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ABSTRACT
i

Zircaloy-4 cladding embrittiement data from both in-pile and out-of pile experiments
are compared and correlated with embrittlement criteria based on the fraction of the
remaining beta phase, the extent of oxidation (equivalent cladding reacted), and the
oxygen concentration in the beta phase. The in-pile data are from the Power-Cooling-
Mismatch and Irradiation Effects Test Series performed in the Power Burst Facility
reactor at the Idaho National Engineering Laboratory. The out-of-pile data are from
isothermal oxidation experiments conducted at Argonne National Laboratory on
simulated fuel rods in high-temperature steam. The zircaloy embrittlement criteria most
applicable to sescre fuel damage conditions are identified.

.

.

.

|

|

e

l FIN No. A6041-TFBP Experiment Design and Analysis
i

ii



s

.

SUMMARY.

The applicability cf various embrittlement criteria shock failures from both the PBF and ANL tests,
for zircaloy-4 cladding to severe fuel damage condi- but several in-pile handling failures and one out-of-
tions was investigated through the use of in-pile and pile handling failure were not predicted by that
out-of-pile data. In-pile data were derived from the criterion. The PBF data satisfied the Chung and
postirradiation examination of$6 light water Kassner criterion for thermal shock (thickness of the
reactor-type fuel rods under postulated accident con- cladding with s0.9 wt% oxygen should be greater
ditions in 16 separate experiments. These experi- than 0.1 mm to survive quenching). Only three fail-
ments were performed in the Power Burst Facility ures from two rods operated during film boiling
(PBil reactor at the Idaho National Engineering testing with breached cladding were not predicted by
Laboratory as part of the Thermal Fuels Behavior the Chung and Kassner criterion for handling failure
Program conducted by EC&G Idaho, Inc., for the (thickness of the cladding with s0.7 wt% oxygen
U.S. Nuclear Regulatory Commission. The out-of- should be greater than 0.3 mm). Pawel's criteria of
pile data were obtained from embrittlement studies 95% oxygen saturation of beta-zircaloy and 0.7 wt%
of simulated fuel rods that had been isothermally oxygen fit the in-pile thermal shock failures as well
oxidized in high-temperature steam at the Argonne as the handling failures except for the three PBF
National Laboratory (ANL). failures that also were not predicted by Chung and

Kassner's criterion for handling failure. Pawel's
The PDF and ANL tests were investigated to eval- criteria require only knowledge of oxidation time

uate the zircaloy embrittlement criteria based on and temperature whereas Chung and Kassner's cri-
fractional thickness of the remaining beta phase teria require, in addition, a sophisticated calculation

,

(Fw), equivalent cladding reacted (ECR), and of the oxygen concentration through the cladding.
Oxygen content in the beta phase; and a failure Therefore, Pawel's criteria are simpler to apply.
boundary based on time-at-oxidation temperature. Ilowever, Pawel's criteria do not distinguish the

cause of rod failure (quenching or handling). For the*

The embrittlement criterion of Fw s 0.5 PBF Severe Fuel Damage Tests, where it is impor-

accounted for both PBF and ANL thermal shock tant to distinguish whether rod failure occurred upon
failures, while several in-pile and out-of pile hand- quenching or during subsequent handling, the
ling failures were not predicted by that criterion. The embrittlement criteria of Chung and Kassner are
17% ECR criterion was consistent with the thermal most appropriate.

.
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ZlRCALOY CLADDING EMBRITTLEMENT CRITERIA:
COMPARISON OF IN-PILE AND OUT-OF-PILE

RESULTS
*

1. INTRODUCTION

The safe operation of nuclear power reactors mental data base for assessment of reactor safety
,

requires continuing investigation of the likelihood issues and for development and assessment of
and consequences of transbnt events capable of computer models to calculate fuel rod
achieving high fuel and cladding temperatures. behavior.2,3 They include the Power-Cooling-
During a high-temperature transient accident, hiismatch (PCht) and Irradiation Effects (IE) Test
steam oxidation of the zircaloy cladding can have a Series. Out-of pile data 2 obtained from iso-
detrimental effect upon th rod behavior because thermal oxidation experiments conducted at
thick reaction layers of brittle oxide and oxygen- Argonne National Laboratory (ANL) on simu-
stablized alpha zircaloy can form. Embrittled clad- lated fuel rods in high-temperature steam are com-
ding can also fragment upon introduction of pared with the PBF data in this report. It also
emergency cooling water in a severe accident. includes more complete and accurate comparison
Limits specifying the amount of oxidation are of zircaloy embrittlement between the in-pile and
required to preclude a loss of coolable geometry. out-of-pile test results than that presented in a

previous report by Seiffert and Hobbins.4 The
In response to the Three htile Island (Th11) acci- improvement of the comparison between the PBF

dent, the United States Nuclear Regulatory Com- and '.he ANL experiment results is mainly due to
mission recently initiated a severe core damage the modification of the COBILD computer code.5
assessment program.I One phase of this program,
the Severe Fuel Damage (SFD) Test Series, will be The objectives of this report are to:
conducted in the Power Burst Facility (PDF) at the

1. Compare the different embrittlementIdaho National Engineering Laboratory (INEL).
in these tests, the behavior of fuel rods will be parameters (fraction of the remaining beta

studied under prolonged conditions that cause the phase, equivalent cladding reacted, and
.

coolant to boil off and uncover 'he fuel rods. The oxygen c ncentration in the beta phase)

fuel rod cladding will become extensively oxidized obtained from both PBF in-pile and ANL

in a high-temperature steam env?ronment. The ut-of-pile tests.
,

introduction of cooling water at the termination 2. Analyze and discuss the applicability of the
of the transient might then cause rapid quenching various embrittlement criteria developed
and fragmentation of the test fuel rod bundle. from out-of-pile experiments to the in-pile
identifying the most suitable criteria for predict- PDF test results.
ing cladding embrittlement is necessary to predict
the posttransient physical state of the SFD test 3. Identify the zircaloy embrittlement criteria
bundle and, hence, the damage state of the Th11-2 most suitable for predicting the PBF SFD
core. results and the damage state of the Th11-2

core.
An evaluation of oxygen embrittlement of zir-

caloy cladding and the applicability of various Section 2 contains a brief description of the
criteria for the embrittlement of the cladding at in-pile test conditions, test cladding characteriza-
room temperature are the subject of this report. tion, experiment configuration, and observations
The data evaluated were obtained from post- of the effects of film boiling operation on test rods.
irradiation examinations of 56 light water reactor Analysis of the in-pile test results, and comparison.

(LWR)-type nuclear fuel rods tested in 16 in-pile of embrittlement criteria and parameters developed
experiments in the Power Burst Facility (PBF) from out-of-pile experiments with those results are
reactor at the Idaho National Engineering discussed in Section 3. Finally, Section 4 presents a

,

Laboratory (INEL). These fuel behavior studier discussion of results and conclusions derived from
have been conducted for the Nuclear Regulatory the comparison of the embrittlem,mt parameters
Commission by the Thermal Fuels Behavior Pro- obtained from in-pile testing with those from
gram of EG&G Idaho, Inc., to provide a 1 experi- out-of-pile tests.

1
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2. SUMMARY OF EXPERIMENTTEST CONDITIONS AND RESULTS

The ANL out-of pile tests 2 were conducted on cladding. The 0.914-m-long fuel stack contained
rircaloy-4 cladding samples isothermally oxidized 60 dished pellets of 93''o theoretical density
in high-temperature steam. Cladding samples (20 wt9'o 235U enriched UO ). Each of the

*

2
200 mm long,10.9 mm in outer diameter, and previously irradiated rods in the IE tests contained
0.635 mm in wall thickness were filled with high- 56 dished UO2 pellets (9.5 or 12.5 wtt'e 235U
purity recrystallized alumina pellets and pressur- enriched UO ) in a nominal active fuel stack *

2
ized with helium or argon at 6.89 h1Pa to simulate length of 0.88 m. Test rods assembled from unir-
nuclear fuel rods. These rods were direct- radiated pellets and irradiated cladding tubes had
resistance heated in steam. The results of these nominal characteristics of a 9.95-mm-outside
out-of. pile embrittlement studies are used for diameter and a 0.59- to 0.62-mm cladding wall
comparison with the in pile PilF results.4,6,7 The thickness containing ~40 weight ppm hydrogen
test conditions, cladding characterization, experi- prior to the PChi testing. The cladding of the
ment details, and rod damage characterization for fresh rods had a pretest nominal outside diameter
the in-pile PDF tes. s are discussed in the following of 10.72 mm and a 0.59-0.62-mm wall thickness,
subsections. and contained < 10 weight ppm hydrogen. The

crystallographic texture of the cladding indicated

2.1 Test Conditions a slight preference for basal pole alignment along
the tangential direction with a textare factor f =0.
Postirradiation examination showed that hydrides

Zircaloy ernbrittlement was evaluated from data tended to precipitate circumferentially,
derived from the postirradiation examination of 56
pressurized water reactor-type fuel rods tested i" 2.3 Experiment Details16 separate m-pile er.periments. Two categories of
tests were conducted in the PilF reactor in-pile test
loop: power cooling-mismatch (PCN1) and irradia- The rods were tested singly or in groups of four,
tion effects (IE). The rods were tested in a with the exception of one nine-rod bundle test. A
pre surized water loop under operating conditions test rod with its instrumentation and flow shroud is .

similar to those in a commercial pressurized water shown in Figure 1. Variations within the individual
reactor. The test region, located in the center of the shrouds of up to * 5'/o in the coolant mass Hux and
Pl!F reactor, operates as a neutron Dux trap, per- tod power occurred among the rods tested four at a

,
mitting high power densities in test rods relative to time. The PChi and IE test assemblies generally
the power level of the rods in the surrounding were instrumented for measurement of coolant
driver core.3 The PCN1 tests were designed to temperature and How conditions, rod length
evaluate the effects of different thermal-hydraulic change, rod internal pressure, fuel centerline tem-
conditions on the high-temperature transient perature (unirradiated rods only), plenum gas
behavior of previously unirradiated zircaloy-clad temperature, cladding surface temperatures, and
rods. The IE testa were performed to investigate the the instantaneous and integrated relative neutron
effects of prior irradiation history (burnup to a Dux profile in the region of the rods. The specific
maximum of 16 GWd/tU) and rod design variables test instrumentation was selected on the basis of the
(fuel density, diametral gap, and internal pressure) individual test objectives.
on rod behavior during PCN1 conditions.

Reference 9 presents an overview of the PChi and The basic PHF test sequence consisted of a
IE test series. Specific details of test design. thermal-hydraulic power calibration, a precondi-
individual test objectives, and the results for each tioning operation, and the film boi!ing testing. The
test are given in References 10-30. preconditioning operation allowed for pellet crack- .

ing and partial restructuring of the UO fuel. Film2

2.2. Test Cladding boiling, in these tests, was achie'.:d by either
decreasing the coolant How rate or increasing theCharacter.izat. ion '

reactor power at iow, steady cooiant now while
maintaining the coolant pressure at 15 h1Pa. Peak

Each fuel rod used in the PChi test series was rod powers ranged from 49 to nominally 84 kW/m.

composed of UO2 pellets contained in zircaloy-4 The heating rates were generally in the range of

2

_
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50 K/s, and the quenching rates were approxi- operation in the PBF should be approximately
mately 100 K/s down to the reactor ambient cool- comparable with that obtained in a two-sided reac-
ant temperature of ~600 K. The PCM test rods tion with steam (out-of-pile experiments). Effective
were subjected to film boiling conditions for time isothermal temperatures were determined for the,

periods ranging from a few seconds to about PBF test rods in order to compare embrittlement ,

15 minutes, with cladding peak temperatures rang- criteria developed from out-of pile isothermal tests
ing from 1315 to 2:2100 K. The rods, following with the in-pile results. The effective isothermal
testing, were cooled in-pile to room temperature at temperature is the temperature that accounts for

'

a rate of approximately 0.02 K/s prior to their the growth of the cladding exterior surface reaction
removal from the in-pile 'est loop. layers (ZrO2 and oxygen-stablized a-zircaloy) for

the film boiling time of the experiment.6 From
measurements of cladding exterior surface reaction2.4 Rod Damage
layer thicknesses and experimental film boiling

Character.izat. ion times, and using zircaloy oxidation kinetics,31 the
effective isothermal temperatures were calculated

The mechanical behavior of the cladding is as described in Reference 32 with an estimated
! modified by both the beta-to-alpha phase trans. uncertainty of *50 K. The difference between the

formation and oxidation processes. The typical peak cladding temperature calculated by the modi-

effects of high-temperature film boiling are shown fled COBILD computer code and the effective iso-

in Figure 2. Regions of surface oxide (ZrO ) thermal temperature had values that varied up to
2

growth, oxide spalling that exposes the shiny base. about 350 K.4 The film boiling times obtained

metal zircaloy, and collapse of the cladding into from in-pile measurements of cladding surface tem-

fuel pellet-to-pellet interfaces along the film boil. peratures and fuel rod axial expansion were
ing zone are indicated. An example of the typical adjusted to a reference value of wall thickness. Film

microstructures observed in zircaloy cladding that boiling time, cladding temperature, fractional .
was oxidized under film boiling conditions for thickness of transformed # phase (Fw), thicknessf

about 116 s is shown in Figure 3. Microstructural of the # phase containing s0.9 wt% oxygen
features such as outer single-layer surface oxide [Lg(o,9)], thickness of the # phase containing

50.7 wt% oxygen [L (0.7)], and equivalent clad-(ZrO ), outer and inner layers of oxygen-stablized #2
alpha-zircaloy, and the prior beta field are illus. ding reacted (ECR) were obtained at locations adja- .

trated. Reaction layer development at the fuel. cent to the fractures, while for rods that did not

cladding interface is also evident in the figure, fracture, these data were obtained at locations of
maximum cladding temperature determined by

'

metallographic examination. In addition, the clad-
2.5 Interpretat. ion of in-Pile ding hydrogen content was measured by vacuum

Embrittlement Data fusion mass spectrometry at those same locations.

