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ABSTRACT

This report presents the analysis of the fuel rod materials behavior based on the postirradiaHon
examination of the Test PCM-1 fuel rod from the Power-Cooling-Mismatch (PCM) Test Series The test
objectise was to evaluate the behasior of a single pressurized water reactor (PWR) type fuel red subjected
to film boiling operation at high power following rod failure. The failure mechanisms and subsequent
breakup of the fuel and dadding are discussed. The fuel rod cladding temperature profile is dete rmined 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 anJ
e! adding-fuel interactions are insestigated by metallographic and microprobe examination and chemical
analysis of the cladding. Fue! restructuring and ehemical changes are also addreved.
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SUMMARY

The materials behasior of the Test PCN1-1 fuel rod was analyzed on the basis of the postirradiation
examination. The test was part of the Power-CoolinpN1:smatch.Te3t Series conducted by the Thermal
Fuels Behasiar Pregram of EG1G Idaho, ine., and sponsored by the United States Nuclear Regulatery
Commission's Fuel llehasior Research Program. The test was designed to esaluate the behasior of a single
PWR-type fuel rod subjected to film boiling operation at high power fo!!owing rod failurc.

Following oreration at low power lesels for preconditioning and power calibratien purposes, the tuel
rod peak power was increaseJ to 69 kW m to initiate film boiling and he!J until 280 seconds from the start
+ the ramp. The power was then raised to ~S kW, m and he!J for an additional 640 seconds. Instrumenta-
tion indicated inina! rod fa: lure at 520 seconds and sesere red breakur at shutdown. Po3ttest examination
resealed e! adding failure due to embrittlement and siemficant e! adding breakup during film ho%ng erera-
tion. Fuel f racmentation occurred Primarii> during quenching at tot shutdown. esulting in the len or
24% ef the fuel stack into "e coolant. Same st ueturalint,.grity was ma:ntained in unciad fuel se;tions

The fuel rad temperature prof;;. u as determi: eJ. Cladding melting 0: curred oser as much as 3 % of the
fuel red. T he mehen fuel region extended from at least 0.30 m twith a melt radius of "%) to o.6' m (melt
radius 36%). A lio- to 220-K circumferential temperature graJient was noted at two of the elesations
examined, probably due to the cooling effect of the thermocouples attached to the fuel rod.

Extensis e fuel-claddmg and cladding-coolant reaction 3 occurred. Large duries U-Zr reaction !aprs
formed beween the fuel and claJJing. The cladding then oxidi.eJ the ZrO; leasing a uranium gradient
through a portion of the c adding. \leiten fuel interacted with the cladding at some locanons, resulting in
, rcemum as far as 1.6 mm into the fuel re!!et and uranium halfway through the cladding wal!, Son..
sections of the elaJdmg ihat were eemplete!) oxidized to ZrO; remaincJ intact.

Th: contmuai odJation of the cladding msulated the fuel rei!e s and subsequently raised the fuel
temperatures. Niehen fuel radh as large as $54 were round. The increasmg fuel temperatures may hase
been the cau3e of the unusual roro,ity di>tr;bution obsersed. OuJation ef the CO fue! occurred. The fuel

at operanng temperature, and U 0 at ambient temperature postteu. The.iddition of oxygenwasUO;.1 4 9
to the UO; fue: acce! crated grain row th and decreased the fuel melang temperature
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FUEL ROD MATERIAL BEHAVIOR
DURING TEST PCM-1

1. INTRODUCTION

Projected grow th of the nuclear rower industry in the United States requires continuing inse3tigation 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 insolsing the cores of light
water reactors (LWRs) are due to an imbalance between the heat generadon rate in the fuel and the heat
remosal capacity of the coolant. The extreme cases hase traditionally been designated as the loss-of-
ecolant accident, in which part or all of the core coolant i3 lost, and the reactisity initiated accident, in
which there is a sudden sesere increase in power due to the ejection of a control rod. Between these two
extremes, LWR accidents resulting in off-normal Power-cooling conditions are generally termed Power-
cooling mismatch (PCN1) accidents. Numerous credible, single and coi"eident initiating esents that may
lead to PCN! accidents can be postulated. For example, oserpower esera can result from malpositioned er
unplanned withdrawal of control rods, xenon instability, leading an . operation of a fuel anembly in an
irrroper location (enrichment error), decreases in th; reactor c< olant soluble reison concentration,
nereased reacter coolant Gow rate, or low temperature of the inlet ei olant caused by tartup of an inactise
loop at an incorrect temperature. Unt.ercooling can be caused, for c' ample, by a spectrum of coolant new
reduction incidents resulting frem sariou3 primary rump ma| functions or electrical power ! asses, iocalized
flow b!ockages, or secondary system malfunctions that result in increased or decreased heat remosa! from
the primary coolant sy 'em If departure frem nuc!eate b ding occurs durn.g a PCN! se:P f d red
Jamaze and subsequent release of radioactisity into the primary system may occur.

The Power-Coeling-N!ismatch Test Series is beme conducted by the Thermal Fuels Behasior Program or
lEG1G Idaho, Inc.. as part of the U.S. Nue! ear Regulatory Cemmisuen's Fuel Behasier Program Thee

tesh are bemg performed to characterize the behasior of umrradiated pressurized water reactor (PWR)
type fuel rods at power densities and flow conditions rangina from normal operating conditions to beyend
the occurrence of departure from nucleate boiling (DNB/ The test eries is direaed toward prosiding an
experimental data base to sausfy one of the major objectises of the fuel Behasior Program - the de elop-
ment of serified ana|>neal models of fuel ro l behasier during norn'al and off-norn.al ereranng
conditions.

Four categories of rouibie ros -DNB fuel *cd behasier Juring a PCN! :sent hase been identified, as
shown in Tabie !. The rh>sical processes which determme tne particular category of esremed pmt-DNB
fuel rod behasier Junng a PCNI esent are zirealoy phase changes, the degree of arca!oy-water and
e.realoy fuel reaction (both of which influence e! adding Juetility), and fuel meking. The principal
.ariables that control !"e e processes are e!aJJing temreratur the time at iemperature and reJ reaer
The PCN1 Test Series was designed a3 a parametr;c esaluation of fuel red behauor resrome durm; nhn
be:!ing, wah e!adjmg .emperature. time in stable ulm boiina anJ red power being me prNary .ar:ah!:s
as outliaeJ in Table !!.

Thu report presents tne fue! rod matenal3 rehauer r.suhs of Test PCN1-1,'h final sing.c-red us: an ne
PCN! Test Senes being condu;ted in the Power Burst Facint> (PBF) at the IJahe Nauenal Eneme."ng
l_aboratcry, and is ba,ed on the resu radiat:en esaminanen. The fuei rod test re'rense n discu ed a me
Test PCNI-l Fuel Rod Behasier Report > The test objee:is es were ta) ta dete mm' the ame to fadure of a
su ne PW R th re tuei red imected to tiim boding operawn at h:gh power. ib) :ns esn a e the mu lamms

of "od fa:lurc, (c) esan.me an> . idenJc of energ N Co!!en fuel-eco!am ;n!cracNen 13J n a hen ' ,,'
' !Jted rod failures, and id) es a:uate 'he be tas:or et a rod mected to W nei!ine ore u:en at meh

i
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TABl.E 1

CATECORI ES OF POST-DNB FUEL.13EllAVIOR DURIllG A PCM EVEt1T

_ _ _ _

Cladding
Temperature Zircaloy

Range Cladding Zircaloy/ Water Cladding Pot en t i al Fue l R od
Catgory (10 Phase Reaction Ductility Failure Modes

1 810 u tione Normal tione for unirradiated fuel rods.

2 810 to 1105 a tione lii gh I.a r ge de forma t i on = to rupturen;
fuel mel t ing.

3 1105 to 1245b u+6 Minimal 1.ow Small de formations to ruptured;
fuel melting.

