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ABSTRACT

This report presents the analysis of the fuel rod materials behavior based on the postirradiation
examination of the Test PCM-1 fuel rod from the Power-Cooling-Mismatch (PCM) Test Series The test
objective was to evaluate the behavior of a single pressurized water reactor (PWR) type fuel rod subjected
to film boiling operation at high power following rod failure. The failure mechanisms and subsequent
breakup of the fuel and cladding are discussed. The fuel rod ¢ladding temperature profile is determined by
metallographic examination of cladding microstructures and calculations based on kinetic correlations of
the cladding external surface reaction layers with the duration of film boiling, Cladding-coolant and
cladding-fuel interactions are investigated by metallographic and microprobe examination and chemical
analysis of the cladding. Fue! restructuring and chemical changes are also addressed. ‘
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SUMMARY

The materials behavior of the Test PCM-1 fuel rod was analyzed on the basis of the postirradiation
examination. The test was part of the Power-Cooling-Mismatch .Test Series conducted by the Thermal
Fuels Behavior Program of EG&G ldaho, Inc., and sponsored by the United States Nuclear Regulatory
Commission's Fuel Behavior Research Program. The test was designed to evaluate the behavior of a single
PWR-type fuel rod subjected to film boiling operation at high power following rod failure.

Following operation at low power levels for preconditioning and power calibration purposes, the fuel
rod peak power was increased 1o 69 kW . 'm to initiate film boiiing and held until 280 seconds from the start
9* the ramp. The power was then raised to 78 kW/m and held for an additional 640 seconds. Insirumenta-
tion indicated initial rod failure at 520 seconds and severe rod breakup at shutdown. Posttest examination
revealed cladding failure due to embrittlement and significant cladding breakvp during film botling opera-
tion. Fuel fragmentation occurred primarily during quenching at test shutdown, resulting in the loss of
247 of the fuel stack into “ecoolant. Some structural integrity was maintained in unclad fuel sections.

The fuel rod temperature profile was determined. Cladding melting occurred over as much as 31 % of the
fuei rod. The molten fuel region extended from at least 0.30 m (with a melt radius of 77%) 10 0.67 m (melt
radius 36%). A 180- to 220-K circumferential temperature gradient was noted at two of the elevations
examined, probably due to the cooling effect of the thermocouples attached 1o the fuel rod.

Extensive fuel-cladding and cladding-coolant reactions occurred. Large duplex U-Zr reaction layers
formed between the fuel and cladding. The cladding then oxidized the ZrO5, leaving a uranium gradient
through a portion of the cladding. Molten fuel interacted with the cladding at some locations, resulting in
2irconium as far as 1.6 mm into the fuel petlet and uranium halfway through the cladding wall, Some
sections of the cladding that were completely oxidized 1o ZrO5 remained intact.

The continual oxidation of the cladding insulated the fuel pellets and subsequently raised the fuel
temperatures. Molten fuel radii as large as §5% were found. The increasing fuel temperatures may have
been the cause of the unusuval porosity distribution observed. Ovidation of the UO3 fuel occurred. The fuel
was UOj . y at operating temperature, and U4Og at ambient temperature posttest. The addition of oxygen
to the UOj; fuel accelerated grain growth and decreased the fuel melting temperature.
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FUEL ROD MATERIAL BEHAVIOR
DURING TEST PCM-1

I. INTRODUCTION

Projected growth of the nuclear power industry in the United States requires continuing investigation of
the likelihood and consequences of potential reactor accidents in order to better quantify their potential
effects on public health and safety. Essentially all such postulated accidents involving the cores of light
water reactors (LWRs) are due to an imbalance between the heat generation rate in the fuel and the heat
removal capacity of the coolant, The extreme cases have traditionally been designated as the loss-of-
coolant accident, in which part or all of the core coolant is lost, and the reactivity initiated accident, in
which there is a sudden severe increase in power due to the e¢jection of a control rod. Betwesn these two
extremes, LWR accidents resulting in off-normal power-cooling conditions are generally termed power-
cooling-mismatch (PCM) accidents. Numerous credible, single and coincident initiating events that may
lead to PCM accidents can be postulated. For example, overpower ever s can result from malpositioned or
unplanned withdrawal of control rods, xenon instability, loading an . operation of a fuel assembly in an
improper location (enrichiment error), decreases in the reactor ¢colant soluble poison concentration,
nceeased reactor coolant flow rate, or low temperature of the inlet ¢ olant caused by startup of an inactive
loop at an incorrect temperature. Undercooling can be caused, for e» ample, by a spectrum of coolant flow
reduction incidents resuiting from various primary pump malfunctions or electrical power losses, localized
flow blockages, or secondary system malfunctions that result in increased or decreased heat removal from
the primary coolant system. If departure from nucleate boiling occurs during a PCM event, fuel rod
Jdamage and subsequent release of radioactivity into the primary system may occur.

The Power-Cooling-Mismatch Test Series is being conducted by the Thermal Fuels Behavior Program of
EG&G Idaho, Ing., as part of the U.S. Nuclear Regulatory Commission’s Fuel Behavior Program!. These
tests are being performed to characterize the behavior of unirradiated pressurized water reactor (PWR)
type fuel rods at power densities and flow conditions ranging from normal operating conditions to beyond
the occurrence of departure from nucleate boiling (DNB)=. The test series is directed toward providing an
experimental data base to satisfy ong of the major objectives of the Fuel Behavior Program — the develop-
ment of verified analvtical models of fuel rod behavior during normal and off-normal operating
conditions.

Four categories of possibie post-DNB fuel rod behavior during a PCM event have been identified, as
shown in Tabie I. The physical processes which determine the particular category of expectzd post-DNB
fuel rod behavier during a PCM event are zircaloy phase changes, the degree of zircalov-water and
zircaloy-fuel reaction (both of which influence cladding ductility), and fuel melting. The principal
variables that control these processes are cladding temperature, the time at iemperature, and rod power.
The PCM Test Series was designed as a parametric evaluation ot fuel rod behavior response during film
boiling, with cladding temperature, time in stable film boling, and rod power being the primary arjables,
as outlined in Table 11,

This report presents the fuel rod materials behavior results of Test PCM-1, the final single-rod test in the
PCM Test Series being conducted in the Power Burst Facility (PBF) at the [daho National Engineering
Laboratcry, and is based on the postirradiation examination. The fuel rod test response is discussed in the
Test PCM-1 Fuel Rod Behavior chorr3 The test objectives were (a) 10 determing the rime to failure of a
single PWR-tvpe fuel rod subjected to film boiling operation at high power, (b) investigate the mechanism
of rod failure, (¢) examine anv svidence of energe’ic molten fuel-coolant interaction and molten fuel
relaied rod failures, and (d) evaluate the behavior of a rod subjected to film boiling operation at high
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TABLE 1

CATECORIES OF POST-DNB FUEL BEHAVIOR DURING A PCM EVENT

Cladding
Temperature Zircaloy
Range Cladding Zircaloy/Water Cladding Potential Fuel Rod
Category (x) Phase Reaction Ductility Failure Modes
1 <810 a None Normal None for unirradiated fuel rods.
2 810 to 1105 “ None High Large deformationc ¢o rupture®;
fuel melting.
3 1105 to 1245Y a+B Minimal Low Small deformations to rupture?;
fuel melting.
12
4 >1245 8 Severe High to low® (Cladding oxidation and oxygen

embritt lement.

Fuel melting if

powers are relatively high.

a. Cladding ballooning is unlikely and is possible only after the ianternal rod »ressure exceeds the

system pressure.

b. This temperature range bounds the cladding ductility minimum that occurs near the middle of the @ + 8

two-phase region.

¢. The cladding ductility is initially high in B-zircaloy, but decreases rapidly as the zircaloy is
embrittled by oxidation and oxygen absorption.
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power following rod failure, The test was conducted at a power level above the upper limit of the fuel rod
powers anticipated for postulated PCM evenis. The specific objectives of this report are to present (a) the
analysis of the effects of film boiling operation on fuel and cladding failure and subsequent breakup, and
(b) the investigation of the interaction of the fuei, cladding, and coolant, as well as the estimated fuel rod
temperature distribution.

The Test PCM-1 fuel rod was contained in a circular flow shroud and positioned within the PBF in-pile
tube (IPT). Colant conditions (pressure and inlet temperature) typical of a PWR were maintaised in the
IPT throughout the nuclear testing. The rclear portion of the test consisted of power calibration, test rod
preconditioning, and DNB or film boiling operation. The DNB operation was initiated by rapidly increas-
ing test rod peak power 10 69 kW m at constant coolant conditions. A description of the experiment con-
figuration, power history, and test thermal-hydraulic conditions as determined by on-line measurements is
presented in Section |1, Details of the test rod parameters and instrumentation used in the test are
dis.ussed. A summary of the on-iine measurements s presented.

Observations of the effects of film boiling on the operation of a failed fuel rod are presented in
Section [11. The overall appearance and gross damage to th2 test rod are discussed. The initial rod failure
and subsequent breakup are evaluated.

Fuel rod radial, and the cladding axial and circumferential temperature distributions as determined from
fuel and cladding microstructures and reaction layer thicknesses are discussed in Section V.

Chemical reactions from cladding-steam and cladding-fuel interactions are discussed in Section V. The
cladding embrittlement from oxidation is assessed and the influence of hydrogen pickup on cladding
microstructure and microhardness is discussed.

Fuel restructuring information, specifically fuel melting and grain growth characteristics, porosity
changes, and the effects of the chemical interaction of the fuel with the cladding and coolant on these
phenomena, are presented in Section V1.

