NUREG/CR-2757
EGG-2123

A

o aw TS FWas vewwe

BENY PNy g® W FeRa s PSS

. i
e M o
dys
1 & ‘;,r- ’:’ii; i eans
WL T, iR T
i e S
PR Sty

Be gw
o W R

U.&: Department of Energy

= |

Zircaloy Cladding Embrittlement Criteria:
Comparison of In-Pile and Out-of-Pile Results

Fahmy M. Hagjag

July 1982

-
Prepared for the i
U.S. Nuclear Regulatory Commission > }V;}_EGRthahu
Under DOE Contract No. DE-AC07-761D01570 e




NOTICE

his report was prepared as an account of work sponsored by an agency of the United

S1ates Srn e nt N,..«y & the United States Government nor ar Y ‘4(’,\1‘( Y therent

any of thewr employees, makes any watranty, expressed or imphed, Or assumes any
legal habrity or responsibiity for any thud party's use, of the results of such use, of any
rtormat apparatus, praduc! or process disciosed n thes report, of represents that

tinfringe privately ovvned rights

158 Dy Such thard party wou

Availabie from

GPO Sales Program
Dwvision of Technica: Information and Document Control
S. Nuclear Regulatory Commission
Washingten, D C 20666

and

National Technical Information Service

Sprningheld, Virginia 22161




NUREG/CR-2757
EGG-2123
Distribution Category: R3

ZIRCALOY CLADDING EMBRITTLEMENT CRITERIA:
COMPARISON OF IN-PILE AND OUT-OF-PILE
RESULTS

Fahmy M. Haggayg

Published July 1982

EG&G idaho, Inc.
Idaho Falls, Idaho 83415

v Prepared for the
U.S. Nuclear Regulatory Commission
Washington, D.C. 20655
Under DOE Contract No. DE-AC07-761D01570
FIN No. A6041



ABSTRACT

Zircaloy-4 cladding embrittlement 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 10 severe fuel damage conditions are identified.

FIN No. A6041--TFBP Experiment Design and Analysis



SUMMARY

The applicability - f various embrittiement criteria
for zircaloy-4 cladding to severe fuel damage condi-
tions was investigated through the use of in-pile and
out-of-pile data. In-pile data were derived from the
postirradiation ciamination of 56 light water
reactor-type fuel rods under postulated accident con-
ditions in 16 separate experiments, These experi-
ments were performed in the Power Burst Facility
{(PBF) reactor at the Idaho National Engineering
Laboratory as part of the Thermal Fuels Behavior
Program conducted by EG&G Idaho, Inc., for the
U.S. Nuclear Regulatory Commission. The out-of-
pile data were obtained from embrittlement studies
of simulated fuel rods that had beer isothermally
oxidized in high-temperature steam at the Argonne
National Laboratory (ANL).

I'he PBF and ANL tests were investigated to eval-
uate the zircaloy embrittlement criteria based on
fractional thickness of the remaining beta phase
(Fw), equivalent cladding reacted (ECR), and
oxygen content in the beta phase; and a failure
boundary based on time-at-oxidation temperature.

The embrittlement criterion of Fy = 0.5
accounted for both PBF and ANL thermal shock
failures, while several in-pile and out-of-pile hand-
ling failures were not predicted by that criterion. The
17% ECR criterion was consistent with the thermal

shock failures from both the PBF and ANL tests,
but several in-pile handling failures and one out-of-
pile handling failure were not predicted by that
criterion. The PBF data satisfied the Chung and
Kassner criterion for thermal shock (thickness of the
cladding with <0.9 wi% oxygen should be greater
than 0.1 mm to survive quenching). Only three fail-
ures from two rods operated during film boiling
testing with breached cladding were not predicted by
the Chung and Kassner criterion for handling failure
{thickness of the cladding with <0.7 wt% oxygen
should be greater than 0.3 mm). Pawel’s critena of
95% oxygen saturation of beta-zircaloy and 0.7 wt%
oxygen fit the in-pile thermal shock failures as well
as the handling failures except for the three PBF
failures that also were not predicted by Chung and
Kassner's criterion for handling failure. Pawel’s
criteria require only knowledge of oxidation time
and temperature whereas Chung and Kassner's cri-
teria require, in addition, a sophisticated calculation
of the oxygen concentration through the cladding.
Therefore, Pawel's criteria are simpler to apply.
However, Pawel’s criteria do not distinguish the
cause of rod failure (quenching or handling). For the
PBF Severe Fuel Damage Tests, where it is impor-
tant to distinguish whether rod failure occurred upon
quenching or during subsequent handling, the
embrittlement criteria of Chung and Kassner are
most appropriate.
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ZIRCALOY CLADDING EMBRITTLEMENT CRITERIA:
COMPARISON OF IN-PILE AND OUT-OF-PILE
RESULTS