Oxygenation from zircaloy-water reaction (at the The main difficulty in comparing the out-of-pile
exterior cladding surface) and zircaloy-UO2 reac- data with the in-pile data arises from the fact that
tion (at the interior cladding surface) occur during the out-of-pile experiments are conducted under'

film boiling operation and influence the cladding controlled isothermal oxidation conditions while
ductility. At temperatures above -1100 K, the the in-pile oxidation conditions vary widely
reaction of zircaloy with steam at the cladding depending on the film boiling transients. The rate
outer surface produces a layer of zirconium oxide of oxygen diffusion increases significantly at
(ZrO ) and a layer of oxygen-stablized a-zircaley. temperatures above 1100 K. Based on this var-2
The fuel-cladding interaction results in a layer of iance and g ven a difference between the isother-
oxygen-stablized a-zircaloy of a thickness similar to mal effective cladding temperature and the peak
the layer formed on the outer surface of the clad- cladding temperature for the in-pile tests that -

ding. These results suggest that oxygen enters the could be as high as 350 K, some discrepancies in
cladding at about the same rate from both surfaces. comparisons of the in-pile and out-of-pile data
Thus, the embrittlement resulting from film boiling could be expected. -

J

t
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Figure 2. Film boiling zone on Rod UTA-008 (0-to-270-degree orientation).
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Table 1. Embrittlement parameters of the PBF tests.

Elevation
Pretest Exposure Isothernal From

Cladding Time in Effective Bottom Equivalei
Wall Film Cladding of Fuel CladdiniFRod Thickness Boiling Temperature Stack w Reacted

humber Cladding Fuel (mm) (a) (K) (m) (%) (2)

UTA-0004 Unirradiated Unirradiated 0.61 345 1740 0.576a 3 27

UTA-0004 Unirradiated Unirradiated 0.61 260 1575 0.505a $4 gg

U1A-0005 Unirradiated Unitradiated 0.61 39 1410 0.567 93 2
UTA-0006 Unitradiated Unitradiated 0.61 78 1450 0.768 97 2
UTA-0007 Unitradiated Unirradiated 0.61 180 1480 0.663 79 6
UTA-0008 Unirradiated Unirradiated 0.61 101 1600 0.533 71 7
A-0014 Unirradiated Unirradiated 0.61 57 1450 0.623 90 3
A-0015 Unirradiated Unitradiated 0.61 17 1640 0.483 84 4
A-0021 Unirradiated Unitradiated 0.01 26 1580 0.425a 88 6

UTA-0014 Unitradiated Unitradiated 0.61 55 1475 0.600 87 4
UTA-0015 Unitradiated Unirradiated 0.61 67 1625 0.606 72 7
UTA-0016 Unirradiated Unirradiated 0.61 136 1490 0.667 78 6
UTA-0017 Unitradiated Unirradiated 0.61 116 1505 0.629 78 5
IE-001 Unitradiated Unitradiated 0.59 70 1690 0.482 57 12
1E-001 Unirradiated Unirradiated 0.59 288 1630 0.597a 41 17

IE-005 Irradiated Unitradiated 0.59 37 1410 0.794 94 2
IE-007 Irradiated Irradiated 0.59 48 1860 0.5018 22 24

IE-008 Irradiated Irraaiated 0.59 20 1540 0.559 90 3

IE-009 Irradiated Irradiated 0.59 60 1270 0.565 93 2
IE-010 Irradiated Irradiated 0.59 79 1640 0.559 56 7
IE-Oll Irsadiated Unirradiated 0.62 94 1760 0.592 75 11
IE-012 Irradiated Unitradiated 0.62 75 1380 0.580 92 2
IE-013 Unirradiated Unitradiated 0.59 87 1520 0.592 75 8
IE-014 Untrradiated Unitradiated 0.59 91 1440 0.598 85 6
IE-015 Irradiated Irradiated 0.59 84 1750 0.584a 47 16

IE-016 Irradiated Irradiated 0.59 36 1920 0.539a 45 17

IE-017 Irradiated Irradiated 0.59 71 1540 0.578 78 6
IE-018 Irradiated Irradiated 0.59 78 1620 0.595 63 9
IE-019 Irradiated Unirradiated 0.60 44 1700 0.5028 73 9

IE-019 Irradiated Unirradiated 0.60 44 1590 0.571a 82 8

IE-Ol9 Irradiated Unirradiated 0.60 76 1535 0.625a 74 12

IE-020 Irradiated Unirradiated 0.60 56 1700 0.568 58 10
IL-021 Irradiated Unitradiated 0.61 31 1840 0.527a 62 10

IE-022 Unitradiated Unirradiated 0.61 31 1940 0.495a 50 16

8
. s ~~ -
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a

Cladding
Cas

Sample
Elevation

t Rescining from
howPrior a g h Bottom of
Co'ntentt (0.9) p(0.7) Fuel StackThickness 8

(nu) (su) (su) (m) (PI" "2} Consnents,

0.020 0.000 -- -- -- Rod failed in pile
60 m after shutdown

0.317 -- 0.255 -- -- Rod failed in pile
and fractured during
posttest handling

0.570 0.575 0.551 Intact rod-- --

0.591 0.590 0.569 -- -- Intact rod
0.471 0.523 0.457 -- -- Intact rod
0.430b 0.422 0.373 -- -- Intact rod
0.553c 0.572 0.534 -- -- Intact rod
0.502 0.517 0.490 -- -- Intact rod
0.509 -- 0.488 0.441 340 In-reactor breach,

and fracture during
posttest handling

0.530b 0.549 0.519 -- -- Intact rod
0.426 0.446 0.393 -- -- Intact rod
0.460 0.491 0.449 0.667 50 Intact rod
0.462 0.509 0.456 0.797 180 Intact rod
0.337b 0.367 0.311 -- -- Intact rod
0.231 0.069 -- -- -- Rod failed in pile

80 e after shutdown
0.554 0.565 0.565 -- -- Intact rod
0.140 0.000 -- -- -- Rod failed in pile

180 e after shutdown
0.530 Rod breached in-pile-- -- -- --

due to massive
hydridingd

0.553 0.572 0.572 -- -- Intact rod
0.332b o,407 o,347 .- -- Intact rod
0.468b 0.245 0.573 120 Intact rod--

0.575 0.590 0.590 -- -- Intact rod
0.445b 0.508 0.460 0.573 50 Intact rod
0.50$b 0.530 0.499 -- -- Intact rod
0.230 -- 0.268 -- -- Rod failed during

posttest handling |
0.250 -- 0.173 -- -- Rod failed during

posttest handling
0.464b 0.492 0.440 0.571 390 Intact rod
0.375b 0.350 0.402 -- -- Intact rod
0.432 -- -- 0.511 1020 In-reactor breach,

and fracture during
posttest handling

0.472 0.365 -- -- In-reactor breach,--

and fracture during
posttest handling

0.410 -- 0.419 -- -- In-reactor breach,
and fracture during
posttest hand'ing

0.337 0.389 0.337 0.543 40 Intact rod
0.367 0.293 0.514 60 Rod failed in-pile--

90 s after shutdown,
and handling fracture

0.310 -- 0.242 0.482 300 Rod failed in pile

90 s after shutdown.
and handling fracture
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Table 1. (continued)

Eleva
Pretest Exposure Isothermal Fro

Cladding Time in Effective Bott
I Wall Film Cladding of F1

Rod Thickness Boiling Temperature Stai
Number Cladding Fuel (aun) (s) ("' (m'

201-1 Unirradiated Unirradiated 0.61 895 1690 9. 6 7<

205-1 Unirradiated Unirradiated 0.62 665 1700 0.581

205-3 Unirradiated Unirradiated 0.62 165 1500 0.68(
205-4 Unirradiated Unirradiated 0.62 -- 1850 0.68(

205-5 Unirradiated Unirradiated 0.62 135 1540 0.68(
205-6 Unirradiated Unirradiated 0.62 45 1300 0 . 7 89

205-8 Unitradiated Unitradiated 0.62 310 1750 0.68

207-1 Unirradiated Unirradiated 0.61 250 1570 0.62'
207-2 Unirradiated Unitradiated 0.61 1600 1600 0.53
207-3 Unirradiated Unitradiated 0.61 440 1650 0.62
207-4 Unirradiated Unirradiated 0.61 1400 1600 0.68
207-5 Unirradiated Unitradiated 0.61 1640 -f --

207-6 Unirradiated Unirradiated 0.61 1160 1540 0.55

* a. Fracture location.

b. The width of the remaining phase was determined on the basis of the original (

Cladding samples analyzed were taken from rod fragments within the high power rc.

d. Failure not attributed to PCM conditions,

e. Value of the content was estimated metallographically.

f. Failed section of fuel rod broke away from the fuel rod in pile and was missing-

g. L (0.9) = Beta phase thickness containing 0.9 wt1 oxygen (mm).

h. L (0.7) = Beta phase thickness containing 0.7 wt1 oxygen (nun).

s%
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, _ _ _ _

Cladding
Cas

ion $8'PI'
Elevation

Equivalent Remaining from HydroRen
1 Cladding Prior 8 g h Bottom of

t (0.7) Fuel StackI Content
w Reacted Thickness 8(0.9) 8 g pp, p )(2) (2) (en) ("") I"I I"} "* '

1 24 0.0b .. .. c 360 In pile breach and
failure ~during film
boiling

1 28 0.0b .. .. -- -- Rod failed in pile
at 500 e in film
boiling 1

i75 7 0.437b -- -- 0.68 50' Intact rod
61 10 0.387b -- -- 0.68 43 Rod failed during |

posttest handling
74 7 0.466b -- -- 0.68 29 Intact rod
90 2 0.559b -- -- -- -- Intact rod ,

16 21 0.110b -- -- -- -- Rod failed in pile }
at 250 e in film !

boiling f
94 5 0.420 0.495 0.438 -- -- Intact rod i

b Rod failed in pile f0.0 100 0.0 0.0 -- -- --

a o,o 100 0,0 o,o .. -- -- Rod failed in-pile >

8 0.0 100 0.0 0.0 -- -- -- Rod failed in pile {-f -f -f -f -f -- -- Rod failed in-pile
0.0 100 0.0 0.0 -- -- -- Rod failed in pile

all thickness.

gion of the test rod.

during posttest examination.

)
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vendor analysis of loss-of-coolant accident in Equation (3) the total oxygen uptake is assumed |
(LOCA) design-basis accidents. ECR is equivalent to equal the oxygen contained in the surface oxide '

to using the total oxygen content in the product layers and the two-sided oxygen-stabilized alpha
reaction layers to determine the fraction of the zir- product layers. The oxygen content in the beta
caloy wall thickness capable of being completely phase was assumed to be negligible.