The detailed data from the postirradiation examination and pret-.i charac.erization are provided in
Appendices A through G. (All of the appendices to this report are presented on microfiche attacked (o the
inside of the back cover.) The as-built fuel rod and shroud characterization data and instrumentation are
contained in Aprendix A. A description of the axial power profile is presented in Appendix B. Additional
metallography illusirating the physical and chemical changes in the cladding and ft . is presented in
Appendix C. Data from the particle size analysis of the broken fuel rod pieces aie tabulated in
Appendix D. Appendix E contains the details of the microprobe examination. The chang=s in cladding
thermal conductivity with oxidation to ZrOs are discussed in Appendix F. The U0O; oxidaticn calculation
is presented in Appendix G.
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Il. EXPERIMENT CONFISURATION AND TEST CONDUCT

Test PCM-1 was performed in the PBF in-pile test loop. The PBF driver core test space is designed to
operate as a neutron flux trap which permits high power densities in tested fuel rods relative (o the active
core power density. The fuel rod and test hardware, power history, and results from on-line measurements
are summarized in this section,

1. FUEL ROD AND TEST HARDWARE

The fuel rod was composed of a 0.91-m-long fue! stack of 20™ U-235 enriched uranium dioxide ceramic
fuel pellets contained in a zircaloy-4 cladding tube with an outside diameter of 10.72 mm and a wall
thickness of 0.61 mm. Other pretest characterization data are presented in Appendix A, All elevations
given are referenced to tie bottom of the fuel stack unless otherwise stated. The nominal distancc “~om the
bottom of the fuel “od to the bottom of the fuel stack was 24.13 mm. During testing, the fuel rod was rig-
idly fixed at the >p end cap in a 16.3-mm inner diameter flow shroud and was free 1o expand axially
downward onto a length change transducer. The flow shroud directed the coolant upwards over the fuel
rod and effectively thermally and hydraulically isolated the rod. The rod shroud was centered in the PBF
in-pile tube and was fitted at both ends with particle screens specified to have minimun, openings of 25 to
50 um and tested to be less than 76 um. Details of shroud screens are given in Appendix A. A cut-away
schematic o the PCM-1 fuel rod and the test train configuration is shown in Figure 1.

l The fuel rod was instrumented for the measurement of the internal gas pressure, cladding surface
temperature, and fuel rod axial elongation. The test assembly was instrumented for measurement of the
coolant pressure, coulant temperature, coolant flow rate, and local neutron flux for use in power
calibration and thermal-hydraulic rest analysis. A detailed description of the fuel rod and test train
instrumentation is also given in Appendi. A,

2. POWER HISTORY

Nuclear opzration ¢anug Test PCM-1 included a power calibration period, a preconditioning period,

and the DNB or "lim beiling portion of the test. The test conditions for each phase are given in Table I1].

The fuel rod pcak power for the entire test is plotted in Figure 2. The fuel rod axial power profile is

l presented in Appendix B, The purpose of the power calibration phase was 10 determine the test rod power

| with respect to the self-powered neutron detector (SPND) current. Test rod powers were determined at

! several corg power levels at nomina! coolant conditions of $95 K inlet temperature, 4400 kg s « m= mass
flow rate, and 15.3 MPa pressure. The maximum fuel rod peak power during this phase was 46 kW m,

-

The preconditioning phase of the test provided an operation history sufficient to allow fuel pellet crack-
ing and relocation, The cladding surface was aged to reduce the possibility of premature DNB occurring
due 0 outgassing?®, The preconditioning period also served to establish a fission product inventory within
the test rod which allowed detection of rod failure as well as the approximate time of the failure. The inlet
temperature averaged 592 K, with a system pressure of 15,3 MPa, and the mass flow rate varied from 1222
o400 kg 's - m=. The maximum fuel rod peak power during this phase was 30 kW m.

B RIS

The film boiling portion of the test provided information on fuel rod behavior in the film boiling heat
transfer regime. Departure from nucleate boiling was initiated by rapidly increasing test rod power at con-
stant coolant conditions from a peak power of 38 kW /m, at which equilibrium conditions were establish-
¢d, to a peak power of 69 kW . 'm at a rate of 20 kW 'm. The test rod was hed at these nominal conditions
until approximately 280 seconds after tiie beginning of the initial power ramp. The test rod peak power vas
then increased (o 78 kW, m and held for approximately 640 second®. There was an indication of rod
fariure at approximately 320 seconds from the start of the {irst power ramp. The coolant flow raie through
the rod shroud was increased at the rime of reactor scram to cool the test red. The rod shroud coolant Tow
rate decreased rapidly 25 seconds after scram due to an apparent flow blockage. The coolant inlet
temperature as‘eraged 600 K, with a system pressure of (5.2 MPa. The coolant flow rate varied from 980 to
1170 Kg/s » m=during film boiling operation.
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TABLE 111

SUMMARY OF TEST PCM-1 TEST CONDITIONS

e e e e

Approximate Indicated Test Rod Cool ant Inlet Coolant System
Time Reactor Power Peak Power® P  Flow Rate Temperature AT Pressure
C fwin) (W) o (ewwm)  tkg/s w?) (x) (x) __(mra)
Power 30.0 0.1 0.27 4480 591 0.21 15.34
Catibration 68.8 2.0 1232 4416 594 2.43 15.38
Plhase 19.2 4.5 28.26 4396 596 5.44 15.%9
21.3 6.0 35.91 4403 595 6.87 15.35
9.5 8.0 46.07 436l 596 B.74 15.31
130 10.0 57.1% 4313 597 10,76 15.32
15.8 6.0 36.56 4412 596 6.94 15.3)
1n.s 4.5 17 .49 4401 595 5.30 15.29
11.0 0. 0.28 4417 594 0.15 15.31
Precamlitioning 13.0 0.1 0.38 4272 591 0.08 15.14
Phase 2.5 5.0 27.30 4400 595 5.30 15.30
21.3 ¥.5 10.30 4174 595 2.12 15.15
61.9 - 31.68 4LOBB 596 6.43 15.17
5.0 0.1 3.41 4080 595 0.72 15.23
10.0 7.0 &2.75 3202 595 11.02 15.20
55.0 7.0 42.36 1797 594 e 15.28
4.0 0.1 0.45 1840 B9 0.21 15.2¢4
59.1 9.0 50.11 1796 595 [ 15.2°
10.6 0.1 0.22 1501 S87 0.14 15.22
30.3 6.0 5.7 1232 591 ¢ 15.43
1.0 0.1 0.35 2253 5817 0.15 15.38
DNB 40 0.1 0.51 1170 591 - 15.18
Fhase 41.0 6.4 38.60 1188 597 [ 15.22
33 1.5 69 .34 1o 603 ¢ 5.5
2.6 12.6 15.62 1052 605 ¢ 15.21
- | 12.8 76.57 980 606 < 15.25
6.1 13.0 17.80 1087 605 € 15.25

a. Rod power was determined by regression of the self-powered neutron detectors.
b. Test rod peak power is based on a peak-to-average rvatio of 1.365.

c. AT measurement unreliable dve to saturated ocutlet coolant conditions.
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Fig. 2 Fuelrod peak power as a function of time for Test PCM-1.

3. RESULTS FROM ON-LINE MEASUREMENT>S

The PCM-I test train was instrumented to measure coolant and fuel rod conditions. The summary of the
on-line measurements presented in this section will be referred to later for confirmation of analyses of fuel
rod failure mechanisms and breakup made from posttest evidence. The coolant flow rate, inlet
temperature, and system pressure used in the film boiling phase are illustrated in Figure 3. Fuel rod internal
pressure and fuel rod elongation response are shown in Figure 4. These two plots include rod peak power
for comparison. The measured cladding surface temperature is plottea for three locations in Figure 5. On
ail of the plots, zero time is the beginning of the power ramp for the fiim boiling p'nase-‘.

The coolant flow rate decreased slightly through the first 340 seconds of film boiling. The flow rate was
increased twice, at 600 and 8300 seconds, to bring it up to the original value. At the time of the reactor
scram the flow rate was increased to cool the test rod. A decrease to 20" of the original flow occurred
25 seconds after scram and was probably associated with a partial flow blockage. The coolant inlet
temperatare, originally 591 K, gradualiy increased during film boiling, reaching 606 K near the end of the
DNB phase. The system pressure was constant throughout the test, except for a 0.? MPa increase
following the shutdown, This system pressure increase was probably associated with the pump pressure
change necessary 1o ingrease the coolant tlow rate.

The fuel rod internal pressure increased during the first 60 seconds of {ilm boiling in response (v the
higher fuel temperature. There was no change in internal pressure throughout the rest of the nuclear opera-

tion. The pressure started 10 drop with rod cooling at the reactor scram but communication berween the

rod plenum and the coolan! occurred and the rod pressure rose 1o the system pressure. The linear variable
differential transtormer (LVDT) indicated a rod length increase at DNB. There was a decrease in length

between 400 and 200 seconds, followed by two increases in length; one at 320 seconds and one at
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700 seconds. A large decrease in rod length occurred during the reactor scram, indicating severe rod
breakup. A remote area radiation monitor showed a stepwise increase from normal background o full
scale at approximately 600 seconds after the start of the power ramp, indicating rod failure. The fission
product detection system (FPDS)® response increased two orders of magnitude at 637 seconds in the DNB
phase. After reactor scram the system showed another large increase, suggesting additional rod breakup.
Previous testing of fuel rods having experienced radical PCM conditions has shown that highly embrittied
test rods will fail almost immediaiely upon rewet from film boiling conditions. The FPDS response follow-
ing reactor shutdown therefore set the delay time of the svstem at approximately 105 seconds. The ‘at
power’ delay time, obtained from the relati* * flow rates during operation, was found to be approximately
118 seconds, therefore indicating rod failu.e at 519 seconds.