1. INTRODUCTION




2. SUMMARY OF EXPERIMENT TEST CONDITIONS AND RESULTS

The ANL out-of-pile wests? were conducted on
zircaloy-4 cladding samples isothermally oxidized
in  high-temperature steam. Cladding samples
200 mm long, 10.9 mm in outer diameter, and
0.635 mm in wall thickness were filled with high-
purity recrystallized alumina pellets and pressur-
1zed with helium or argon at 6.89 MPa to simulate
nuclear fuel rods. These rods were direct-
resistance-heated in sieam. The results of these
out-of-pile embrittlement studies are used for
comparison with the in-pile PBF results 4:9.7 The
test conditions, cladding characterization, experi-
ment details, and rod damage characterization for
the in-pile PBF tes s are discussed in the following
subsections,

2.1 Test Conditions

Zircaloy embrittlement was evaluated from data
derived from the postirradiation examination ol 56
pressurized water reactor-type fuel rods tested in
16 separate in-pile experiments. Two categornies of
tests were conducted in the PBF reactor in-pile test
loop: power cooling-mismatch (PCM) and irradia-
tion effects (IE). The rods were tested in a
pressunized water loop under operating conditions
similar 1o those in a commercial pressurized water
reactor, The test region, located in the center of the
PBF reactor, operates as a neutron flux trap, per-
mitting high power densities in test rods relative 1o
the power level of the rods in the surrounding
driver core.® The PCM tests were designed to
evaluate the effects of different thermal-hydraulic
conditions on the high-temperature transient
behavior of previously unirradiaied zircaloy-clad
rods. The IE tests were performed to investigate the
effects of prnior irradiation history (burnup 1o a
maximum of 16 GWd/tU) and rod design variables
(fuel density, diametral gap, and internal pressure)
on rod behavior during PCM  conditions,
Reference 9 presents an overview of the PCM and
IE test series. Specific details of test design,
individual test objectives, and the results for each
test are given in References 10-30,

2.2. Test Cladding
Characterization

Each fuel rod used in the PCM test series was
composed of UO; pellets contained in zircaloy-4

cladding. The 0.914-m-long fuel stack contained
60 dished llets of 93% theoretical density
(20 wt% 235U enriched UO3). Each of the
previously irradiated rods in the IE tests contained
56 dished UO, pellets (9.5 or 12.5 wi% 235y
enriched UOj) in a nominal active fuel stack
length of 0.88 m, Test rods assembled from unir-
radiated pellets and irradiated cladding tubes had
nominal charactenstics of a 9.95-mm-outside
diameter and a 0.59- to 0.62-mm cladding wall
thickness containing ~ 40 weight ppm hydrogen
prior to the PCM testing. The cladding of the
fresh rods had a pretest nominal outside diameter
of 10.72 mm and a 0.59-0.62-mm wall thickness,
and contained < 10 weight ppm hydrogen. The
crystallographic texture of the cladding indicated
a slight preference for basal pole alignment along
the tangential direction with a texture factor =0,
Postirradiation examination showed that hydrides
tended to precipitate circumferentially.

2.3 Experiment Detzils

I'he rods were tested singly or in groups of four,
with the exception of one nine-rod bundle test. A
test rod with its instrumentation and flow shroud is
shown in Figure 1. Vanations within the individual
shrouds of up 1o 4+ 5% in the coolant mass flux and
rod power occurred among the rods tested four at a
time, The PCM and IE test assemblies generally
were instrumenied for measurement of coolant
temperature and flow conditions, rod length
change, rod internal pressure, fuel centerline tem-
perature (unirradiatea rods only), plenum gas
temperature, cladding surface temperatures, and
the instantaneous and integrated relative neutron
flux profile in the region of the rods. The specific
test instrumentation was selected on the basis of the
individual test objectives.