*

oxidized to ZrO . Scatena33 presented a relation-2
ship between ECR and the product reaction layers The in pile test data compiled in Table I are
of the form presented in Figures 6 and 7 where the % ECR is

plotted as a function of the effective isothermal-

% ECR = E ''* ng temperature for thennal sM aM
W handim.g failures, respectively. The ANL out-of-

- - pile data (cladding samples oxidized for <900 sec-
Oxide thickness + Alpha thickness onds) are plotted on the same figures. The dotted* II

_
l.54 1.54o lines in the two figures repres:nt the threshold

limit of 17% suggested by Scatena. The out-of-
where W is the cladding wall thickness,1.54 is the pile thermal shock failures presented in Figure 6
oxide-to-metal molar volume ratio for ZrO /Zr, occurred at values of ECR 2:20%; a number of2
and o is the ratio of the weight fraction of oxygen in out-of-pile samples did not fail even with ECR

2 o the average weight fraction of oxygen in values near 30%. Thus, 'he in-pile quenchingZrO t

the stabilized alpha phase. The factor a was deter- failures are predictable by the 17% ECR criterion.
mined by using the zirconium-oxygen constitu- All the in-pile handling failures and one out-of-
tional equilibrium phase diagram and assuming the pile handling failure are not predictable by
oxygen concentration in the alpha phase to be a Scatena's 17 % ECR criterion, as shown in

linear average between the oxygen content at the Figure 7. Thus, this criterion, although not
alpha / alpha + beta and the alpha / alpha + ZrO2 applicable to handling failures, predicts thermal
boundaries for each effective cladding temperature. shock (quench) failures.
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Figure 6. Equivalent cladding reacted, plotted as a function of temperature (thermal shock data).
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figure 7. Equivalent claddin r reacted, plotted as a function of temperature (handling failure data).

<

3.3 Oxygen Content in the~ 1hc second criterion suggested by Chung and
2Kassner for the capability of the cladding to with-

.
Beta Phase *

]
stand postlest handling failures (based on 0.3J

Oxidation of the zircaloy cladding increases the impact failure limit), states that the thickness of the

oxygen content in the remaining beta phase. The cladding with s0.7 wt% oxygen, L (0.7), shouldO
be greater than 0.3 mn', based on the average wall -

oxygen content in the beta phase was used as a
thickness at any axial location. The PBF and ANLmeasure of the overall room-temperature
data presented in Figure 9 show the predictabilityembrittlement.,

of cladding handling failures according to the

| An embrittlement criterion suggested by Chung Chung and Kassner embrittlement criterion. Three
and Kassner2 states that the calculated thickness of the handling failures not predicted by the criter-

of the cladding with s0.9 wt% oxygen, Lg(o,9), ion occurred in rods the wrated with breached

|
based on the average wall thickness at any axial cladding during film bc..q uting (Rods A-0021

.

; location, should be greater than 0.1 mm in order and IE-019). These clr - t contained a modifial
. for the cladding to withstand thermal shock prior beta phase and wcre anomalously
| during a LOCA reflood. The ANL out-of-pile embrittled.7 In addition, these claddings were

i experimental data are presented in Figure 8 found to have hydrogen contents of 340 and
together with the PBF data, where the thickness of 1020 ppm after testing.'

( the beta phase containing s0.9 wt% oxygen is
l plotted as a function of temperature (the isother- In an earlier work (References 4 and 7) the PBF
| mal oxidation temperature and the effective data were compared with Chung and Kassner

*

isothermalcladding temperature for the ANL and embrittlement criteria, using average oxygen concen-
PDF data, respectively). The criterion is repre- trations in the beta phase, flowever, the oxygen pro-
sented on Figure 8 by the dotted line. The criterion file in the beta phase should be used to obtain an -

of L (0.9) >0.1 mm accounted for the thermal exact comparison. Since the computer code
d

shock failures in the PBF and all but one of the COBILD, did not accurately calculate the oxygen
out-of. pile failures. profile for the earlier work, it was modified for the

12
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PilF tests. The modified code is reported in accuracy in measuring the thickness of the oxide and
Reference 5. The code listing is given in Appen- a layers in oxidized cladding, as well as the
dix B. Although this code considers only one-sided appropriate setting of the driver of the COBILD
cladding oxidation, the results indicate the code, are very important requirements for
applicability of Chung and Kassner criteria to the determining the zircaloy cladding embrittlement.

*

PBF data. The driver of the COlllLD code (pro-
vided in Appendix B) allows the user to run the code As previously raentioned, oxygen profiles ir the
with an increasing temperature multiplication factor remaining beta phase of the zircaloy cladding
in steps determined by the user until the thickness of tested in-pile were calculated with the COBILD *

a predefined layer [ZrO2 ayer, a layer, or the code using temperature histories of the transientsl

& layer (ZrO2 + a)] matches the measured thickness and by assuming only one-sided oxidation of the
of the corresponding layer. If the oxide layer were cladding. However, oxygen profiles of the zircaloy
partially or completely spalled off, the user would beta phase in the ANL out-of pile tests were
run the COlllLD code with the driver specifying calculated based on isothermal-temperature, two-
comparison of the calculated alpha layer with the sided cladding oxidation.2 Since the COBILD
measured one. This was the case for a few of the code does not model two-sided cladding oxida-
PDF fuel rods. In addition, the orientation of the tion, the following simple, conservative approach,
PBF fuel rod specimens containing the maximum illustrated in Figures 10-12, was tried for
oxide or a-layer thickness was chosen for the Rods IE-019 (samples 1-1 and 1-2) and A-0021 to
analysis. That choice was made since large circum- investigate the applicability of Chung and
ferential temperature differences of the PBF fuel Kassner's criterion for handling failures to these
rods produced various amounts of oxygen uptake in rods that operated with breached cladding during
the cladding at different orientations for the same film boiling testing. In Figures 10-12, the dotted
elevation. Consequently, it should be noted that the line represents the oxygen concentration profile in

80ta phaso nodo
0 1 2 3 4 5 6 7 8

1.5 , , , , , , ,

.

N I E-Ol9, 1-1

\ ,'

,' -Q 1. 2 -
,h .

'

], N ,'

h e'c
'

O.9 -

,

l t ,'

C ' '

| 8 (0.7 wf % oxygen) ,-
_

'

' t 0.6 -

O s
' ,'u ,

,'C '

o -

p ~ , S'
| N 0.3 - ,- -

'

,
_____

..

,_- - '
| o

\ *

|
' ' ' ' * ' '

|
0

|
0.000 0.065 C.130 o.19 5 0.260 0.32 $ 0.390 0.455 OKO

Beio phase ihiekness (mrn) -

GDPLT -05

Figure 10. Oxygen concentration in the zircaloy beta-phase at 0.571-m elevation of Rod IE-019. sample I-1.
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i Figure i1. Oxygen concentration in the zircaloy beta. phase at 0.625-m elevation of Rod IE-019, sample I-2.
,

the cladding beta phase. That profile was and A-0021) using the following techniques would

calculated with the COBILD code at 9 nodes explain the anomalous embrittlement of these
.

where node 0 is near the cladding outer surface. rods: optical microscopy, scanning electron
The dashed line is a mirror image of the dotted microscopy (to obtain some fractographs),
line, indicative of oxidation from the cladding scanning auger microscopy (to map oxygen
inside surface. The solid line is the summation of distribution as well as to obtain the profile of
both the dotted and dashed lincs. The latter is oxygen concentration), vacuum fusion mass
representative of two-sided oxidation, but it is spectrometry (to measure the hydrogen uptake in
conservative since oxidation on each side, the cladding), and microhardness testing.
calculated with the COBILD code, is obtained by
assuming oxygen diffusion in an infinite thickness 3.4 Failure Boundary Based On
of zircaloy cladding. Oxygen concentration pr - Time-at-Oxidation
files due to two-sided oxidation would be lower,,

considering a finite thickness of the cladding Temperature
changes the oxygen diffusion kinetics, which in
turn results in less oxygen uptne in the cladding. Failure boundaries for thermal shock are shown
Calculations based on these solid lines indicated on a plot of oxidation time versus oxidation tem--

that the handling failures of Rod IE-019 are perature in Figure 13 for both in-pile and out-of-pile
mm and test data. The abscissa represents the inverse of both[L (0.7) = 0.0predictable #

L (0.7) = 0.183 mm for samples I-l and I-2, the isothermal oxidation temperature and the effec-
#.

respectively), while the handling failure of tive isothermal cladding temperature for the out-of-

# pile and in-pile data, respectively. The ordinateRod A-0021 is still not predicted [L (0.7 =
|

0.363 mm]. More detailed experimentalinvest) iga-represents the time at oxidation temperature and the

tion of the fracture locations of these rods (IE-019 time in film boiling (adjusted to the ANL reference

|

|
15.
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cladding thickness by multiplying by the ratio phase, together with a 95% saturation condition
j

~

0.635 m m '2 as critical criteria for the onset of room
' #

pretest PBF cladding thiskness m mm temperature embrittlement. The calculated time
out-of-pile and the PBF data, respectively. required at a given temperature to exceed either of

the Pawel's values is shown by the two solid curves
,

The solid and dashed lines in Figure 13 are the in Figure 14. In this figure, both the PBF and the
thermal shock failure boundaries for the out-of- ANL out-of pile data are presented for adjusted
pile and in-pile experiments, respectively. It can be times up to 1100 s. The whole field of data for the
seen from this figure that the failure boundary for PBF and the ANL tests is shown on a semilog plot*

the out-of-pile tests is more conservative (permits in Figure A-1 of Appendix A. In addition, these
less oxidation time at a given oxidation data are presented in Tables A-1 and A-2 of
temperature) than the in-pile failure boundary. Appendix A. The film boiling times for the PBF

tests and the times of isothermal oxidation
hwel34 has suggested the values of 0.7 wt% temperatures for the ANL tests were adjusted to

for te mean oxygen concentration in the beta the reference cladding thickness of 0.686 mm by

' ' '
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Figure 14. Failure map for the in-pile (PBF) and the out of pile (ANL) tests.
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multiplying each time by the correction factor of The failure of Rod IE-019 during the film boil-
[0.686 mm/ original cladding wall thickness]2 o ing transient was detected by the rod internalt
bring the data to the same cladding thickness basis pressure transducer. Rod A-0021 did not contain
used in the Pawel's analysis. a device for measuring its internal pressure. The

thickness of the ZrO2 ayer found on the innerl
,

The limiting conditions for embrittlement surface of the cladding of Rod A-0021 was similar
defined by Pawel account for all but one out-of- to that on the exterior surface. This observation
pile fracture and three in-pile fractures. Ilowever, strongly suggests that the rod contained a fabrica-
Pawel's criteria do not distinguish the cause of rod iion defect or failed early in the test due to a *

failure (quenching or handling). The three PBF multiplicity of high-temperature cycles, and was
fractures are from the two test rods (Rods A-0021 operated during the last temperature transient
and IE-019) that operated in film boiling during with access of steam to the rod interior. The
testing with breached cladding, and fractured dur- breach in the cladding was so small that it was not
ing posttest handling. The data for the ANL rod visually detectable prior to the rod handling
(test number BSF 1363), which was isothermally fracture.
oxidiicd at 1673 K for an adjusted time of 23 s
and fractured at an impact energy of 0.03 J, plots The operation of Rods A-0021 and IE-019 in
very close to the 0.7 wt% oxygen criterion. This film boiling with access of steam to the rod
data point suggests that this criterion is not in

, interiors resulted in the formation of unique clad-
sigmficant disagreement with this out-of-pile ding microstructural features. As shown inhandling failure. Some intact rods from both Figures 15 and 16, these features are extensive
in-pile and out-of-pile tests were found m the

; g. g
region of the plot where failures would be boundaries (rim a) and acicular precipitation of
expected. Ring ductility tests on samples from tw n-zircaloy within the prior beta grains. These
intact PDF rods that were predicted to be brittle microstructures are similar to one reported earlier
(Rods IE-010 and IE-020) indicated 2roand by 11obson36 to be anomalously brittle at an Fw
0% ductility, respectively. The ECR values for value of 0.9. At the fractures in Rods A-0021 and
these samples,16% and lor , respectively, areo

IE-019, the Fw ranged from 0.73 to 0.88.well withm the 17re criterion, but the samples ,

exhibited little or no ductility. ,

The rim alpha structures could be expected to pro-

3.5 Anomalous MicrostructuraI m te intergr nul r fracture; however, as can be seen
in 11gu es 15 and 16, the through-wall fractures in

Effects influenc,mg these photomicrographs appear to be predominantly
-

Embrittlement transgranular. A scanning electron micrograph from
Rod IE-019 of a replica of the cladding fracture sur-
face transverse to the rod axis is presented in

Sescral microstructural features relating to a loss- Figme 17. h overlapping (stepped) nature of the
of-fracture resistance of oudized cladding have been fracture surface in the prior beta field indicates
identified.7 The features are characterized m the preferential fracturing, perhaps along prior beta
following subsections. grain boundaries or hydride platelets.

