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ABSTRACT

This report reviews state-of-the-art capability to
determine peak zircaloy fuel rod cladding tempera-
tures following an abnormal temperatare excursion
in a nuclear reactor, based on postirradiation
metallographic analysis of zircaloy microstructural
and oxidation characteristics. Results of a com-
prehensive  literature  search  are  presented to
evaluate the suitability of available zircaloy
microstructural and oxidation data for estimating
anticipated reacoor fuel rod cladding temperatures.
Addimonal oxidation experiments were conducted
to evaluate low-temperature z'rcaloy oxidation
characteristics for posticradiation  estimation  of

cladding temperature by metallographic examina.
tion. Results of these experiments were used to
calculate peak cladding temperatures of electrica’
heater rods and nuclear fuel rods that had been sub-
jected to reactor temperature transients. Compari-
son of the calculated and measured peak ciadding
temperatures for these rods indicates that oxidation
kinetics 15 a viable technique for estimating peak
cladding temperatures over a broad temperature
range. However, further improvement in zircaloy
microstructure technology i1s necessary for precise
estimation of peak cladding temperatures by
microstructural examination.
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SUMMARY

Zircaloy microstructure and oxidation kinetics
were comprehensively reviewed, and additional oxi-
dation kinetic measurements were obtained at the
Idaho National Engineering Laboratory (INEL) to
establish the state-of-the-art capability for
estimating—independently of thermocouple
measurements—peak fuel rod cladding temperatures
attained in nuclear reactors during abnormal
temperature excursions. These temperature estimates
will be used in light water reactor research programs
to assess (a) the accuracy of thermocouple measure-
ments of maximum fuel rod cladding temperatures
from loss-of-coolant experiments (LOCEs), (b) the
perturbation of the fuel rod cladding LOCE
temperatures caused by the presence of ther-
mocouples, and (¢) cladding azimuthal temperature
gradients near thermocouple locations.

A literature review revealed that cladding
microstructure characteristics permit determina-
tion of whether peak cladding temperatures
achieved during abnormal thermal transients are
within the « phase (< 1100 K), the « + 3 phase
(1100 to 1240 K), or the 3 phase (> 1240 K). At
temperatures below 1230 K, determination of the
transition temperature through identification of
the allotropic phases from microstructures is
imprecise because of uncertainties associated with
the multiple transient history and effects of cool-
ing rate upon the zircaloy microstructures. For
temperatures above 1240 K. the 3 phase can be
iden‘ified from the microstructure for different
cooling rates expected during the LOCE. How-
ever, the actual temperatures may be determined
within + 20 K from the fraction of 3 phase in the
known two-phase o + 3 temperature region,

Cladding oxidation character, ics offer an
alternative method to accurately estimate peak
cladding temperatures over ¢ broad temperature
range. High-temperature ( > 170 K) oxidation is
well characterized as a funciion of temperature
and time-at-temperature, and with existing data
and experience peak cladding temperatures
between 1270 and 1770 K can be inferred within
an estimated uncertainty of +40 to 70 K (95%
confidence level), respectively.

For ,eak cladding temperatures below 1243 K,
the himited oxidation data in the literature suggest
that peak cladding temperatures in the high « and
in the « + 3 region (970 to 1245 K) may be

estimated by evaluating the extent of zircaloy oxi-
dation. The current data in this temperature range
were limited because (a) only one source of experi-
mental data suitable for postirradiation examina-
tion (PIE) currently exists, and evaluation of
potential systematic ecrrors was not possible;
(b} the data were not in a form which can be
directly used for posttest metallographic analysis;
and (¢) the effect of multiple transients on oxida-
tion .naracteristics was not evaluated.

Additional data for zircaloy oxidation rates in
steam were obtained at INEL at temperatures of
961 1o 1264 K and durations of 25 to 1900 s in
order to overcome the above limitations and to
calculate, in conjunction with measurements from
postirradiation metallographic examinations, the
prior peak temperatures of zircaloy fuel rod clad-
ding in the ¢ + (3 region. Additional resuits from
oxidation tests conducted by other laboratories
were used 1o validate the current INEL data base
in the two-phase « + § temperature region.

Zircaloy oxidation rates determined at INEL
were applied to a zircaloy-clad electrical heater
rod that had been subjected to four transients and
to three nuclear fuel rods that had variously been
subjected to from one to four transients in the
a + 3 temperature region. The calculated
temperatures near three external thermocouples
on the electrical heater rod were fiigher than the
measured values by 16 15 34 K. Measurements of
the oxide thickness indicated that a peak
temperature of 1191 K occurred between the two
external thermocouples which implies an
azimuthal temperature gradient of ~ 50 K. Good
agreement between calculated and measured
temperatures was also obtained for the nuclear
fuel rods tested under transient conditions,

Zircaloy microstructure and oxidation kinetics
provide two independent techniques for estima-
ting peak cladding temperatures. Zircaloy micro-
structures can be used to estimate temperature
ranges, but improvement in microstructure tech-
nology is required to estimate detailed tempera-
tures even in the « + J temperature region,
Oxidation kinetics can be used to estimate peak
cladding temperatures over a broad temperature
range, and the required assumption of time at
temperature has an insignificant effect on the
results.
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TEMPERATURE ESTIMATES FROM ZIRCALOY

OXIDATION KINETICS AND MICROSTRUCTURES

INTRODUCTION

This report reviews and summarizes state-of-the-
art capability to determine peak fuel rod cladding
temperatures from posttest metallographic analysis
of zircaloy microstructure and oxidation character-
istics. The results of a compichensive literature
search are presented to evaluate the adequacy of
available zircaloy microstructures and oxidation
data for accurately estimating expected LOFT peak
cladding temperatuies. Based upon this review,
additional oxidation measurements were performed
to further evaluate and characterize low-
temperature zircaloy oxidation for postiest
metallographic applications. The oxidation results
in conjunction with microstructures are evaluated
to estimate pnor peak zircaloy cladding
temperatures.,

Cladding temperatures during thermal tran-
sients are the primary means for determining the
effectiveness of Emergency Core Cooling Systems
(ECCS) and to ensure that the core will remain in
a coolable geometry. Two ECCS criteria! for
light-water-cooled nuclear power reactors were
established in December 1973 to ensuie the integ-
rity of the cladding during a loss-of-coolant-
accident (LOCA). One criterion states that
maximum cladding temperature shall not exceed
1478 K (2200°F). The second criterion limits the
total oxidaiion of the cladding (in the form of
ZrO7) to 0.17 times the original cladding
thickness. The first criterion is based upon
temperature alone, but the latter incorporates,
through cladding oxidation. time at temperature
in addition to temperature. 1 hese criteria establish
the imporiance of reliebly determining cladding
temperatures during loss-of-coolant experiments
(LOCEY).

Cladding temperatures are also the most impor-
tant single measurement for evaluating fuel rod
models that predict the thermal-mechanical
cesponse of the cladding and for estimating the

fuel rod-to-coolant heat transfer, which is
required to evaluate the analytical models that
predict subchannel thermal-hydraulic response.
At the Loss-of-Fluid-Test (LOFT) facility at the
ldaho National Engineering Laboratory (INEL),
cladding surface temperatures are measured by
thermocouples attached to the cladding surface.
The measured cladding surface temperature, how-
ever, can be different from the true cladding sur-
face temperature as a result of perturbations in the
cladding surface geometry and potential selective
cooling of the thermocouple as a result of its pro-
rrusion into the coolant channel. Biederman?
indicated that for steady-state power and flowing
steam, measured cladding temperatures were
100 K lower than true temperatures. During
Power Burst Facility (PBF) tests3-® characterized
by high steady linear heat generation rates (49.2 to
65.6 kW/m) in film boiling conditions, measured
cladding temperatures were lower than the true
temperatures ‘estimated from posttest metallurgi-
cal evaluations) by 100 to 300 K. Although these
temperature perturbations may not be typical for
the LOFT transient (low-heat flux conditions for
the LOCE), these results suggest some perturba-
tioa of the true cladding temperature caused by
surface thermocouples.

Because postirradiation examinations (PIE),
which include metallographic analysis of the clad-
ding microstructure and oxidation characteristics,
offer a means of detennining peak cladding
temperature independent of thermocu. le
measurcments, these techmques were evauated
for the capability to assess maximum cladding
temperatures. PIE techniques provide nuclear
safety testing a means to (a) verify peak cladding
thermocouple measurements, (b) deiermine the
perturbation of fuel rod cladding temperature
history caused by the presence of thermocouples,
and (¢) determine cladding azimuthil temperature
gradients near the thermocouple locations.



METALLURGICAL TECHNIQUES FOR EVALUATING
CLADDING TEMPERATURES

Zircaloy microstructures are sufficiently dif-
ferent ameng the allotropic phases (o, a + 3, and
i3) 10 permit microstructures to be correlated with
temperatures. Measurement of the extent of oxi-
dation (oxide layer thickness or weight gain)
allows an exact evaluation of cladding tempera-
tures. State-of-the-art technigues for using both
zircaloy microstructures and oxidation to deter
mine peak cladding temperatures are summarized
in the tollowing sections.

Zircaloy Microstructures

Since zircaloy phase transformation is depen-
dent upon the solutes Ni, Cr, Fe, Sn, O, and H,
transition from the « phase 1o 3 phase occurs over
a temperature range rather than at a single tem-
perature 9-11 Experimental data for hydrogen-
free zircaluy show that the temperature range for
transformation from « to 3 zircaloy is 1103 to
1243 K11 In addition, zircaloy recrvstallization
has been shown to initiate at 866 K. The resulting
grain structure is readily distinguishable from the
cold-worked microstructure (see Appendix A). In
principle, these zircaloy microstructural
characteristics can be correlated with cladding
temperature ranges (as shown in Table 1) and used
to determine peak cladding temperatures by
metallographic techniques.