The basic PBF test sequence consisted of a
thermal-hydraulic power calibration, a precondi-
tioning operation, and the film vot'ing testing. The
preconditioning operation allowed for pellet crack-
ing and partial restructuring of the UO; fuel. Film
boiling, in these tests, was achier 4 by either
decreasing the coolant flow rate or increasing the
reactor power at low, steady coolant flow while
maintaining the coolant pressure at 15 MPa. Peak
rod powers ranged from 49 to nominally 84 kW/m.
The heating rates were generally in the range of






50 K/s, and the quenching rates were approxi-
mately 100 K/s down to the reactor ambient cool-
ant temperature of ~600 K. The PCM test rods
were subjected to film boeiling conditions for time
periods ranging from a few seconds to about
15 mirutes, with cladding peak temperatures rang-
ing from 1315 1o 22100 K. The rods, following
testing, were cooled in-pile to room temperature at
a rate of approximately 0.02 K/s prior to their
removal from the in-pile 'est loop.

2.4 Rod Damage
Characterization

The mechanical behavior of the cladding is
modified by both the beta-to-alpha phase trans-
formation and oxidation processes. The typical
effects of high-temperature film boiling are shown
in Figure 2. Regions of surface oxide (ZrO)
growth, oxide spalling that exposes the .hiny base-
metal zircaloy, and collapse of the cladding into
fuel pellet-to-pellet interfaces along the film boil-
ing zone are indicated. An example of the typical
microstructures observed in zircaloy cladding that
was oxidized under film boiling conditions for
about 116 s is shown in Figure 3, Microstructural
features such as outer single-layer surface oxide
(Zr()3), outer and inner layers of oxygen-stablized
alpha-zircaloy, and the prior beta field are illus-
trated. Reaction layer development at the fuel-
cladding interface is also evident in the figure.

2.5 Interpretation of In-Pile
Emkbrit.lement Data

Oxygenation from zircalov-water reaction (at the
exterior cladding surface) and zircaloy-UO» reac-
tion (at the interior cladding surface) occur during
film boiling operation and influence the cladding
ductility. At remperatures above ~ 1100 K, the
reaction of zircaloy with steam at the cladding
outer surface produces a layer of zirconium oxide
(ZrOj) and a layer of oxygen-stablized c-zircaloy.
The fuel-cladding interaction results in a layer of
oxygen-stablized a-zircaloy of a thickness similar to
the layer formed on the outer surface of the ciad-
ding. These results suggest that oxygen enters the
cladding at about the same rate from both surfaces.
Thus, the embrittlement resulting from film boiling

operation in the PBF should be approximately
comparable with that obtained in a two-sided reac-
tion with steam (out-of-pile experiments). Effective
isothermal temperatures were determined for the
PBF test rods in order to compare embrittlement
criteria developed from out-of-pile isothermal tests
with the in-pile results. The effective isothermal
temperature is the temperature that accounts for
the growth of the cladding exterior surface reaction
layers (ZrOj and oxygen-stablized a-zircaloy) for
the film boiling time of the experiment.® From
measurements of cladding exterior surface reaction
layer thicknesses and experimental film boiling
times, and using zircaloy oxidation kinetics,3! the
effective isothermal temperatures were calculated
as described in Reference 32 with an estimated
uncertainty of + 50 K. The diiference between the
peak cladding temperature calculated by the modi-
fied COBILD computer code and the effective iso-
thermal temperature had values that varied up to
about 350 K.4 The film boiling times obtained
from in-pile measurements of cladding surface tem-
peratures and fuel rod axial expansion were
adjusted 1o a reference value of wall thickness, Film
boiling time, cladding temperature, fractional
thickness of transformed 3 phase (Fyy), thickness
of the 3 phase containing =0.9 wt% oxygen
(Lg0.9) thickness of the 3 phase containing
<0.7 wt% oxygen (L 7)), and equivalent clad-
ding reacted (ECR) were obtained at locations adja-
cent to the fractures, while for rods that did not
fracture, these data were obtained at locations of
maximum cladding temperature determined by
metallographic examination. In addition, the clad-
ding hydrogen content was measured by vacuum
fusion mass spectrometry at those same locations,

The main difficulty in comparing the out-of-piie
data with the in-pile data arises from the fact that
the out-of-pile experiments are conducted under
controlled isothermal oxidation conditions while
the in-pile oxidation conditions vary widely
depending on the film boiling transients. The rate
of oxygen diffusion increases significantly at
temperatures above 1100 K. Based on this var-
iance and given a difference between the isother-
mal effective cladding temperature and the peak
cladding temperature for the in-pile tests that
could be as high as 350 K, some discrepancies in
comparisons of the in-pile and out-of-pile data
could be expected.
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Table 1. Embrittlement parameters of the PBF tests.