82

4 > 124 5 S Severe liigh to lowc Cladding oxidation and oxygen
embr i t t lement . Fuel melting if
powers a re relatively high.

. _ . .

a. Cladding ba l l oon i ng is unlikely and is possible only a f te r the i nt e rna l rod pressure exceeds the

system piessure.

h. This tempera t ure range bounds the cladding ductilit y minimum that oc c u rs near the middle of the ct +6
two phase region.

c. The cladd ing duc t ilit y is i nit i ally h igh in b-zircaloy, but decreases rapidly as the zircaloy is

emb r i t t l ed by oxidation and oxygen ab sorpt i on.
. _ _ _ . . .

. ab
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Power following rod failure. The test was conducted at a power lesel abose the upper hmit of the fuel rod
powers antisirated for po3tulated PCM esents. The spec:fie objectises or this report are to present Ian tne
analysis of the effects of fi!m boiling operation on fuel and cladding tailure and subsequent breakup, and
ib) the insestigation of the interaction of the fue;, eladJing, and coolant, as well as the estimated fuel rod
temperature distribution.

The Test PCN!-l fuel rod was contained in a circular flow shreud and positioned within the PBF in-pde
tube (IPI). C 'olant conditions (pressure and iniet temrerature) ty rical of a PWR . sere maintained in the
IPT throughout the nuclear testin;. The ruelear portion of the test een>isted of power eahbration, test rod
preconditionine, and DNil or film boiling operanon. The DNil operation was initiated by rar:dly increar
ing test rod peak power to 69 kWJm at constant coolant ;onditions. A descrip: ion of the experiment een-
fijuration, power history, and test thermal-hyuaulic conditions as determined by en-line measurements is
pre.ented in Section 11. Details of the test rod parameters and instrumentation used in the test are
Ji,..ussed. A summary of the en-;ine measurements is presented.

Obsersations of the effects of film boiling on the oreration of a failed fuel rod are pre'enteJ in
Section 111. The oserall arrearance and gross damage to tl.: test rod are Jiscu3 sed. The maial rod fadure
.tnd subsequent breakup are esaluated.

Fuel rod radial, anJ the claddine axial and circumferennal temrerature distributions as determined from
tuel and cladding microstructures and reaction layer thicknesses are discu3 sea m Section IV.

Cbemical reacnons from claJding steam and eladding-fuel interactions are discussed in huen V. The
cladJing embriulement from oxidanon is assessed anJ the influence of hydrogen pickup on ciadding
microstructure and microhardness is discussed.

Fuel restructunng information, specifically fuel meinng and 3 rain grow th characterisne3, porosity
andit sffects of th. chemical interaction of Inc fuel with the claddmg and coolant on th. .chan sg

rhenomena, are presented in Section VI.

The detaded data from the postirradiation exammanon and pret ,t sharamerizanon are prosideJ in
Aprendkes A through G. ( All of the arrendices to this report are presented on misrofiche attached ;0 nie
inside of the back coser.) The a,-built fuel rod and shroud characteneation data ar'd instrumentation are
centained in z\rrenda A. A description of the axial power profile is presented in Appendix B. Additional
metallography il|us ratina the phy s: cal and ehemical changes in the cladding and it is presented in
Appenda C. Data from the parne!e siz analysis of the t roken fuel red pieces a:e tabulated m
Arrendis D. Arrendix E contains the details of the marorrobe exammanen. The chang 3 in cladding
thamal conJuctisity with oxidation to ZrO3 are dneussed in Arrendix F. The UO; oudanen calculation
is presented in Appendix G.

. ,
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ll. EXPERIMENT CONFIGURATION AND TEST CONDUCT

Test PCN1-1 was performed in the PBF in-pile test loop. The PBF drner core test space is designed to
operate as a neutron Cux trap which permit 3 high power densities in tested fuel rods relatise to the actise
core power Jensity. The fuel rod and test hardaare, 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 Jioxide ceramic
fuel rellets contained in a zirealoy-4 cladding tube with an outside diameter of 10.72 mm and a wal:
thickness of 0.61 mm. Other Pretest chara:terization Jata are presented m AprenJix A. All elesations
gisen are referenced to the bottom of tb. fuel stack unless otherwise stated. The nominal distane 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 tht ?p end cap in a 16.3-mm inner diameter flow shroud and was free to expand axially
downward onto a length change transducer. ~1he flow shroud directed the coolant upwards oser the fuel
rod and effectisely 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 hase minimun. openings of 25 to
50 L m and tested to be less than 76 t.m. Details of shroud screens are gi,en in Arpendix A. A cut-away
schematic o' the PCN1 1 fuel rod and the test train configuration is show n in Figure 1.

The fuel rod was inctrumented for the measurement of the internal gas Pressure, eladding surtae.
temperature, anJ fue! rod axial elongation. The test assembly was instrumented for measurement of the
coolant pressure, cotlant temrerature, coolant flow rate anJ local neutron nux for use in Power
eahbranon and thermal.hydraulie test analysis. A detailed descrirnon of the fuel rod and test train
instrumentanon i3 aho gis en in Aprendi, A.

2. POWER HISTORY

Nu, lear operaNn d.: ring Test PCNI-I included a power calibration perioJ, a precondaiomng per:oJ,
and the DNB or n:m berling pertion ei the test. The te3t condaions for each phase are gnen m Table 111.
The fuel rod rcak rower for the entire test is riotted in Figure 2. The fuel rod axial power profile is
presenteJ in Appendix B. The purpose of the rower calibranon phase was to determme :he test rod rower

with resocer to the self rowered neutron detector ISPND) eurrent. Ten red powers were determ(ned at
seseral core power lesels at nomm ! coolant cenJitions of 595 K inle* tempurature,4400 k; s m- mau
flow rate, and 15.3 N1Pa pressure. The maumam fuel rod reak power during this pha3e was 46 k W m.

The preconditiomng phase of the test Prosided an operation history sufficient to allow fuel redet crack-
ine and relocation. The cladding surface was aced to reJuee the rossibuity of premature DNB occurring

4Jue 'o outgassine The preconditionm; period aho sers ed to estabiish a tission product insemory rithin
the test red which allo ^ed detection or rod failure as well as the approumah time or ' * e failure. The m!et
temperature aserageJ 593 K, wuh a system pressure of15.3.\lPa, and the raass flew rate saried trem 1:32

2to 4400 kg s m The maximum fuel rod reak power during this phase was 50 k\V m.

The film boiling portion of the test prosided information on fud rod behasier in the tihn boing heat
<ranster regime. Departure from nu;!eate boiling was inniated b rar.J:y ;nereasm; test red rower at con-
stant coolant condition, from a reak power of 38 kW m, at a h:ch quihbrium conditions wer, estaNrn.
ed, to a peak power of 69 kW m at a rate of 20 kW m. The :est rod was h6J at these nommal,ond:tions
unni approximateh 250 sceonds atter the beginning or the in:ual pouer ramp. The test rod neak rou er e as
tLen increased to ~8 kW m and held for approumately 640 second- There was an indteation 't md

fatiure at approximatdy 520 seconds from the start ef 'he firu row er ramp. The ;0olam de s ta:. throu.-a
the rod shrouJ was increased at the Mme of reactor seram to cooi tL test red. The roJ shroud cooiant f ew
ra'e deceeed raridl> 25 secena, af te ,eram Jue to an arrarent tiow hhsekage The cooiant n.et
temperature as,eraged N'O K, a uh a o stem prmare of !5.2 \lPa. The eco!an' Goa rate saried trom 93n to

! [ s :n* urin 2 [n el n[ CfCr dtlen.
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TABl.E III

SUMMAltY OF TEST PCM-1 TEST CONDITIONS

___

Approximate In.licated Test k <xt Cool ant inlet Coolant System
Time Keactor Power Peak Powerd'b F l< u Rat e Temperature LT Pressure