Identification of the cold-worked versus annealed
microstructure presents no problem, and the 3 phase
microstructures can be readily identified for cooling

rates above 2 K/s since they exhibit a readily iden-
tifiable acicular (needle-like) or platelet grain
shape.'2!5 The o and the a + § phases have a
more equiased grain shape than the 3 phase grains.
Identification of the 3 phase has been used in tests
conducted in the PBF program to establish peak
cladding temperatures over 1243 K, but the need tc
rely upon the low-temperaiure microstructures did
not exist for these tests 3-8 For the LOCA-1116 and
LOFT Lead Rod Tests!7 in PBF, cladding tempera-
tures were below 1243 K, and low-temperature
metallurgical techniques were required to estimate
these lower temperatures.

Certain problems exist in distinguishing two-
phase, a + 8 zircaloy from single-phase « zir-
caloy in etched samples and consequently, in
identifying the onset of the a to o + # transition.
For cocling rates above 5 K/s, both the « and
o + (3 phases exhibit nearly identical equiaxed
grain structures (see Appendix A) and the
microstructures change markedly with different
cooling rates. 12,18-20 1qermetallic precipitation
occurs predominantly in the grain boundaries in
the « + @ phase region when slowly cooled at the
rate of about | to 2 K/s. At rates faster than
10 K/s, these precipitates either do not form or
they are too small to be discernible with a light
microscope (see Appendix A). The morphology of
these precipitates offers a potentia. neans of iden-
tification of the two-phase region, but their
absence does not preclude identification of
temperatures i1a the two-phase regicn, The mor-
phology of « cores in a transformed 3 matrix

Table 1. Cladding temperatuie ranges for zircaloy crystallographic phase transitions

Trans:ion
Temperature
Transition LY
Recrystalhization 866
atlca + 3 1103
a + Jtop 1243

ro

Temperature
Identified Range
_ Phase LY
Cold worked > R66
Annealed 866 to 1103
o + 3 1103 10 1243

3 > 1243



offers a more positive identification than that of
the precipitates, but the use of this morphology is
doubtful at temperatures near the transition
temperatures of the two-phase region because very
low amounts of the 3 phase at the lower transiuon
temperature or the « phase at the higher transition
temperature may not be identifiable,

Although current published microstructure data
applicable to LOCE transients do not substantiate
the use of microstructures to estimate tempera-
tares within each phase region, the possibility
exists that microstructure data, reflecting cooling
rate effects, etc., could be used to estimate
temperatures within the « + J phase based :pon
the phase diagram lever rule and the fraction of
« phase. Temperature: may be estimated within
4+ 20 to + 30 K using the fraction of « phase and
the transition temperatures. Presently, no metallo-
graphic procedure provides usable contrast
between the « and 3 phases, and the results of cur-
reni methods are extremely dependent upon
human skills to estimate the fraction of « phase
present,

Zircaloy Oxidation

Zircaloy reacts with steam to form ZrO; and a
solution of oxygen in zirconium to form different
reaction layers.!* Experimental data were obtained
to characterize the extent of oxidation as a function
of temperature and reaction time (time-at-
temperature) for temperatures above 973 K. 15.21-30
The extent of oxidation is determined either by
weight gain or reaction layver thicknesses. For
convenience, the experimental data are categorized
as either high-temperature (>1270K) or low-
temperature (900 to 1270 K) oxidation in the
following discussions

High-Temperature O.x:dation Data. Zircaloy
oxidation rates have been investigaled for isother-
nal conditions above 1270 K!5:21-26 from which
Cathcart’s datal!S are accepted as the most com-
prehensive and reliable. Extreme care was taken to
calibrate thermocouple response in-situ and cor-
relate oxidation extents with precise locations of
the verified thermocouple measurements. Extent
of oxication was characterized for durations up to
2000 s by total weight gain and by three kinetic
corvelations for reaction layver thicknesses,

Analvtical models were developed to correlate
this isothermal data with temperature and the

square root of time for subsequent application to
transient temperature conditions. 'S The details of
the four correlations are given in Appendix B. The
correlation based upon the thickness of the oxide
plus oxygen-stabilized « zircaloy layers, which is
directly applicable to PIE, results in errors in
estimated temperatures of 40 te 70 K 95% con-
fidence level). (See Appendix C ior details.) This
correlation has been extensively applied to
evaluate peak cladding temperatures during PBF
tests in which cladding temperatures exceeded
1273 K.3-8

The extent of oxidation measured after tempera-
ture transients was first shown by Biederman?! and
then by C athcart!S 1o be substantially less than that
predicted by models desived from isothermal data.
From limited data between 1323 and 1672 K, this
transient effect was found to predominate t«tween
1323 and 1473 K. The cause of this anomalous
behavior is attributed to the transformation from
tetragonal to monoclinic oxide of zirco~™m.
Isotherinal data are often applied to iransient prou
lems,}! but care must be taken to ensure that tran- :
sients do not introduce additional phenomena not
represented by steady-state data. Additional tran-
sient data and further evaluation wili be required to
develop the application of isothermal data to
transieni conditions.

Other published data2'-24 significantly differ
from Cathcart’s. The exirapolation of the Baker-
Just correlation22-24 [based upon a few data
points at the zircaloy melting point and verified by
Special Power Excursion Reactor Test (SPERT)
tests?2 at the zircaloy melting point] to lower
temperatures is approximately a factor of two
higher than Cathcart’s correlation. Uxtrapolation
of the Baker-Just correlation to temperatures
below the zircaloy melting point is not justified.
Biederman's reaction layer thicknesses I are a
factor of two less than Cathcart's reaction layer
thicknesses!S and the differences are attributed to
poor temperature measurements. The discrepancy
between Biederman's and Cathcart's data empha-
sizes the importance of accurate experiment
characterization for all temperatures.

Low-Temperature Oxidation Data. Isothermal
oxidation data between 973 and 1273 K and at
atmospheric pressure were obtained from
Leistikow33 and limited data from Pawel27 in this
temperaturc range for pressures up to 10.34 MPa
were combined with those from Leistikow.
Leistikow determined the oxidation extent



gravimetrically so that the total oxygen weight
gain Img/cmz) is correlated with temperature and
time. The Pawel oxyger weight gain data were
derived from thickness measurements by using
computer codes.

Leistikow's data followed parabolic kinetics
near 1200 K, but became increasingly cubic as the
temperature decreased. Pawel's data also exhib-
ited cubic kinetics at the high steam pressures. On
the other hand, I eclercq’s’" data at low oxygen or
steam pressures (< 100 kPa) also exhibited cubic
kinetics. In contrast, data from Biederman and
Urbanic in this temperature region exhibited
parabolic kinetics. Biederman’'s data exhibited
temperature measurement errors, and Urbanic's
data is based only upon oxygen uptake and is not
amenable to PIE.

The data base in the intermediate-temperature
region is contradictory, and is subject to
systematic errors as observed with the high-
temperature Biederman data.2! Additional data
are required 15 evaluate systematic errors in the
present data in this temperature range. The
gravimetric tesis conducted at Chalk River
Nuclear Laboratory, with the emphasis on study-
ing the effect of oxidation upon the « to 3 zircaloy
phase transformation, did not include oxide
thickness measurements which are required for
PIE. Evaluation of the systematic errors in
thickness measurements can be performed
through comparison of weight gain measurements
trom Urbanic and Biederman, but these data are
not sufficient to develop an oxidation model in the
o + 3 temperature region. The additional oxide-
thickness and weight-gain data required are
discussed in the next section.

Discussion. Metallurgical examination of zir-
caloy cladding during PIE offers two independent

techniques for estimating cladding temperatures.
The first technique, based upon zircaloy micro-
structures, permits determination of a tempera-
ture range through identification of allotrcpic
phases and knowledge of the transition tempera-
tures; however, problems exist in distinguishing
the o and o + 3 phases at different cooling rates.
For cooling rates above 2 K/s expected during
LOCEs, the g phase can be readily identified. The
potential exists for determining temperatures
within +20 K (see Appendix A) from the fraction
oi « phase. Microstructure, as a temperature
measurement device, has the advantage that
knowledge of time at temperature is not required.

The second technique, based upon measure-
ment of reaction layer thicknesses and correlations
for oxidation kinetic rates, can be used to estimate
cladding temperatures but requires knowledge of
the time at temperature, The microstructure can
also be used to select the appropriate kinetic equa-
sions for the temperature regions involved.

The isothermal oxidation data above 1273 K are
well characterized and provide a means for deter-
mining peak cladding temperatures within +60 K
(95% confidence level) using Cathcart's model to
evaluate oxide layer thicknesses. Limited transient
data between 1323 and 1473 K suggest that a prob-
lem exists in extrapolating isothermal oxidation
data to transient conditions.

Low-temperature oxidation data available in
the literature are not consistent, and the more
reliable data from Chalk River are not amenable
to PIE. Additional data, in terms of oxvgen
uptake at low temperatures, are required to vali-
date new data and measurements of oxide layer
thickness are required for PIE evaluations.




OXIDATION RATES IN « + 3 PHASE TEMPERATURE REGION

Review of the available hiteratcre presented in
the appendixes and summarized in the previous
sections indicated that additional oxidation data
were required.

Oxidation experiments conducted at INEL are
described in the following sections.

Experimental Procedure

Zircaloy-4 nuclear-grade tubing was manufac-
tured by Sandvik Special Metal CTorporation
according to commercial specifications used for
LOFT fuer rods. As part of the commercial
specification, the tubes were *‘pickled’” to remove
about 0.038 mm of matenal from the outside sur-
face. The tubing has an outside diameter of
10.72 mm, a thickness of 0.601 mm, and a length
of -~ 180 ¢m,

Oxidation samples 2.3 ¢cm long were cut from
the tubes. Wo further etchiag or other surface
treatment occurred, so oxidation results were
representative of beginning-of-life tubing and tub-
ing manufactured to current commercial practice.
The samples were measured for lengrh, degreased,
and weighed immediately prior to usc Certified
chemical analyses of major elements in this tubing
alloy indicated 1.60% Sn, 0.21% Fe, 0.11% Cr,
47 ppm Ni, 1210 ppm O, and 45 ppm N.