Elevation
Pretest Exposure Isothermal From

Cladding Time in Effective Bottom Equivale

wall Film Cladding of Fuel Claddin

Kod Thickness Boiling Temperature Stack w Reacted
Numbe r Cladding Fuel ( man ) (s) (K) (m) (1) (%)
UTA-0004 Unirradiated VUnirradiated 0.61 345 1740 0.5768 3 27
UTA-0004 Unirradiated Unirradiated 0.61 260 1575 0.5052 S& 11
UTA-0005 Unirradisted Unirradiated 0.61 39 1410 0.567 93 2
UTA-0006 Unirradiated Unirradiated 0.61 78 1450 0.768 97 2
UTA-0007 Unirradiated Unirradiated 0.61 180 1480 0.663 79 6
UTA-0008 Unirradiated Unirradiated 0.61 101 1600 0.533 71 7
A-0C 14 Unirradiated Unirradiated 0.61 57 1450 0.623 S0 3
A-0015 Unirradiated Unirradisted 0.61 17 1640 0.483 B4 4
A-0021 Unirradiated Unirradiated 0.0l 26 1580 0.4252 88 6
UTA-0014 Unirradiated \Unirradiated 0.61 55 1475 0.600 87 4
UTA-0015 Unirradiated \Unirradiated 0.61 67 1625 0.606 72 7
UTA-0016 Unirradiated Unirradiated 0.61 136 1490 0.667 78 A
UTA-0017 Unirradiated Unirradiated 0.61 116 1505 0.629 78 S
1E-001 Unirradiated Unirradiated 0.59 70 1690 0.482 57 12
1E~001 Unirradiated Unirradiated 0.59 288 1630 0.5978 41 17
1E-0U5 lrradiated Unirradiated 0.59 37 1410 0.79 9% 2
LE-007 Irradiated Irradiated 0.59 48 1860 0.5012 22 24
1E-008 Irradiated Irraciated 0.59 20 1540 0.559 90 3
1E-009 Irradiated Irradiated 0.59 60 1270 G.565 93 2
1E-010 lrradiated Irradiated 0.59 79 1640 0.559 56 7
1E-011 Irsadiated Unirradiated 0.62 94 1760 0.592 75 11
1E-012 Irradiated Unirradiated 0.62 75 1380 0.580 92 2
1E-013 Unirradiated Unirradiated 0.59 87 1520 0.592 75 8
1E-014 Urarradiated Unirradiated 0.59 91 1440 0.598 85 6
1E-015 Irradiated Irradiated 0.59 84 1750 0.5848 47 16
1E~016 Irradiated Irradiated 0.59 36 1920 0.5394 45 17
1E-017 lrradiated Irradiated 0.59 71 1540 0.578 78 6
1E-018 Irradiated Irradiated 0.59 78 1620 0.595 63 9
1E-019 Irradiated Unirradiated 0.60 44 1700 0.5028 73 9
1E-019 Irradiated Unirradiated 0.60 44 1590 0.5718 82 8
1E-U1Y Irradiated Unirradiated 0.60 76 1535 0.6254 74 12
1E-020 lrradiated Unirradiated 0.60 56 1700 0.568 58 10
1E-021 Irradiated Unirradiated 0.61 31 1840 0.5278 62 10
1E~022 Unirradiated Unirradiated 0.61 31 1940 0,4958 50 16
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Cladding

Cas
Sample
Elevation
Remaining from
Frior 8 1 'l L h Bottom of :":o':n
Thickness 8(0.9) #(0.7) Fuel Stack ("“ 2 ;
(nm) ( m ) ( om ) (m) pem By Comment s
0.020 0.000 - -- -- Rod failed in-pile
60 s after shutdown
0.317 - 0.25% - -- Rod failed in-pile
and fractured during
posttest handling
0.570 0.57% 0.551 -~ - Intact rod
0.591 0.590 0,569 - - Intact rod
0.471 0.523 0.457 -- - Intact rod
0,430 0.422 0,373 - - Intact rod
0.55%¢ 0.572 0.53% -- -- Intact rod
0.502 0.517 0,490 - - Intact rod
0.509 -- 0,488 0.44) 340 In-reactor breach,
and fracture during
posttest handling
0.530b 0.549 0.519 - - Intact rod
0,426 0. 646 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
0.211 0.069 -- - - Rod failed in-pile
BO s after shutdown
0.554 0.56% 0,565 - - Intact rod
0.140 0.000 .- -- - Rod failed in-pile
180 & after shutdown
0.530 - - - - Rod breached in-pile
due to massive
hydridingd
0.553 0.572 0.572 - - Intact rod
0.312b 0.407 0,37 - - Intact rod
0.4680 0.245 - 0.573 120 Intact rod
0.57% 0.5%0 0,590 - - Intact rod
0.445% 0,508 0,460 0.573 50 Intact rod
0.505b 0.530 0.499 - - Intact rod
0.230 o= 0.268 - - Rod failed during
posttest handling
0,250 - 0.173 -- - Rod failed during
posttest handling
0.464b 0.492 0,440 9.571 390 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 ~e 0,365 - - In~reactor breach,
and fracture during
posttest handling
d,410 - 0,419 - - In~reactor breach,
and fracture during
posttest hand'ing
0.337 0.389% 0,337 0.5%3 L0 Intact rod
0.367 - 0.293 0.514 60 Rod failed in-pile
G0 & after shutdown,
and handling fracture
0.310 - 0.242 0,482 300 Rod failed in-pile