3.5.1 Beta-Phase Grain Boundary Alpha.

The embrittlement of Rods A-0021 and IE 019 3.5.2 Hydrogen. In laboratory experiments
was not predicted by any of the embrittlement cri- performed by 11omma et al.,37,38 the oxidation
teria discussed. Rod A-0021 apparently failed dur- of breached cladding exposed to flowing steam
ing testing (probably due to a fabrication defect), only on the external surface resulted in more
and Rod IE-019, a high-pressure rod, ballooned severe embrittlement than for intact cladding
to failure early in the high-temperature exposed to flowing steam on both sides. The stag- -

transient.35 The cladding of both rods was nant steam atmosphere inside the perforated clad-
breached within the film boiling zone during tran- ding was found to promote increased absorption
sient operation, permitting access of the coolant of hydrogen in the cladding. liydrogen concentra- .

steam to the rod interior. Each of these rods tions of about 50 to 100 ppm were found to
arrived at the hot cell intact, but fractured during embrittle the zircaloy cladding. The Fw values in
subsequent normal remote handling. the range 0.8 to 0.9 reported by llomma et al. are
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in good agreement with the Fgy values Rod IE-019. Such long, radially oriented hydrides
; (0.73 to 0.88) measured at the fractures of are detrimental to cladding ductility and could play

: Rods IE-019 and A-0021. a major role in the embrittlement of breached rods.
Rim alpha and acicular alpha-phase material in the

The hydrogen concentration (340 and 1020 ppm) tr.msformed beta phase, in conjunction with ele-

i
adjacent to the fractures in Rods A-0021 and vated hydrogen content, may be responsible for the
IE-019, respectively, was well in excess of the 50 to anomalous embrittlement of the two PDF fuel rods'

|
100 ppm reported by llomma et al. to embrittle (A-0021 and IE-019) ti at operated with breached
breached zircaloy cladding. However, several speci- cladding. htore details oa the effect of hydrogen on
mens listed in Table I were taken from rods that the oxygen embrittlement of beta-quenched
did not fracture but also had hydrogen concentra- zircaloy-4 claddin's can be found in Reference 7

,

tions of > 100 ppm. With the exception of The microstructural, microhardness, and embrittle-' *

Rods A-0021 and IE-019, the rods in Table 1 ment characterizations of the hydrogen-affected !,

! exhibited limited development of alpha materialin regions suggest tha: the presence of hydrogen in the

; the prior beta grain boundaries. various beta-quenched phases may be an important .|.

factor in the consideration of the fracture resistance
'

A hydride platelet can be seen in Figure 15 adja- of zircato cladding under some oxidizing
cent and parallel to the through-wall fracture in conditions.
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4. CONG.USIONS

; Embrittlement criteria for zircaloy cladding shock aad most of the handling fractures in
were compared with fracture data from in-pile and both the in-pile and out-of-pile exper-;

out-of-pile tests. Analysis of the results led to the iments. The three PBF handling failures ''

following observations and conclusions: not predicted by the Pawel's embrittlement
criteria are from the two test rods that

1. The fractional thickness of the remaining operated with breached cladding during -

,

beta phase criterion, Fw 50.5, and the film boiling testing; they are the same three
equivalent cladding reacted criterion, ECR failures not predicted by Chung and

; 517Vo, poorly predict zircaloy cladding Kassner's criterion for handling failure.
thermal shock (quenching) failures and co
not predict fuel handling failures. 5. PBF rods that operated with breached clad-

ding during film boiling testing were
2. Chung and Kassner's embrittlement embrittled to a greater extent than intact

criterion for thermal shock (thickness of rods oxidized under rimilar conditions. The.

the cladding with 50.9 wtTo oxygen handling fractures of those rods were not
should be greater than 0.1 mm) fits the predicted by any of the embrittlement
in. pile data, criteria.

3. Three PBF handling failures were not 5. The failure boundary (based on time-at-
predictable by Chung and Kassner's oxidation temperature for thermal shock)
criterion for handling failure (thickness of for out-of-pile data is more conservative
the cladding with 50.7 wtTo oxygen than that drawn for the limited number of
should be greater than 0.3 mm). These in-pile quenching failures.

: failures were from two rods operated dur-
! ing film boiling testing with breached clad- 7. Pawel's embrittlement criteria could be

ding, which exhibited a modified prior beta used for predicting rod failures in the PBF
microstructure and enhanced hydrogen SFD tests but would not specify the cause

'

absorption ( > 300 ppm 11 ) due to stagnant of failure (quenching or handling). Chung2,

steam within the test rods. and Kassner's embrittlement criteria fori

thermal shock and handling failures are
4 Pawel's criteria of 95fo oxygen saturation recommended for evaluating and predict- -

,

' of beta-zircaloy and 0.7 wtTo oxygen in the ing the PDF SFD tests in particular and
' beta-zircaloy accounted for all the thermal severe fuel damage accidents in general.

,
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Table A-1. Oxidation histories of the PBF test rods (PCM and IE tests).

Elevation
From Pretest Exposure Isothermal
Bottom Cladding Time In Effective Adjusted
of Fuel Wr: 1 Film Cladding Time in

aSt7ek 1hickness Boiling Temperature Film Boiling
Rod (m) (mm) (s) (K) (s) Rod Failure

bUTA-0004 0.581 0.01 345 1740 436 Rod failed in-pile 60 s after
shutdown

b01A-0004 0.505 0.t1 26G 1575 329 Rod failea in pile and fractured
during posttest handling

UTA-0005 0.567 0.61 39 1410 49 Intact rod

UTA-000b 0.768 0.61 78 1450 99 Intact rody
E

UTA-0007 0.663 0.61 180 1480 228 Intact rod

U1A-0006 0.533 0.61 101 1600 128 Intact rod

A-0014 0.623 0.61 57 1450 72 Intact rod

A-0015 0.463 0.61 17 1640 22 Intact rod

bA-0021 0.425 0.61 26 1580 33 In reactor breach, and fracture
during posttest handling

UIA-0014 0.600 0.61 55 1475 70 Intact rod

UTA-0015 0.606 0.61 67 1625 85 Intact rod

UTA-0016 0.667 0.61 136 1490 172 Intact rod

UTA-0017 0.629 0.61 116 1505 147 Intact rod

. . .
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Table A-1. (continued)

Elevation
From Pretest Exposure I so t he rma l

Bottom Cladding Time In Effective Adjusted
oi Fuel Wall Film Cladding Time in

a
Stack Thickness Boiling Temperature Film Boiling

Kod ( ra) (mm) (s) (K) (s) Rod Failure

IE-001 0.482 0.59 70 1690 95 Intact rod

IE-001 0.597b 0.59 288 1630 389 Rod tailed in pile 80 s after
shutdown

IE-005 0.794 0.59 37 1410 50 Intact rod
l

It-007 0.501 0.59 48 1860 65 Rod failed in pile 180 s after fh

shutdown |

>
da 1E-006 0.559 0.59 20 1540 27 Rod breached in pile due to

Cmassive hydriding

1E-009 0.565 0.59 60 1270 81 Intact rod

IE-010 0.559 0.59 79 1640 107 Intact rod

1E-011 0.592 0.62 94 1760 115 Intact rod

IE-012 0.580 0.62 75 1380 92 Intact red

IE-013 0.592 0.59 87 1520 118 Intact rod

IE-Cl4 0.598 0.59 91 1440 123 Intact rod

bIE-015 0.564 0.59 84 1750 114 Rod f ailed during posttest
handling

.-
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Table A.1. (continued)

Elevation
From Pretest Exposure Isothermal

Bottom Cladding Time In Ef fect ive Adjusted
of Fuel Wall Film Cladding Time in

aStack Thickness Boiling Temperature Film Boiling
Rod (m) (mm) (s) (K) (s) Rod Failure

bIE-016 0.539 0.59 36 1920 49 Rod failed during posttest
handling

IE-017 0.578 0.59 71 1540 96 Intact rod

IE-016 0.595 0.59 78 1620 105 Intact rod

hIE-019 0.502 0.60 44 1700 58 In reactor breach, and fracture
y during posttest handling

b6 IE-019 0.571 0.60 44 1590 58 In reactor breach, and fracture
during posttest handling

IE-019 0.625b 0.60 76 1535 99 In-reactor breach, and failure
during posttest handling

1E-020 0.568 0.60 56 1700 73 Intact rod

bIE-021 0.527 0.61 31 1840 39 Rod failed in pile 90 s after
shutdown, and handling fracture

bIE-02? 0.495 0.61 31 1940 39 Rod failed in pile 90 s after
shutdown, and handling fracture

201-1 0.670 0.61 895 1690 1132 In pile breach and failure
during film boiling

205-1 0.580 0.62 665 1700 814 Rod failed in pile at $500 s
in film boiling

. . . . . .
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Table A.1. (continued)

Elevation
From Pretest Exposure Isothermal

bottcm Cladding Time In Effective Adjusted
of Fuel Wall Film Cladding Time in |

a
Stack T h i .-kne s s Boiling Temperature Film Boiling

Rod (m) (mm) (s) (K) (s) Rod Failure

205-3 0.6E0 0.62 165 1500 2J2 Intact rod

205-4 0.660 0.62 -- 1850 -- Rod failed during posttest
handling

205-5 0.680 0.62 135 1540 165 Intact rod

205-6 0.780 0.62 45 1300 55 Intact rod

?
205-S 0.68 0.62 310 1750 380 Rod failed in pile at 250 s in"

film boiling

207-1 0.622 0.61 250 1570 316 Intact rod

207-2 0.533 0.61 1600 >1600 2024 Rod fciled in pileb

207-3 0.622b 0.61 440 >1650 556 Rod failed in pile

207-4 0.6 bob 0.61 440 >1600 1771 Rod failed in pile

207-6 0.554 0.61 1160 >1540 1467 Rod failed in pile

Adjusted time correction factor is (0.686 mm/ original cladding wall thickness)2,a.

b. Fracture location.

c. Failure not attributed t o PCM condit ions.



Tcbla A-2. Oxid ti:n histori:2 cf ths ANL zircil:y-4 ci:dding@ cc:l:d through tha
#-cr' ph:ca tr:n ferm:ti:n et ~100 K/s

Maximum T ime at Adjusted Time
1 so t he rma l the I sot he rma l at the I sot he rma l
Oxidation Oxidation Oxidation

lent Temperature Temperature Temperature '

bNumber (K) (s) (s) CIC
_

421 1253 10 800 12 604 11
344 1253 12 780 14 915 11

*

30 1263 7 200 8 403 11
294 1273 13 020 15 195 72
311 1273 3 600 4 201 11
321 1273 5 400 5 400 11
335 1273 11 880 13 865 11
364 1273 6 900 8 053 11
392 1273 7 200 8 403 11
401 1273 12 000 14 005 11
365 1273 12 480 14 565 11
375 1318 3 600 4 201 11

1662 1373 1 997 2 331 11
1669 1373 1 997 2 331 11
1686 1373 3 000 3 501 73
1692 1373 3 300 3 851 73
1701 1373 1 697 1 981 11
1479 1473 600 700 73
1489 1473 503 587 11
1499 1473 551 643 73
1509 1473 450 525 11
1519 1473 647 755 74
1845 1513 120 140 11 .

1522 1523 401 468 11
1539 1523 450 525 95
1549 1523 503 587 95

,

1563 1533 95 111 11
1842 1553 120 140 11

1413 1558 180 210 11

1429 1573 210 245 95
1459 1573 167 195 11
1463 1573 150 175 11
1460 1573 150 175 11
1439 1573 180 210 95
1745 1573 47 55 11
1736 1573 77 90 11

1409 1578 240 280 73
1786 1568 60 70 11
1449 1593 180 210 94
1622 1593 107 125 11
1743 1598 47 55 11 -

1564 1603 95 111 11

1623 1613 107 125 11

1612 1613 71 83 11 .

1644 1623 63 97 11

A-8
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Tcble A-2. (c ntinued

Maximum Time at Adjusted Time
I so the rmal the Isothermal at the Isothermal
Oxidation Oxidation Oxidation

Test Temperature Temperature Temperature b
Number (K) (s) (s) CIC

5810 1623 95 111 94
5899 1623 95 111 94.