»

All of the cladding thermocouples performed erratically during the DNB portion of the test. The 0.53-m
thermocouple failed during the initial transient and results are not presented here. Each of the thermo-
couples may have formed one or more new junctions later in the test. The thermocouple response data are
used in this report to determine the initiation of film boiling.
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. EFFECTS OF FILM BOILING ON
OPERATION OF A FAILED FUEL ROD

The primary objective of Test PCM-1 was to evaluate the behavior of a single fuel rod subjected to film
boiling operation at high power following rod failure. The positest appearance of the fuel rod can give
clues as to the failure mechanisms and the response of fuel rod components to film boiling operation after
rod failure. The overall posttest appearance of the fuel rod is described, and possible fuel and cladding
failure mechanisms and rod breakup are discussed in the following subsections. Gross interactions of the
fuel rod with the flow shroud and coolant are also evaluated. The detailed fuel and cladding information
necessary for the analysis of the overall rod failure mechanisms and breakup is given in Sections IV, V,
and V1.

Significant breakup of the Test PCM-1 fuel rod occurred during the test Posttest examination revealed
a large fraction of the fuel stack was washed through the flow shroud pa:. “le screens. It is important to
determine the time during the test that rod breakup occurred. Fuel rod failure during high power operation
may be a more critical safety consideration in terms of loss of coolable geometry and release of fuel and fis-
sion products to the coolant than loss of cladding integrity and breakup of the fuel at shutdown.

1. OVERALL FUEL ROD APPEARANCE

The Test PCM-1 fuel rod was initially examined to identify and document the overall posttest condition
of the rod. The flow shroud was split longitudinally and opened up to 2xpose the fuel rod. The split shroud
with the failed fuel rod and a scale, indicating distances from the bot om of the shroud, are shown in
Figure 6. The broken pieces of fuel rod are numbered in the photograph for identification purposes. The
debris in the bottom enlarged portion of the shroud is filings from .be spiitting operation. Broken pieces of
cladding lying around the bottom end cap are illustrated in Figure 7(a'. Very few fuel pieces are seen at this
location. The lower fiim boiling boundary is located at 0.35 m on the scale in Figure 6 (0.21 m from the
bottom of the fuel stack), as indicated by the change from a dark 1o a light oxide. A thin white deposit on
the inside surface of the shroud matching the pattern of the white oxide on the cladding is also shown. A
major break in the rod occurred at .44 m (0.30 m from the bottom of the fuel stack). Above this location
are six loose fuel pieces without cladding, one of which is almost two pelict lengths long. Two pieces with
cladding partially intact, and a 0.06-m section with the entire cladding intact are located above the fuel
pieces. At .77 m, a section of cladding is attached to a thermocouple sheath at a braze. The cladding piece
has been raised off of the fuel. Figure 7(b) shows a side view of this cladding fragment. Additional cutting
debris observed between 0.79 t0 0.80 m is a result of the splitting operation. The fuel rod to shroud spacing
does not permit the interchange of fuel rod pieces, and although some axial movement of the pieces may
have taken place, the loose pieces of fuel rod are assumed to be at their operating 'ocations within the flow
shroud.

The top intact portion of the rod begins at 0.80 m (0.63 m from the bottom of the fuel stack), and is
positioned in its original axial location in the shroud (the rod was rigidly fixed at the top 2nd cap). The hot-
tom section of rod dropped 28 mm in the shroud. Cladding collapse at the peliet intertaces occurred from
0.80 12 0.96 m (0.63 to 0.79 m from the bottom of the fuel stackj. The upper film boiling boundary is at
approximately 1.02 m (0.85 m from the bottom of the fue! stack).

2. CLADDING FAILURE MECHANIS™M AND BREAKUP

The exact sequence of events during the failure and subsequent operation in ‘ili.. boiling of the Test
PCM-1 rod is difficult to determine from the posttest evidence alone due to the extensive chemicai and
mechanical interaction of the fuel rod components. The fission product detection systemn indicated rod
failure at about 517 seconds, using a calculated delay time of approximately 120 seconds. An increase in
rod length measured by the LVDT at 520 seconds corresponds to the increase in the fission product activ-
ity, and therefore fixes the time of initial rod failure at about 520 seconds. Another large increase in

13
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radioactivity indicated by the FPDS occurred at shutdown, along with a decrease in rod length and coolant
flow. Postirradiation examination suggests that extensive cladding breakup occurred before shutdown.
probably beginning at 520 seconds, and additional rod breakup and blockage of the flow through the
shroud occurred at shutdown,

The initial failure mechanism was cladding embrittiment. The calculations in Subsection V-2 show that
th» cladding was embrittled after 515 seconds of film boiling operation. The strain that the thermaily
e» anded fuel placed on the embrittled cladding may have been sufficient to initiate failure. The location
of the initial failure cannot be determined.

Large pieces of cladding were found near the bottom and top end caps. The several broken picces
examined metallographically were found to be only partially oxidized. Cross sections of some of the pieces
examined are shown in Figure 8. The unoxidized fracture surfaces suggest thiat either the pieces fell into the
coolant stream and out of the steam envelope immediately after fracture and prior to complete oxidation,
or'the pieces fractured after test shutdown. The pieces are from the center section of rod that is missing,
probably toward the lower end. After the initial failure at an embrittled location, the bottom portion of
rod may have been separated from the top. Repeated contact of the loose portion of the rod with the
shroud could have resulted in breakup of cladding that was not completely embrittled. Cross sections of
cladding from intact portions on each side of the high power (middle) region of the rod show cladding
oxidation through the entire wall. On the basis of the extent of cladding oxidation in the lower power
regions, the cladding in the high power region wc.id have completely oxidized had it remained intact.
Therefore, the loose pieces of cladding from the high ower region must have broken off at some point
during the test, before oxidation of the ¢ladding was complete.

There were indications in the fuel of extensive cladding breakup during film boiling operation. The fue!
rod sections with no intact claading were from the high powe. region. These sections had smaller melt radii
and, therefore, lower surface temperatures than locations at « *wer power regions with cladding still intact.
After cladding in the high power region broke away, oxidation of the intact cladding at the lowar power
regions continued, insulating the fuel and raising the fuel temperature, Therefore, the lower power régions
of the rod with oxidized cladding intact operated with higher fuel temperatures than the unclad sections
from the high power region. (The tem:perature diffe;ence between clad and unclad fuel pellets is discussed
further in Subsection VI-2.)

The mechanics of the cladding breakup are nct easily explained. All of the cladding thryugh the film
boiling region was embrittled and could have failed. However, oniy cladding in the highest power region
fragmented. Possibly, at the rime of the initial failure, the higher fuel temperatures in the high power
region created greater thermal expansion of the fuel and, therefore, more strain on the cladding. The pieces
of cladding remaining in the shroud as debris do not account for all of the missing cladding. Some of the
cladding may have broken up due to thermal shock at shutdown. Since the cladding would have been com-
pletely oxidized at that time, it probably powdered and was swept away in the coolan: stream through the
particle screens, At regions where the cladding was not completely oxidized, some of the oxide lavers that
formed spalled off. It is likeiy that the spalled oxide also powdered and was swept through the screens.

A thin grey oxide coated the inside of the flow shroud. with a slight discoloration in the oxide corre-
sponding to the oxide pattern on the fuel rod at the lower end of the film boiling zone. Some roughness
existed in the flow shroud oxide corresponding to the high pu ver region of the fuel rod. An example of this
area 1s shown in Figure 9. Some of the roughness may be due to ., :ttering or condensaiion of moiten fuel.
The oxide and deposits were so thin that a sampie could not be scraped off to determine the exact
compositions by X-ray diffraction analvsis,

The matching oxide patterns on the inside of the shroud a 'd the outside of the fuel rod indicate that the
rod broke into two pieces and the bottom section :lid down 28 mm. The rod then remained in this failed
configuration. The nime at which the bottom portion of the rod slid down could not be determined from
the rod length change response and, therefore, probably did not occur during testing. Possibly, the rod sec-
tion slid down after shutdown and the oxide pattern is aue to evaporation of the water remaining in the
shroud while the fuel rod was lving against it.
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3. FUEL FAILURE MECHAN!SMS AND BREAKUP

A large amount of the fuel disintegrated during testing. A total of 153 grams (24% of the UO; fuel
stack) broke up into pieces less than 76 um in diameter and was swept through the shroud screens by the
coolant. The loose fuel remaining in the shroud and screens was sieved and weighed to give a particle size
distribution. The details of this analysis are presented in Appendix D. However, sections of fuel greater
than one peliet in length without cladding remained intact. From posttest evidence aione it is not clear at
what time during the test the fuel broke up.

On-line measurements indicated most of the fue! fragmentation and loss occurred as a result of thermal
shock upon cooling. The fission product detection system gave indications of gross rod failure at shut-
down. Indications of flow blockage (up to 80%) were observed only at shutdown. Although the embrittled
cladding failed during the test from a combination of stresses, including the pressure drop across the clad-
ding and stresses induced by fuel thermal expansion against the cladding, a driving force for fuel frag-
mentation did not exist at that time, After the preconditioning operation to introduce fuel cracking, only
limited fracturing is likely to have occurred during the film boiling operation. However, fuel
fragmentation at grain boundaries due to thermal shock at shutdown is expected to have occurred
(Subsection VI-3).