90 s after shutdown,
and handling fracture



Table 1. (continued)



Cladding
Cas
Sample
Elevation
Fquivalent Remaining from ’
. Cladding  Prior 8 £, b Bottem of :z:::::"
w Reacted Thickness 8(0.9) 8(0.7) Fuel Stack ( n)
(1) (2) () ) (om) (m) ppe ¥y Comment s
1 24 0.0b - - ¢ 360 In-pile breach and
failure ‘during film
boiling
1 28 0.0b - - - - Rod failed in-pile
at 500 s in film
boiling
75 7 0.437% - - 0.68 50 Intact rod
61 10 0.387b - - 0.68 43 Kod failed during
posttest handling
74 7 0,466 - -- 0.68 29 Intact rod
90 2 0.559b -- -~ - -- Intact rod
16 21 0.110% -- - - - Rod failed in-pile
at 250 s in film
boiling
94 5 0.420 0.495 0.438 - -- Intact rod ‘
0.0 100 0.0 0,0 -- - -- Rod failed in-pile ;
0.0 100 0.0 0.0 - —- -- Rod failed in-pile ]
0.0 100 G,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

11 thickness.

ion of the test rod.

during posttest examination.




vendor analysis of loss-of-coolaant accident
(LOCA) design-basis accidents. ECR is equivalent
to using the total oxygen content in the product
reaction layers to determine the fraction of the zir-
caloy wall thickness capable of being completely
oxidized to ZrO;y. Scatenal3 presented a relation-
ship between ECR and the product reaction layers
of the form

% ECR = %

Oxide thickness + Alpha thickness )
1.54 1.540

where W is the cladding wall thickness, 1.54 is the
oxide-to-metal molar volume ratio for ZrOy/Zr,
and o is the ratio of the weight ‘raction of oxygen in
ZrOy to the average weight fraction of oxygen in
the stabilized alpha phase. The factor o was deter-
mined by using the zirconium-oxygen constitu-
tional equilibrium phase diagram and assuming the
oxygen concentration in the alpha phase to be a
linear average between the oxygen content at the
alpha/alpha + beta and the alpha/alpha + ZrO,
boundaries for each effective cladding temperature.

In Equation (3) the toial oxygen uptake is assumed
to equal the oxygen contained in the surface oxide
layers and the two-sided oxygen-stabilized alpha
product layers. The oxygen content in the beta
phase was assumed to be negligible.

The in-pile test data compiled in Table | are
presented in Figures 6 and 7 where the % ECR is
plotted as a function of the effective isothermal
cladding temperature for thermal shock and
handling failures, respectively. The ANL out-of-
pile data (cladding samples oxidized for <900 sec-
onds) are plotted on the same figures. The dotted
lines in the two figures represent the threchold
limit of 17% suggested by Scatena. The out-of-
pile thermal shock failures presented in Figure 6
occurred at values of ECR 220%; a number of
out-of-pile samples did not fail even with ECR
values near 30%. Thus, *he in-pile quenching
failures are predictable by the 17% ECR criterion,
All the in-pile handling failures and one out-of-
pile handling failure are not predictable by
Scatena’s 17% ECR criterion, as shown in
Figure 7. Thus, this criterion, although not
applicable to handling failures, predicts thermal
shock (quench) failures.

100 T W— T
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a o Intact
. e Failed
80 -

Equivalent cladding reacted (mole %)

Cladding oxidation tem perature (K)

Figure 6.
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Equivalent cladding reacted, plotted as a function of temperature (thermal shock data).
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Figure 7. Equivalent claddin reacted, plotted as a function of temperature (handling failure data).