5897 1623 95 111 11
5898 1623 95 111 11

5813 1623 95 111 94
1592 1623 17 20 11

1608 1623 131 153 93
1609 1623 131 153 94
1611 1623 71 83 11

1744 1623 47 55 11
1727 1643 30 35 11

1722 1668 30 35 11
1765 1673 60 70 11

1844 1673 120 140 95
1851 1673 71 83 95
1725 1673 30 35 11
1714 1688 30 35 11
1737 1698 77 90 11
1742 1718 47 55 11
1723 1723 30 35 11
1762 1723 60 70 95

1
!

*
l The original cladding wall thickness is 0.635 mm.a.

b. CIC = cladding integrity code = 11 denotes cladding intact after
thermal shock; 7X and 9X denote thermal-shock failure in a nonballooned or*

ballooned region on the tube, respectively, where X signifies the number of
cladding fragments; X = 5 denotes >5.

,

.
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CLCCCCLLLOCOCCCCCCLCC;;CCCCCCCCCCCCC;;CLwC;CCL;C;0;CCLCCwCCCCCCCCCC

SuseddT1hE 00EILL ( TI, TF, C T, a t i, D. CI , rIhT,;P2, te , (9,
'

CCCCCC;LCLC;CCCCCC CCC;CCLCCCCCCCCC000L'wCJfwLCCL :C;CCCCCOLCCCCCC;
a tv .rva,AA),A:.,A.u,Ab;.Aca,AFc,A;a,AH;, AIL,
8 AA1,AbA,4CI,AC4,A: 1,AF1,AG1,Ahl,All, als P,
a PenaAT , d=lr* pa6; , n<AF )

,,

i i
*

C lHIS PkCGkad wA5 ACAPT:s Fkor in. rkGw=AP "BLILD5" = KITTEN GY
C k.E. PA=EL 3F GAK n.0G; hAI.uaAL Le SL As iah Y (OsNL).

C J.TA AND ANALf3E5 FROM J.v. CainCAFT CF OsNL A> E uac D TD COMPUTE
C 1Hd ZRG2 AND DXYott-aTAc1611.D AL*NA in!Cnh:55t3 On THL C L s 0 C A t. G
C OJTER $URFACE ANL 31MitAv (Lc T1;h5 Fht* r. nJFMANn CF THE
C ncRNF0E5CHbNGsZchTFvo AA>.LanvHe (AFA) t 0k JAfGth-5Ta91LIZEC
C ALPMA LAY:a3 08 Inc CLAyathG inNEx :UsFAct .n:A THLke la ebEL
C FtLLET-CLADDING PECHANILAL 2r.itPACliuA (FCMi).
C
C UxYGEN PR3 FILES AF L CuervicL JN 115 bA5IS OF A
C F1dI T E DIF F EE ENC E r.c T HOD A 3Lud1 NG THE TMAN31ENT TL 4h COMPG3fD
C 0F A SEk1ES OF 1501nexnAL J E G.9this.
C
C
C P DUTPUT LIbEAR Pud:n GEhekATEC 6Y Tai 2R+C2 = IR02.

C R E A0ilut ( =/ M) .
C PERS AT = OUTPUT Pet CcNT 541Unarich De TFE SETA tuhiTLE55).
C d>TFR OUTPbT AvtAAGL DATLia Cut 4CchikaTICh 1h BLlA=

C ( WE IGH T FRALT1Jh).
C ALo DJTPUT BLTA InICanLSs (*).=

C
C IP2 OUTPUT /lheuT PLM1 P A4 A miTEn=

C IP2 = 0 IMPLIch NL FCFA--LA51 STEP uHEN I ts F U T
C THis LTer =Her, uLTFul.
C IP2 = 2 IMPLIta P C r.1 -- L 4 a i :lEF = hem 1NFLT
C THIA 2T:P =HIN cuiPwT.
C Y6 OUTPUT /INPui OX1Jc in4 CASE,att).=

C 19 = OUTPUT /INFUT THICntsiS5 Li Jxtuch sTA31LIZED ALPHA
C NEAREST TO THe Guick LLAb0thG SURFACE ( r. ) .

OUTPbT/lakvT inlCKat5d uF uxvich->TABILIZeL ALPHAC Y9A =

C NEkats1 TJ int UL2 rocL (pl.-

C Y9s OUTPUT /INewl TH1CKats: C- 2eYGEh-STABILIZED ALPHA=

C BETweth Y9 ANO fs A (E).
C AAu TO
C AI] JbTPuT/Ih>JT CATGth ODhcihiAalIOh5 AT EQUIDISTANT NOD:5=

C IN THE LilAo

C AAD = CLocchinATA;h A T THE ALPHA-3 ETA lhTEFFACE ANC
C AIC = CLhLchTRATauh AT ine ihhEk 3tTA SbkFACE IF
C THtKc la Nu P0ni ve A1 inE BETA M10F01hi IF
C THtkE la PLhl.
C AA1 TO
C AII OUTPUT /Ihfui CxYach CarCEhTkATICh5 AT E CUID1hl AhT NCDES=

C In THE InncR HALF GF in; 8.TA IF THcAc 15 FCMI.
C AA1 = INL C uhC c HT k A T 4 ut. AT Ibt 1GNLA ALFHA-BETA
C INTEnFACO AND
C AII = THE CCbLcNTAATILo Ai THE BETA PICFCibT.
C ALL CONLcNTkATIChs Aki 1.4 bilGni FRACT1us uF 0xYGEN.

OUTPuis1NFui JaYd:h vPTAnh Inm0 UGH THL DOTEF CLA3 ClogC =1 =

C S UE 8ALL (AG/M**2).
C kRAP = OUTPOT/1hFuT ERud rLAS
C ERAP = G IF NL ikeakh DET:LTED
C KRAP = 1 I F L J w a r t a I 4 Jr. * * L 6 t EXCcEDiD
C nkAD = 2 AF inrJ,.lett laPsi CETtCit0
C T1 INPUT CL AbulhG lurren A TLke Al STakT JF Tiri S TEP(M ) .=

C TF INPUT CLALuinG T:Mr:d51ont AT chD OF TIMr sicP (K ) .=

C LT INPUT utkATiua OF liMc sTLr (5 ) .=

-
C AP5 = INPUT =ALL THILFS:5a de AS-FacEACAih3 ROC (M).

IN8UT DIAP.ETEA ar as-FABalCATct mob (M).C CRUD =

C P6hT I NPUT P L LL cT-CL A001h6 Inickr=Ct Pats 50Rt (FA).=

C
C THt EaVATIONS U5cL 1h T3.S abanubilhi Akt SA5;D Oh DA1A FROM
C (1) J. V. C A T PO 4 m i . ;UARTRLf PMLu.t5, w tPO& T ON THE Zi>CGN1ud
C F.ETAL =ATEN Lx1 DATA 06 nit.LT.02 en0ueAP SPONS0ntC cf TPh NkC*

1
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C DIV.31Ln UF *EAbivk 3Afcif GiscAmCH Fuk 3LTwo.e utCE.1Bdk
C 1976, ik'*L/'un_L/In o? ( r . ? d L 8,' f 1s77).
C (2) b. c. J e a A' A C 1. w T. n. ne.6 ni.h, "niGH TEndit-TL6r GAIDATION
L 06 24 LCALCT-2 a r.t> $1nCAtuY 4 4h si:An,* .UJaNAL uF t.v C 6 t A s -

C 4 ATE-IALS 75 (197ol, Pr. 251-201.
C ( 3) P. Ha6 Ma sh, C. FJLII;a, " 1.M16AL AhTenACT10N Es1.cth UC2
w 80 Zaf-4 IN THE Tchren61waa mAhLc oile::h 400 A.b 1500 0,5
C WArik PR:C;NitG AT TH: rCLkid J r.T ekb A1 A Lf AL CuhF:p E hCE C1-
L Z1FCONIO* 1h int NLCL.An 1.5 0 v 51 E f , 1TRATF0<D vro.i-Ab3N, -

C ENGL'40, JUNL 26-29, 1979.
L (*) L. r-kid AND L. L. Jwhi, iTobii5 Gi METAL-d-TEk 4EACT1Jh5
Q AT 8164 TEPDidAlsxtS-111. =aPtn11:h1AL ANL TMLCo.;TICAL
L 5TODI:s GF T1E Z4aCJhlur. maTi; kcALTILh, ail-654o (PAY 1^62)
C (5) k. L. D A = EL , "DitFcs1Ji 14 A Fir 1TL 5f51cm .ITe & MLv1NG
L r j Jies Ad f . * Juwpr.AL Ur swLLtAs nAlcolALL, 49 (JANvARY 1974)
L PJ. 2El-290.
C ( 6) R. A. PEdnina, 21kCDsism r:TAL .Ali6 3A1]ATIJn KINETICS II,
C 34f Gdh-le u l r F L a i Jr. .r = ZinLAL0f, EnNL/hv4tG/TP-1G(197c).
L ( 73 s. E . P A. ll , e. .. P c ad ati. , e. . A. FLhet, J. k. CATHCAWT,
C G. s. fuREr, AhD F. c. JkU3CHtL, "LIFFJSIC% UF CX YGE k le
L BETA-21RCALCf Af.O T N: HALH ThrFenAltah ZlaC AL 0f-5 TL AP.
C d-ACTION," Z iP L LatiLM in Tnc hLLLLAA 1hDUST47, ASTM LTP 603
C (1977) PP . 119-133.
C
C Inl5 PIDEL 5400LD bci bi dato JJT51CE inE TenFERATUFE RANGE 1273-
C 21 LOK Jk f3k PR0olora mHICH CAcht 3HL a:1A enAit rig 104 10 etCOML
C d.CH LMALLck THAh Inc n cM A 14.s t k uF THE (6AODING
C
C ALCJ9.1 ENDED INPsi kALues FJn A FREaH kt0 ARE:
C PINT 0.0=

C A AU T C A10, ALL = 0.0012
L mal TJ All, ALL = 0.0
C Yeef9,Y9A,fvo, A n b .1, ALL = 0. 0
C IP2 = C
C
C CC31LD WA3 CCD50 St G.A. kctnahh th JLLY 1977.
C LPuATCU eY G.A. kcfrAhh 18 Ar=AL 1975.
C uruATsD Bf G. H. ot:Ka TJ IFPRUvt PkULnAP hFFICithCY
C Ahv ADD INFL1 6 H t t r. 1rt hJh.MJhA 19c1 (LLF-MP-07)
C*

C
C1.9E NS Ic h AA(6.',Abtel,AC(o),AD(6),Aste) AF(6),AG(6),AH(b),A1(t) *

C
- C
'

C
C S Av E .hCOMING b ALUt JF inc KnAP ikRDA FLAG'

*
C

| IPkAP PRAF=

C,

i C ic5T 4hPOT FCE PALPEA >ANGc5. sti nkAF Exn0k FLAG TO hPLC1 FLED VALuEL
C Ar tALEPT10h5 ARE F0vhD.'

C
C

16 ( CT .LE. 0.0
+ . 0P . A*5 .ci. 0.0
+ .JA. OkCD .LL. G.0
+ .0d. fe .LT. 0.0
+ .OR. Y9 .LT. 0.0
+ .CR. Y9A .L1. 0.0

.LT.LI. 0.0+ .DA. fvo
v.3 ) Thih+ . Ch . al

C
Ssi KnAF EEkDP FLAG 1C 2 AND CHcth IhCLniNL hkAS bALUE Fak CHANGE

KRAP 2=
,

| C
| IF ( IKRAp . tw . 2 ) THth
i C
l =FITE ( 6 , 901 ) *

I =nITL ( e, 902 ) LT, Anb , CkCD , fe , T9 e Y9A.,

+ 19B , =1
.
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ENDIF
C

RETukh
~

EhblF
C
C

IF ( AAb .L1. 0.0011v
+ .OR. Ae( .LT. 0 00119

.
+ .Ja. 100 .LT. 0.00114
+ .QE. ACC .LT. 0.00119
+ .LR. AEa .Lt. 0.00115
+ .Ok. aFC .Ll. 0.00119
+ .04 AGG .LT. 0.00114
+ .0F. AHL .Li. 0.00119
+ . Cd . A10 .LT. 0.00119 ) THEh

C 4
C Sci ARAP ERROE FLAG 10 2 AhL CHLCA ANCLP.In6 NEAr VALUE FCE CHANGE
C

2KaAP =
C

IF ( IFRAP .ht. 2 ) THcN
C

.EITc ( 6 , 901 )
=EITk n es 903 ) A AL , A60 , ACC , ADJ , AE0 s

+ AF0 s NGL s AHL s AIG
=PITE ( ci 904 1 A*1 , A BI s ACI s ADI , AEI s

+ AFI , AGl , AH1 , AIA
C

ENDIF
C

RETURh
C

shLIF
C
C 5 Av t ihPdT TEP.PERA1CKLL IN VARIABLos wHiCn MAY BE ALTEREC IF hECE55ARY
C

TIT1 =
= TFT2

Td = LT
C

IF ( T1 .GT. 2100.0 .0A. 1F .G1. 2100.0 ) THEh-

C
IF(IKEAP .LT. 2) KkAP 1=

C
ELSE IF ( T1 .LT. 1273.0 .OR. TF .LI. 1273.0 ) THeh

C-

IF(InkAP .LT. 2) KRAP 1=

IF ( T1 .LE. 1239.0 .Aho. If .LL. 1239.0 1 1 HEN
C

RL1URh
C

ELSE
IF ( TF .L1. 1239.0 ) THEN

T2 1239.0=

DT * ( TI - 1239.0 ) / ( T1 - TF )TS =

C
C IF T1 15 < 1239 K THer. 12 15 SET TJ A239 AhD A NL= TIrt STEP T5 15
C CRcATcL J05T FOR USc 'linih Cdou.LD.e

iLSE 1F ( T1 .Li. 1234.0 ) Tneb
,
w .