Test PCM-1 was operated with a significant fraction of the test rod fuel stack in the molten state to
increase the probability of molten fuel interaction with the coolant. No fuel was found solidified on the
outside surface of the intact portions of the rod, nor were pieces of solidified fuel found in the deoris
around the bottom or top end caps. Some small fuel particles were found in the screens located in the ends
of the shroud; however, none of these pieces appeared to have been moiten. If molien fuel was in contact
with the coolant, the material was either dispersed on contact with the coolant or shattered after solidifica-
tion into pieces small enough (<76 um) 1o pass through the shroud particle screens. The exposare of the
fuel to a steam environment at approximately 320 seconds into the transient resulted in changes in the
structure and properties of the fuel, including the existence of unusual porosity gradients. The presence of
U4Og in the fuel following the test indicates a higher oxygen content than existed at the beginning of
testing, which would result in lower fuet melting temperatures and accelerated grain growth, The changes
in properties probably affected the breakup of the fuel. (The changes in thz fuel are discussed in
Section VI.)
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IV. FUEL ROD TEMPERATURE PROFILE

Post-DNB fuel rod cladding phase changes and oxygenation by zircaloy-coolant and UOj-zircaloy reac-
tions are processes that influence the cladding ductility. The principal variables controlling these processes
are time in film boiling and cladding temperature. The cle dding ductility greatly influences cladding defor-
mation and fuel rod failure. Knowledge of the axial ard circumferential temperature gradients along the
region of film boiling is required to understand 'uel rod thermal and mechanical behavior. The
temperature distribution data are especially required fc r model evaiuation.

In-pile measurements of 'temperalures from cladding thermocouples do not give an accurate indication
of film boiling temperatures due to a large fin cooling effect from the thermocouples attached to the fuel
rod (180 to 220 K reduction in temperature for Test PCM-1). The thermocouples do respond to changes at
the beginning of the temperature transient and, therefore, provide good indications of the onset of film
boiling, but postirradiation anakysis is necessary to determine the cladding temperature during the tran-
sient. Two methods were used to determine cladding temperatures: (a) metallographic examination to cor-
relate the cladding microstructures to temperatures associated with specific phase transformations in
zircaloy, and (b) computation based on kinetic correlations that relate the sum of the external surface
ZrO5 layer thickness and the adjacent oxygen-stabilized alpha layer measured metallographically with the
duration of film boiling. From these examinations and calculations, axial and circumferential cladding sur-
face temperature profiles were estimated. A radial temperature profile of the rod was also estimated at two
elevations, using the fuel surface temperatures to confirm the estimated cladding temperatures.

1. AXIAL PROFILE

Posttest microstructures can be associated with the various phase changes that occur in zircaloy at
specific phase transformation temperatures. Recrystallization of the as-fabricated, stress relieved zircaloy
to equiaxed alpha-zircaloy occurs at about 920 K. A two-phase mixture of alpha- and beta-zircaloy exists
in the temperature range from 1105 to 1245 K. Above 1245 K, beta zircaloy is the stable phase.

The cladding near the top of the film boiling zone was exan..ned metallographically. Equiaxed alpha
grains with a small amount of prior beta structure were found at the 0.82-m elevation, indicating that tie
temperature at this location was about 1150 K. The 0.79-m elevation exhibited a larger amount of beta in
the equiaxed alpha structure but was still in the two-phase region and, therefore, at a maximum
temperature of less than 1245 K, Previously moiten cladding existed at the cladding center between two
oxide layers at the 7.30-m elevation and in one of the loose pieces of rod located between 0.37 and 0.58 m,
Melting of the cladding may have occurred over as much as 317 of the fuel rod. Most of the cladding in
this region was missing posttest. The melting inuicates a cladding temperature of at least 2100 K.

Isothermal effective temperatures were calc slated using measured outer surface oxide layer, oxygen-
stabilized alpha layer, and £ layer (combineu oxide plus alpha! thicknesses. The isothermal effective
temperature is defined as the temperature at which cladding oxidation equivalent to that measured
metallographically would occur for the time in film boill.g. The calculations were based on the isothermal
xinetic correlations developed by Cathcart . These correlations are as follows:

(1) For the surface layer of ZrO»

i (+15% [ 9031 (+2.2%) I
X/E 1500.67 ‘-IZZ) exp l T ‘

i2) For the cladding (outer diameter) layer of oxygen-stabilized aipha

|
e ] ~ q ~ ( b ':

i

S |



(3) For the combined layer of ZrO5 and oxygen-stabilized alpha

1/2 + 8%

93 (+1.2%)
X/t = 8260.75 (_ 77) exp |- 10633 s+l

4

where X is the layer thickness in um, t is the film boiling time in seconds, and T is the isothermal effective
cladding temperature in K. Bracketed cuantities refer to individual 90% confidence limits on the
przexponential and activation energy terms.

The time at temperature for each axial location along the fuel rod was adjusted to reflect the progression
of film boiling as indicated from the thermocouple response data obtained during the initiation of the tran-
sient. The axial position of film boiling is plotied in Figure 1€ as a function of time in film boiling. The
heavy, dark arrows correspond to actual thermocouple response times during film boiling operation. The
dashed line indicates the estimated progression of {iim boiling to lower axial positions along the rod. The
upper and lower film boiling boundaries probably shifted somewhat due (0 the power increase at
283 seconds; however, only the final film boiling boundaries are known.

The results of the isothermal cladding temperature gstimate calculations using the film boiling times
from Figure 10 for the 0.67 and 0.73-m elevations are presented in Table IV. These calculations were per-
formed every 30 degrees circumferentially at these two elevations. The £ layer thickness gives the most
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TABLE 1V

CALCULATED EFFECTIVE ISOTHERMAL TEMPERATURES

S

R S TarwrS——

Elevati.a
Irom Botetom
of Fue!
Stack
) B

0.67

Film boiliong time
t = 885 s

1
L

0.74

Film boiling time
t = 895 s

d. Possible oxide spalling.

bh. Oxide spalling.

Orientation

120
150
180
210
240
270
300
330

Quter Outer
Diameter Diameter
Zr02 Layer =Zircaloy Layer Zr02 ¢+ a-Zircaloy
(pm)  T(K) (gm)  T(K) (pm)  T(K)
48 1321 288 1694 336 1591
136 1559 278 1686 414 1643
136 1559 i78 1587 314 1575
120 1526 158 1563 278 1547
116 1517 134 1530 250 1523
103 1487 108 1490 211 1486
102 1485 93 1463 195 1470
100 1480 114 1500 214 1489
- - 114 1500 114 1367
24 160 110 1493 134 1396
40 1287 211 1623 251 1524
50 1329 237 1649 287 1554
53 1341 246 1657 299 1563
37 1272 42 1224 79 1304
40 1286 45 1344 85 1216
38 1277 42 1334 80 1300
30 1235 33 1299 63 1268
26 1212 46 1347 72 1289
21 1178 42 133 63 1768
38 1277 29 1282 67 1278
34 1257 31 1291 65 1273
21 1178 25 1262 46 1222
13 1108 12 1172 2 1141
18 1155 24 1256 42 1209
30 1235 36 1312 66 127%

Effective

Total Effective

Cladding Wall Isothermal

Thickness Temperature

(yim) (+20 K)
6249 1690
692 1640
690 1580
692 1550
686 1520
669 1490
700 1470
670 1490
sg1b 1500
612b 1490
606b 1620
628b 1650
633 1660
654 1300
643 1320
633 1300
636 1270
654 1250
647 1270
628 1280
634 3 1270
621 1220
625 1140
646 1210
648 1280
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Fig. 11 Cladding temperature st several elevations as determined from microstructure and calcolated from ovide thickness.

accurale temperature indication, However, at some locations the oxide laver had spalled <*¥, giving incor-
rect £ and oxide layer thicknesses. Therefore, at spalled locations the oxygen-stabilized alpha layer gave
the more accurate temperature indication. The isothermal cladding temperature at 0.67 m ranged from
1470 10 1690 K with an average of 1365 K, and at 0.74 m ranged from 1140 to 1320 K with an average of
1260 K. The average cladding temperature calculated from oxide thicknesses at the 0.67- and 0.74-m eleva-
tons, plus those temperatures as determined from observed microstructure at the 0.20- and 0.82-m
elevations are plotted in Figure 1.

2. CIRCUMFERENTIAL PROFILE

The calculated isothermal effective cladding temperatures at 0.67 and 0.74 m are plotted every
30 degrees azimuthally in Figure 12. Photomicrographs showing the change in cladding structures with the
temperature gradient for the 0.67-m elevation are shown in Figure 13. Circumferential variation in rod
power and, subsequently, fuel and cladding temperatures were not expected due to the single-rod test con-
riguration with the fuel rod centered in the in-pile tube. However, there was a significant circumterential
temperature gradient in the cladding, the maximum remperature being at 9 1o 30 degrees and the minimum
at 180 to 270 degrees for both elevations, A 220-K gradient existed at 0.67 m and a 180-K gradient existed
at 0.74 m. A cladding thermocoupie junction was located at the 90-degree orientation at 0.68 m. The
minimum temperature was not at the thermocou ple junction orientation. There was no thermocouple junc-
tion at 0.74 m. Therefore, the circumferential gr adient was not a result of the cooling- fin effect from clad-
ding thermocouple junctions. The 0.53- and 0.58-m thermocouples extended the length of the rod at 270
and 130 degrees, respectively. The thermocouple sheaths were not attached 1o the rod at either 0.67 or

-

0.74 m; however, there .eemed to be a temperature lowering ¢ffect from the 270- and possibly the
180-degree thermocoupie sheaths that were near the cladding but not attached.
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3. RADIAL PROFILE

Melt radii were determined at 15 cross sections in the Test PCM-I fuel rod. Only three of these cross sec-
tions could be assigned definite elevations. The other tweive were the ends of six broken pieces of fuel rod
lying in the middle third of the flow shroud and could only be assigned ranges of elevations. An approx-
imate fuel surface temperature was calculated from the melt radius and local power was calculated through
use of an equation of the form8

L= fuar
where
q = local power
k = thermal conductivity of the fuel
T = temperature.