3.3 Oxygen Content in the
Beta Phase

Oxidation of the zircaloy cladding increases the
oxygen content in the remaining beta phase. The
oxygen content in the beta phase was used as a
measure of the overall room-temperature
embrittlement.

An embrittlement criterion suggested by Chung
and Kassner? states that the calculated thickness
of the cladding with =0.9 wi% oxygen, Lz 9),
based on the average wall thickness at any axial
location, should be greater than 0.1 mm in order
for the cladding to withstand thermal shock
during a LOCA reflood. The ANL out-of-pile
expenimental data are presented in Figure 8
together with the PBF data, where the thickness of
the beta phase containing =0.9 wi% oxygen is
plotted as a function of temperature (the isother-
mal oxidation temperature and the effective
isothermal cladding temperature for the ANL and
PBF data, respectively), The criterion is repre-
sented on Figure B by the dotied line. The criterion
of Ljo.9y »0.1 mm accounted for the thermal
shock failures in the PBF and all but one of the
out-of-pile fatlures.

The second criterion suggested by Chung and
Kassner? for the capability of the cladding to with-
stand posttest handling failures (based on 0.3)
impact failure limit), states that the thickness of the
cladding with <0.7 wt% oxygen, Lgq 7). should
be greater than 0.3 mur, based on the average wall
thickness at any axial location. The PBF and ANL
data presentec in Figure 9 show the predictability
of cladding handling failures according to the
Chung and Kassner embrittlement criterion. Three
of the handling failures not predicted by the criter-
ion occurred in rods the - “nerated with breached
cladding during film b¢ sting (Rods A-0021
and 1E-019). These cle contained a modifivd
prior beta phase ail were anomalously
embrittled.” In additon, these claddings were
found to have hydrogen contents of 340 and
1020 ppm after testing.

In an earlier work (References 4 and 7) the PBF
data were compared with Chung and Kassner
embrittlement criteria, using average oxygen concen-
trations in the beta phase. However, the oxvgen pro-
file in the beta phase should be used to obtain an
exact comparison. Since the computer code
COBILD, did not accurately calculate the oxygen
profile for the earlier work, it was modified for the
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PBF tests. The modified code is reported in
Reference 5. The code lising is given in Appen-
dix B. Aithough this code considers only one-sided
cladding oxidation, the results indicate the
applicability of Chung and Kassner criteria to the
PBF data. The driver of the COBILD code (pro-
vided in Appendix B) allows the user to run the code
with an increasing temperature multiplication factor
in steps deterinined by the user unti! the thickness of
a predefined layer [ZrO, layer, « layer, or the
£ layer (ZrOy + )] matches the measured thickness
of the corresponding layer. If the oxide layer were
partially or completely spalled off, the user would
run the COBILD code with the driver specifying
comparison of the calculated alpha layer with the
measured one. This was the case for a few of the
PBF fuel rods. In addition, the onentation of the
PBF fuel rod specimens containing the maximum
oxide or «-layer thickness was chosen for the
analysis. That choice was made since large circum-
ferential temperature differences of the PBF fuel
rods produced vanous amounts of oxygen uptake in
the cladding at different orientations for the same
elevation. Consequently, it should be noted that the

accuracy in measuring the thickness of the oxide and
o layers in oxidized cladding, as well as the
appropriate setting of the driver of the COBILD
code, are very important reguirements for
determining the zircaloy cladding embrittiement.

As previously mentioned, oxygen profiles ir the
remaining beta phase of the zircaloy cladding
tested in-pile were calculated with the COBILD
code using temperature histories of the transients
and by assuming only one-sided oxidation of the
cladding. However, oxygen profiles of the zircaloy
beta phase in the ANL out-of-pile tests were
calculated based on isothermal-temperature, two-
sided cladding oxidation.2 Since the COBILD
code does not model two-sided cladding oxida-
tion, the following simple, conservative approach,
iltustrated in Figures 10-12, was tried for
Rods IE-019 {(samples I-1 and 1-2) and A-0021 to
investigate the applicability of Chung and
Kassner’s criterion for handling failures to these
rods that operated with breached cladding during
film boiling testing. In Figures 10-12, the dotted
line represents the oxygen concentration profile in
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the cladding beta phase. That profile was
ca'culated with the COBILD code at 9 nodes
where node 0 is near the cladding outer surface.
The dashed line is a mirror image of the dotted
line, indicative of oxidation from the cladding
inside surface. The solid line is the summation of
both the dotted and dashed lines. The latter is
representative of two-sided oxidation, but it is
conservative since oxidation on each side,
calculated with the COBILD code, is obtained by
assuming oxygen diffusion in an infinite thickness
of zircaloy cladding. Oxygen concentration pro-
files due to two-sided oxidation would be lower,
considering a finite thickness of the cladding
<hanges the oxygen diffusion kinetics, which in
turn results in less exygen uptz.e in the cladding.
Calculations based on these solid lines indicated
that the handling failures of Rod IE-019 are
predictable [Lgp.7) = 0.0 mm and
Lg@.7) = 0.183 mm for samples I-1 and I-2,
respectively], while the handling failure of
Rod A-0021 is still not predicted [Lgg.7) =
0.363 mm]. More detailed experimental investiga-
tion of the fracture locations of these rods (1IE-019
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and A-0021} using the following techniques would
explain the anomalous embrittlement of these
rods: optical microscopy, scanning electron
microscopy (to obtain some fractographs),
scanning auger microscopy (to map oxygen
distribution as well as to obtain the profile of
oxygen concentration), vacuum fusion mass
spectrometry (to measure the hydrogen uptake in
the cladding), and microhardness testing.