2) (K) (K) (MPa)' min) (MU) (kW/m) (ky/s m

Power 10 . 0 0.1 0.27 4480 591 0.21 15.34
Calibiation 68.M 2.0 12.32 4416 594 2.43 15.38
Ph.e se 19.2 4.5 26.26 4396 596 5.44 15.39

21.3 6.0 35.91 4'03 595 6.87 15.35
9.5 8.0 46.07 4161 59 6 8.74 15.31
13 0 10.0 57.15 4ill 597 10.7b 15 . ~3 2

15.M 6.0 36.56 4'.12 596 6.94 15.31
II.M 4.5 27.49 4401 595 5.30 15.29
11.0 0.1 0.28 4417 594 0.15 15.31

Pi et iol i t i on i ng l 't . 0 0.1 0. 3M 4272 591 0.08 15.14
Phas. 1.5 5.0 27.30 4400 595 5.30 15.30

21.3 1.5 10.40 4174 595 2.12 15.15
61.9 5.1 11.68 40t8 596 6.43 15.17

,

5.0 0.1 3.41 4080 595 0.72 15.23
10.0 7.0 42.75 3202 595 11.02 15.20
55.0 7.0 42.36 1197 594 c 15.2e
'. 0 0.1 0.45 lh40 SM9 0.21 15.24

59.1 9.0 50.13 1796 595 c 15.2'
10,6 0.1 0.22 1501 567 0.14 15.22
30.3 6.0 35.77 1232 591 c 15.43
/.0 0.1 0. 3 ') 2253 587 0.15 15.38

O!m 40 0.1 0.51 1170 591 - 15.18
Pha>t 41.0 6.4 3h.no l l 8 ft 597 c 15.22

3.1 Il.5 69.'i4 1110 603 c 15.27
>6 12.6 75.62 1052 605 c 15.21.

'.! 12.M 76. 57 9SO 606 c 15.25
6.1 13.0 77.80 1087 t,0 5 c 15.25

1

a. R o.1 power was determined by regression of t he self pow.ted neutron detectars.

peak -to ave rag ratio of !.3n5.b. 'l e s t n ot peak power is b a r.csl on a
. -

J c. l.T measurtment imt e li able .hu to saturated outlet toolant cond it ion s .%

CJ _ . _ . _ - . __ _ - - _ _ . . ____ _ _ .
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d

3. RESULTS FROM ON-L!NE MEASUREMENTd

The PCM-1 test train was instrumented to measure coolant and fuel rod condinen3. The summary of the
on-line measurements presented in this section will be referred to la'er for confirmation of analy ses of fuel
rod failure mechanisms and breakup made from posttest es idens e. 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. The3e two plots include rod peak power
for comparison. The measured ladding surface temperature is plotted for three locations in Figure 5. On
ai! of the plot 3, zero time is the beginning of the power ramp for the film boiling phasef

The coolant flow rate decreased slightly through the first f a0 seconds of film boiling. The flow rate was
increased twice, at 600 and 20 sceands, to bring it up to the original alue. At the time of the reactor
scram the Dow rate was increa3ed to cool the test rod. A Jecrease to 20% of the original flow occurred
25 seconds after scram and was probably associated with a partial flow blockage. The coolant mlet
temperatare, originally 591 K. gradually increased darmg film boiling, rea;hing 606 K near the end of the
DNB phase. The system pressure was constant throughout the te3t, except for a 0.2 MPa increase
tollowing the 3hutdown. This >> stem pressure increase was probably as3cciated with the pump pressure
change necessary to increase the coolant tiow rate.

The fuel red internal pres 3ure increased during the first 60 seconds of nlm boiling m response to the
higher fuel temperature. There was no change in inunal preuur. throughout the re3t of the nue! ear opera-
tion. The pre sure started to drop wnh rec coeiing at 'he texter scram but cornmunication between th;
red p!0num and the Joo!an! oCe '"0d and the rod pre >4ur0 '' . to th 9 %cm pr sure. [l.J 4 ear '. a"'a ble
a!!ferential transformer (LVDT) ;nJ:cated a rod length Her:ase at DNB. There wa- a Jeerea e n ength
between ann and 500 seconds. t a!! awed by two me ca3es :n iength ene at 50 ceonds anJ m at

4
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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 to full
scale at approximately 600 seconds af:er the start of the power ramp, indicating rod failure. The fission
product de:ection system (FPDS)6 response increased two orJers of magnitude at 637 seconds in the DNB
phase. After reactor scram the system showed another large increa3e, suggesting additional rod breakup.
Previous test;ng of fuel rods hasing experienced radical PC.\1 conditions has shown that hizhly embnttled
test rods will fail almost immediately upon rewet from film boiling conditions. The FPDS response follow-
ing reactor shutdown therefore set the delay time of the system at approximately 105 seconds. The 'at
power' delay time, obtained from the relati' flow rates during operation, w as found to be approximate!>
118 seconds, therefore indicating rod failuce at 519 seconds.

B

All of the cladding thermocouples performed erratically during the DNB ponion 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 hase formed one or more new junctions later in the test. The thermocouple response data are
used in this report to determir.e the initiation of film boiling.

I:
,
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Ill. EFFECTS OF FILM BOILING ON
OPERATION OF A FAILED FUEL ROD

The primary objective of Test PChl-1 was to esaluate the behasior of a single fuel rod subjected to film
boiling operation at high power following rod failure. The postrest appearance of the fuel rod can gise
clues as to the failure mechanisms and the response of fuel rod comronents to film boiling operation after
rod failure. The oserall 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 gisen in Sections IV, V,
and VI.

Significant breakup of the Test PCN1-1 fuel rod occurred during the test Posttest examination resealed
a large fraction of the fuel stack was washed through the flow shroud pan le screens. It is important to
determine the time during the test that rod breakup occurred. Fuel rod faihir< during high power operation
may be a more critical safety consideration in terms ofloss of coolable geometry and release of fuel and fis-
sion products to the cociant than loss of cladding integrity and breakup of the fuel at shutdow n.

1. OVERALL FUEL ROD APPEARANCE

The Test PCN1-1 fuel rod was initially exammed to identify and document the oserall postrest condition
of the rod. The flow shroud was split longitudinally and opened up to npose the fuel rod. The split <broud
with the failed fuel red and a seale, indicating distances from the bot om of the shroud, are shown in
Figure 6. The broken pieces of fuel rod are numbered in the photegraph for identification purposes. The
debris in the bottorn enlarced portion of the shroud is filings from de splitting operation. Broken pieces of
cladding lying around the bottom end cap are illustrated in Figure '(a n Very few fuel pieces a e seen at this
location. The lower film boiling boundary is located at 0.35 m on the scale in Figure 6 (0.21 m from the
bottom of the tuel stack), as indicated t'y the change from a dark to a light oxide A thin u hite deposit on
the inside surface of the 3hroud marching the pattern of the white oxide on the e! adding is also shown A
major break in the rod occurred at 0.44 m (0.30 m from the bottom of the fuel staek). Abos e this Ioeation
are six loose fue! pieces without cladding, one of w hieh is almost two pellet lengths !ong. Two pieces with
eladding partially intact, and a 0.06-m section with the entire cladding intact are located abose the fuel
pieces. At 0.77 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 siew of this e! adding fragment. Additional cutting
debris observed between 0.~9 to 0.50 m is a re3 ult of the splitting operation. The fuel rod to shroud spacing
does not permit the interchance of fuel rod pieces, and althcugh some axial movement of the piece > may
hase taken place, the loose pieces of fuel rod are assumed to be at their operating oeations withm the Gow
shroud.

The top intact portion of the rod begins at 0.80 m (0.63 m from the bottom of the :uel < tack). and is
positioned in its original axiallocation in the shroud f the rod wa3 rigid |y fhed at the top end cap). The bot-
tem section of rod dropped 2S mm in the 3hroud. Cladding collapse at the reliet mterraces occurred from
0.50 o 0.96 m (0.63 to 0.79 m from the bottom of the fuel 3 tacks. The upper film boiling boundary is at
approximately 1.02 m(0.85 m from the bottom of the fuel staed.

