concentrations in the various
phases. All the latter values were determined (by us or others) in the
absence of hydrogen. Thus the numerical evaluation of the right side of
Eq. (B28) as we have performed it is "biased" in the sense that a sig~-
nificant hydrogen effect in the o or B phases, if it existed, would cause
the real value of ST to be different from that which we calculated with
the result that the ratio of diffusivities would depart from unity.
However, no such bias is evident in the results shown in Eqs. (B29) and
(B30), and we are led to the folleowing conclusions.

1. The value of for oxidation in oxygen is greater than that

VC
bs8

in steam because of a reduction in C¢ . during oxidation in steam.
3

2. The differences in oxidation behavior in the two media may be

: D, remains unchanged.
b,8° ¢ 8

3. Tmplicit in these results is the conclusion that hydrogen dis-

rationalized solely in terms of a variation in VC

solved in the alpha and beta phases does not change the oxygen inter-
facial concentrations in either the o or B, nor does it influence oxygen
diffusivity in the beta.

This last conclusion may be tested more directly through a calcula-
tion of the diffusivity, Da’ for oxygen in the alpha. Pawell" has shown

that Da may be expressed as

2 1 -
D = l, Eﬁ.+ v 6¢6a Ca,B CB’G
@ F 2 2 Cyo ~ Cag
B 15\ 2]
o - 8, * ¢ .
b - /5 '
N {Ga e a0 “C0 L 2/, /|
me  —c o [ 1\
oy 0,8 § + =26
1— erf] &Y ¢
s zJB; |

where

C, is the initial oxygen concentration in the beta phase, and

B



1 2
8 § + =6
exp..(_.@_,u
D 2 /D
A P = o \ o
@ -
s +Ls Ls
erf ~2~ﬁ:§~42“'erf Yy o
2/Da 2/"13;

Inspection of Eq. (B3l) shows that all the parameters on the right side,
except V, could, in principle, be changed by the existence of a hydrogen
effect in the alpha or beta phases. Note also that the 6i's are guantities

derived directly from our experimental data, while values for D_ and the

B

equilibrium oxygen concentrations have been obtained only in the absence
of significant amounts of dissolved hydrogen in the o and B phases. Thus

s My 2 " .
the use of Eq. (B31) to evaluate Da|02 and Dalﬂzoaﬂ is "biased" in the

sense that the existence of any hydrogen effect that changes DB or the

oxygen concentration terms would produce a change in the calculated Da'
Consequently, if one finds, on the basis of Eq. (B31), that

DOL 0, ? DOL'HzO

w2 hydrogen effect in the alpha or beta is strongly
o)
suggested. On the contrary, the finding that Dal

0, equals DaIHZO,E
provides compelling evidence that no significant hydrogen effect exists.
Substitution of appropriate values for the parameters in Eq. (31)
yields the results shown in Table B6. Clearly, within experimental
accuracy Dalo2 = Dal
of dissolved hydrogen in the o and B phases had no significant effect

¢ , and we conclude as before that the presence
H,0,H ‘
on the observed rates of oxidation of our standard MiniZWOK specimens.

Table B6. Comparison of D, Calculated from Oxidation
Rate Data Obtained in Steam and Oxygen

(a)
Temperature 2Dulo . D%IHZO . Diff.(b)
oc °F) (em=/s x 107) (em</s x 107) 3
1253 (2287) 1.99 1.95 2.1
1404 (2559) 8.67 8.86 -2.1
(a)

Values calculated from analytical expressions for diffu-
sion coefficients derived from standard MiniZWOK data (see Ref. 14).

(b)

Difference relative to oxidation in steam.
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The arguments presented thus far demonstrate that the differences
observed in oxidation behavior of Zircaloy in oxygen and in steam are
consistent with differences in the oxygen flux into the oxide in the two
media and are inconsistent with the existence of an appreciable hydrogen
effect in the a or B phases. One final test of the experimental results
can be cited in support of this conclusion. We again suggest an oxida-~
tion model (that will be shown to be incorrect) that is not inconsistent
with the interface velocity equations [Eqs. (B10) and (B1l4)], and we

require the following assumptions:

Jd’salHZOsE ) Jd’:alo?_ (B32)