The test facility used to oxidize the zircaloy-4
samples in steam consisted of a steam generator
and superheater, a condensing system, a reaction
chamber, and a furnace (Figure 1). In addition to
the pre- and posttest weight measurements, in-situ
weight measurements were performed in the reac-
tion chamber using a quartz spring and a Gaertner
Model M303p cathctometer. The quartz spring
was contained in a water-cooled chamber, with
access to the chamber restricted t¢ « diaar 127 only
shghtly larger than the Mlameter of the quariz fiber
holding the sample in order te mimimize the entry
of steam into the c¢hamber. A small flow

"~ 2 co'min) of helium, introduced at the top of
the water cooled jacket, flowed down through the
reaction chamber to inhibit steam flow ito the
chamber contamning the quartz spring

Saturated steam, produced from demineralized
water in a three-necked flask heated with a

1200-W Glas-Col heater, was superheated to the
desired temperature, passed through the reaction
chamber, and finally to a condenser. A steam flow
of 20 g/min was established by the power of the
Glas-Col heater. The glass tubing carrving the
steam to the top of the reaction vessel was
wrapped with electric heat-tape and insulated. The
temperature of the tubing was monitored using
two digital indicators at four equidistant positions
between the flask and the entry into the furnace.

An in-situ calibration was performed to deter-
mine the axial temperature profile in the furnace
in order (o establish the location and length of the
hot zone. A *‘chimney'’ effect in the furnace
moved the hot zone above the midpoint of the fur-
nace, but the flow of steam down through the fur-
nace shifted the hot zone below the furnace center
(Figure 2). The furnacc was moved vertically to
position the sample in the hot zone after the steam
flow was established to start the reaction, and
removed from around the sample to quench the
sample in steam.

The furnace temperature was controlled pro-
portionately by a Love Model 1961 silicon-
controlled power supply using the difference
between measured and set temperatures. Furnace
temperature was measured by a Type K, Chromel-
Alumel thermocouple.

The sample temperature was measured using a
1.59-mm-OD, stainless steel sheathed, Chromel-
Alumel thermocouple, positioned in the center of
the sample but not attached to the sample because
of the requirement for in-situ weight measure-
ments. Sutficient clearance was provided to allow
the passage of <(am through and around tie sam-
ple. A few tests were performed with a thermocou-
ple spot-welded to the inside of the cladding; the
heating and cooling rates were about 10 K /s faster
than the 3-K/s raic of the unattached thermocou-
ple, but no differences in peak temperature were
noted. An example of the temperature cycle is
shown in Figure 3,

After oxidatien, each specimen was weighed
and sectioned in the transverse plane, mounted,
polished, and etched for metillographic examina-
tion. The oxide layer formed on the cladding sur-
face, with a layer of oxygen-rich zirconium
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adjacent to the oxide laver caused by oxygen dit
fusion into the base metal. The total thickness of
the layers was measured, and the weight gain was
determined from the difference between pre- and
posttest weight measurements. The weight gain
per unit area was calculaied from the mside and
outside diameters of the ¢iodding

A total of 108 samples was used in the tempera
ture range of 961 1o 1263 K and for cifective times
from 1 to 30 min. Effective times

ranging WwWere

calculaied from the average isothermal tempera
ture to compensate for heating and cooling times,

using the exponential Arrhenius equation
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Zircalov oxidation test apparatus

Results and Discussion

The offer an
almost continuous source of weight gain measure-

in-situ  weight measurements
ments versus time for a given sample and tempera-
ture. With this method, the number of sampl.s
could be reduced and the vanability in sample
temperature elimmated. However, in order to sup
ply sufficient guantities of steam and avoid steam
starvation, the risk of condensation compromising
The results of this
technique and those of the alternative of using

the weight measurements exists

separate samples for eack temperature and time
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measurements are discussed in the following two
subsections.

Oxygen Uptake. The weight gain measurements
derived from the differences in pre- and posttest
weight gain are shown in Figure 4 as a function of
the square root of time for different temperatures.
Within experimental error, parabolic kinetics are
indicated by the linear relationship exhibited in
Figure 4.

An alternative method of examining this date is
to determine the exponential coefficients. These
values are listed in Table 2 with their standard
deviation. The values range from 0.39 t0 0.59
with only one value (1168 K) below 0.33. Within



Oxide uptake (mg/cm?)

(K)

1263
1248
1233
1218

1201
1168
1144
1128

1071
1018
969
961

961 K

Time (s 12)

40 S0
INEL 2 2467

Figure 4. Oxygen uptake as a function of time for different temperatures

Table 2. Exponential coefficients from

pre- and posttest weight

measurements

Temperature
Coefficient

0.5826
0 4401
0.3905
0.4634

0.5234
03066
00,4245
0.5905

0 4571
0.4271
(). 8948
0.4126

Standard
Deviation

0.1621
0.0501
0.0544
0.028S

0.0791
0.0514
0.05264
0.0708

0.0365
0 (480
0.0769
00810

the experimental error of the data, the weight gain
measurements obey the parabolic rate law.

The temperature dependence of the parabolic
rate constant for oxygen uptake i1s shown in
Figure § for the temperature range between 1000
and 1250 K. This temperature dependence is
represented by Equation (1), aad the errors in the
constants represent one standard deviation.

2“ qo'ﬁ

1.3,
k, = 47902 (*2“' ") exp [-20 400( + 2.3%%)/RT)

where

h

parabolic constant for weight gain
(Mg O cntzosl"’-)

1.987 cal/mole+K

temperature (K).
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The data are compared with results from
Leistikow,3? Catheart,!5:27 and unpublished
results from Urbanic in Figure S, Urbanic chose to
differentiate the Kkinetics between the single
« phase temperature region and the two-phase
a + 3 temperature region. The data agree well
with Urbanic’s and Cathcart’s data; Leistikow’s
data cre higher than both. Leistikow combined
data from the 3 phase temperature region and the
two-phase « + i temperature region, but his low-
temperature data exhibited increasing cubic
kinetics with decreasing temperature,

Three data points from Pawel for high-pressure
steam at 3.45, 6.90, and 10.34 MPa are compared
with the INEL data in Figure 5. The values at 3.45
and 6.90 MPa exhibit cubic kinetics. The values at
10.34 MPa are higher and exhibit parabolic
kinetics. These differences suggest a pressure
effect on the oxidation kinetics.

The weight gain measurements from the cathe-
tometer were more scattered than those from the
pre- and posttest measurements. Figure 6 com-
pares the weight gain measurements from the
cathetometer for a single sample at 873 K with

9

Temperature dependence of parabolic rate constant for oxygen uptake.

that of pre- and posttest measurements for several
samples at an average temperature of 871 K. Less
scatter exists in the cathetometer data but bias
exists in the data due 1o steam condensation, tem-
perature variations when the furnace is moved,
and transient temperature around the quartz
spring.

Oxide Layer Thickness. Oxide laver thickness
measurements in the two-phase a +
temperature region include an oxygen-rich layer
adjacent to the oxide layer, so most of the oxygen
can be accounted for in the oxide thickness mea-
surement (Figure 7). The oxide/ oxygen-rich layer
was more difficult to resolve than the oxygen-
rich/metal interface. The oxide thicknesses from
the outside and inside surfaces were combined in
deriving the parabolic rate constants for different
temperatures,

The oxide thickness measurements are shown in
Figure 8 as a function of the square root of time
for different temperatures. The growth of the
oxide layer, as with oxygen uptake, follows the
parabolic oxidation rate law,
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I'he temperature dependence of the parabolic
rate constants for oxide layer growth is shown in
Figure 9 and can be represented by Equ .tion (2)
I'he errors represent one standard devi ition

k 2.526 x l(l"

18.59
<‘ s xﬂ".b exp [-23 920( + 3.1%)/RT] (2)

—~Oxide

—Tin
precipitation

. " Oxygen-rich
3 alpha

Figure 7

Oxide layer growth at 1072 K for 1072 s

where
ko = oxide layer parabolic rate constant
bl 3
(um emeest/ 2y,
The data are compared with results from

lehnkou,-“ Pawcl,z and BiedermanZ! in
Figure 9. Leistikow’s data, as with his oxygen
uptake data and Biederman's data, are above
those of INEL and Cathcart. Biederman separated
his data into two temperature intervals from 922
to 1144 K and from 1172 to 1227 K, intervals
approximating the o« and « + § phase tempera-
ture regions, as with Urbanic's oxygen uptake
data. The oxygen uptake and oxide layer data do
not substantiate different oxidation rates in this
temperature interval.

The oxvgen uptake data were compared with
other data in the literature to establish the validity
of the procedure and equipment, since weight gain
measurements are normally more precise than
laver thickness measurements. With the agre -ment
obtained with oxygen uptake data, the validity of
the laver-thickness is established
since the same samples are used for both oxygen
uptake and layer thickness measurements.

meas-rements
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T'he oxidation kinetics of zircaloy were reviewed
and out-of-pile tests were performed to improve
the data base. In this section the application of
oxidation kinetics to estimation of prior peak
cladding temperatures is evaluated for different
conditions,

Samples from 1he isothermal oxidation tests in
the « + 4 temperature region were selected 1o
compare measured temperatures with those calcu-
lated from the oxidation kinetics and the
temperature-time profiles in order to estimate the
random error in these estimaies and compare these
errors with those estimated from linear error prop-
agation theory (see Appendix C). In addition,
prior peak temperatures were estimated using oxi-
dation kinetics from PIE of one electrical heater
rod* and three nuclear fuel rods tested under
LOCE conditions!” and three nuclear fuel rods
tested under power-coolant mismatch (PCM) con-
ditions? for an evaluation of this technique under
nonisothermal conditions.