3.4 Failure Boundary Based On
Time-at-Oxidation
Temperature

Failure boundaries for thermal shock are shown
on a piot of oxidation time versus oxidation tem-
perature in Figure 13 for both in-pile and out-of-pile
test data. The abscissa represents the inverse of both
the isothermal oxidation temperature and the effec-
tive isothermal cladding iemperature for the out-of-
pile and in-pile data, respectively. The ordinate
represents the time at oxidation temperature and the
time in film boiling (adjusted to the ANL reference
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in good agreement with the Fyw values
(0.73 to 0.88) measured at the fractures of

Rods IE-019 and A-0021

I'he hydrogen concentration (340 and 1020 ppm)
Rods A-0021
IE-019, respectively, was well in excess of the 50 to

adjacent to the fractures In and

100 ppm reported by Homma et al. to embnittle
breached zircaloy cladding. However, several spec:
mens listed in Table | were taken from rods that
did not fracture but also had hydrogen concentra
tions of >100 ppm. With exception of
Rods A-0021 and [E-OI9 Fable |
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Rim alpha and acicular alpha-phase matenal in the
transformed beta phase, in conjunction with ele
vated hydrogen content, may be responsible for the
fuel ruds
(A-0021 and IE-G19) tkat operated with breached
cladding. More details oa the effect of hydrogen on

anomalous embrittlement of the two PBF

the oxvgen embrittlement of beta-quenched
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I'he microstructural, microhardness, and embrittle
the

regions suggest tha! the presence of hydrogen in the

ment characterizations of hydregen-atfected

various beta-quenched phases may be an important
factor in the consideration of the fracture resistance
under some oxidizing

of zrcaloy cladding

condinons
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4. CONCLUSIONS

Embrittlement criteria for zircaloy cladding
were compared with fracture data from in-pile and
out-of-pile tests. Analysis of the results led to the
following observations and conclusions:

The fractional thickness of the remaining
beta phase criterion, Fyy =0.5, and the
equivalent cladding reacted criterion, ECR
< 17%, poorly predict zircaloy cladding
thermal shock (quenching) failures and ao
not predict fuel handling failures.

Chung and Kassner's embrittlement
criterion for thermal shock (thickness of
the cladding with =09 wt% oxygen
should be greater than 0.1 mm) fits the
in-pile data.

Three PBF handling failures were not
predictable by Chung and Kassner's
criterion for handling failure (thickness of
the cladding with =<0.7 wt% oxygen
should be greater than 0.3 mm). These
failures were from two rods operated dur-
ing film boiling testing with breached clad-
ding, which exhibited a modified prior beta
microstructure and enhanced hydrogen
absorption ( > 300 ppm Hj) due to stagnant
steam within the test rods.

Pawel’s criteria of 95% oxygen saturation
of beta-zircaloy and 0.7 wt% oxygen in the
beta-zircaloy accounted for all the thermal

22

shock aad most of the handling fractures in
both the in-pile and out-of-pile exper-
iments. The three PBF handling failures
not predicted by the Pawel’s embrittlement
criteria are from the two test rods that
operated with breached cladding during
film boiling testing; they are the same three
failures not predicted by Chung and
Kassner's criterion for handling failure.

PBF rods that operated with breached clad-
ding during film boiling testing were
embrittled to a greater extent than intact
rods oxidized under <imilar conditions. The
handling fractures of those rods were not
predicted by any of the embrittlement
criteria.