1239.0T1 =

Li * ( TF - 1239.0 ) / ( TF - T1 )T5 =
C

EhDIF
C

.

.
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e4DIF
C

:hLAF
C
C .h1T;ALAZE TnisE HELulhl WAn.44L.5

,

'
AC20 0.0=

C. 0ALc 0 =

C
INTI P1hT 3

,
APiNT =

.

C IPINT 13 INTcG4AL F an i uf PELLci-CLAoDlho 4hTLRFACd FAc51LFi
C
C

IF ( IPINT . h: . 0 1 THen

0.5 * AnbAMD =

C
ihLIF

C s Av s INC09I14G 0 * YGEi UPI Anc IHROJGH Ovits CLADDING SukFACE IN W11
C

=1a ll =
,

C LET t hliGR A TICN TIME lhCx=McNT
C
C

T5 * 0.2aZ3 =
,

w
An = ( T2 - il ) / T5

C
C CALCULATE TEMDERATURL LudING INiiRVAL (A)
C

( 11 + T2 ) * .5AZe =

CALCJLATE BETA SATURATILN CdfCLbiRATICl.
C

IF ( AZE .LT. 1373.0 ) inin,

-C.0042e07 + sJATI ( azo / 342.46 ) - 321417 )ASI =

C
cLSE

C .

ASl ( A Zo - 10el.7 ) / 491.157=

C
chClF

C
A51 / 100.0Asl = .

C

C CALCJLATE ] (DX IA BtTA), (CM2/ )
C

2.630E-Oo * AP t -2.e 2c+ 04 / ( l.907 * Alb ))=65 =

C
IF ( IPIAT .NE. C .A10. IP2 .tc. C 1 THEN

C
192 2=

Aa! AID=

A91 = ( Ant + AIL 1 * 0.5
ACI = AHC
a01 ( AGO + AM3 ) = 0.5=,

i AEI AGC=
' AFI ( AFO + AG6 ) * 0.5=

AGl = AFD
A iI ( A&L + AFJ ) * 0.5=,

'

AII AEC=

AE0A10 =

| A47 = ( AG + AEC 1 * 0.5
- AGJ ADC=

1

e
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A E .'. ( ACu + AJu 3 * Q.3=

A~1 AC O=

=J1 = I AoJ + ACd ) * G.5
AC3 AoC=

AdG ( 3.0 * AAJ+ o. O * Aot - ac0 ) * C.lis=
,

iLtc IF ( IFINT .:.. 0 .466. IF2 .ht. 0 1 Tdi b
Id2* 0=

A33 ACC=

AC3 = Ai]
A09 AGE=

= ( AIL + AII ) * 00A;G
A-0 AGI=

AG3 Ail=

A43 = ACI
ala = aA1
AA! C.=

A61 0.=

ACA = 0.
AJI 0.=

A(1
I 0.=

A- = 0.
AGI 0.=

AiI = 0.
All = 0.

C
Ir4DIF

C
IP 0=

A=( 1 ) = AA0
Act 1 ) ABC=

AC( 1 ) ACO=

i aut 1 ) = ADC
A:( 1 ) AEC ~

=

AF( 1 ) AFO=

=G( 1 ) = AGO
Ant 1 ) AHL=

AIDA1( 1 ) ='

GO T3 225
C.

AAI200 AA( 1 ) =

AB( 1 ) ABI=

ACt 1 ) = ACI
aut 1 ) ADI=

AEIAct 1 ) =.

aft 1 ) = A FI
AGlAG( 1 ) =

Ant 1 ) = AHI
Alt 1 ) = AII

C
FL3ATt IP )229 F1P =

AL2 = A*5 - ( 1.0 - F1P ) * ( 2.0 * fe / 3.0 + Y9 )
F19 * ( Y9A + Y9B )+ -

C
IF ( IP2 .EQ. 0 ) 1 HEN

C
AL2 - ( (9a + (96 )AL2 =

C
sNLIF

C
C AL2 I: lie BETA THIChhESS Al al Akl 0F LACH 11P.E STEF.
C
C

A23f5 = *

= T1 + AR * ( YS - A23 *0.5 )550 AZt
C
C AZd Is THE AVERAGE TEMP. DuRinG 1hCaindNT.

C
Ir ( IP .EC. 1 1 Tn6N

.
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C
C a ti nn ( AZc . 3 1(7A =

f7P CJXTnr ( AZ: , 4 )=
,

% *

$;R1( 79A ** 2 + f7A * A23 )f4A =

Y98 = S.21( two ** 2* (7o AZ3 )=

C
iL5c

,

Cu x 1 H r. ( Alt , 1 iY6 =
C U A T HP. ( azo , 2 )f7 =

SORT ( Ye ** 2 + Yo * A13 )fd =

io la lHE OXIDE LAfEk iniCkic55 AFT.R IhCkteEST.

SQRT( Y9 ** 2 + 17 * AZ3 )f4 =

C Y9 15 lHE ALPHA LAYEh Tn1CAh.55 AFT k IhCReethT
I d2 COX in ( AZt )=

C'

SCRTt al ** 2 + m2 * A23 )41 =

C
C al la THE TOTAL dyYGih LONCENTnAll3h AFlek INChiMENT
C

YE * ( 5.02 ) * 0 20all =

C hil It THE PININ0F 0xyGEn ih (nGsh** 2) hcCL55AkY TO FORP
C LalCc LAYER.
C

- IF ( ( W1 all ) .LE. 0.0 ) THeh
C

.1 = wil
C

ENDIF
C

chtlF
C
C

| f5 = Y5 + A23
( C

*

IF ( f5 .iE. TS 1 THEN
'

| C
GO TC 55C

C
*inDIF

FLOATt IF )Fit =

ALc = AMb - ( 1.0 - FAP ) * ( .66bb7 * Y6 + Y9 3
FIF * ( Y9A + Y96 )+ -

C
IF ( 192 .EC. 0) THEh

C
AL8 - ( Y9A + f96 )! ALB =

EhDIF
C

IF ( IP .EQ. 0 ) YHan
C

AL6AL80 = -

C
EhblF

G e
C ale is THE BE T A T41CKhE55 AT sreu wF cACH 11mE $TEP
C

AL2 - altAL4 =

C
C AL4 15 DEL 7A eiTA DukihG JTEr
C

'

AL2 * 0.12bAL7 =

.

l
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C
le i AL4 .GT. AL7 ) i n t t.

C
IF(IskAP .Li. 2) nkAr = 1

C-

JRITE ( 6 s 2771 1
C

chbl5
C

= ALA / ( 2.0 * AL2 )AP3*

( AL4 ** 2 ) / ( 2.0 * ( AL2 ** 2 ) )AM4 =

Alb = ALd * C.120

ALo A5 d(A), THE DISiunte Ih;hinchi Fan FD hET'*3wk.
C

( AL6 ** 2 ) / ( AL5 * A13 )AFl =

4r ( Ahl .LT. 2.0 ) lii..
C

IF(lnkAP .L T. 2) KnAP 1=

C
* RITE ( b , 5020 1

C
dhLlF

C
C
C lh sTcPa 2260 T3 2320 lHE AN.IlAL GaYGLN CChCEhTR ATIONS AAE
C CALCULAlic SY P AR AB OLIC IhTLnPJLAllon. Tnis 15 NICcS3AkY DUE TO
C TH: stLbc ASE IN BETA lHIChhc3$ AS Ini Oldek LAYck$ GAO*.
C

3.0 * AA( 1 )AA( 1 ) + e.C * AM3 * ( *.c * As( 1 )AAt 1 ) -=

+ - Awt 1 ) ) + 64.0 * A M4 * ( AC( 1 ) + AA( 1)
2.0 * AB( 1 ))+ -

C
IF ( AS1 .GT. AA( 1 ) ) THEN

C
ALIAAt 1 ) =

0
ihDIF

C
C

AB(1) + 7,*An3*(4.*AC(11-3.*AStl)-A0(1)) +Aetli =

e 49.0*A94*(AD(1)+Adtl)-2.*AC(l))'

C
AC(1) + 6.*AP.3*(4.*AL(ll-3.*AC(ll-Ac(1)) +AC(1) =

s 36.0*AK4*(At(1)+A0(ll-2.*AD(13)
C

= AD(1) + 5. * A r.3 *( 4. * A E ( 11 - 3. * A 0 ( 11- AF ( 1) ) +AD(1)'

e 25.0*A14*(Alti)+Adtl)-2.*At(11)
C

AE(1) + 4. * A h3 * ( 4. * A F il )-3.* At t l l- AG (1 )) +AE(1) =
s Ib.0*A14+(AG(1)+Ac(1)-2.*Aftl))

C
AFill + 3.* AM3* ( 4. * AC (ll-3. v.F ( 1)- Ah( 1) ) +AF(1) =

e 9.0*AM4*(An(1)+AFill-2.*AG(13)
C

2.*An3*(4.*AH(1)-3.*AG(ll-A1(1)) +AG(1)AG(1) = +
e 4.0*AM4=(AI(11+AG(1)-2.*AH(1))

C 1.*AM3*(4.*AI(l)-3.*AH(11-ii(1)) +| AH(1) AH(1) +=
e 1.0*AM4*(Antl)+AH(1)-2.*Ai(1))

| DC 2535 J = 2s e
l C
' AA( J ) = AA( 1 ) *

(A&(J-1) + (AM1-2.)*AB(J-1) + AC(J-11)/(AM1)A$( J ) =
| Act J ) (A6(J-1) + ( A rl-2. ) * A C ( v-1 ) + AD(w-11)/(AM1)=

(AC(J-1) + (A51-2,)*AJ(J-1) + At(J-1))/(AM1)AD( J ) =

AE( J ) = ( AL (J-1) + (A51-2.)*AL(J-1) + AF(J-1))/(AM1)
AF( J ) (AE(J-1) + (AM1-2.)*AFla-1) + AG(s-1))/(AM1)- =

i -

|

|
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_ .

aG( s 3 = (Ai(J-1) + (,ol-2.)=aG(J-1) + An(J-1))/(AM1)
(a0(s-1) + ( g r.1-1. ) = A i t s- 1 ) + A1(J-11)/(Ahl)4 A 4( J ) =

alt J ) ((Ari-2.)*A;(J-1)*2.*Ae(J-13)tAF1=,

,2535 C ar.T I %f t .

.

C
C CALCJLAT 0AfGkh IN osl4 6AYLk
C
C .

A;2 = ( 6490. * eso ) / 3.
AG2 * (AAt b ) * AI( o )A62 =

+ + 2.0 * ( AC( 6 ) +.Ae( o ) + AG( 6 ))
+ + 4.0 * ( not o ) + AJt b ) + AF( 6 ) + AH( o )))

L
1F ( IP .cC. 1 ) T Hi f.

C
A&! AA( t )=

All = AR( c- )
AC ( o )ACI =

ADI b )ADI =

.o Ai! AE( 6 )=

441 = API O )
AGI AGI o )=

AHI Ai! t )=

All = alt o )
2. C * AMDA*5 =

Alt AL P + ALoO=

4'2 = A62 + As20J
C

EL>c
C -

C A02 15 T4E DAYGEh IN ini ShTA, Kw/M**2, (3Y SIMPaCas$ Ruoll
C

' A320 = AQ2
AAG = AA( 0 I
A90 = AB( c )
AC3 act 6 )=

A30 AD( 6 )=

A *j 0 AEt eiA =

AF( b )] =

430 AGt 6 )=

AH( 6 )AiO = '

AIO = Alt b I
,

IF ( IPIhi .nE. 0 ) THEh
C

IP 1 *=

i C
ENDIF'

C
IF ( IP .EO. 1 ) Tdch,

GG TO 200
C

I ENDIF
C

.