2. CLADDING FAILURE MECHANISM AND BREAKUP

The exact sequence of events Juring the failure and <ubsequent operation m ria heiling of the Test
PC51-1 rod is difficult to determine from the posttest esidence alone due to the euensise chemicai and
mechanical interaction of the fuel rod components. The fission product cetecaen sy3 tem md:cated rod
failure at about 517 seconds, using a ca!;ulated Jelay time at approsimateiy 120 3econds. An increase m
red 'ength measured by the LVDT at 520 3ecends corresponds to the increase in the fisdon proJuet acta-
ity, and therefore fixes the time cf mtial rod failure at about 5:0 secenJs. Another large ine ease :n
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radioactisity indicated by the FPDS occurred at shutdown, along with a decrease in rod length and coolant
flow. Postirradiation examinat:on suggests that extensise cladding breakup occurred before shutdown,
probably beginning at 520 seconds, and additional rod breakup and bleekage of the flow through the
shroud occurred at shutdou n.

The initial failure mechanism was eladding embrittiment. The calculations in Subsection V-2 show that
the e! adding was embrittled after 515 seconds of film boiling operatian. The 3 train that the thermal |y

anded fuel placed on the embrittled eladding may hase been sufficient to initiate failure. The locationes

or the initial failure cannot be determined.

Large pieces of cladding were found near the bottom and top end caps. The seseral broken picees
examined metallographically were found to be only partia!!y oxidized. Cross sections of some of the pieces
examined are shown in Figure S. The unoxidized fracture surfaces suggest tilat either the pieces fellinto the
coolant stream and out of the steam enselope immediately after fracture and prior to cornplete oxidation,
or'the pieces fractured after test >hutdown. 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 bottem portion of
rod may base been separated from the top. Repeated contact of the loose portion of the rod with the
shroud could hae resulted in breakup of eladding that was not comp!etely embrittled. Cross section, of
cladding from intact portions on each side of the high power traiddle) region of the rod show cladding
oxidation through the entire wall. On the basis of the extent of eladding oxidation in the lower power
regions, the claddinz in the high power region wc .id hase completely oxidized had it remained intast.
Therefore, the loose pieces of cladding from the high pawer region must hase broken off at 3eme point
during the test, before oxidation of the cladding was comples

There were indications in the fuel of extensive cladding breakup during film boiling operation. The fuel
rod sectiens with no intact cladding were from the high pow o region. These sections had smaller melt radii
and, therefore, lower surface temperatures than locations at . .ser power regions with eladding still intact.
Atter e! adding in the high power region broke away, oxidation of the mtaet e! adding at the Iow:r power
regions conunued, insulating the fuel and raising the fuel temperature. Therefore, the lower power r!gions
or the rod with oxidized e! adding intact operated with higher fuel temperatures than the unclad sections
from the high power region. (The ten:perature diffe.ence between elad and undad fuel pellets is discussed
further in Subsection VI-2.)

The mechanies of the cladding breakup are nct easily explained. All of the cladding thr > ugh the film
boiling region was embrittled and could hase failed. Howeser, only cladding in the highest power regien
fragmented. Possibly, at the time of the initial failure, the higher fuel temperatures m the high power
region created greater thermal expansion of the fuei and, therefore, more 3 train on the eladding. The pieces
of eladding temaining in the shroud as debris do not acecunt for all of the missing eladding. Some of the
cladding may base broken up Jae to thermal shoek at shutdow n. Since the cladding would hase been com-
pletely oxidized at that time, a probably powdered and was swept away in the coolan: stream through the
particle wreens. At regior s w here the claddme was not completely oxidized, some of :he oxide layers that
formed spal:ed 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. .:th a slight discoloration in the oxide corre-
sponding to the oxide pattern on the tuel red at the lower end of the fi m t'eiling zone. Some roughness
existed in the flow shreud 0 dde correscending to the hi2h p< > er region of the fuel rod. An example of this
area is show n in Figure 9. Seme of the roughness may be due to y c.rtermg or condensatien of moiten tuel.
The oxide and deposits were 30 thin that a sample could not be 3eraped off to Je' ermine the exact
campositions by X-ray Jiffraction analysis.

The matching oxide patterns on the inside of be Mroud a id the cuiside of the fuel rod ir.dteate tha: the
rod broke in:o two p:eees and te bottom setien hd down 28 mm. The rod then remained :n this railed
mafiguranen. The ame at which the bottem portion of the red siid down auld not ce dew ed f rom
the red length change re> pense and. therefore, probab!) did net occur during :Ning. Pessibb ..ecsa-
non uid down av shutdown and the ox:de pacern is uae to esaporation of the water remainmg , the

reud a hi!e me tuel rod was lying against ns
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3. FUEL FAILURE MECHANISMS AND BREAKUP

A large amount of the fuel disintegrated during testing. A total of 153 grams (24% of the CO f2 uel
stack) broke up into pieces less than 76 Lm in diameter and was swept through the shroud screens by the
coolant. The loose fuel remaining in the shroud and 3ereens wa3 siesed and weighed to gise a particle size
distributica The details of this analysis are presented in Appendix D. Howeser, sutions of fuel greater
than one pellet in length without eladding remained intact. From postrest esidenec 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 less occurred as a result of thermal
shock upon cooling. The tission product detection system gase indications of gross rod failure at shut-
down. Indications of tion blockage (up to 807'o) were observed only at shutdow n. 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 drising 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 hase occurred during the film boiling operation. How es er, fuel
fragmentation at grain boundaries due to thermal shoek at shutdown is expected to hase occurred
(Subsection VI-3).

Test PCM-1 was operated with a significant fraction of the rest rod fuel stack in the molten state to
increa3e the probability of molten fuel interaction with the coolant. No fuel was found solidified on the
outside surface of the intact portiens of the rod, nor were pieces of solidified fuel found in the decris
around the bottom or top end caps. Some small fuel particles were found in the screens located in the ends
of the shroud; howeser, none of these pieces appeared to hase been moiten. If molten fuel was in contact
with the coolant, the material was either dispersed on contact with the coolant or shattered af ter solist;ea-
tion into pieces , mall enough (<~6 Lm) to pass through the 3hroud partie!e screens. The exposure of the
fuel to a steam ensironment at approximately 5:0 seconds into the transient resulteJ in changes ia the
structure and properties of,the fuel, including the existence of t.nusua! pore 3ity gradients. The presence et
U09 :n the fuel following ths test indicates a higher ex> gen content than existed at the beginning ot4,

testing, w hich w ould result in lower fuei meltiag temperatures and accelerated grain growth. The changes
in properties probably affected the breakup of the fuel. (The changes in th: fuel are discussed in
Section VI.)
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IV. FUEL ROD TEMPERATURE PROFILE

Post DNB fuel rod eladding phase changes and ongenation by zirealoy-coolant and CO -zirealoy reac-2
tions are processes that influence the cladding ductility. The principal sariab!es controlling these processes
are time in film boiling and cladding temperature. The elcJding ductility greatly innuences 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 behasior. The
temperature distribution data are especially required fc r model esaiuation.

'

In-pile measurements of' temperatures 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 PCN1-1). The thermocouples do respond to changes at
the beginning of the temperature transient and, therefore, provide good indicaric,ns of the onset of film
boiling, but postirradiation anahsis is necessary to determine the cladding temperature during the tran-
sient. Two methods were used to determine cladding temperatures: (a) metallographie examination to cor-
relate the cladding microstructures to temperatures associated with specific phase transformations in
zirealoy, and (b) computation based on kinetic correlations that relate the som of the external surface
ZrO layer thiekness and the adjacent oxygen-stabilized alpha layer measured metallographically with the
duration of film boiling. From these examinations and calculations, axial and circumferential eladding sur-
face temperature profiles were estimated. A radial temperature profile of the rod was also estimated at two
eles ations, using the fuel surface temperatures to confirm the estimated cladding temperatures.