The pellet surface temperature could be used as an upper boundary for the cladding inside surface
temperature. Table V presents the elevation, radial percent of melting, volume percent of melt, local
power level, pellet surface temperature, and estimated cladding temperatures determined for 2ach of the 1§
Cross sections,

Generally, the melt radii of the fuel rod fragments wichout cladding were smaller than those sections
with cladding that were at equal or lower power !ocations. The implications of this observation on the fuel
rod breakup scenario were discussed in Subsection [11-3.

Simpiified radial temperature profiles can be constructed for the 0.30- and 0.67-m elevations. The pro-
files are plotted in Figure 14. At 0.30 m, the temperature at the edge of the molten zone was approximately
3100 K. The temperature at the edge of the pellet, as caiculated from the meit radius and local power, was
2350 K. The temperature drop across the ZrO5 layer on the cladding inner surface was calculated to be
132 K assuming a thermal conductivity of ZrOs0f 2.4 W /mC2a power at this elevation of 73 kW m,
and a ZrO» layer thickness of 250 um (metallographic observation). The temperature at the center of the
cladding was abcut 2200 K, which correlates well with the metallographic indications that the center core
of the cladding at this elevation was moiten. The range of iemperatures required to produce the
microstructure observed is 2227 10 2273 K. (A discussion of the molten cladding microstructurses is
presented in Subsection V-2, on cladding-coolant reaction.)

Similarly, at the 0.67-m elevation, assuming a local power of 59 XW 'm, the temperature at the edge of
the peilet averaged 1750 K. (The molten fuel area appeared to be symmetrical within :he pellet.) The ciad-
ding temperatures determined for this elevation from the reaction layer thicknesses ranged from (470 10
1690 K. Thus, the calculation of pellet surface temperature is in r2asonable agreement with cladding
temperatures determined by metailography and oxide kinetics.



TAB' E V

FUEL MELT RADII DA"A

Estimated

Actual Melt Melt Local Peak Pellet Surface Cladding
Locaton Elevation Rauge Radius Volume Fower Temperature Temperature
_(m) . ) (%) (%) (kW/m) (x) {K)
0.299 0.29% 77 59 13 2350 2227 to 2273
0.310 0.299 to 0.507 (#6 bottom)? 56 31 73 to 78 1550 to 1700 b

0.327 0.316 to 0.524 (#6 top) 5 31 74 to 78 1550 to 1700

0.433 0.316 to 0.524 (#5 bottom) 62 38 74 to 78 1,00 to 1850 b

U.457 0.340 to 0.548 (#5 top) 65 42 73 to 78 1800 to 1900

0.464 0.340 to 0.548 (#4 bottom) 67 45 73 to 78 1850 to 2000 b

0.480 0.356 to 0.564 (#4 top) 82 67 71 to 78 2300 to 2500

.
' 0.503 0.356 to 0.564 (#3 bottom) 78 61 71 to 78 2200 to 2400 ¢

0.519 0.372 to 0.580 (#3 top) 82 67 70 to 78 2300 to 2500

0.529 0.372 to 0.580 (#2 bottom) 82 67 70 to 78 2300 to 2500 ¢

0.542 0.385 to 0.593 (#2 vop) 82 67 62 to 78 2300 to 250C

0.588 0.385 to 0.593 (#1 bottom) 85 72 68 to 78 2400 to 2500 c

0.630 0.427 te 0.635 (#1 top) 83 69 62 to 77 2400 to 2500

0.670 0.670 36 13 59 1750 1470 to 1690
0,743 0.743 0 ] 50 -4 1140 to 1320

. i = =

a. Numbers refer to broken fuel rod sections as identified in Figure 6.

b. Fueel rod sections without cladding.

]

¢. Claddiang was ail Zr0y postiest.

N/
L
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Fig. 14 Fuel rod radial temperature profile at 0.30 and 0.6 m



V. CLADDING CHEMICAL REACTIONS

Considerable chemical interaction of the cladding with the steam environment and the fuel occurred in
Test PCM-1. In some locations the entire cladding wall was oxidized to0 ZrO4. The fellowing sections
discuss the interaction of the cladding with the UO; fuel and the steam blanket. “After initial rod failure, a
steam environment existed inside a portion of the “Fuel rod. The effect of the steam enironment on the

cladding ovidation is svaluated. The smbrittlement f tha ladding % ~vidation and hydriding are
discussed.

1. FUEL-CLADDING REACTION
It has been observed that, in general, oxygen diffuses from the UO into the beta-phase zircaioy, induc-
ing an inner cladding surface layer transformation to oxygen-stabilized alpha-zircaloy. Frequently, when
the fuel and cladding are in contact at high temperature, a dupiex reaction layer will develop together with
the oxygen-induced transformation of beta-phase material,io oxygen-stabilized alpha-zircaloy. The duplex
layer consists of a uranium-rich layer adjacent to the cladding and a zirconium-rich layer adjacent to the
fuel?. No duplex reaction layer will form if ZrO5 is present on the cladding inner surface?.10

Examples of the Test PCM-1 zircaloy cladding structure that was oxidized by steam from the outside
and reacted with the UO3 fuel on the inside is shown in Figure 15. All of the photographs in Figure 15 are
of cladding at the same elevation (0.67 m), but differsnt orientations. A 220 K circumferential temperature
gradient existed at this elevation. Microprobe examination of the fuel-cladding reaction lavers showed that
as the oxygen-stabilized alpha lavers from the inside and cutside of the cladding grew 10 meet in the center,
the U-rich and Zr-rich reaction layers Lecame dispersed within the inner alpha laver. (Details of the
microprobe examination are presanted in Appendix E.) The alloying element, tin, was rejected into the
boundary between the alpha and beta phases ahead of the advancing oxygen-stabilized alpha-phase bound-
ary. The tin was eventually collected as metallic inclusions at the midpoint of the cladding. Three sequen-
tual steps in the segregation process are also shown in Figure 15. The microstructures at 0.67 m and above
are typical of an unfailed fuel rod with no exposure of the cladding inside surface to steam. The absence of
steam exposure above 0.67 m was due to cladding collapse onto the fuel column which sealed the top por-
tion of the rod above the fracture at 0.63 m and isciated the plenum from the failure location. The plenum
pressure transducer did not respond to the rod failure unul communication between the plenum and the
remainder of the rod was reestablished at shutdown.

The typical duplex layers were difficult to distinguish in much of the Test PCM-1 cladding because of the
extensive chemical interaction of the fuel, cladding, and coolant due to the length of time at high
temperatures and the ingress Of water in the lower portions of the rod after failure. The cladding at the
0.30 m elevation had an oxide layer on both the outer and tnne- surfaces, with a core of molten material.
Extensive microprobe analysis of this cladding was conducted, the results of which are presented n
Appendix E. An inner oxide layer, with uranium diffused through it, existed at all orientations. The dif-
fused uranium was probably a remnant of the dupiex reaction layer which had existed prior to the ing gress
of steam into the rod.

The distribution of uranium in the inner oxide layer at the 0.30-m elevation is shown in Figure 16 for
several circumferential locauions. Uranium was present throughout the inner oxide layer at 290 degrees (the
fracture location). Thus layer was approximately i 10 um thick. The uranium penetrated [0 between 45 and
2% um of the 210-um-thick oxide layer at 23§ degrees. The uranium penetration appeared 10 terminaie at a
separation in the inner surface oxide, which probably marked the duplex reaction laver penetration. At
210 degrees, uranium was found as far as 140 um into the J30-um-thick oxide laver. This penetration

pproximately 40" of the totail inside >’ur"ac' oxide layer. The concentrauion of uramum was highest in the
40 um of the inner surface oxide near the center of the cladding wall. Microprobe examination showed a
definite laver formation in the inner surface oxide ar (65 and 127 degrees. At 165 Jegrees, the layers in the
oxide arpearcd 10 correspond to the duplex reaction lavers observed during previcus PCM examinations
The hugher uranum level was between 160 and 30 um, and the iower level was metween 30 um and :he
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inner surface. The zirconium content was constant across this region. Normally, the duplex reaction layers
consist of a zirconium-rich lay=r near the (L' "~ owed by a uranium-rich layer. The 125-degree location
in Figure 16 had four layers in the inner . ..eter oxide. Uranium was found in all of the oxide layers
except for the layer closest to the alpha-zircaloy. The two layers closest to the fuel contained uranium and
no zirconium (Figure 16). There was no visible difference in :he oxide containing uranium and zirconium,
and the oxide containi~g only uranium. The uranium disiribution in the inner oxide layer at all orientations
suggests the minimum depth of the oxygen-stabilized alpha penetration, including the duplex reaction
layers existing before exposure of the inside surface to steam from the rod failure. The penetration ranged
from 45 to 160 um into the cladaing.