The temperature estimates for the prior clad-
ding peak temperatures were obtained from the
measured oxide layer thickness and by using
measured temperatures as a basis for calculating
oxide thickness from Equation (2). The measured
temperatures are multiplied by a correction factor
to obtain a corrected temperature profile, fro.n
which the calculated oxide thickness is compared
with the measured value. This multiplication fac-
tor is changed incrementally, and the oxide thick-
ness calculated for each change. The sstimated
cladding temperature is selected when the
calculated oxide thickness is the ‘ame as the
measured oxide thickness. This approach inher-
ently assumes that the estimated temperatures are
proportional to the measured temperature-time
profiles.

For several isothermal temperatures, two (o
three samples were selected for different times at
cach temperature to compare the peak measured
temperature with that calculated from
Equation (2) using the temperature-time profiles
and the measured reaction layer thick ness for cach
sample. This analysis is handicapped, however,
because the temperature history had 1o be man-
ually digitized, and the estimated error reflects the
random error from digitizing. Therefore, these
estimates must be regarded as conservatively high.

TEMPERATURE ESTIMATES FROM ZIRCALOY
OXIDATION KINETICS

Table 3 lists the measured and estimated tem-
perature errors from the outside and inside
surfaces. The experimentally measured values
represent the total error in temperature and not
only part, such as the error from oxide layer thick-
nesses from linear error propagation theory. The
standard error (one standard deviation) in
temperature from the outside surface is +£35 K
and from the inside surface is + 30 K.

Linear error propagation theory was also used
to estimate the accuracy of the oxidation method
using the errors listed in Equation (2) and assum-
ing errors of 5% in time and 10% in oxide thick-
ness measurements. The maximum estimated
error varies from 40 K at 973 Kto S6 K at 1223 K

Table 3. Summary of temperatura
errors from isothermal

samples
Temperature
Sample Outside Difference
Number K _Inside
154 +25.0 +18.0
110 -0.80 -28.0
77 9.50 -16.0
106 +13.6 -1.50
68 -4.90 +0.60
97 +1.60 -0.9%0
28 -£7.30 -69.50
156 +26.80 + 14.60
69 -3.50 -5.60
149 +60.8 +64.10
125 +16.2 +30.3
126 -18.1 +0.40
114 +26.1 -46.5
115 +38.0 +25.6
46 +31.1 -16.0
127 20.8 -21.60
61 4+ 200 +27.0
Average +28.7 +31.1



(see Appendix C). The contribution to the total
error arises mainly from the errors in the constants
in Equation (2). For example, 40% of the 40 K
error ¢can be attributed to the preexponential con-
stant, and 57% to the error in activation energy.
The error in time contributes the smallest error,
about 0.2%; therefore, prior cladding peak tem-
peratures may be estimated from fe 2l ruds without
measured thermal histories because gross errors in
assumed time may be tolerated. Howevei, to eval-
uvate prior cladding peak temperatures of
uninstrumented fuel rods in LOFT, temperature-
time profiles were selected from symmetrically
located, instrumented fuel rods,

Three samples that experienced double peak
transients (Figure 10) were evaluated to determine
the effect of double peak ‘ransients on the esti-
mated peak cladding temperatures. The measured
and estimated peak temperatures for the three
samples are listed in Table 4. In this temperature
range the difference in measured and estimated
peak cladding temperatures is within ihe experi-
mental error so that no transient effect can be con-
cluded, in contrast with the transient effect
observed between 1473 and 1673 K.

An electrical heater rod34 and three nuclear fuel
rods!7 that had been subjected to a series of
L OCEs were used to evaluate the use of oxidation
kinetics to determine prior cladding peak tempera-
ture in the a + 3 temperature region. The elec-
trical heater rod was subjected to four LOCE tran-
sients during which a peak temperature of 1125 K
was measured. The first nuclear rod was subjected
to three LOCEs, and a peak temperature of
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Figure 10. Typical temperature-time history for

multiple transients

Table 4. Estimated prior peak
temperatures for samples with
multiple transients

Peak Temperatures

‘Kl R

Error

Sample Measured  Estimated (K
132 952.7 1185.5 —
1202.7 1I1BS.S +17.2

133 1008.7 -— —
1112.0 1129.8 +17.8

134 1010.8 — —
1008.3 1096.7 884

1070 K was measured; the second nuclear rod was
subjected to only one LOCE, during which a peak
temperature of 1200 K was measured; and the
third nuclear rod was subjected to four LOCEs,
during which a peak temperature of 1125 K was
measured.

Temperature estimates for the electrical heater
rod from oxidation kinetics and the relative ‘oca-
tion of these temperature estimates are shown in
Figure 11, with the cross section of the electrical
heater rod taken at the junction of the ther-
mocouples. Details of the microstructures and
oxide layers for the different locations are shown
in Figures 12 to 16. Based upon the oxidation
kinetics, the peak cladding temperature was
1191 K and occurred opposite the two surface
thermocouples. The temperatures near the two
surface thermocouples were 1159 and 1145 K. For
the different oxide thicknesses, the temperature
varied from 1141 to 1191 K, resulting in a 50 K
variation around the circumference of the zircaloy
cladding. An estimated temperature o° 1141 K at
the thermocouple locations is slightly higher than
the measured peak temperature of 1125 K. This
difference suggests a sinall thermocouple effect on
cladding temperature. This effect is further
illustrated by the higher temperature measured
between the thermocouples.

Teimperature estimates from zircaloy microstruc-
tures are consistent with those from oxidation
kinetics. Figures 12 and 13 show a redistribution of
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Figure 11, Esumated cladding temperatures at thermocouple locations

the intermetallic precipitates from within the grains
to the grain boundasies. This redistribution indicates
that the (ladding temperature had to exceed 1103 K,
which 1s the o/« + [ transition temperature. From
Oxide the amounts of precpitates in the grain boundaries
(see Appendix C), the temperature shown in
Figure 16 for Area S is less than that in Area |
(Figure 12), and both temperatures are less that that

in Area 2 (Figure 13). These results are consistent
a+ B with the temperatures dernived from oxidation
phase: kinetics

The temperature estimates for the nuclear fuel
rods were 1076 K compared with 1070 K mea
sured for the first rod, 1i86 K compared with
1200 K measured for the second rod, and 1145 K
compared with 1125 K measured for the third rod

Intermetallic

i""' l; 1tate

Calculated temperatures for two of the three rods
were higher than the measured temperatures,

which would be expected from thermocouple

effects on cladding temperature. The low esh
mated temperatures for the second nu<'ear rod
may be due 10 sloughed oxide or the lack of any

A thermocouple etfect
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laver and zircaloy microstructure at

I'he reasonably good agreement between esti
mated that
technique for

and measured temperatures shows

viable
temperature

oxidation kinetics i1s a
Because the

cladding temperature for this electrical heater rod

estimating cladding

exceeded the ato o + 4 transformation at several

azimuthal locations, zircaloy microstructures were
used effectively to complement the temperature

estimates from oxide thickness measurements

I'he microstructures confirmed the circumferen
determined from

tial temperature varniation

osidation kinetics



CONCLUSIONS

Metallurgical examinations of zircaloy cladding
during PIE offer two indzpendent rechnigues for
estimating cladding temperatures. The first tech-
nique, based upon zircaloy microstructure, per-
mits determination of temperature range through
identification of allotropic phases and knowledge
of the transition temperatures. This technique can
be improved by using the fraction of transformed
« phase (prior «) in the two-phase « + 3 phase
region and the temperature range of the two-phase
region. The latter method can provide accurate
temperature estimates without relying on time-at-
temperature  relationships, but the technique
depends upon a human elecuent of interpretation
of the 3 fractions with poor resolution of the «
and transformed 3 phases. The second technique
matches a measured oxide thickness from PIE
with a calculated value from the oxidation kinetics
aud a temperature-time profile. This technique
can provide precise temperature estimates,
although the temperature-time profile is required.

Because the time error contribution is small,
relatively large time errors can be tolerated.

The oxidation kinetic data obtained at INEL in
the two-phase « + 3 region extend the knowledge
of oxidation kinetics in this region. Parabolic
kinetics were confirmed in this temperature region
and at atmospheric pressure, and the data are
vahidated by comparison with other oxygen uptake
data in the literature.

The INEL oxidation kinetic equations have
been applied to one electrical heater rod subjected
to four L OCEs and three nuclear fuel rods each
subjected to one to three LOCEs. The estimated
peak temperatures compared favorably with the
measured temperatures within + 20 to 30 K. This
comparison demonstrates that the parabolic
oxidation kinetics in the two-phase temperature
region can be applied to LOCEs to estimate prior
peak cladding temperatures and that high pressure
effects are negligible during 1 OCEs.
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APPENDIX A
ZIRCALOY MICROSTRUCTURES

The role of zircaloy microstructures in
estimating temperatures is addressed in this sec-
tion, important parameters are ideniified and the
current data base is discussed. Transition
teriperatures and the use of microstructures to
deduce the transition temperatures are described
below, followed by a discussion of zircaloy micro-
structures for phase identification, including a
methed for finer resolution of temperatures in the
« + (3 iemperature region; finally, the discrepan-
cies ii; the data base are summarized.