1. AXI AL PROFILE

Posttest microstructures can be a3sociated with the sarious phase changes that occur in zirealoy at
specific phase transformation temperatures. Reerystallization of the as-fabricated, stress reliesed zirealoy
to equiaxed alpha-zirealey occurs at about 920 K. A two-phase mixture of alpha- and beta-zirealoy exists
in the temperature range from 1105 to 1245 K. Above 1245 K, beta zirealoy is the stable pha>e.

The cladding near the top of the film boiling zone was exan.~ned metallographically. EquiaxeJ alpha.

grains with a small amount of prior beta structure were found at the 0.82-m elesation, indicating that the
temperature at this leeation was about 1150 K. The 0.'9-m elesation exhibited a larger amount of beta in
the equiased alpha structure but was still in the two phase region and, therefore, at a maximum
temperature of less than 1245 K. Previously molten cladding existed at the eladding center between two
oxide layers at the D.30-m elesation and in one of the loose pieecs of rod located between 0.37 and 0.5S m
Nielting of the cladding may have occurred oser as much as 31% of the fuel rod. N1ost of the cladJing in
this region was missing posttest. The melting inuicates a eladding temperature of at least 2100 K.

Isothermal effectise temperatures were cale ilated using measured outer surface oxide layer, oxygen-
stabilized alpha layer, and (layer (combineo oxide plus a|pha! thicknesses. The isothermal effeense
temperature is defined as the temperature at which e! adding oxidation equnalent to that measured
metallographically would occur for the tinle in film b" ' y. The ea!culat.ons were based on the nothermal
Ametic correlations da eloped by Catheart ' . These correlanons are as fo;|ow s.

(1) For the surface layer of ZrO:

f f+' '"'

X/t'/'~ = 1500. 6 7 ( +15*') e xp [
0031' .,.' ' " '

-1,.- t

12) For the e! adding iouter diameter) layer ef ongen-tam!ized a pna

1/2 1211 ( + 2 . 6 ?D
./t = 1,. % 0.99 ( +27*)/. e xp -

-

,,
. , , , , .

1

'
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(3) For the combined layer of ZrO; and oxygen-stabilized alpha

1/2 8260. 75 (+ S%) exp - 10493 (+1.2%)X/t = _ g T

w here X is the layer thickne,s in um, t is the film boiling time in seconds, and T i3 the isothermal effectise
cladding temperature in K. Bracketed cuantities refer to indisidual 90% confidence limits on the
preexponential and activation energy terms.

The time at temperature for each axiallocation along the fuel rod was adjusted to retleet 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 plotted in Figure 10 as a function of time in film boiling. The
heavy, dark arrows correspond to actual thermocouple re3ponse time 3 during film boiling operation. The
dashed line indicates the estimated progression of fi'.n boiling to lower axial positions along the rod. The
upper and lower film boiling boundaries probably shifted somewhat due to the power increase at
283 seconds; howeser, only the final film boiling beundaries are known.

The results of the isothermal eladding temperature estimate calculations using the film boiling times
from Figure 10 for the 0.67 and 0.74-m elevations are presented in Table IV. These calculation 3 w ere per-
formed esery 30 degrees circumferential'y at these two elesations. TN 5 !ayer thickness gises the mest
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_TAllLE IV

CALCULATED EFFECTIVE ISOTilERMAL TEMPERATURES

__

Ele va t i .o a Outer Outer Effective

f rom Bot t om Diameter Diameter Total Effective

of Fue! Zi O2 1.a ye r t-Zircaloy 1.ay o r 7 rop + u-Zi rcalov Cladding Wall Isothermal
Stack Orientation Thickness Temperature

(m{_ _ ___ _ p__ _ j}n d JJ p jinnl ljEl j}Lml T(K) ____ b m) (110 K))

0.67 0 48 1321 288 1694 336 1591 624a 1690
30 136 1559 278 1686 414 1643 692 1640

Film 1 oiling ime 60 136 1559 178 1587 314 1575 690 1580

t 885 s 90 120 1526 158 1563 278 1547 692 1550
120 116 1517 134 1530 250 1523 686 1520
150 103 1487 108 1490 211 1486 669 1490
180 102 1485 93 1463 195 1470 700 1470
210 100 1480 114 1500 214 1489 670 1490
240 -- -- 114 1500 114 1367 581b 1500
270 24 1:00 110 1493 134 1396 612b 3490

, ,

300 40 1287 211 1623 251 1524 606b 1620' '

330 50 1329 237 1649 287 1554 628b 1650
360 53 1341 246 1657 299 1563 633 1660

0. 74 0 37 1272 42 1224 79 1304 654 1300
30 40 1286 45 1344 85 1516 643 1320

Film boiling time 60 38 1277 42 1334 80 1300 633 1300
895 3 90 30 1235 33 1299 63 1268 6 3 t> 1270t =

120 26 1212 46 1347 'i 2 1289 654 1290
150 21 1178 42 1334 63 1968 647 1270
180 38 1277 29 1282 67 1278 628 1280
210 34 1257 31 1291 65 1273 634 1270,

240 21 1178 25 1262 46 1222 621 1220
270 13 1108 12 1172 25 1141 625 1140
300 18 1155 24 1756 42 1209 646 1210
330 30 1235 36 1312 66 1275 648 1280

_ _ . . _ _ _ _

a. Possible oxide spalling,

b. Oxide spalling.

-. . . ~ - _ - - . - - . . - - - - - -
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Fig. Il Cladding temperature at seseral clesalmns as determined from micrmtructure and calculated from mide thickpew

accurate temperature indication. Howes er, at some locations the oxide layer had spalled ou, gising incor-
rect { and oxide layer thicknesses. Therefore, at 3 pal |ed locations the ongen-stabilized a!pha layer gas e
the more accurate temperature indication. The isothermal cladding temperature at 0.67 m ranged from
1470 to 1690 K with an aserage of 1565 K. and at 0.74 m ranged from 1140 to 1320 K with an aserage of
1260 K. The aserage cladding temperature calculated from oxide thickneces at the 0.67- and 0.'4-m e!esa-
tions, plus those temperatures as determined from obsened microstructure at the 0.30- and 0.52-m
e!esations are plotted in Figure 11.

2. CIRCUf.1FERENTIAL PROFILE

The calculated isothermal effectise e! adding temperatures at 0.6~ and 0.'4 m are plotted esery
30 Jegrees azimuthally in Figure 12. Photomicrographs showmg the change in claddmg structures with the
temperature gradient for the 0.67-m elesation are shown in Hgure 13. Circumferential sarianon in rod
power and, sub3equently, fuel and cladding temperatures aere not espected due to the ,mgle-red ta ;on-
nguration with the fuel rod centered in the in-pile tube. Howeser, there wa3 a signineant circumtaen: al
emperature gradient in the eladding, the n'asimum temperature being at 0 to 30 degrees and the m,nimum

at ISO to 270 degrees for noch e:esatiens. A X0-K _radient existed at 0.6 m and a 150-K stadient ew ed
at 0.~4 m. A e! adding thermocouple junction was located at tne 90-degree oriemat:en at 0.% m. The
minimum temperature was not at the thermecetple junction or.entanen. Ther, was no thermocoup e June-
non at 0.74 m. Therefore. 'he ercumferennal p adient w d not a result of the ecoling fin effect from c!ac-
dir.g thermoCour!e ; unctions T he 0. 3. and 0.5cm *"ermaeouples extended the ength at se od a ri)
and 190 degrees, respectisely. The thermecouple sheaths were act attached to '': red at eith;r 0 n er
0. a m; howes er ther, e med to be a semperature ;oncing effect fram :he T0- and powbl> t'
150 Jegree thermoccupie : heaths that were near t x cladding :'ut not atuched.
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3. RADIAL PROFILE

Nielt radii were determined at 15 cross sections in the Test PCN1-1 fuel rod. Only three of these cross sec-
tions could be assigned definite elevations. The other twelve 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 form 8

[kdT=,
47

where

q = local power
.

k = thermalconductivity 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 each of the 15
cross sections.