ENDIF,

C
| #cESAT 1.0E+02 * Ae2 / ( A51 * Alb * 6490.)=

C
1.15E+0e * OkOD * ( *1 - bli ) / (2. * DT)P =

i d>TFE = ( AG2 / ( 6490. * ALE ) ) C.0012-
'

C .

aF ( %.TFk .LT. 0.0 ) TH2N4

C
BJTFk 0.0=

C
cNLIF

C -

.

t
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C AwTFa JilGHT F'aCTiun J A f 6: A lo Til ALrMA takCALJY.=

C AnTFR 1(PICALLY 0.0*7.=

C
. C LChWE,5.JN TS 51 Lb!TO

C
nETJ4N

C
C

3100 CChTINUE.

C
<lidpN

C
C
C

2771 ForP.AT("****** DLCFEAJE 1, etTA L A fin IS 64 CATER",/,
'" 1NA4 1/t IallI*L LAfck.. 12t.c d(-P TLC LAxuc Cn eETA LAYER",/,
** Ta3 St4LETiL.a),

w
C

5020 FbR9 AT ( / /2 0x . 8 01F FL a les 15 SCCuk.IoG TCC mAPIOLY F0k CCblLC
e Tu ACCUR ATEL Y C ALCwL A1 E UA f LcN CC'.CENikA11JN: e 3

C
C

401 FLAnai ( //T2 , '****** 1 Newt canUn DelcCTcb FCE FisaT TI"i' I
,

w
C

402 FCknAT ( /T3 , 80T =' 512.5 , 2x , 'Att =' Ell.5 , 2x ,, ,

+ 80kJD =e , ell.a , 2A , 'Ye =8 612.5 / 2A , eyg .e, ,

+ E12.5 , 23 , eYvA ** , ill.5 , 2x , 'T4B =' , E ll. ) ,
, Ell.5 )+ 2A , 'W1 =8

C
C

903 FCnnAT ( /T3 , =' 411.5 , 2x , 'AoD =' , E11.5 , 2x e
'ACD .e'AAL

,
, 611.5 , 2a , 8400 ** , Lil.5 , 2x , [11,$ ,''AEC s ,+

+ Ell.5 / 2A , , (11,3 , 2x , SAGO .e ,
,' A F ;

.e
, L11.5 )+ 2x , 'AND =* ell.: , 2a , ' AID ='

C
C

904 FCknAT ( /T3 , 'AAA =' 211.5 , 21 , 'AE1 =', , E11.5 , 2x ,
+ 'ACI =' ell. 5 , 2A , 'ADI =' , t11.5 , 2.x , 'AFI =e, ,

+ E11.5 / 2A ,
,' A F I

, [11,3 , 2x , sA6J s , E11.5 ,.a
ill.5 , 2A , 'All ='+ 2x , 'AH1 =' , ell.5 )*

C
C
C

* E hD
ruhCTIJN C0 x = T r ( C i t t.F )-

C ****** FUNCTIJh LJKTHK RClLnn5 THs FAFAnuLIC UK- ******
C ****** IDATICn C 6a a T A., T F0k ZlkCALUT GA10A116h. ******
C ****** F Ce ThePhnaioxc5 af 1273K-le53n DATA AND ******
C ****** ANALYSch indh J.b. CATM;AkT OF OkNL ARL USkD. ******
C ****** F CR TEnPLEATukc5 i t, Tdc n A r,G e UF le53k-2100n, ******
C ****** DATA ANJ AhALY5d5 FRom V.F. UkBAhlC ANL 1.H. ******
C ****** HEIDRICK,"MiGH T CMP hn A T Ln t OxiDAT16h DF ******
J ****** Z1RCaldY-2 AND ZAmCALUY-4 1h aTLAM*, JObENAL ******
C ****** OF hUCLLA> nATERIALS 7 5, ( 19 7 c ) ARE USED. ******
C

00 Tout PAAAdJLIC JAIGAT1GN CCh5 TANT (KG**2/M**4*S)C CoxnT4 =

INPLT CLALblNb TEMPekATunt (K)C CitMP =

C
IF(CTEMP.CT.le53.) 1Mch

Cox.TK=10.852* LAP (-16o10eCTEMP)
EL5E

C JK W T r = 2. 0* 16. E * c x P (-3 4 o7 0. 0 / ( 1. v e 7 * C T E M P I )
EhDIF

RtioR1
shL
PLhC TIJN COXT HW (C Tit P,KPiCK )

C-

C

.
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C ****** FLNCTIJn L a A l is n t .ve d THE G v 3 1.1 4 ATE ******
C ****** C0s5Tehi tJW dAl). T1AL6htsa, C A T u- h s T ABIL IZ ED *****e
C ***==* AteHA LAfta i n. C r, m t a s ( ;:.hc x AnL .LTin),An, ******
C ****** THICh*4.s; wF int L A t uc t.-31 A o1 L12s 0 ALPnA ******

,

C ****** Lav84 cci.ctN TH: Lui:A a t.v 1hhek ALdHA ******
L ****** LATEST. ran TE1P:n.TJdsa CF 1273K-It53K ******
L ****** LATA AND ANatfats FALh J.v. LainCAnT 6F ******
C ****** antL Amt chev TO CweroT: THE IkU2 Ahs ******
C ****** 0xTGth-STABILlze; eLrna Tn.CkhiLSEa ON THE ****** ,

; ****** 00TEL SuntAC: Ahs ;6%1LA= twLAT1065 FnC9 ******
L ****** 9 HJ F a u t. t. OF Inc t.6M.F JnSC HL hba Zt N1 Rbr ******
L ****** KAELS*Lnt t hF n) FLE JAYuch-51AbItlZc0 AL>nA ******
C ****** LATEk5 wN T1s C l au b l.s e Ahhid SvFFACe knth ******
C ***=** THFue IL P LLcl-CLAv01h6 tieCrAhlCAL 1hTid- ******
C ****** ACTION (FLn.). FJn ILMetnAldeis GF lob 3n- ******
C ****** 2100a , D AT A Arvu AN AL ys: s F R a r. g F JRoANIC Aa ******
C * * * * * * T.H. ,c1Lk1cr , "H104 1:netRAluki d>40ATlb,c ******
C ****** GF ZIPCALLY-2 =hu Z14CALUf-4 AN 5TcAd," ******
C ****** J0skh46 Ut hv C L d A k P.41 c n a AL d 75,(197o) PF. ******
C ****** 251-261, Ant udtu 15 C OrPult 4FC2 LAfiR ******
C ****** THIC#hESd. ******
C
C CsATHs= OLTPuT GkDaTH kATE CLh51Ahl (M**2/S)
L Clir.* = lhPUT CLALDANG Ton /thAluki (n)

IbPUT INTLGtk 1-4, anc Ac :C selCK =

C e91Co=1 15 Gnd.TH kATE CCh3 TANT FL2 GAICi THICKhESS.
C kPILk=2 AA Gnd in kATc LLA> TANT FLR CarGth-5TAdlLIZE
C AtenA LAfEk htAR:ST CUTcR CLADD1hG SOAFACd.
C nPICP m3 15 Gkamin E Ali CLt ST AiT FCk C AYGLh-ST ABILIZE
C ALPnA LAYck hiAki:1 L02 Fuit.
C KP4C6=4 As GadeIH HATt CLAsiahl iDK OAYGih-$TASILIZE
C ALenA LAfiR bht *cch CUTcR A tiL I h t.tR ALPeA
C LAYksd.
C
C * ** A FIC K = 1 ****************

1 r ( n P IC K . E 3.1. ) Thch
C

1 F ( CT C r.F . CT . l e 5 3 ) THEN
C

Coxidk=2.07E-06*iAP(-lo014/CTLne)
C

ELSE .

C
CO XTH4 = 2.0* ( 1.12569E-0 6) * ix * t-3. 5 e 90b E04 / ( 1.96 7* CT EM P I )

C
E t<D I F

C -

dhJiF
C
C *** KFICK=2 ****************
C

IF(KPICK.E3.2) THIN
C

C3 XT HK = 2.0 0* 0. 7614 90 c-04 * E x F (-4. 6141 t E 04 / ( 1. 4 6 7* C1 E M P ) )
C

ENCIF
C
C *** KFICK=3 ****************
C

I F (KP ICK. i Q.3 ) THEh
C

C O X ThK = 0. 32 t-04* c A P (-4.4 504 / t l .9 6 7+ C T E MP ) )
C

ENLIF
C
C *** nrIC4=4 ****************
C

IF(nPICA.EO.4) THEN
C .

COxTH<=0.70t-04*EAP(-4.4LO4/(1.4o7+CTieP))
C

.
cNLIF

'

<cluGN .

EhL
!

i
!

!
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LRIVER OF THE COBILD SUBCODE

C C C CC C;CCC;;C C C CC CC CC C ;C C LC CC CC C;CC LCC C CL C;C C CC C C CC C C C;CCC C C C CC CC C;C.

PnLwRAi L IZ AE D( Ir rv T,0vT rul,l AP; 5 = 1Nr L1, T A P Eo=JL I Foi, T A P L 1)

C C; C C C; t L C C ;C C C C C CC CC C C CC CC C C CC C C w C C C C C CC C; C L L C C C C C C; CC C C C ;t C CC CC CC C
C.

C *LCI FI C A TI ON CF in15 Pd36xAr of n. i. PA5ca mA5 CChpLCTED
C J A M L' A P Y 19d2.
L

Li nE *4! 10 h TI(900), T1(900)
LarsN11CN 111(400), T r. I t 4 J 0 )

s t r.c 4 S ; G s TI1L:to)
C 11= TIME (5)
C iM = TE9PikATLDEtki

1$1TIAL 1AYGt h C Ct.C d nT R A 1105 (=T )C Ah l =

IhPUT ZRu2 IHACEtit s (dice UN )C fLAF =

C v=LF = lhPUT ALenA LArea T H 4 Cr. o r a s (M6CRON;)
INF01 tilAfEe THisnn:5)(n1Lkuh5)C A; a

IhlTIAL ZdO2 In1LKhtaa (%A4& uf4 )C fc =
Ih1TIAL 2k(G) IniCK reis. (MI w a aha lC V4 =

C [kuD =lsITIAL =$L LIArcientrm)
C AP51 = INIT I AL CLACL.NG =ALL TH4CKhE53(hM)
C t,I = NUP.CLR DE a Jr.L-I L MP b n Al unt F01NTs

3kITCH Tu eAit CALLLLATIGh5 Ch CAIDE THICKhE55C r.w A f =

C hALp1A=5=llCH Tu oAa C ALCOL A T A 0Ns ut. ALFHA LAYEP THICKNESS.
>>1TCH TJ cast CaLJJLAT10ba Oh Al LAYEx 1HICnht55.L hAs =

5=1TCH Fuk i t.hc r CALL: CALCULATIONC bEAF =

C 5=1TCH VALUL5 Arc 0=ad AND 1=fc5
L
C

AcAD(5,94)(TITLE (1),1=lso)
94 FoF9aT(rA10)

= b 1 T L l o ,6 6 5 ) ( T I T 6 t ( 1 ) , I = 1, i. )
665 fuen=T(lH1,130(a=al ,/,5A,"CJdILD PRCFILE CALCULATICh5 F0Fa,5A,

+dA10,/,13C("+"),////)
JetT5 = 0
N1 = 1
>EAD(5,100) A"51,DhGD1,f81sf91,Y0xF,YALF,xI
kcAD(5,1Cl) NOXf,NALPnAshA1,N#1F
=> i T:( t,202) A951,Ln0J1,YoAsY41,TOAr,YALr,Al,NOxY,hALPHA,NAI,NPIF

101 FCRMAT(415)
202 FLRMAT(T25s"INI11AL 1heul PARAntTER3",///,

=",lP[10.4, (MM)
= ",1 P t 1 C. 4, "* ( P M ) " ,, / ,+2bA," INITIAL CLADDIhG .ALL THIC4Nos5

* /s+25AralNITIAL RJD LIAnETcn*

+23A," INITIAL ZRC2 T41CnhEJ5 ="s lP L 10. 4,"( PI CR 0h 5 )"s / s
+25A," INITIAL 2xtu) 1 HI C K.N c s , =",1Ft10.4,"(MICn0N5)",/,
+2aA,aPosTTEiT 2Rv2 inACANea) =*s1Pt10.4s atrICEON5)*s/s
+25A,"p35TTisT 2R(J) THICnh ah =",lPt10.4,"(FICR0nh)",/,
+25A,"PJSTTEST XI THICan' 5 2 =",19c10.4,"(MACRCN5)",t,c
+25Ana;Jr>AR130N v a ir4 G ZRJ2 LAYck 1 = f LS : 0 = he *,Ibs/s

Yt5: 0= NG "sI5,/,+2 5 A ,"C 3 t E AP 13 0t' usibG 2R( J)L A rkk 1 =
NO ",15,/,+ 2 5 A ,"C O P.P AR I5 0m v51nG Al L A f t e. 1= YES: 0 =

+25As a;4LCOLATidN TJ INCLvDt shNcR LafEk lefES: 0=h0 a sab,///)
C
C

is r Y8! * 1.05.-6
f9 * 1.0E-tr9 .