The failure boundary (based on time-at-
oxidation temperature for thermal shock)
for out-of-pile data is more conservative
than that drawn for the limited number of
in-pile quenching failures.

Pawel's embrittlement criteria <ould be
used for predicting rod failures in the PBF
SFD tests but would not specify the cause
of failure (quenching or handling). Chung
and Kassner's embrittlement criteria for
thermal shock and handling failures are
recommended for evaluating and predict-
ing the PBF SFD tests in particular and
severe fuel damage accidents in general.
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APPENDIX A
OXIDATION HISTORIES OF THE PBF
AND THE ANL TESTS
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Figure A-1. Failure map for PBF and ANL experiments.

A-3



v

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
ot Fuel weil Film Cladding Time in
Stack Thizkness Boiling Temperature Film Boiling?
Kod {(m) ( mm) (s) (K) (s) Rod Failure

UTA-0004 0.581° 0.61 345 1740 436 Rod failed in-pile 60 s after
shutdown

UTA-0004 0.505% 0.61 260 1575 329 Rod failed in-pile sad fractured
during posttest handling

UTA-0005 0.567 0.61 36 1410 49 Intact rod

UTA-000e 0.768 0.61 78 1450 99 Intact rod

UTA-0007 0.663 0.61 180 1480 228 Intact rod

LTA-000B 0.533 0.61 101 1600 128 Intact rod

A-0014 0.623 0.61 57 1450 72 Intact rod

A-Q015 0.483 .61 17 1640 22 Intact rod

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

UTA-Q014& 0.600 0.61 55 1475 70 Intact rod

UTA-0015 0.606 0.61 67 1625 85 Intact rod

UTA~00186 0.667 0.61 136 1460 172 Intact rod

UTA-0U017 0.629 0.61 116 1505 147

Intact rod



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

Elevation

From Pretest Exposure Isothermal
Bottom Cladding Time In Effective Ad justed
of Fuel wWall Film Cladding Time in
Stack Thickness Boiling Temperature Film Boiling®
Rod (m) (mm ) (s) (K) (s) Rod Failure

1E-01l% 0.534b 0.59 36 1920 49 Rod failed during posttest
handling

IE~017 0.578 0.59 71l 1560 96 Intact rod

1E~018 U595 0.5% 78 1620 105 Intact rod

1E-01% 0.502P 0.60 L4 1700 58 In-reactor breach, and fracture
during posttest handling

IE-Q19 0.571° 0.60 44 1590 58 In-reactor breach, and fracture
during posttest handling

1E-01%9 0.625b 0.60 76 1535 99 In-reactor breach, and failure
during posttest handling

lE-020 0.568 0.60 56 1700 73 Intact rod

[E-021 0.527° 0.61 31 1840 39 Rod failed in-pile S0 s after
shutdown, and handling fracture

[E-02? 0.495P 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



Table A-1. (continued)




Table A-2. Oxidation histories of the ANL zircaloy-4 cladding® cooled through the

o' phase transformation at - 100 K/s

Test

Number

421
344
30
294
311
321
335
b4
392
401
165
375
1662
1669
1686
1692
1701
1479
1489
1499
1509
1519
1845
1522
1539
1549
1563
1842
1413
1429
1459
1463
1466
1439
1745
1736
1409
1786
1449
1622
1743
1564
1623
1612
1644

Max 1mum
lsothermal
Oxidation

Temperature

(K)

1253
1253
1263
1273
1273
1273
1273
1273
1273
1273
1273
1318
1373
1373
1373
1373
1373
1473
1473
1473
1473
1473
1513
1523
1523
1523
1533
1553
1558
1573
1573
1573
1573
1573
1573
1573
1578
1568
1563
1593
1598
1603
1613
16173

16273

Time at
the Isothermal

Oxidation

Temperature

(s)

10
12
7
13
3
5
11
6
7
12
12

_— A L e e L2

800
780
200
020
600
400
8RO
900
200
000
480
600
997
997
000
300
697
600
503
551
450
647
120
401
450
503
95
120
180
210
167
150
150
180
47
77
240
60
180
107
g5
107
71
83

AR

Ad justed Time
at the Isothermal
Oxidation
Temperature

(s)

12
14
8
15
4
5
13
8
8
14
14
4

2
2
3
3
1

604
915
403
195
201
400
865
053
403
005
565
201
a3l
331
501
851
481
700
587
643
525
755
140
468
525
587
111
140
210
245
195
175
175
210
55
90
280
70
210
125
55
111
125
83
97
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APPENDIX B
LISTING OF THE COBILD SUBCODE AND ITS DRIVER
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