-

Generally, the me!t radii of the fuel rod fragments wi hout cladding were smaller than those sections
with cladding that were at equal or Iower power 'ceations. The implications of this observation on the fue:
rod breakup scenario were discussed in Subsection 111-3

Simplified radial temperature profiles can be constructed for the 0.30- and 0.67-m elevations. The pre-
files are plotted in Figure 14. At 0.30 m, the temperature at the edge of the molten zone was approximate!y
3!C0 K. The temperature at the edge of the pellet, as calculated from the melt rad!us and local power, was
2350 K. The temperature drop acro 3s the ZrO, layer on the cladding inner surface was calculated to be
132 K assuming a thermal conductisity of ZrO{ of 2.4 W/m. C,9 a power at this elevation of 73 kW/m,
and a ZrO layer thickness of 250 'am (metallographic observation). The temperature at the center of the
cladding was abcut 2000 K, which correlates well with the memllographic indications that the center core
of the cladding at this elevation was moiten. The range of temperatures required to prcduce the
microstructure obsersed is 2:27 to 2273 K. (A discussion of the molte. cladding microstructures is
presented in Subsection V-2, on cladding-coolant reaction.)

Similarly, at the 0.67-m elevanen, assuming a !ccal power of 59 kW 'm, the temperature at the edge of
the pellet aseraged 1~50 K. (The molten fuel area appeared to be symmetrical within re pellet.) The ciad-
ding temperatures determined for this elesation from the reaction layer thicknesses ranged from 1470 to
1690 K. Thus, the ca!culation of pe!!et surface tempe:ature is in reasonab!e agreement with cladding
temperatures determined by meta!!cgrapny and oxide kine:ics.

. , -
I '.t 8,
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Tall'.R V

FU El. M E LT R A D I I D A'"A

_ _

Estimated
Actual Melt Melt 1.ocal Peak Pellet Surface Cladding

1.oc a t i on Elevation Range Radius Volume l' owe r Temperature Tempera t tf re
(m) (m) (%) (%) (kW/m) (K) (K)

0.299 0.294 77 59 73 2350 2227 to 2273

0.310 0.299 to 0.507 (#6 bottom)3 '56 31 73 to 78 1550 to 1700 b
0.327 0.316 t o 0. 524 ( #6 top) 56 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
ti . 4 5 7 0.340 to 0.548 (#5 top) 65 42 73 to 78 1800 to 1900

0.464 0. 34 0 t o 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

a .;
0.503 0.356 to 0.564 (#3 bottom) 78 61 71 tn 73 2200 to 2400 c
0.519 0.372 to 0.580 (#3 top) 82 67 70 to 78 2300 to 2500

0.529 0.372 t o 0. 580 (# 2 bot t om) 82 67 70 to 78 2300 to 2500 c
0.542 0.385 to 0.593 (#2 top) 82 67 60 to 78 2300 to 2500

0.588 0.385 to 0.593 (#1 bottom) 85 72 68 to 78 2400 to 2500 c
0.6 30 0.427 to 0.6 35 (#1 top) 83 69 62 to 77 2400 to 2500

0.670 0.670 36 13 59 1750 1470 to 1690

0.74 3 0.743 0 0 50 -- 1140 to 1320
t ,. _ _ __ _ _ _ __ _ __

a. N o n.b e r s refer to broken fuel rod sections as identified in Figure 6.
e

_
b. Fuel rn! sec t i ons w i t bou t cladding.

c. Cl :idd i og was ai1 Zr02 posttest.
.- - _ - _

G
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28

1, s . 4



V. CLADDING CHEMICAL REACTIONS

Considerable chemicalinteraction of the cladding with the steam ensironment and the fuel occurred in
Test PCN1-1. In some locations the entire cladding wall was oxidized to ZrO;. The following sections
discuss the interaction of the cladding with the UO; fuel and the steam blanket. Af:er initial rod failure, a
steam environment existed inside a portion of the fuel rod. The effect of the steam er".ironment on the
:! adding exidation 9 mluated. 'he embritt!ement of the tddin; % mida:icn and hydriding are
discussed.

1. FUEL-CLADDING REACTION
&

It has been observed that,in general, oxygen diffuses from :he UO2 nto the bera-phase zircaioy, induc-i

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 duplex reaction layer will develop together with
the oxygen-induced transformation of beta-phase raaterial.to oxygen-stabilized alpha-zirca!ay. The duplex
layer consists of a uranium-rich layer adjacent to the cladding and a zirconium-rich layer adjacent to the

9 9fue1, No duplex reaction lay er will form if ZrO is present on the cladding inner surface ,10

Examples of the Test PCN1-1 zircaloy cladding structure that syas oxidized by steam from the outside
and reacted with the CO: fuel on the inside is shown in Figure 15. A!! of the photographs in Figure 15 are
of cladding at the same e!evation (0.67 m), but different orientations. A 2 0 K eircumferential temperature
gradient existed at this e!evation. Niicroprobe examination of the fuel-c! adding reaction layers showed that
as the oxygen-stabilized alpha layers from the inside and outside of the cladding grew :o meet in the center,
the U-rich and Zr-rich reae: ion layers Lecame dispersed within the inner alpha layer. (Details of the
microprobe examination are presented in Appendix E.) The a!!cying element, :in, was rejected into the
boundary between the alpha and beta phases ahead of :he advancing oxygen-3tabilized alpha-phase bound-
arv. The tin was esentually collec:ed as meta!!ic inclusions at the midpoint of the c! adding. Three sequen-
t:al s: ps in the segregation process are also shown in Figure 15. The microstruc:ures at 0.67 m and abose
are typical of an unfailed fuel rod with no exposure of the c! adding inside surface to steam. The absence of
steam exposure abose 0.67 m was due to cladding collapse onto the fuel column w hich 3ealed the top por-
tion of the rod abose the fracture at 0.63 m and isciated the plenum from the failure loca: ion. The plenum
pressure transducer did not respond to the rod fai!ure until communication be: ween the plenum and :he
remainder of the red was reestablished at shutdown.

The typical duplex layers were difficult to distinguish in much of :he Test PCN1-1 cladding because of :he
extensise chemical interactica of the fuel, e! adding, and coolant due to the length of time at hign
temperatures and :he in;ress of water in the lower portions of the rod after failure. The c! adding at the
0.30 m e!evation had an oude layer on both the outer and mne surfaces, with a care of moiten ma:eria;.
Extensise microprobe analysis of this cladding was condue:ed, the resu!ts of which are presented .n~

Appendix E. An inner oxide layer, with uranium a!ffused through it, exts:ed at all orientatioc3 The dif-
:used uranium was probably a remnant of the duplex reacaon layer which had exis:ed prior to :he ingress
of steam into the rod.