The two pieces of broken fuel rod with cladding intact (located at 0.52 and 0.59 m) were examined. The
cladding had completely oxidized at these two locations. Diffusion bonding between the fuel and cladding
existed at all locations investigated on these two rod fragments; however, the penetration of uranium into
the oxidized cladding varied from ml to 80 um. Interaction regions at 0.59 m containing uranium in the
cladding are shown in Figure 17, In this figure it can be seen that the interaction region at 0.59 m varied
from 0 to 50 10 80 um for the 0-, 180-, and 90-degree orientations, respectively. Uranium penetration into
the cladding only occurred at locations where moiten fuel was in contact with the cladding at 0.52 m. The
absence of uranium dispersed in the oxidiz. ‘ladding, shown in Figure 17, indicated that the cladding
melted early in the transient so that the fuei-cladding interaction was between L O3 and molten zircaloy.
The products of such an interaction are ZrO3 and metallic uranium!2. The uranium apparently does not
penetrate the newly formed ZrOj layer. The formation of ZrO4 from both the inner and outer cladding
surfaces continues until the molten cladding is totally rransformed to solid oxide.

Molten fuel made contact with the cladding at two orientations at 0.52 m, with significant mixing of the
cladding and fuel materials occurring. At 338 degrees, uranium was present halfway through the cladding
and zirconium penetrated the fuel as far as the larze, nearly pore free grains that define, at other locations,
the maxirnum fuei meit radius. Only small amounts of zirconium were present in the moiten fuel near the
peilet surface at the 135-degree orientation. The cladding apparently broke away at this orientation before
more extensive mixing could occur.

2. CLADDING-COOLANT REACTION

[n general, the oxidizing reaction from the zircaioy-water (steam) interaction produces oxygen congen-
tration gradients ahead of the advancing oxide layer. The oxygen uptake in beta-zircaloy inducss rranstor-
mation of the beta-phase material to oxygen-stabilized alpha-phase. The zircaloy microstrustures generalls
observed metallographically at ambient temperatures are thus composed of distinct phases of surface
oxide, oxvgen-stabilized alpha, and the prior beta-pnase field matrix. When zircaloy is exposed 10 steam
for extended periods of time, as in Test PCM-| (15 minuies), the zircaloy can become completely oxidized
to ZrOy. The oxidation kinetic relations which fit semi-infinite diffusica conditions no longer strictly hold
when the bera-phase thickness becomes small compared with the ZrO> and oxygen-stabilized aipha
thicknesses. In addition, the increasing oxidation of the cladding insulates the fuel pellet, subseguently
raising tne fuel temperature and, therefore, the cladding temperature. The oxidation rate increases with the
INCraasing temperature.

Some oxide spailing occurred at locations where the cladding was completely oxidized 0 Z:0s. The
volume ratio of ZrO3 10 2ircaloy is |.54. The original wail thickness of the cladding was 520 Lm. The wal
thickness after complete ov'dation should be 355 Lm. The two elevations examined. at which the Jadding
wall thickness was totally oxidized o ZrQy. were at 0.59 and 0.52 m. The wail thickness measured at
several o satations of these sampies (foose pieces of fuel rod with ¢cladding) ranged from 80 10 900 _m ar

0.39 m and from 765 0 900 Lm at 0.52 m. A maximum of 8% of the oxide spaited away at 0.59 m and

20%% at 0.32 m; thus, the totally oxidized cladding remained nearly intacr at these [ocations.
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Once the zircaloy <ladding completely oxidizes 10 ZrOs, it, like the UO; fuel, is a ceramic. Some
examples of the oxidized cladding are shown in Figure 18. In all of the locations shown, grain growth and
porosity were observed in the oxidized cladding. Layering of the outer surface of the totally oxidized clad-
ding was not as apparent as in oxide layers on metallic zircaloy cladding at other locations of the rod.

The cladding melting observed at the 0.30-m elevation is a complicated process that can be somewhat
explained by the microstructure of the cladding (Figure 19) with reference 1o the zirconium-oxvgen phase
diagram (Figure 20). Three different orientations are shown in Figure 19, with progressively greater
extents of oxidation, The microstructure suggests sne phase (not oxygen-siabilized alpha) in equilibrium
with ZrO» in the form of layers on the outer and iansr su7 ‘ace of the cladding and along what appear to be
prior beta grain boundaries 2t temperature. (Micreprobe scamination identified the material to be Z2r0s.)

The phase diagram shows that the other phase must be liquid zircaloy.

Proceeding from the outsidz to the inside surface. initially there probably existed layers of ZrOs.
oxygen-stabilized alpha, prior veta zircaloy, oxygen-stabilized alpha, and probably U-Zr interaction
layers. [tis postulated that artac the layers had formed, the inside surface was exposed to a steam environ-
ment. An oxide layer formed oa the inside surface, consumiay ®e U-Zr interaction layers. The continued
oxidation of the external cladding surface served to insulaie the fust rod, causing fuel and cladding
temperatures to increase. The temperature of the cladding reachea an clevated value such that the beta
grains melted and the oxygen-stabilized alpha and ZrOj di¢ not. As more oxygen was added 1o the system,
the oxygen-stabilized alpha was transformed to ZrO3. The iaater:al was then cooled. There is «n area of
unusual morphology on either side of the molien zone, as seen in £ gure 19, that may represent the oxvgen-
stabilized alpha zone at the onset of cladding melting. The dendnitic platelets in the center region of the
cladding wall that formed upon solidification of the melt are also showa in Figure 19,

The zirconium-oxygen phase diagram (Figure 20) shows the alpha plus liguid range 1o be between 3237
and 2273 K at less than 20 at. ™y oxygen. At these temperatures the beta phase inelts The alpha phase then
transforms to Z:04 with the addition of oxygen; however, the hta ph. s remyns moiten. After all of the
alpna was transformed to Zr0s, the temperature may have | sem scme, but for above the Zr0 liquidus line.

3. CLADDING EMBRITTLEM IN'

The mechanical behavior of the cladding is modified by the oxidation as well as the phase transiorma-
tion processes that occur. The beta phase in the zircaloy has iowar oxygen solubility than the oxygen-
stabilized alpha phase and remains somewhat ductile through and following a film boiling transient.
Several embrittlement criteria have been developed, usuaily based on the remaining beta phase.

The 177 ECR (equivalent cladding reacted to Zr04) embrittiement criterion is currently used for reactor
licensing. The ECR is a calculation of the total oxygen content in the product reaction layers and in the
beta phase used 1o determine the fractio . of the zrcaloy capable of being oxidized to ZrOjy, The
relationship between ECR and the product reaction lavers is of the form!3

- ——
1.5& A-J-’OJ

vECR = ‘100) [Oxide Thicknass _ Alpha micknus]
- B t
w

where 1,y is the cladding wall thickness, 1,34 is the oxide-to-metal voiume ratio for Zr0Os Zr, and 1 is the
ratio ot the weight fraction of oxygen in ZrO3 to the average weight fraction of oxvgen in the oxvgen-
stabiiized alpha phase. This equation assumes that the rotal oxygen uptake is approximately squal 0 the
oxygen contained a1 the « irface oxide lavers and the two-sided alpha p-oduct lavers. The oxygen content in
the beta phase has been assumed to be negligible.

The 177 ECR criterion indicates embriitlement of the cladding when the cladding 15 subjecied to ther-
mal quenching stresses gencrated by rcwettmg“': nowever, for operanion ai <ladding remperatures of 1300
10 18350 K (the average cladding temperature during filrm bouing determined from the mavimum thermo-
couple measurements and FRAP anaiysts 1or Test PCM-1)3, embritilement would oniy Be expect.. when



Wt Gt
.o
TURRS

uanesHa w25 0 ()
wirt (v,

.

e s ping oy §

Sz

wrf oo
-

foug

g L
NG

Tuapp g s PTG ey g0 sy

C0I7 w amjanys (a)

L L S )

HONEANS w26 0 ()
g WL pay 3y

sayrydioand
ug

Tl T

UOHEANS W (5 O ()
! 004

e DA B e g

Y r.\
LA R BV >
A % b
¢ ¥\ o
»
&
L
o jony
N:..\.
el g% v eASe W2G O Q)
==t Py Wit pevyn 3
—u.: 16 W
Zowz

sonz

T

agngy



.
.

4
-
N

| N
f AN Ay
i ATt U
21y s ey 20 o

Aodien
sncaloy

ﬂork ﬂ“ d Foivs
u)s t&\\ - = o
_ tohed, pod e bght

#) Deddeitic o platelets tormed
on - ooling fram molten zircaloy

Floned Lrgha heid » ’ B e P boght bl & & Fichwed posanized gt = -

(@ 270" e (ty 235° () 210"

b 19 € ladliong 3t 8 W0 o oo oy prepreinels poeater vubvet of avidabium snd by o fing

wiface of cladding



3000 (————

2500

2000 b

Temperature (K)

1500

1000

<10 )

ld' “:u()l O
1% 0O
[wt% € l()

1
1

Liquid
1
L + cubic ZrOp
¢ c = fee
C t = tic
a + cubic ZrOp 1 m = mon
t
{ Ea
|l
|
a + tetragonal ZrO2 | “
l /-(+m
}-—-—-———-———-————————"
a + monoclinic ZrO2 ln.. h
|
|
I
I RN TS, N . 1 !
10 20 30 40 50 60 20 70
W RIS SRR B TS SR S I T SR e 5
2 3 4 S 6 7 8 9 10 15 20 25 26

INEL-A-12 079

Fig. 20 Zuwcomum-ony gea cquilibrivm phase diagiam.