Transition Temperatures for
«/ 3 Transformation

Zircaloy microsiructures have been used to
estimate peak cladding temperatures from the
presence of alpha («) or beta (3) phases during
thermal transients. A1 The alloying elements tin,
iron, chromiwn, and in zircaloy-2, nickel, expand
the instantaneous (diffusionless) «/3 transforma-
ti:n in pure zirconium ‘rom a single temperature
(1135 K) to 2 temperature range (1103 to 1243 K).
These solutes, normally considered to be in solid
solution, precipitate during temperature excur-
sions. The formation of three phase regions (a,
o + 3, and @) and the distribpution of the
precipitates form a basis to identify cladding
temperatures from zircaloy microstructures. Also,
the microstructure change from cold-worked to
annealed cladding can be used to identify 2 clad-
ding teraperature in the high « phase region.

The temrsergrure estimates are derived from the
transition emperatures of the zircaloy phase
changes.’\'z once the phases aie identified from
the zircaloy microsiructures, The o to « + Jtran-
sition establishes a temperature of 1103 KA-2 and
the o + 4 to 4 transition establishes a tempera-
ture of 1243 K.A2 For a particalar location on
the cladding, if the microstructure is identified as
J phase. the cladding temperature would be

>1243 & if the « + 3 phase were identified, the
cladding temperature would be between 1103 and
1243 K. If only the « phase is present, cladding
temperature would be <1103 K. An instan-
taneous aunealing temperature of 866 K occurring
in the high « region but below the « to o +
transition is another point that can bracket a
temperature range in the high « phase rcgiun.’\‘-‘

These transition, temperatures are based upon
the normal alloy content of zircaloy-2 or -4
(1.5% Sn, 0.1% Cr, 0.2% Fe with Fe + Cr =
0.28%). During LOCE conditions, hydrogen and
oxygen may dissolve into the cladding. Oxygen is
an o stabilizer and raises the «/« + (3 transition
tcmperalures.A“ On the other hand, hydrogen is
a /3 stabilizer and lowers the o« + @/3 transition
temperatures. A5 If both are simultareously
dissolved and do not interreact with each other,
their separate effects will not be compensated. In
the 3 phase, the presence of oxygen reduces the
solubility of hydrogen, but data are not available
on the ~ffect of oxygen upon hydrogen solubility
in the « phase.A“’ Oxygen and hydroeen contents
in conjunction with phase equilibria must be taken
into  account to  assess the transformation
temperatures. A-HA

Zircaloy Microstructures

To estimate cladding temperature ranges from
microstructures, a correlation between micro-
structure and the «, o + 3, and 3 phases is
required under LOCE-type conditions. Micro-
structures obtained under other types of condi-
tions may be different, and consequently incorrect
interpretation of the microstructures may arise.

Zircaloy microstructures are characterized by
grain size and shape, chemical composition, size
and distribution of alloying precipitates, and the
chemical composition and distribution of reaction
products formed from chemical reaction of zir-
caloy and surrounding materia's. These character-
istics will be used to identify the phases and hence
the temperature changes.

Microstructures obtained from conditions
similar to those during a LOCE for the change
from cold-worked to annealed cladding and
recrvstallization for the three phase fields, «o,
« + 3, and 3 will be presented next. These micro-
structures typity the catalogue of microstructures
presently available.

Chi ngr from Cold-Worked to Recrystallized
Zircaloy. Because of the rapid heat-up during a
1 OCE, an instantaneous annealing temperature
for a complete change from cold-worked to



annealed claddine can be used to estimate clad-
ding temperature rather than the traditional
recrystallization  temperature based upon S50%
recrystallization in 1 h, for example. The
recrystallization of coli-worked LOFT cladding
and an instantaneous recrystallization
temperature were determined from both hardness
meascrements and zircaloy microstructures. A3

Zircaioy samples were heated from S86 K at
about 110 K/s to the desired temperacure, hela at
temperature for a specified time, and rapidly
cooled (0 room temperature, Sampic. were alyo
heated for three successive transients similar to the
single-cycle transient, but with the samiples
reheated after the first two cycles when the
temperature dropped below 589 K. The total time
At temperature for a particular  tnple-cycle
specimen was equal to the total time at (erpera-
ture for a corresponding single-cycle speciiies.

Hardness measurements performed with a
diamond-pyramid indenter with a 1-kg load and
metallography were used to determine the anneal-
ing temperature. Initially, four midwall readings
were taken from each ring, with the impressions
spaced every 90 degree from the thermocouple

attachment posis on. The short-duration tests pro-
duced specitaens » ith veuving hardness in the cir-
cumfereatial direction. '+« (0 unever hcating rates
“hat created temperature dilferences around the
specimen. Hardness readings for these specimens
were reple’=d and concentrated near the fner-
Mocoupls  position- <the position of maximum
coufidence in tempe ature.

The results of '™™e hardnes§ measurements
demonstrate that signibs it annealioe of the zir-
Galoy tubes can occur in relatively shote times at
iemperatures of 922 K and above. Figure A-1
shows the hardness re.ults as a fanction of max-
imum nominal tet temperature. The average
hardness of the as-rvceived material was 237 ia-
mond Pyramid Hardness (DPH). All tests con-
ducted at a maximum (emperature of 811 K
produced average sample hardness only slightly
less ithan the as-received material (230
235 DPH). The 866 X test samples clearly showed
typical annealing behavior with the shorter test
times producing little hardness drop (230 to
237 DPH) and the longer times producing almost
fully softened matericl (182 to 192 DPH).
Samples cycled to maximum temperatures of 977
and 1033 K were completely softened even after
the minimum test times.
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As shown in Figure A-1, the annealing behavior
of LOFT cladding subjected to a triple transient at
any particular maximum temperature does not
corielate with the corresponding single transient
of similar duration. This behavior probably
resulted from the very rapid heatup and cooldown
rates employed in these tests. If slower rates had
been used, the integrated time-temperature effect
would probably have been more pronounced, and
a triple-cycle transient would have resulted in
lower hardness than the equivalent single cycie

LOFT zircaloy tubing microstructures at dif
ferent temperature and time exposures are shown
in Figures A-2 to A-5. Figure A-2 is typical of the
as-received cladding. and Figure A-3 shows the
microstructure after heating at 811 K for 135 s
Both microstructures are characteristic of the
cold-worked zircaloy with no distinct development

of the gain structure

Figures A-4 and A-S show the microstructures
of samples heated at 866 K for § and 15 s, respec
tively. At 5 s, the structure is partially annealed
Some f{ine, equiaxed, recrysiallized grains have
formed, but some a.e still unresolved and give a
blurry appearance to the structure. In contrast,

Figure A-5 indicates a completely recrystallized
structure with all the grains clearly developed after
a 15-s temperature cxposure. At 922 K and for
times of 5 and 15 s, microstructures similar 1o
those in Figures A-4 and A-S, respectively, were
obtained, thus recrystallization starts at 866 K
rather than 922 K as derived from hardness
measurements, This temperature may be reduced
by annealing times longer than 15 s, but even at
135 s (the longest time used) at 811 K, no
recrystallization tock place. For expected LOCI
times-at-lemperature, 866 K is an appropriate
value for the recrystallization temperature

« Phase Microstructure. Figure A-S shows the
microstructure of a completely recrystallized
« phase heated at 866 K and rapidly cooled. Only
a few precipitaies are visible. Upon heating 1o a
higher temperature (1072 K for 300 s) in the
a phase region (Yigure '\-6)."\ 7 the grain struc-
ture remains essentially the same except that the
number of precipitates is substantially increased,
probably because of the slower cooling rate
(<2 K/s) rather than the higher temperature. The
microstructure shown in Figure A-S was obtained
after rapid cooling at an unspecified rate from
866 K.A-3 Recause of the higher temperature and

g A3 Microstructure of unrecrystathzed zir

calov after heating at 811 K for 135 5



Figure A-4 Microstructure of partially recrysta! Figure A-S Microstructure of recrystallized zir

hzed zircaloy after heating at 866 K for alov after heating at 866 K for 1S




longer heating time, the grain size shown in
Figure A-6 is larger than tha. shown in
Figure A-5. Grain growth is expected to start at
1020 K

Figure A-7 shows the microstructure of irra-
diated zircaloy cladding after being heated to
1072 K and cooled at <2 K/; in vacuum. In addi
tion to the intermetallic precipitates, hydrides are
also found within the grains. Hydrnides may not
always precipitate within the grains, but may
extend through several grains or be distributed on
A-8

hydride precipitation has been shown 10 be
A-R

the grain boundaries I'he morphology of

affected by cooling rate

I'he hydrides shown in Figure A-7 formed as a
result of a two- to three-year irradiation exposure
al operating temperature in the Saxton
reactor A9

Hyd:ogen pickup from zircaloy/steam reaction
could be substantial tor the temperatures expected
for a LOCE. The hydride may form underneath
in oxygen-rich «-zircaloy layer as depicted in

Figure A-8 A-10 The outer layer consists of
coarse, equiaxed, a-zircaloy grains with an inner
layer of «-zircaloy grains with copious amounts of
the acicular precipitate of zirconium hydride. The
cooling rate, and to a iesser extent, the hvdrogen
content affects the morphology of the hydrides in
zirconium A TLA12 15 the @ phase temperature

Microstructure of cracked oxygen-rich
layer and underlying hydride needles
after heating in steam at 948 K for
160 h

Figure A-8

Nintermetallic

precipitates



region, the propensity of hydride precipitation is
intragranular in the form of o hydndes (face-
centered tetragonal) at high cooling rates (10,000
10 20,000 K/s). As the cooling rate decreases the
hydnides precipitate in the grain boundaries in the
form of & hydrides (face-centered cubic). For a
given cooling rate, and increasing the hydrogen
content, 6 hydrides tend to precipitate in both
intra- and intergranular sites. The hydride mor-
phology is summarized in Table A-1. The hydride
precipitation shown in Figure A-8 apparently
occurred under rapid cooling conditions.