The c:stribution of uranium in the inner oxide layer at the 0.30-m eiesation is 3hown in Figure 16 :or
ses eral c: cumferential;ocanens. Uranium was present :hrougneut :he inner oude :ay er at 290 degrees che
fracture locanon). This aver was approuma:eiy i10 _m thicc The uramum renetra:ed :o between as and
F _m of the :10 m-thick oude !ayer at 235 degrees. The uranium pene:ranon appeared to ermmate at a
separation in the inner surface oxide, wnich probab!> marked the dup;ex reacnon :ayer penetranon At
210 degrees, uranium was found as far 23 140 um :n:o :he Ja0 m-thick ouce :ayer This pene:ranen :s
approumateiy 40; or the :ctaiinside sur:w oude :ayer The ecncentranon af uramum was Nnest r the
40 m of the :nner 3urface oude near the een:er of :ne eladdin; waii. Niterat rabe exam:natan dowed a
ae'i U e layer Iorrnation in the mner >urface oude a: :,5 and i:5 a;;rees. A: :e5 deg:ees e .a> >r :n ne
%e appeared :o correspond :o :he auplex rea;..on layers est" e i _sr'n; pre :ces ?CN! exar-inanom
The higher uramum :es el w as be'.w een le0 and 40 _.m and ne :ow er r.ei A as e:^ een 30 m ana -
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inner surface. The :irconium content was constant across this region. Normally, the duplex reacnon layers
consist of a zirconium-rich !ayar near the fw ' N: owed by a uranium rich |ayer. The 125-degree location
in Figure 16 had four layers in the inner W aeter oxide. Uranium was found in all of the oxide layers
except for the layer close.st to the alpha-zirealoy. The two layers closest to the fuel contained uranium and
no zirconium (Figure 16). There was no sisible difference in the oxide containing uranium and zirconium,
and the oxide containi'g only uranium. The uranium distribution in the inner oxide !aye" at all crientations
su2 gests the minimum depth of the oxygen-stabilized alpha penetration, including the duplex reachen
layers existing before exposure of the inside surface to steam from the red failure. The penetranon ranged
from 45 to 160 um into the cladamg.

The two pieces of broken fuel red 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!ceations insestigated on these two rod fragments; however, the penetration of uranium into
the oxiJizec e! adding saried from ml :o S0 um. Interaction regions at 0.59 m containing uranium in the
cladding are shown in Figure 17. In this figure it can be seen : hat the interae: ion region at 0.$9 m varied
from 0 to 50 to 80 Lm for the 0, Isd , and 90-degree orientations, respec:ise!y. Uranium penetration into
the c! adding only occurred at 'ceations where molten fuel was in centact with the cladding at 0.52 m. The
absence of uranium dispersed in the oxidiz, -! adding, shown in Figure 17, indicated that the e!adJmg
melted ear!v in the transient so that the fuel-claddine m:erac: ion was betseen CO, and melten zirealoy.- -

-

The produe:s of such an in:eracnon are ZrO; and me:a!!!c uranium , The uranium apparently does not
penetrate the newly formed ZrO; !ayer The formation of ZrO; from both the inner and outer : adding
surfaces continues until the melten cladding is :otally transformed to solid ox:de.

Nialten fuel made een:act mth the ;;addmg at two orientations at 0.52 m, with sigmf: cant mixing of the
cladding and fuel materials cc:urnng. At 335 degrees, uranium was present halfway through the e: adding
and zirconium penetrated the fuel as far as the large. nearly pore free grains that define, at other locations,
the maximum fuei me!t radius. Only small amounts of zir enium were present ;n the molten fuei near the
pe!!e: surface at the 135-degree enentation. The ;! adding apparently broke away at this oriemanen before
more ex:ensn e mixing eculd occur

2. CLADDING-COOLANT REACTION

In general, the oxidizing reacticn from be rirealoy-water hicam) mtera.t:en produces oxygen consen-
tration gradiems ahead of the ads aneing oxide !ayer. The oxy;en uttake m be:a-zirealoy induces : anstor-
mation of the beta-phase matenal to oxygen-stabin7ed alpha-phase. The ;rcaloy microstru;:ures genera!F
ebsersed metal!egraphically at ambient temperatures are thus .amposed of distin;' ;'nases of surfae
exice, Oxygen-,:abilized alpha, and the pr:or e:a-pnase field matrix. W hen zarealey :s expe-ed to < team5

:er ex: ended peneds of ame, as m Test PCN1-1 (15 minu es), the ::realoy can become completely oxid:ced
to ZrO,. The oxidation kinen. relations a hich fit semi-infinite d;ffus:en condition- no lonzer s:nce he;d
when tIhe beta-chase thickness becomes sma!! comeared wi:h he ZrO and oxygen-35ab:hced alpha
,:;cknesses. In addition, the increas:n; exidanen of the aaadinz . su:ates the tuel pe!!e sumecuent!,

raicz ne fue!'empera:ure and, here:ere, me sadd:ng :empera:ure. The oxidanon ra:e incremes e n:
...reasm ? emp rature

iome ox:dc spailing cc urred a: ;cca:icns where the ;!ading was omple:eiy oxiized :o ZrO . The
dume cano of ZrO_, :0 :;rea!c.v :s 1.5 L. The on2inal w .1 :5: kness of he ;!aJdine. was C _m. The AaD
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One the zir:aloy dadding completely oxidizes to ZrO , it. |ike the CO: fuel, is a ceramie. Some
examples of the oudaed e! adding are shown in Figure 13. In all of the locations shown, grain growth and
porosity were observed in the oxidized ;! adding. Layering of the outer surface of the rotally oxidized clad-
ding was not as apparent as in oudelay ers on metal!!c zirealoy eladding at other locations of the red.

The e! adding mel:ing observed at the 0.30-m elevation is a ecmplicated process that can be somewhat
explained by the microstructure of the :ladding (Figure 19) with reference to the zirconium oxy g:n phase
diagram (Figure :0). Three different orientations are >hown in Figure 19. Aith progressisely greater
extents of oxidation. The microstructure suggests onc puse (not oxygen-3tabilized alpha) in equilibrium
with ZrO in the form oflayers on the outer and innn ar0:e of the e! adding and along what appear to be
prior beta grain boundaries at tem:'erature. (Miereprehe ecamination identified the material to be ZrO;.)
The phase diagram shows that :he ether phase must be liawd zirealoy.

Proceeding from the oute:ce to the inside surface, initially there probably exis:ed layers of ZrO;.
oxy gen-stabilized alpha, prior ceu zirealay, oxygen-stabilized alpha, and probably U Zr interaction
lay ers. It is postulated that at::: the layers had formed, the inside surface was exposed to a s: cam ensiren-
ment. An oxide layer formed on the inside surface, consumi:q &c U.Zr interaction layers. The centinued
oxidation of the external eladdit:g surface sersed to insulae th fui red, causing fuel and c! adding
temperatures to increase. The temperature of the cladding reache:: nn desa:ed saiue such that the beta
grams melted and the oxy gen stabilized alpha and ZrO: d;d not. As mxe exygen was added to the system,
the ongen-stabilized alpha was transformed to ZrO;. The :aater:al was then eco!ed. There is in area et
unusual merphology on either side of the molten zone, a3 seen in F.gure 14. that may represent the ou gen-
stabi!! zed alpha zone at the onset of dadding melting. The dendntie plate!ets in the cente region of the
cladding wa!! that formed upon soliJification of the me;: are also shown in Figure 19.

The zircon:an-oxygen phase diagram (Figure 20) show s the a!pha ptus hqu:J rne o be be: ween 222-
and 22 3 K at !:<s :han 20 at.G oxygen. At :hese temperature: We ee:a phase mel s The alpha phase : hent

transforms :o Zr0; with the addition of oxygen; howeser, tFe V a phae re rns aciten. After all of the
alpna was transfarmed to Zr0 . :he temperature may hase i ser. seme, "u: er 2% e the Zr0 :iquidu;line.2 2

3. CLAODING EMBRIT LEME

The mechanical behasior of the e! adding is modified by :he er.dation c.s well as the pnase transiorma-
::en processes that occur. The beta phase in the zirealoy has icw.r oxygen solubility than the oxygen-
:abilized a pha phase and remains somewhat due:ile througn and following a film boiling transient.

Ses eral embrittlement ert:eria hase been des eiered, usuaily based on the remaining beta phase.