R R T R R RS R R O R RO

T S ————— o e e T B e e e e e e e e

the beta phase is entirely consumed (24 ECR). This estimated criterion for high temperature
embrittiement is based on extrapolation of Fyy (fractional wall thickness of remaining beta phase) and nil-
ductility temperature published by D. O. Hobson!3. Berween 1800 to 1850 K, 247 ECR is reached after
515 to 580 seconds. Instrumentation gave indication of rod failure at approximately 520 seconds. It is
reasonable to assume that the initial rod failure occurred as a result of cladding embriitlement,

After posttest examination, the cladding was brittle at ambient temperatures, at least between 0.30 and
0.67 m. However, in this region there were sections of fuel rod with completely embrittled cladding (all
ZrO3 or ZrOj and oxygen-stabilized alpha) that remained intact. The local strains during quenching were
apparently insufficient to fracture the cladding at some locations. Several examples of the various ciadding
structures are shown in Figures 21 aad 22. Microhardnesses of the structures are given, The values given
are usually the maximum and minimum of several readings.

The microhardnesses of these highly oxidized structures c2q be compared with the microhardness of
typical zircaloy structure to obtain an indication of mechanical properties. Generally, the nominal room
temperature hardness of as-received, stress relieved zircaloy has been measured over a range of hardnesses
near 262 DPH, and as the cold-work begins to anneal out close to the recrystallization temperature at
920 K (the transformation from stress relieved to mixed, irregular shaped alpha grains or preequiaxed
alpha structure), the nominal hardness decreases to around 227 DPH. Full recrystallization
(920 < T < 1105 K) to an equiaxed alpha-phase siructure, with no observable grain growth, produces an
additionai drop in the hardness to 191 DPH. The hardness values begin to increase again, as the alpha plus
beta two-phase structure develops (1105 < T < 1245 K), to values equivalent to or greater than 278 DPH.
Upon transformation to the beta phase (zircaloy temperature: T > 1245 K), the nominal room
temperature hardness of the matrix increases to the range 312 to 350 DPH or more, depending on the
oxygen content. The highest hardness values measured were associated with the outer cladding surface
layer of oxygen-stabilized alpha, with values ranging from 750 to 800 DPH. Alpha-phase incursions
extending in!o the parent beta-phase field ranged from 375 to 425 DPH in hardness, and the inner cladding
surface layer of oxygen-siabilized alpha measured from 330 to 300 D®H nominal hardness!0.16,

Microhardnesses of the oxide layers in fuel rods tested in the PBF have not been previously reported.
The previousiy moiten Test PCM-1 zircaloy had a hardness of 514 to 607 DPH, which is comparable (o the
inner alpha layer microhardnesses observed in past PCM tests. The hardness of the Test PCM-] outer layer
of oxygen-stabilized alpha was 475 10 663 DPH, somewhat iower than typically observed. The inner laver
was 514 to 663 DFH at locations with well-defined Zr-UO> reaction layers, and 708 to 803 DPH at loca-
tions with the reaction layers dispersed into the alpha layer. The hardness of the alpha plus beta two-phase
region near the top of the film boiling zone was 190 to 295 DPH. The microhardness i the inner oxygen-
stabilized alpha layers and the alpha plus beta two-phase region were comparable  those previously
observed, The prior beta phase varied from 262 to 514 DPH in regions with well-defined reaction layers, (0
$37 10 607 DPH in regions with dispersed reaction layers. The higher micrehardnesses observed in the
prior beta phase were most likely due 1o the high oxygen content in this phase associated with the extensive
oxidation of the cladding in this test. The microhardnesses in the fully oxidized regions of the Test PCM-|
cladding ranged 20 1 340 (0 00 DPH. None of the inner or outer surface oxide layers had a hardness over
200 DPH.

4. CLADDING HYDRIDING

Hydr ~een abserption from metal-water reaction modifies the microstructure of oxidized zircaloy clad-
ding and reduces the ductility of zircaloy at low temperatures (<370 K), causing fractures during posttest
handling. Hydrides precipitate in zircaloy when the terminal solid soiubility of hydrogen is exceeded. The
solubility of hydrogen in zircaloy may be from a few tens of parts per million to several hundred parts per
million at the operating test temperature { ~1000 K).

The oniy location at which hydriding of the cladding was observed in the Test PCM-1 fuel rod was near

the top of the film boiling zone. Photographs at three cievations are shown in Figure 23, Hydriding was
not observed at the other elevations examined. probably hecause of the extensive oxidation, Hvdrozen
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levels of 360 ppm were measured in the broken pisces of cladding from the high power region. The
photomicrographs in Figure 23 indicate that the hydride platelets are thicker and more numerous in the
cooler zircaloy structures (increasing content of equiaxed alpha). The hydride platelets are located along
the edges of the prior beta grains in the aipha plus beta region at the 0.79-m eievation. The 0.81- and
0.83-m elevations are mostly recrystallized alpha-zircaloy, with a small amount of beta structure. The
hydride platelets are found between the recrystailized alpha grains. By comparison with the embrittlement
due tc oxygen, the effect of hydrogen on fuel rod behavior during the extended [ilm boiling operation in
Test PCM-1 does not appear to be significant,



VI. FUEL RESTRUCTURING

Film boiling transient conditions result in thermal restructuring of the UQO fuel. The restructuring in
Test PCM-1 fuel rod samples was characterized by equiaxed grain growth near the edge of the pellet; fuel
melting as large as 85% of the pellet radius; porosity movement 1s a result of thermal gradients within the
pellets; and fuel fracturing, shattering, and fragmenting as a result of the rapid heating and cooling of the
test operation. The fuel rod failed during the test, exposing the fuel to a steam environment for an
appreciabie amount of time. Other features are also visible in the fuel that were probably due to chemical
interaction of the UO4 with the steam environment. The following subsections detail the fuel porosity
changes, melting characteristics, grain growth, grain boundary shattering phenomena, and probavle
chemical changes in the fuel.

1. POROSITY CHANGES

The Test PCM-1 fuel rod exhibited unusual porosity distributions in the fuel. Generally, a LO3 fuel
pellet with centerline melting is characterized by a central void, although the central void may be filled due
to fuel relocation as a result of melting. The region that cools 1apidly upon final shutdown is indicated bya
well-defined central region composed of a cellular substructure, sometimes containing spherical or tubular
pores oriented in the radial direction. A pore-free, high-density band surrounds the central region. The
outer boundary of the pore-free zone usually defines the maximum extent of melting, and is followed by a
region Of equiaxed grain growth, a region of grain boundary separation, and then, essentially unchanged
fuel at the pellet periphery. The melt radius decreases with the restructuring of the fuel. Some migration of
the imitial porosity to the grain boundaries may occur 1819, This typical structure was not found in any of
the five axial locations examined containing a moiten fuel core. Examples of the fuel structure in the Test
PCM-1 fuel are shown in Figure 24.

A central void was found at the 0.67- and 0.32-m elevations. A frothy appearing, extremelv porous
structure was observed at the center at the 0.30- and 0,39-m elevations. The porosity was probably due (0
shrinkage of the central moiten zone upon rapid cooling at the end of the test. The pore-free region and
equiaxed grain growth region at 0.30 m were significantly altered from the expected structures. These
changes are thought 10 be a result of chemical changes in the fuel which are discussed in Subsection V-5,

The pore-free region was not typical of what is generally observed at anv of the slevations examined,
possibly because of the increasing molten fuel radius due to the insulating effect of the oxidizing cladding
The randomly oriented, lenticular-shaped voids were also present at the 0.52-m elevation {Figure 24(a)). At
this ¢levation the pores were located in the region of limited equiaxed grain growth. The large. blocky
grains which normally define the maximum extent of melting and are usually pore free contained, in this
instance, porosity in the outer portion of the zone. This porosity may have been generated at the boundary
between the maximum moiten region and the solid region, and then migrated into the fuel during quench.

No centrai vQid was observed at 0.31 m [Figure 24(b)], although the beta-gamma autoradiography
indicated a melt radius of approximately $67a. Some trails of pores were oriented radially as if voids had
mugrated to the center of the peilet; however, no true pore-free region existed. A band contuning randomiy
oriented, lenticular-shaped voids was present at approximately two thirds of the peilet radius. Some voids
may have been generated by cracks in the fuel; however, no obvious explanation is available for the
generation of the lenticular pores and their random orientation at other locations.

The 0.59-m slevation exhibited a frothy center region, bounded by a pore-free region defiming the #xtent
Of meiting, and then a region of agquiaxed grain growth, In the pore-free region a structure dccurrad that
may have been either an unusual void formation or possibly a second phase, The siructure appeared 0 e
located primaniy along cracks and grain boundaries. This structure is shown in Figure 2401, Microprobe
examination indicated no zirconium or tin in t1is rég:on.
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Another unusual porosity distribution was found at the 0.67-m elevation [Figure 24(f)]. A beta-gamma
autoradiograph of the cross section from this location indicated a melt radius of approximately 36%,
(Appendix C, Figure C-1). However, the grains were equiaxed 0 the center of the pellet with an even
distribution of porosity across the radius. Some alignment of the pores along substructural boundaries
within the large equiaxed grains may have occurred near the center of the pellet.

No compositional changes of the fuel were indicaied by electron microprobe scans across the fuel at any
elevation. If the unusual porosity distributions are due to compositional changes in the fuel, only siighuy
higher forms of the oxide must be involved. (Fuel chemical changes are discussed in Subsection VI-5,;
Some of the porosity effects may be due 1o t"1e cooling conditions of the fuel rod as the rod failed and was
exposed to a steam environment interna ly. The porosity distributions observed did not appear Hu)
significantly affec: fuel rod i mtesmy during « xtended film boiling operation.