« + 1 Phase Microstructures. 1he zircaloy
microstructures in Figure A-9 show different pro-
portions of 3 phase in the two-phase « + §J
rcgiun,A'” Fhese microstructures were obtained
from zircaloy samples loaded with 700 to
2700 ppm hydrogea and heated 10 ap inert atmos
phere so that different pioportions of prior
4 phase are formed by quenching from 1005 K. In
Figure A9, 3 phase forms at the « grain bound-
aries and 1solates the « grains from other « grains
as the proportion of 3 phase increases, Although
hydrogen was introduced only to vary the propor-
tions of the 3 phase, the hydride has still left its
mark on the microstructure through the appear-
ance of piatelets within the grains. Also, the
i3 grains in a two-phase a + {3 region may resem
ble the microstructure shown in Figure A-2¢ for
100% 3 phase with rapid rates of cooling. This
microstructure is not apparent in Figures A-9a
and b, possibly because of the hydride iniroduced
into the samples.

Figures A-10 and A-11 show two « + g
microstructures, one unirradiated and heated in
vacuum to 1115 K and the other irradiated and
heated in vacuum to 1234 K. A7 Both microstruc-
tures resultea from slow cooling (< 2 K/s), and
are distinctly different from those denicted in
Figure A-8. In Figure A-10, the equiaxed grain
qaape is not significantly different from the
o structure (Figures A-5 to A-7), but the inter-
metallic precipitates were redistributed  from
within the grains to the grain boundaries.

These precipitates are an intennetallic com-
pound of zirconium, iron, and chromium
(Figure A-12). The zirconium is preferentiaiy
etched around these precipiiates, leaving the
precipitates on the surface to reflect the light and
thus appearing as white spots in polarized light.
These precipitates may be removed by swabbing
the surface.

Upon cooling at rates >6 to 10 K/s, the
precipitates do not appear in either the grain
boundaries or in the grains (Figure A-13). The
faster cooling rates may completely inhibit the
nucleation and growth of these precipitates or the
precipitates may be so fine as to be unresolvable
with the light microscope.

With irradiated cladding shown in Figure A-11,
the additiona! hydnde precipitates are still
associated w'*hin the grains, rather than at the
grain be s with the intermetallic
precipita “¢lear lesling'\“’ indicate

Table A-1. Summary of results of metal examination to stu.y the effect of rate of
cooling and/or the hydrogen content of alloys on ihe precipitation

behavior of the hydrides
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Prior beta

microstructure heated at

Figure A-13 v
1147 K and cooled at ~ 10 K/s with no
precipitation

that hydrides are precipitated within the grain
boundanes. This effect may be attnibuted to

differences in cooling rates

I'ke micrestructure of zircaloy in the two-phase
region exhibits slightly different characteristics in
brigti Niela (Figure A-14). The « phase appears as
a core in the center of the grain surrounded by the
transformed 3 structure which appears as a little

lighter field than the « core

Upon heating zircaloy samples 1o temperatures
in the two-phase « + (3 region in air, the zircaloy

- Intermetallic
precipitate
(area 2)

Matrix (area 1)

Intermetallic
precipitate
(area 3)

Intermetallic precipitates in the « phase

= |Intermetallic
precipitates

20

Figure A-14 a + 3 microstructure heated at
1161 K and cooled at 1 K/s

microstructure progressively changed for several
minutes. This transition was determined to be a
retardation of the « to « + 3 transformation.
This time effect is not consistent with the instan-
taneous transformation in pure zirconium, but
was specuiated to arise from the slow rate of
segregation of alloying elements at the grain
boundaries which normally enhances the transfor-
mation. Microstructures obtained from samples
he: .ed in a vacuum exhibited microstructure dif
ferent from that obtained in air, indicating that if
the time effect were real, the presence of oxygen
would be important in distinguishing the progress




of the «toa + 3 transformation with time.
However, oxidation tests in the intermediate tem-
perature range have not confirmed this retarda-
tion in the « to a + 3 transformation so the
results apparently reflect the role of the environ-
ment upon the zircaloy microstructure. Zircaloy
microstructures are very sensitive to cooling rate
in the two-phase, a + g region. This effect may
also be a factor in the anomalous time effect.

The temperature range of the «/f transforma-
tion and estimates of the fraction of the « phase
were used to estimate prior cladding peak
temperatures. The « phase in the two-phase field
is characterized by a very light gray in a white
matrix in bright field (Figure A-14). The fraction
of « is estimated in grains selected with this struc-
ture. The temperature estimate is than obtained
from:

Test = 1103 + X, (1243 - 1103) (A-1)

where
Test= estimated temperature
Xy = fraction of a phase.

This technique was used to estimate cladding
temperatures of about 20 samples for which
measured temperatures were not previously
known. With minimization of any bias from prior
knowledge, the cladding temperatures were
estimated within +20 K of the measured
temperatures (Figure A-15).

Using bright field light with etched samples,
resolution of the « phase is not clear. Thic poor
re<olution results in heavy emphasis on personal
judgment to delineate the « phase and the amount
of the « phase. Because of this judgmental factor,
considerable variation may result from technician
to technician.

T ! I
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Annealing time //
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Figure A-15.

Temperature estimates from fraction of a phase in two-phase region.



3 Phase Microstr icture. The 3 phase micro-
structures are distinct from either the « or a +
i3 phase microstructures, so the £ phase can gen-
erally be distinguished from either the « or
a + (3 phases, whereas the « and « + 3 phases
may not always be separated. Figure A-16 shows
the microstructure of cladd:ng ho=ted to 1473 K in
steam with an unspecified rapia cooling rate to
ambient :cmpcmmrc.’\ i4 A very sharp circular
(almost basket-weave) structure is formed. With
coohing rates (<2 K/s), a platelet-type
structure is formed (Figure A-17).A7 A slightly
faster cooling rate from the § phase inhibits the

slower

precipitation of intermetallics in the grain bound-
aries. Zircatoy microstructure may be more depen-
iemperature from which querch is
initiated ‘han upon cooling rate. The cooling rate
alfects the separation between plates and precipi-
tation in ine

dent upon the

The differences
between the microstructures in Figures A-15 and

grain boundaries

\-16 may re attributed to differences in cooling

ausing different platelet thicknesses. A

chiange in the J microstructure from a platelet o
basket-weave structure was also noted in increas-

o . g
ing the cooling rate from 55 to 180 K/min. A-!

Figuies A-16 and A-17

the 3 microstructures for wide differences in cool

represent extremes in
ing rates. Only the precipitation of intermetallics
in the grain boundaries outline the platelet struc-
ture, and with more rapid cooling, the platelets
may not be distinguished because of less inter
metalliz precipitation. Figure A-18 illustrates the
criects of even faster cooling rates for a 7r-1.2%
Cr-0.1% Fe alloy cooled from 1323 K.A-16 Fo
between 10 2000 K/s, the

Widemanstatten structure i1s formed, but for cool

cooling rates and

~-=-Oxide

Oxygen-stabilized
a - Zirconium

section of zircaloy-4 tube oxi

steam at 1473 K (/

Figure A

16 Cross

dized in phase)

1]

Intermetallic
precipitates

—Platelets

M

Figure A-17 Microstructure of unirradiated zircaloy

heated at 1254 K (J phase) for 300 s
and slowly cooled.

ing rates 2000 K/s and greater, a Martensitic
structure i1s formed which has fine, acicular grains
that are largely unresolvable under the optical
microscope. Although this alloy with its high
chromium content is atypical of the zircaloy alioy
tor LOFT cladding, the microstructures
represent the different microstructures for the
3 pha:~. Microstructures of the g phase would be
needed with cooling rates <1 K/5 to ensure that
the 3 microstructure can always be identified, if
the actual LOCE cooling rates were <2 K/s.

used

Dispersed hydrides precipitated from the 3 phase
follow the transformed 3 phase habit planes and
exhibit tangential, oblique, and radial orientations
within the prior 3 phase field A-1LA-IZ These
microstructures may be modified by different

cooling rates.

In addition to the basic microstructure of the
3 phase, another characteristic of the g micro
structure after being heated in steam, is the forma
tion of a layer of oxygen-stabilized « zirconium
(Figure A-16)
caloy raises the transition temperatures to a suffi

I'he dissolution of oxygen in 3 zir

ciently high value so that « zirconium is stabilized



(a) Cooling rate = 20 K/s
) ) K (b) Cooling rate ~ 1000 K/s




in a temperature range in which oxygen-free 3 zir-
caloy is normally stable. However, upon cooling
to room temperature, the decrease in oxygen solu-
bility causes « zircaloy to precipitate in the
3 phase adjacent to the oxygen stabilized « layer
and a displacement of the stabilized « layer
towards the g rcgion.A" 7 This two-phase
(x + [3) layer cannot be distinguished from 3 at
high temperatures because of the « phase
precipitated in the 3 region. However, this
precipitation only occurs in a narrow region adja-
cent to the oxygen-stabilized « layer. The remain-
ing metal layer should be characteristic of
4 zircaloy.

Summary

Zircaloy microstructures and the known transi-
tion temperatures provide an excelient indepen-
dent means to bracket cladding temperatures from
postirradiation examination (PIE). Although the
present data base is not capable of determining
exact temperatures within each phase region, the
data bhase does not preclude new microstructure
data from being used to resolve temperatures in
the two-phase o + 3 region to within +20 K.
Because of the potential benefits, the latter propo-
siton needs further exploration to minimize
human errors and establish the uncertainties in
this method.