A P. 5 I * 1.0E-3Ar5 =
| DRLD = DEODI * 1.0t-3

mE=Jt5,200) NT , .< P i l s , CT1, F, EAXs FSTEP'

d,2T:(6,2003 hT,8Fil5, 01 1, r, F A A, F5 TtF
,

200 F b e d AT ( 215, 4E10.2)
C CTI 15 THE MAAlnuN TIME iT:r ALLJatD (5).
C hP:TS 15 THE P4AhTLui Tanc INicesAL.
C FAs IS THE F IN AL MULTIPLICAi1JN FACTJR.
C* F 15 THE INITIAL *LLI1FLICAT1oN FACIDb..

C F5TcP 15 Td2 S A A i r.o r. II6c alce ALLCatL. LARCd6 TIML STEPS =1LL
C ou 3 R J K i t. 14TP h 11nt sT:Pa OF s 12 t FLTEF(5).
w
C

s t A D ( $ s 3 C o l t T I I ( 1 ) , T M 1 ( 1 ) ,1 = 1, r,1 ).

=,1 T I- ( 6, 3 01 )

301 F0er.AT(" INPJT",4A,"1.betil",9A,"TLFPtAAT04E",7X,"1bifRrACE PRE 55b

!
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.-- . ._. . _ . .

e n c '- )
.e.11i ( o,3001 ( T1 : (; 1, TMa (1 ), A = 1, .T 1

1C0 rQ,nATt7c10.4)
300 r66P.aT(2r20.4)

, ,

Y.
C C LOJLATIONs SrGIN FddM T.t TI1(1)
L

o :Chilh'JE *

ftT=Y-
4 C L.if I%i

f:=r6T
T 11 (1 )I4MNJs =

yLA=Ys
AA0=0.3012
sL=0.0012

ACC=0.0C12
ALv=0.0C12
A i. a = 0. 0 012
AFL=0.0012
Aut=0.0012
ano=0.0012
AID =0.0012
461=0.0012
A ::4=0.0012
ac.=0.0012
AL1=0.0012
Ac4=0.0012
AFl=0.0C12' Abl=0.0012
=ria=0.0012
A11=0.0Cl2
YvA=0.0
f90=0.0
W1=0.0
F = 0.0
eE x5 A1 0.0=

a=TFR C. C=

0.CAL4 =

IP=0.0
AkAP = 0
1ri=0.0 .

000.0T1 =

T2 = 600.0
FIF Self=

P1vr . t.1 =

i CCaTIhuE -

a l= Tt 1
32=f41
33=f04
ae=14Bs

3b=AAJ
h 6 = A tl 0
37=A00
>O=ACD
39=AE]
510= AFO
311=4GO
412=a13
$13=AIO
214=AAI
s15=A91
31o=ACI
a17=ADI
4It= ail
i19= Art
320=ASI
a21=&11
s22=All .

a23==1

.
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32A=3
att=pEdSAT

1 ,2too.Tiw
'

327=ALn.

b C ur. T I h'J i
15=31
fv=a2
fv&=53

- fsb=b4
AAu=35;

' AoL=36
acu=37
AsO=iB
ALb=59

'AFO=110
Abu=311
Anu=512
AIL =S13
aA4=314
Ael=515
AC1=51o
ables 17
AEA= Sic
A F l = 519
AG1=520
Ana=S21

2 AI1=522
.1=423
P =5 24
PEkSAT=52'
d=1rd=i26
ALb=S27

1J =
| 10 00NTINUE

TII(J)II(J) =

Pl> =1 FIF
In(J) TMI(J)*r=

ArtJ .GT. hT) GC 10 12
IF(J-l .Li. 0) inch
11L T11(1) 0.0001= -

ELSE*
TIl(J-1)11L =

thDIF
01 TILTII(J)= -

11 CCnTINOL
IF(DT .LL. DTI) GJ TO 13,

11 T2=

(T2 + (TMI(J) * F - T2) * 11Nh0di1I(J))12 =

LT DTI=

GL TO 14
13 00hTINLr

T1 = T2
Te!(J)*FT2 =

14 CONTINuc
Iv=0
1F2=0
F1hi 0.0=

'

(F (PINT.EJ.O.0) 6G 10 6
IPal
1F2=2

o C Lt TINUE
;ALL COBILD ( T 1, T2s O Ts A$ b, DRLD, FIhis 1927 Y8, Y9,

s Y9A,f9a,AAb,AndsACJsACOsueusAFGsAGGsAHJsAIDs
e AAlsAdisACisACisagisAFlsAGisAHisAlls als Ps
a FEK5ai a Eml ek sALeshRAP)

e .

TIMNDn T1*N06 + DT=

= Y: * 1.0'+6feb
1.0$+t*

= Y4 *f4C
Tv&C = f4A * 1 0c+6

4

S

;

i

B-l $

-. - - -- , . -. . . - , - - - - -_ .-



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ .

6L>C= -L2 + 1.Lh+3
(4 o0 = f46 * 1 0c*e

ffC +Yv;va.C =

C T6tT5 = r. I * s6 CTS .

i 19:T22 TetTa + Lil=

L
C A F ( Y i ", h C = .GE. 1941.2) ev.la =0
C i f ( T i r. h o . .Gt. Troia .AhD. T l e.h w e .L T . 19L152)TnEm
C -

C 61 = NI + 1
0 =,1TE(6,3)
C .FcT5 = 1
C
C
G si1TE(6,3)
C 6,1Te(6,2) J T1,T2,f,CT, IM1(J),TirhC=,11(J),T11(J),TP(J),AMS
C 3 r LF a A T ( S A ," J, $ l e iz, f , LT , T r. A t a l,11 a s L = ,11 ( = ) ,111 ( J ) , T P. ( . ) , 4 N 5 " )
C =n1Ti(6,222) Y:C ,19L , f v AC , f s bC , A L eC ,= 1 P E h s A ' ,3 = T F k e l lMh0=, F ,
C +AAO,A30,ACO,ADG,AEL,ArG,AGO,AHJ, AID
C as1Ti(6,112)
C chDIF
C =>ITC(6,2) J,T1,T2,F,DT, T11 ( J ),11thC =, TI ( J ), T II( J ), T M( J ), Am b

b anile (es222) Y8,f4,YvA,Yvorfals,YCAr,YALF,A1,ALS,=1,FEkSAT,
C +3=TFE.TldhJa,F,AAu,5cG,ACO,ADu,Acu,AFG,AGL,ANC,AIO
C mkITE(b.112)

C1 = T II(J ) - TInhC=
1r(TIMhJh .GE.TilthT))GJ T3 12
ArtT11NJ. . L 1. Ti(J)) GO TU 11
J = J + 1
G C T (' 10

12 L;hTINLt
AF(F .LT. FAA) by TJ $0
=,1 T i ( 6,1131

dkITh(6,222) YtC, Y9L, Y9 AC, Y 9et, Y x 10, f 0xF , f AL F ,11, AL EC, h l, PE R S aT ,
+s=TFA,TI9hu=,F,AALsteJ,Awa,ALC,A u,AFU,A.0,AHJ,Ald

if (NP1 F .GT. 0.0) THch
=F1Tt(6,223) AA1, Aa., 401, ADi, nEl, uF1, A61, AH1, All
thu1F

WAITife,301)
444 F 06 m A T( / / , T 45,"Tir t, TEMPc K ATLk:,1h TiR F ACE PRE SSUA E",

*+/,145,35("*") st)
LU 60 I=1.NT

T II (I )1A =
T r.1 ( I ) *F1Y =

=k1TE(6 300) TD, TY
*

63 CChilhUt
223 FogPAT(9[Q.3)

=m i T E ( 6,113 )
if.NGAY .GE. 1 .Abb. YCAF .6E. YEC) GL 10 50
IF (N ALPH A .GE. 1 .smo. YALF .LL. 79C) GC TO $0

YCxF + YALFval =
ftC + Y90YA =

IFINKI .GE. 1 .Ahb. Yx .bi. AI) G3 TO 50
C
C TH15 E mDS THIS CALLULAlldh Sci AhD REIhlllALIZAT10h BEGINS AFTER
C In15 CAkL.
C
C

F + FSTEPF =

21 Ftn=AT(bE2C.4)
TInh0w = T11(1)

113 FunM AT (/ /, 132("*"),/,132("*"),tt)
JU T3 5

50 Jk1T:(b,666)(TITLi(1),I=1,S)
Y91=f9&C + YVBC

66o FL>nAT(1H1,130("*") ,/,$A," FINAL STATL FDx tATCHED LAYER ",5A,
+o410,/,130(a**), tit /)

=ntTite,334) feC, Y4C, VA, Yvi , fCAF, YALF '

334 Fun 1AT(T45,"ZR02 inichncs5 A1 :nL or T E A h 51 EN T ( h1 C P Ln =",1P E 10.4, t ,

.
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+//,T45,"Zw(J) i d C o r.: s s ~ T cr 0 3r inAm51:ST ( P I C E J P- ) = "s lF il C. 4, / / ,
+i4>,"Al TnaCPNchs AT chu a; TA NaleNT ( P A C = L.. ) = ".lPclc.4,//,
+T4),"I'4h.> ZR(o) i n . L n ti c s 2 AT ciD Cf TFANs (r.ickah5). ',1Pc10.6,i,
+T45,"ZA LAIDE TH1Crr.che - nii LcLsnArd;C t r l C AJ ru ) = ",19210.4,/,
+i 45," Zd t u ) idICnst>s - nel4 LGwxerHiC telCR0hal= " , l F c 10. 4, / / / )

.

112 ren9 aT ( 132 (a * a l l
2 22 F L61 A r( T 2 5, "Z h'-C A IDi Tn1C oncS S =",10Elc.4,"(PICxOis)",//

L L Aubi n G 30x f AC L =",,19 L10.4,"( MI CW CN3 )", / /+2bA,"ZR(2) THICCit53 m:Ad,

FL:L =a 1Pt10.4,*(FICRCN5)*,//+ 2 5 A , " Z P. ( J ) T d lC K:. t a , nc An
+252,"ZW(J) T11Cdslis-PAuyLc = ",1P = 10. 4, " t r. A Cd u i s ) ", / /-

+2tA,"x1 LAfER T H I C r.h ca s ="elPt10.4,"tr.1CRCNs)",//
+23AsaisPwT Z a' 02 inICnNE$s aa,1Pt10.4,*(r1CkU45)*,//
+2bA,"I46uT ALPHA LAYin id1 Core 55 ="s1'L16.4,"(PACRCN5)",//

=",1 Pilo.4, It1CRONS)",//
= ^ , l P E 10. 4, "* ( r e )

+25A,"I4Pui Al LArci THICamcss
*,//+2 2 A,* sE T A Zk iniCnhcas

+22A,"OxYCEN UPTAAL THnSJGi wLT:< 5UFFACt =",ldilo.4,"(P)",//,
+2pa,"pEnttti 5ATuvA11on Jr o;IA =",lP;10.4,//,
+2 A, IN stTA =",1PL10.4,ataT.FR.)*,//
+2 5A ," A V ER AG E 04 7 uEr, C0h:tNin AT 10r."T1rE =",19c10.4,"(5)",//
+ 2 5 A ," T t P.r E R AT ua c P.UL T IP 61C A T i Ca FACTOR =",1Pt10.4,//
+,3A,aJAYGEN CON Cer41 A T 1Jr 5 1h sE T A (n i . F R. ) a,9 (1re s.3,1 A ), /)

55 CCr.TINJE
$6 CthiliuE

2 FORn AT (15,12 E10.4)
51LP
thL

,

e

4

*
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