2. FUEL MELTING

Fuel centerline melting was extensive in the Test PCM-1 fuel rod. The largest melt radius found in the 1§
elevations examined was 857 and was in a loose piece of fuel with cladding at the center of the rod. The
moiten fuel region extended from at least 0.304 (with a meit radius of 777) 10 0.670 m (melt radius 36%).

Cross sections of all of the exposed surfaces, both cut and broken, are shown in Figure 25. The eleva-
tions given for Figure 25(c) through (q) are the elevations at which the sections of the rod were located
after the r‘uel rod shroud was split and opened and the fuel rod was examined. The space within the shroud
Was not . Ul far the rod sections to exchange places or turn end-for-end and, theretore, they are in the
same order as they were during operation. The melt radii are piotted in Figurs 26.

There were three rod sections without ciadding that consisted of at least one intact fuel peilet, Generaily,
tne melt radii were smalier at these locations than at locations wnere the cladding was still intact, indicating
that the cladding had broken away from the fuel at some time befors the rod was at the highest
temperatures, With the claading missing, heat transfer away from the pellets was improved: thereforz, the
centerline temperatures did not increase arter that time. The fuel temperature increased at the locations
with cladding because the continual oxidation of the zircaloy decrcased the conductivity of the cladding
and, therefore, insulated the fuel. Appendix F discusses the possible magnitude of the increase in fuel
temperatures as a {unction of time at power.

Evidence exists of moiten fuel being in contact with the ciadding at 0.51 m. The moiten fuel radius
averaged 327 at this location, with the moltea fuel in contact with the cladding at two positions. The fuel
chemical changes as a result of this interaction are discussed in Subsection VI-3. There was no indication of
molten fuel-cladding contact at any of the other elevations ¢xamined. The molten fuel did not seem 0
extiude through the cracks in the peilets, even at locations with a melt radius of as much as 857,

Despite the presence of large quantities of molten fuei, molten fuel-cladding interaction, and the access
Of steam to the rod interior, no evidence was found of preferential rod failures attributable to the moiten
£
.\.Cl.

3. FUEL SHATTERING

Fuet shattering (grain boundary {racture) was observed at two glevations that were not exposed (0 steam.
The shattering occu red at the outer 167 of the fuel pellet at the 0.67-m 2levation and at the inner 447 ar
the 0.74-m elevation. . cere was ¢eatral fuei melting at 0.67 m, HSut not at J.74 m. The size of the sguiaxad
grains where the fracturing occurred uar:e'* from 3 z; 46 um at 0.67 m and ffom T 10 33 Um ar ).74 m,

.-

Cross sections .1! these two gievations are shown ‘n Figure 27, Fuel at two other slevations with similar

Framn sizes and fuel temperaturas dut wiich werg 2xpusad 10 steam werg examined. No rusl shattering was
opserved at inese locations.
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Extensive fuel shattering did occur in the Test PCM-! fuel rod since 247 of the fuel stack was reduced to 1
particles smaller than 76 um and was washed out through the flow shroud particle screens. In accordance
with an analysism of Tuel powdering (fragmentation) from previous PCM-type experiments, it is believed
that the fragmentation occurred due to thermal stresses during the quench at test shutdown.

i 4. EQUIAXED GRAIN GROWTH

The estimated temperature required for equiaxed grain enlargement in LO; fuel is ~1900 K!8, This
temperature is assumed to be characteristic of the boundary between unrestructured and equiaxed grain
, zones. The temperature at which columnar grain growth occurs varies from 1970 to 2400 K, depending on
the temperature gradient in the fuel. Fuel melting occurs at 3100 K.

Columnar grain growth did not occur at any of the elevations examined, even though there were regions
of molten fuel present. Unrestructured fuel at the pellet surface was found at the 0.67-m elevation and
above. The grain size at the pellet surface, midradius, and center is given in Table VI for several elevations,

Fuel temperatures can be calculated from the fuel grain size, if the rime at temperature is known, using
the following equation?:

! 4 4

o = 0.0 & 1717 x 100 erp (22 10)

RT

: TABLE VI

EQUIAXED GRAIN CGROWTH

Fuel Grain Size Calculated Temperature
Elevation from Lum) (K)
the Bottom of
the Fuel Stack Quter Quter
| {(m) Diameter Midradius Center Diame .er Midradius Center
:
| 0.299 6 23 - 2000 2610 -
-0. 507
0.372 16.5 50 -— 2480 3180 -
-0-580
0.5670 3 46 — 1900 3090 -
0. 743 3 7 33 1800 2060 2840
0.779 3 5 11 1900 1930 2240
-0.798
0.798 3 3 5 1900 1900 1930
"00 817
|
| +817 3 3 3 1900 1800 1500

-0, 836

50




where
D = final grain size, m
Dy = initial grain size, m
t = time, s
R = 8.314 (gas constant)
T = temperature, K.

The temperatures caiculated from the grain sizes are also given in Table V1. These temperatures may be
someszvhat high because of the accelerated restructuring as a result of increased oxygen content in the
U0s 21,

5. CHEMICAL CHANGES

Chemical changes occurred in the UOj fuel in Test PCM-1 as a result of the fuel exposure to steam for
an extended period of time. The changes in chemistry of the fuel are of interest in order to evaluate the
subsequen? changes in the fuel properties, such as the melting temperature. The fuel chemisty changes were
characterized by metallographic examination and microprobe analysis.

A precipitate was observed metallographically inside of the UO; fuel grains at three of the elevations
examined. This precipitate is believed to be UyOg. The U-O phase diagram (Figure 28) shows that UyOg
does not exist above 1460 K at any O/U ratio. The fuel is in the form of UOj _  above this temperature.
Between O/U ratios of 2.0 and 2.28, U4Og exists beiow temperatures ranging from approximateiy 600 to
1460 K. The existence of U4Og is not clear for ratios above 2.25. The crystal structure of both UO5 and
U 40y 1s cubic, with lattice parameters of 5.4704 and 5.4511 A, r-:spccm-ely: a2

The fuel structures at 0.52, 0.59, and 0.30 m are shown in Figures 29 and 30. These structures were com-
pared with those reported by General Electric in Reference 22, The U4Oq in Test PCM-1 had three slightly
different appearances. At the edge of the fuel at 0.59 m [Figure 29a)] and also at the edge at 0.52 m
{Figure 29(b), (<), and (d)], the precipitates are large, angular structures within the UO3 grains. Closer to
the center of the fuel, the preciritate is much finer, giving the UO3 a textured look at 200 X. Examination
at higher magnification (300 and 1000 X) shows the angular U 4Og precipitate in the UO» grains.

The melt area in the fuel at 0.30 m had an unusual dendritic appearance, as shown in Figure 30. Calcuia-
tions were made, using the oxidation rate equations given in Reference 21, at the pellet surface temperature
determined from melt radius and local power. Sufficient time existed to diffuse oxygen to the center of the
pellet in large enough quantities to convert a significant amount of the pellet from LOs to Us0g, as shown
by the calculations presented in Appen<ix G. The anomalous appearance of the moiten fuel in Figure 30
may be due (0 the precipitation of U4Og upon solidification and cooling.

The presence of Ug0g in the fuel at ambient *emperatures indicates an O/ U ratio in the fuel between 2.0
and 2.25. The melting point of the fuel is reduced and grain growth is expected to increase with the higher
oxygen content. The net result of these effects is 10 increase the guantity of moiten fuel; however, as
previously stated in Subsection VI1-2, no preferental rod failures attributaole to molten fuel were
observed.
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VIl. CONCLUSIONS

The objectives of Test PCM-1 were to determine the time to failure of a single PWR-type fuel rod sub-
jected to film boiling operation at higher power, investigate the mechanism of rod failure, examine any
evidence of energetic molten Juel-coolant interaction and molten fuel related rod failures, and evaluate the
behavior of a rod subjected te film boiling operation at high power following rod failure. The behavior of
the fuel rod materials in the test, as it related to the test objectives, was analvzed on the basis of the post-
irradiation examination. The fuel rod was operated in film boiling for 920 seconds; 280 seconds at
69 KW /m, and 640 seconds at 78 kW 'm.

The fuel rod failed approximately 520 seconds into the film boiling transient by means of zircaloy clad-
ding embrittlement due to oxidation. Extensive cladding fracturing occurred during film boiling, Fuel
fragmentation resulting in the removal of 24% of the fuel stack from the flow shroud occurred, primarily
during quenching at test shutdown, The flow shroud was not ad-ersely affected by extended film boiling
operation of the failed fuel rod. Cladding meiting occurred over as much as 31% of the rod. The molten
fuei region extended from at least 0.30 m (melt radius of 77%%) to 0.67 m (melt radius 36%). Extensive
fuel-cladding and cladding-coolant reactions occurred. Fuel-coolant interaction during film boiling opera-
tion resulted in oxidation of the UO3 fuel to U4Og in some locations; however, the compositional change,
as well as the unusual porosity distribution, did not appear to significantly affect fuel rod integrity during
extended film boiling operation. There was no apparent energetic moiten fuel-coolant interaction.

Several general conclusions can be made concerning the operation of a fuel rod in film boiling for a»
extended time. Film boiling operation for extended times leads to extensive cladding oxidation which
insulates the fuel, raising the fuel temperature and, therefore, increasing the extent of fuel melting.
Extensive fuel melting (up 10 85% of the pellet radius) does not seem to adversely attect the hehavior of a
failed fuel rod during extended film boiling operation. Cladding sections completely oxidized to ZrOs and
sections of moiten cladding contained in a 2105 shell can maintain structural integrity. Limited structural
integrity can also be maintained in unclad fuel sections.
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