In addition to the normal zircaloy alloying

elements (iin, iron, chromium, and nickel),
oxygen and hydrogen, which can be introduced
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APPENDIX B
ZIRCALCOY OXIDATION

I'hie chemical reaction of zirconium with steg -
is commonly depicted by
ZrOy + 2Hy — Zr + 2Hy0. (B-1)

However, zirconium c¢an dissolve up to
30 atomic percent oxygen so that Equation (1)
must be modified to reflect the dissolution of
oxygen into the base metal;

Zr + xZrOy — (1 + X)Zr(0). (B-2)

At temperatures above the o + [3/3 transition,
sufficient oxygen may be dissolved in the area
adiacent to the oxide layer to form an oxygen-
stabilized alpha («) layer in the normally stabie
beta (j3) phase temperature rcgion.m'” At lower
temperatures an oxygen-rich zone forms adjacent
to the oxide layer. The growth of the oxide layer,
the oxygen-rich layer, or the total thickness of
these layers may be measured or, alternatively, the
weight of the oxygen uptake may be measured.

Oxidation kinetics follow an expressicn of the
form:

W = ke Q/RTn (B-3)
where

W = weight gain or oxide thickness, ect.

k = a constant

Q = activation energy

= gas constant

T = temperature (K)

t = exposure time

n = a constant dependent upon the rate

law (n = 1/3 for cubic and 1/2 for
parabolic kinetics).

The layer thickness, but not the weight gain, is
usually measured during postirradiation examina-
tion (PIE) after a fuel rod is removed from the
reuctor.
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In the following sections, the literature on the
oxidation kinetics of zircaloy with steam is
reviewed to evaluate the constants k, Q, and n in
the above equation for weight ga:n and oxide layer
thicknesses. T'he review is categorized with regard
to (a) temperatures above 1770 K, (b) tempera-
tures between 1270 and 1770 K, and (¢) tempera-
tures between 970 and 1270 K.

Temperatures Above 1770 K

Baker-JustB-2 had one data point, took data
from BestromB-3 and LemmonB4 and derived
the following equation from these data at the
zircaloy melting point:

W2 = 3,36 x 107 ¢45,500/RT (B-4)
wheie W is the weight of zirconium reacted
(g/cmz); the other terms have been defined above.

The data base for this correlation is based on
the reaction of molten zircaloy with steam, and
results in oxidation rates about a factor of two
higher than that from Cathcart’s equations dis-
cussed below. Oxidation extent determined from
hydrogen release from SPERT tests with molten
zircaloy agrees within + 10% of values predicted
from the Baker-Just Equation (Table B-1). The
data base for the Baker-Just equation and the
agreement of the equation with the SPERT data
show that this equation is only applicable for
molten zircaloy and is not necessarily valid at
lower temperatures.

Temperature between 1270
and 1770 K

CathcartB-5 determined the oxidation kinetics
of zircaloy between 1273 and 1773 K in steam.
From metallographic examinations of the oxidized
samples, he measured the thicknesses of the oxide,
oxygen-stabilized «, and oxide plus oxygen-
stabilized « layers. The total oxygen uptake was
evaluated from these thicknesses using a computer
program that calculates the oxygen distribution.
In these experiments, particular care was taken to
obtain thickness measurements at the points where



Table B-1.
reaction from CDC tests

Comparison of calculated and measured extent of the zirconium-water

Maximum Deviation from
Cladding Predicted Measured Measured Value
Test LY Baker-.ly_sl Hydrogen-Release (%)
537 1816 16.39 14.50 +13.0
539 1962 39.49 32.37 +22.0
545 1978 35.00 37.48 -6.6
Average — - L +9.7
Very precise temperature measurements were 62
made. The layer thicknesses and oxygen uptake I - 01811
followed the parabolic (second order) oxidation F

kinetics given by:

W _ 2w

at (B-5)
where W represents the oxide, «, or oxide plus «
thicknesses cr the oxygen uptake. The term 8272
represents the parabolic reaction rate constant
which is given for oxide, «, oxide plus « lay
and oxygen pickup by the next four eguations,
respectively:

2
B
2 = 001126
+ 30% * 2
( _23,,:)«;» [-3S890( +2.2%)/RT] cm*/s
(B-6)
§
52
= = 0.7615
+ 549, e )
(_]5.__,0) exp [-48140( +2.6%)/RT] cm™/s
(B-7)
2
% oz
2 . .-

-15%

o 2
(+ " ')exp [-41700¢ + i .29%)/RT] cm™ /s

(B-8)

I8

0/,
(*";2;) exp [-39940( + 1.4%)/RT]

(g/cmz)z/s.

(B-9)
The quantities in the brackets refer to the
individual 90% confidence limits on the pre
exponential and activation energy terms.

Biederman et al.,B-6 also measured oxidation
kinetics between 1255 and 1755 K in atmospheric
steam and used metallography as the principal
tool to determine reaction 'ayer thicknesses. The
following expression was obtained by Biederman
for the thickness of the oxide and oxygen-
stabilizea « layer:B-6

2
."2 = 0.02244 exp (-33,620/RT) (em=/s)
(B-10)

and for total oxygen uptake:

= 0.01907 exp (-33,370/RTHmg/cm> )% /s.

NI*&N

(B-11)



Biederman’s cquations result in oxidation rates
approximaiely a factor of two less than Cathcart’s
at 1733 K.

The lack of agreement between Biederman and
Cathcart may be attributed to poor temperature
measurements during Biederman’s experiments
because of different power generation in the
electrically heated cladding at the grooved
thermocouple location.

During transient heating for a double-peak
blowdown temperature-time curve, oxidation dur-
ing the first peak was found to reduce the amount
of oxidation during subsequent heating uuring
reflood.B-6  Similar behavior was found by
Cathcart.B-5 For example, one sample was heated
to 1673 K, cooled to 923 K, and reheated to a
peak temperature of 1323 K. For this .ransient,
the observed oxide thickness was 12.6 um com-
pared with a calculated value of 27.2 um, a
discrepancy of 116%. The samples that exhibited
significant differences between the observed and
calculated oxide thickness values exhibited the
common features that (a) a two-peak transient
was invclved, and (b) the temperature of the
second peak was <1473 K.

The monoclinic to tetragonal phase transforma-
tion in the zirconium dioxide was thought to be
the cause for this discrepancy. Due to the
hysteresis of the transformation of the oxide and
effects of crystailite size upon the transformation,
the transformation takes place over a narrow
temperature range near 1473 K upon heating, but
upon cooling the transformation starts at 1273 K
and is not completed until several hundred degrees
iower. The smaller oxidation extent during the
second transient arises from a slower mass flux
throngh a monochnmc oxide transformed at a
much lower temperature from the higher
temperature tetragonal oxide.

LeistikowB-7 measured the reaction of zircaloy
with steam from 973 to 1573 K for times up to
15 min. The samples were heated inductively in a
tube furnace and the reaction layer thicknesses
were measured from metallographic examination.
The weight gain measurements were then calcu-
lated from these reaction layer thicknesses.

The oxidation kinetics below 1273 K exhibited
increasingly cubic kinetics (described below) as the
temperature decreased, but parabolic kinetics
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were selected with the following equations to
represent the entire temperaiure region from 973
to 1573 K:

Xe = 1.29 texp(-11,043/T) (cm) (B-12)
where X, is the oxide plus « thickness;
W = 0.724 texp(-10,481/T)(g/cm?) (B-13)

where W is the weight gain.

Oxidation Between 970 and
1270 K

The time exponents from Leistikow’s low-
temperature oxidation dataB-7 were combined
with those from PawelB-8 determined from
measurements in high-pressure steam. The time
exponents are listed in Table B-2. The exponents
for Leistikow’s data vary from 0.32 to 0.35 (three
values) and between 0.38 and 0.39 (three values)
and at 1273 K, the time exponent was 0.45. For
temperatures at 1229 K and lower and pressure
between utmospheric and 3.45 MPa, the time
exponents indicate that the zircaloy oxidation

Table B-2. Exponents on time derived

from LeistikowB-7 and
ORNL dataB-8
Temperature Pressure

(K) (MPa) Exponent Reference
973 0.1 0.343 B-7
1023 0.1 0.391 B-7
1073 0.1 0.316 B-7
1123 0.1 0.382 B-7
1173 0.1 0.353 B-7
1178 0.1 0.295 B-8
1178 3.45 0.372 B-8
1178 6.90 0.356 B-8
1178 10.34 0.545 B-8
1223 0.1 0.399 B-7
1229 0.1 0.309 B-8
1273 0.1 0.446 B-7
1278 0.1 0.461 B-7




kinetics are cubic. A change to parabolic kinetics
was indicated at 10.34 MPa and 1178 K. Pawe’
reported that the oxidation rates increased with
increasing pressure, and the kinetics were non-
parabolic. The data in Table B-2 show that the
kinetics are cubic up to 6.90 MPa, but revert to
parabolic k' .ctics at 10.34 MFz Cubic behavior
at extremely low oxygen or stiam: pressures was
also determined by M. Leclcn.q.B'g

UrbanicB-10 measured the extent of reaction of
zircaloy with steam in the temperature range from
873 te 1223 K and for times to 27,600 s to deter-
mine the effects of the /3 transformation upon
the oxidation kinetics. Oxygen weight gain was
determined {rom pre- and posttest weight
measurements,

For short times, parabolic kinelics were iden-
tified, but the results changed for ionger times to
linear kinetics. The parabolic reaction rate con-
stants were represented by two different equations
in order to be consistent with existing AECL data
below 873 K and above 1223 K.

W2 = 202 x 105 exp (-31,821/RT)

l(g/mz)zT < 1103 K (B-14)

W2 = 1.56 x 1010 exp (-51,593/RT)

tg/m2T > 1103 K. (B-15)
The data were separated by the /o + 3 transition
Into two equations.

BiedermanB-11 measured the isothermal oxida-
tion of zirconium in steam between 922 and
1255 K. At temperatures above 1158 K, two lavers
in the room temperature microstructures were
observed: the oxide layer, and an oxygen-rich
zone. In the a 8 transition region, the parabolic
growth of the oxide and the oxygen-rich layers was
irregular in comparison with the planar interfaces
typically found for oxidation above the
«/ 3 transformation.
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At temperatures below 1158 K, only an oxide
layer was observed. Some tendency toward non-
parabolic behavior was observed at low tempera-
tures and long durations, but this deviation was
small and of an order of magnitude in the data
scatter.