Ta,8lm0,8 < 7, 8lo, (B33)
and

JB,alH20,§_< Js,aloz . (B34)

This model cannot be correct, however, because, as we shall now demon-
strate, the conditions contained in Egs. (B32)—(B34) require a departure
from parabolic growth kinetics for both oxide and alpha layer growth.
Consider the implications of Eq. (B32)—(834). Not only is the flux
into the oxide different in steam compared to oxygen [Eq. (B32)], but
the hydrogen dissolved in the alpha and beta regions is also assumed to
reduce the oxygen flux into these phases. We suppose now that the
Zircaloy is oxidized in steam under conditions where no hydrogen dissolves
in the metallic phases of the specimen, and we contrast the resulting
oxidation behavior to that exhibited when "hydrogen effects" are present
in both the o and B. Since steam is the oxidizing medium in both cases,
we expect no differences in interfacial equilibrium oxygen concentrations
or mobilities in the oxide. By contrast, the postulate that hydrogen
dissolved in the specimen reduces the flux of oxygen in the o and B
phases means that the "hydrogen effect', by reducing Ja,¢’ actually
increases the velocity of the oxide—alpha interface relative to its
velocity in steam in the absence of dissolved hydrogen; that is

v¢’“|H20,E_> v¢,a!H20 R (B35)
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1

where the notation refers to steam oxidation in the absence of

"lny0
dissolved hydrogen. In other words, if Eqs. (B32)—(B34) are valid, the
rate of oxide growth in steam in the absence of dissolved hydrogen is

less than that in the case where hydrogen is present. The resulting
oxidation rate curves are shown schematically in Fig. B5.

As already noted, hydrogen analyses of oxidized MiniZWOK specimens
exhibited considerable variability, but there was a general tend for
hydrogen content to increase with oxidation time. The analytical data
are not good enough to establish a functional relationship between
hydrogen content and time, but in no case is there any evidence that the
specimens become saturated with hydrogen (cf., Table Bl). Therefore, it
follows from the model that the rate of oxide growth for a specimen
oxidized for a short time should be less influenced by hydrogen than
would be the case for a relatively long oxidation time. The resulting
rate curve would then be expected to have the form defined by the points
A, B, and C in Fig. B5; short-time specimens should yield oxide thicknesses

close to those predicted by Curve 1 (e.g., point A). On the other hand

QZ

A

- CURVE 1

TIME
Fig. B5. Schematic Representation of Hypothetical Oxide Growth Rates
for Zircaloy Without Dissolved Hydrogen (Curve 1) and with Dissolved Hydro-
gen (Curve 2). The dashed line shows the expected rate curve assuming a
"hydrogen effect" and given the condition that the hydrogen content
increases with time.
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a long-time specimen should produce a datum such as point C near Curve 2.
The net result would be an oxidation rate curve that is concave upward.
Inspection of the oxidation rate curves (see Figs. 1924, pp. 63-65

in the main body of the report) show no such trend. We estimate that a
"hydrogen effect" that led to a maximum increase in oxide thickness of
10% for long time samples would produce a very obvious upward curvature
in the rate curve and that a 57 effect should be detectable. Clearly,

1"

the postulated "hydrogen effects" either do not exist or are, at worst,
small.

Another way of stating the above argument is to note that a "hydrogen
effect”" that increases with time would perturb the kinetics of oxidation,
causing a departure from the Parabolic Rate Law. Thus the discussion
above relative to the growth rate of the oxide is also applicable to the
growth of the alpha layer. As in the case of oxide, inspection of the

alpha-layer rate curves shows that they are well represented by a

parabolic oxidation model and exhibit no indication of a hydrogen effect.

CONCLUSIONS

The dissolved hydrogen detected in MiniZWOK specimens was shown to
be an artifact of the experimental procedure used. A variety of tests
were performed to determine whether this dissolved hydrogen influenced
the measured rates of oxidation. These tests included

1. The internal consistency of the data;

2. Comparisons with other data sets (our own and those of other

investigators);

3. Oxidation rate measurements in pure oxygen.

In no case was any evidence of a "hydrogen effect" found, and we conclude
that within the limits of experimental uncertainty our measured values
of oxide and alpha layer growth rates were unaffected by the presence

of hydrogen in the metallic phases of the specimens.
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