Biederman erroneously separated the oxidation
kinetics into the « phase and « + 3 phase at
1158 K. The actua' transition temperature is
1103 K. The following two equations were used,
as with Urbanic, to represent the growth of the
outside oxide layer.

x = 203.2 112 exp (-27,800/R) T < 1158 K

(B-16)
X = 2.2 x105 t1/2 exp (-12,050/R)
T > 1158 K. (B-17)
Summary

The rate constants for parabolic oxide growth
rates are summarized in Figure B-1 for tempera-
tures above 970 K. The reaction rate is also shown
for the intermediate temperatures for comparison
with ORNL and Leistikow high-temperatvere
parabolic rates and the Biederman low-
temperature rates.

The oxidation Kkinetics may be conveniently
divided into two temperature regimes correspond-
ing to the zircaloy phase regions: an intermediate
temperature range in which « or « + g phases
exist, and the high-temperature range in which
only 3 phase exists. The a/«a + (3 transition
temperature also corresponds to the tetragonal to
monoclinic oxide transformation upon cooling.
The differences in rates 1.car 1270 K may be due
not only to the zircaloy microstructure, but te the
type of oxide formed, as well.
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Figure B-1 Summary of oxidation kinetics for high and intermediate temperatures
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APPENDIX C
ANALYSIS OF TEMPERATURE ERRORS
FROM OXIDATION KINETICS

Linear errer propagation techniques were used
to evaluate the errors in temperatures derived
from measurements of oxide thickness, time at
temperature, and an analytical expression for the
oxidation kinetics. The basic procedure is to per-
turbate each parameter and calculate the change in
temperature rasulting rrom each parametric per-
turbation. The overall error in temperature is then
determined fiom the following equation:

n
3 2
AT = 2 (@T/8P)" o (C-1)
i=]
where
n = number of parameters
oj = standard deviation in the i'P
parameter
dT = change in temperature
dP; = perturbation in the ith parameter.

The relative contributio:: from each parameter is
determined from the following equation:

2.2
s ’(ﬂ’i) 6i
(.'()Ni = it (C-2)

= o
Z: (aT/aPi)z aiz
i=1

where CON; is the contribution from the ith
parameter; the other terms are defined above.

Errors from High-
Temperature Kinetics

Equations (C-3) and (C-4) {rom Cathcart were
used to evaluate errors in isothermal temperature
estimates from measurements of thickness
measu.ements of the oxide plus « layer and
oxygen uptake using linear error propagation
techniques. The errors in Equations (C-3) and
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(C-4) were reduced to 1-¢0 va'ues and the error
(1-0) in the oxide plus « layer hickness or oxygen
uptake was assumed to be 10%, and the error in
the time at temperature was as: :med to be + 5%
(1-0). With linear error propagation, the relative
contribution from each parameter to the total
error was also determined.

o/,
" J (+17 ,o) exp 41700 (1.2%)

t

-15%, R
(C-3)
" +20% -39940 (+1.4%)
W = 03622( -16'70)“ —'—FT_—— t
(C-4)
where
T = temperature (K)
R = 1.987 (cal/mole+K)
X = thickness of the oxide plus « layer
(cm)
W = total oxygen weight gain (g/cmz).

The quantities appearing in the brackets of the
above equations refer to the individua! 9% con-
fidence limits on the pre-exponential and activation
energy terms,

The results of these calculations are summarized
in Tables C-1 and C-2 for Equations (C-3) and
(C-4), respectively. For Equation (C-3) or (C-4),
the error (based upon 1-0) varies from about 20 K
at 1273 K to about 38 K at 1773 K. The percent-
age error does not vary as much as the absolute
error and has an average value of 1.75% for Equa-
tion (C-3) and an average of 1.91% for
Equation (C-4). Assuming a 95% confidence level
for the error in cladding temperature,
Equation (C-3) results in a error of +38 K at
1273 K and an error of +£69 K at 1773 K, and
Equation (C-4) results in an error of +4] K at
1273 K and +75 K at 1773 K. Because oxide plus
« layer thicknesses will be measured, the applic-
able random error is estimated between + 38 and
+69 K for temperatures above 1273 K.



Table C-1.

Temperature errors and relative contribution for oxide plus « thicknessus

[Equation (C-3)]
Relative Contribution
Error ot (Fraction)
. .
Temperature Preexpon _tial
K K Yo Energy __ Constant Time Thickness
1273 19.3 1.52 0.2320 0.1343 0.0379 0.5959
1373 22.1 1.61 0.2059 0.1385 0.0391 0.6164
1473 25.1 1.70 0.1837 0.1420 0.0402 0.6241
1573 28.3 1.80 0.1647 0.1450 0.0410 0.6449
1673 31.7 1.89 0. 1483 0.1474 0.0418 0.6626
1773 35.0 1.97 0.1341 0.1495 0.0424 0.6741

Table C-2. Temperature errors and relative contribution for total oxygen absorption

[Equation (C-4)]

Error
(1-0) e
Iemperature 7 i

K K AL Energy
1273 21.1 1.66 0.2619
1373 24.2 1.76 0.2336
1473 2 1.86 0.2092
1573 30.8 1.96 0.1881
1673 34.5 2.06 0.1699
1773 54 2.17 0.1540

Analvsis of the relative error from each indi-
vidual parameter shows that errors in time are not
significant and the errors in thickness measure-
ment are about the .ame as that from the
combined errors of the energy term and pre-
exponential constant. The last two terms were
determined to the limits of kinetic data measure-
ment, so the only feasible improvement is mea-
surement of the layer thickness. The 10% error
assumed here represents a probable value expected
with the use of photoinicrographs.

Relative Contribution

. (Fraciony ==
Preexponential

Coustant _Time Thickness
0.1622 0.0344 0.5414
0.1680 0.0357 0.562%
0.1729 0.0368 0.5812
0.1770 0.0377 0.5972
0.1805 0.0385 0.6112
0.1834 0.0391 0.6235

Errors from Intermediate-
Temperature Kinetics

The temperature errors from Equations (C-5)
and (C-6) from the INEL data were evaluated
using the l-0 errors listed and assuming a
10% error in weight gain and oxide thickness mea-
surements and a 5% error in time. The results of
these calculations are summarized in Tables C-3
and C-4. The estimated errors in temperature



using weight gain measurements vary from
+30.6 K at 973 K to +43.4 K at 1223 K, whereas
those from oxide thicknesses vary from 39.9 X at
973 K to 55.8 K at 1223 K. The average percent-
age error for oxide growth is 4.3%. The cor-
responding 95% confidence level is +78 K at
923 K and +£109 K at 1223 K. Between 89 and
91% of the temperature error from oxide thick-
ness originates with the uncertainties in the con-
stants in Equation (C-6) compared with about
40% using the high temperature Equation (C-3).

Mol AORchS (+.§;z:) exp 2400 (£2.3%) 172
(C-5)
X = 2526 x 10° (*;gz:)
exp -23,920 (£3.1%) II/Z
(C-6)
where
W = weight gain(mg/cmz)
T = temperature (K)
R = 1.987 (cal/mole+K)
X = oxide thickness (micrometers).

The estimated errors in the layer thickness
measurements aie slightly worse than the errors in
oxygen uptake, primarily as a result of higher
uncertainty in the constants in the rate equations
and a larger contribution to the uncertainty from
these constants.

Summary

The temperature errors resulting from the nigh-
temperature oxidation kinetics of Cathcart and
the measurement of the thickness of oxide plus
oxygen-stabilized « layer results ir a random error
of 38 to 69 K based upon a 95% confidence level.
Most of the error is attributed to the measurement
of the reaction layers. The Cathcart equation
needs no further improvement and offers the best
representation for deducing temperatures from
measurements of reaction layers. The only
improvement that may be required is in the
thickness measurements of the oxide layer.

However, for intermediate temperatures
between 973 and 1273 K, the oxidation kinetics
are not quite as good as the high-temperature
oxidation kinetics. The uncertsinty in the
temperature estimates are between +78 and
+ 109 K, with most of the error involving the con-
stants in the equation for the reaction kinetics,
Although improvements appea: to be needed in
the uncertainties in the constants, improvements
in resolution of the oxide layer boundaries would
also be required.

Table C-3. Temperature errors and relative contribution for oxygen absorption at

intermediate temperatures
[Equation (C-5)]

Error s

(1-0) .

Temperature e

(k) N % Energy
973 30.6 j.i4 0.5292
1023 33.0 3.23 0.5046
1073 354 3.30 0.4810
1123 18.0 3.38 0.4588
1173 40.6 146 0.4376
1223 134 3.55 0.4175

Relative Contribution
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(Fraction)

Preexponential

~ Constant Time Thickness
0.3816 0.0054 0.0839
0.4013 0057 0.0885
0.4201 0.0059 0.0929
0.4379 0.0620 0.0971
() 4548 0.0065 0.1012
0.4708 0.0067 0.1050



Table C-4. Temperature ernors and relative contribution for oxide thicknass at
intermediate temperatures
[Equation (C-6)]

Relative Contribution
Error - i V(ﬁljrz;g»lrion)” L

Temperature Preexponential
(K) ; { Energy Constant Time Thickness

973 0.5691 0.3926 0.0023 0.0359
1023 0.5450 0.4145 0.0024 0.0381
1073 0.5218 0.4355 0.0026 0.0401

1123 (1.4997 0.4555 0.01n27 0.0421
1173 0.4785 0.4747 0.0028 0.044]
1223 0.4583 0.4929 0.0029 0.0459
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