The ! % ECR lequis a|ent c! adding reacted :o Zr0;) embr:ttlement er.:er:on is curren:ly usea for rea::or
licensing. The ECR is a calcu!aton of the :ntal oxygen content in the prccue: reae::on layers and in :he
beta pha'e u<ed to de:ernme the fraeno . of the zirealoy ;apab:e o,f bem; os!Jized to Z:0,. The
relat:enship eetween ECR and the produ: reae:!cn !a> ers is of :ne ferm '

-

3

,, _ C , = -- exide 3ickness + Abha 3ickness100
.e a -

t 1. ;_- . . ;41
_

w

w here ,a ;s :*0 e! adding wall !hlCkness, l.f-. !S :he Jude-to-Tetal iciurne ra'io : Y ZrO; Zr,and a:s the
ra'.0 or ne ae:fn' #ra; i0n of Ox);en in ZrO; |0 'he as erage 's e:g'll fra.. on o! exygerl in the ou 2''E-
qac'iized a!pna pnate. Th:s ecuanon a3sumes ha: he :ctai ex);en uptake .s approximately equai :o +e
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the beta phase is entirely consumed (24% ECR). This estimated criterion for high temperature
embrittlement is based on extrapolation of Fw (fractional w all thickness of remaining beta phase) and ml-
ductility temperature published by D. O. Hobsonl5, Between 1800 to 1850 K,24% ECR is reached after
515 to SSO seconds. Instrumentation gase indication of rod fa: lure at approximately 520 seconds. It is
reasonable to assume that the initial rod failure occurred as a result of eladding embrittlement.

Af ter posttest examination, the cladding was brittle at ambient teraperatures, at least between 0.30 and
0.67 m. Howeser, in this region there were sections of fuel rod with completely embrittled cladding (all
ZrO or ZrO and oxygen-stabilized alpha) that remained intact. The local strains during quenching were
apparently insufficient to fracture the cladding at some locations. Seseral examples of the sarious cladding
structures are shown in Figures 21 aad 22. N!ierohardnesses of the structures are gi',en. The values gisen
are usually the maximum and minimum of seseral readings.

The microhardnesses of these highly oxidized structures can be compared with the microhardness of
typical zirealoy structure to obtain an indication of mechanical preperties. Generally, the nominal room
temperature hardness of as-receised, stress reliesed zirealoy has been measured oser a range of hardnesses
near 262 DPH, and as the cold-work begins to anneal out close to the reerystallizauon temperature at
920 K (the transformation from stress reliesed 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 3tructure, with no obsenable grain growth, produces an
additional drop in the haMness to 191 DPH. The hardness salues begin to increase again, as the alpha plus
beta two-phase structure deseleps (1105 < T < 1245 K), to salues equisalent to or greater than 278 DPH.
Upon transformation to the beta phase (zirealoy 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 salues mea 3ured were associated with the outer cladding surtace
layer of oxygen-stabilized alpha, with salues ranging from ~50 to v00 DPH. Alpha-phase incursions
extending into the parent beta-phase field ranged from 375 to 425 DPH in hardness, and the inner cladding
surface laxt of oxygen-;tabilized alpha measured from 330 to 400 DPH nominal hardness!O 16

Niierohardnesses of the oxide layers in fuel rods tested in the PBF hase not been presiously reported.
The presieu3iy molten Test PCN1-1 zirealoy had a hardness of 514 to 607 DPH, whieh is comparable to the
inner alpha layer microbardnesses obsened in past PCN1 tests. The hardness of the Test PCN1-1 outer lay er
of oxygen-3tabilized alpha was 475 to 663 DPH, somewhat lower than typically obsersed. The inner layer
was 514 to M3 DPH at locations with well-defined Zr-CO reaction layers, and 70i to 803 DPH at loca-
tions with the reaction lay ers dispersed into the a!rha ayer. The hardnes s of the alpha plu3 beta two-phase
region near the top of the film boiling zone was 190 to 295 DPH. The microhardness i rhe inner oxygen-
stabilized Apha layers and the alpha plus beta two-phase region were ecmparable those pre',io'nly
obsen ed. The prior beta phase saned from 262 to 514 DPH in regions with well. defined reaction layers, to
557 to N)7 DPH in regions unh dispersed reaenon layers. The higher microharanesses obsened in the
pnor beta phase were most |ikely due to the high oxygen content in this phase asseeiated with the extenme
oxidation of the cladding in this test. The mierchardnesses in the fu!!y oudized regions of the Test PCN1-1
cladding ranged no n 440 to 500 DPH. None of the inner or outer surface oxide layers had a hardness oser
800 DPH.

4. CLADDING HYDRIDING

Hydt 'een absorption from metal-water reaction modifies the microstructure of oxidized zirea!oy elad-
Jing and reduces the ductility of arcaioy at low temperatures (< 5 0 K), causing fractures durine pesttest
handling. Hy dnde3 precipitate in ;irealey w hen the terminal solid 30iubility of hydrogen is execeded. Th;
selubihty of hydrogen in zirealoy may be from a few tens of parts per m:luon to ses eral hurdred par s per
million at the operating test temperature i ~1000 K).

T he ani) |acation at a hich h>Jnding of the e! adding aas onsened m re Te . PC\l-1 tue! rod was near
'ce tep at the tiim bo:hng zone Photograpns at three Les;nons are newn :n figure 23 HyJriam was
not obsened at the other e!es at:ons exanuned. probabh resar e af tne euensis e audation. HsJrmen
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levels of 360 ppm were measured i.1 the broken pieces of cladding from the high power regicn. 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 hydr:de platelets are located along
the edges of the prior beta grains in the alpha plus beta region at the 0.79-m elevation. The 0.31- and
0.83-m elevations are mostly recrystallized alpha-zircaloy, with a small amount of beta structure. The
hydride platelets are found between the recrystallized alpha grains. By comparison with the embrittlement
due tc oxygen, the effect of hydrogen on fuel rod behasier during the extended film boiling operat:en in
Test PCM-1 dces not appear to be significam

.
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VI. FUEL RESTRUCTURING

Film boiling transient conditions result in thermal restructuring of the CO f2 uel. 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 35% of the pellet radiust porosity movement as a result of thermal gradients mthin the
pellets; and fuel fracturing, shattering, and fragmenting as a result of the rapid heating and cooling of the
test operation. The fuel red failed during the test, exposing the fuel to a steam ensironment for an
appreciable amount of time. Other features are also visible in the fuel that were probably due to chemical
interaction of the CO: with the steam environment. The following subsections detail the fuel porosity
changes, melting characteristicurain growth, grain boundary shattering phenomena, and probacle
chemical changes in the fuel.

1. POROSITY CHANGES

The Test PCM-1 fuel rod exhibited unusual porosity distributions in the fuel. Generally, a UO; fuel
pellet with centerline melting is characterized by.a central void, although the central soid may be filled due
to fuel relocation as a result of melting. The region that cools tapidly upon final shutcown is indicated by a
well-defined central regien 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 recion. The
outer beundary of the pere-free :cne usua!!y 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 fue!. Some migration of
the initial porosity to the grain boundaries may occurl819. This typical structure was net found in any of
the fise axialiccations examined containing a molten fuel core. Examples of the fuel structure in the Test
PCM-1 fuel are show n in Figure 24

A central void was found at the 0.6'*- and 0.52-m e!esaticns. A frothy appearing, extremely porcus
structure was obsersed at the center at the 0.30- and 0.59-m elevations. The perosity was probably due to
shrinkage of the central molten zone upon rapid ecoling 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 to be a result of chemical changes in the fuel w hich are discussed in Subsection VI-5.

The pore free region was not typical of what is generally obsened at any of the elevations exammed,
pcssibly because of the increasing molten fuel radius due to the insulating effect of me oxidizing cladding.
The randomly oriented,!enucular-shaped soids were also present at the 0.52-m elesation [Fi;ure 24all. At
this e!evation the pores were located in the region of !imited equiaxed gra:n zrowth. The large, blocky
grains which norma!Iy define the max: mum extent of melting anc are usually pore free conta:ned, in his
instance, porosity in the outer pertion of the zone. T:ns porosity may have been generated at the bouncary
between the maximum molten region and the solid regien, and then migrated into the fuel durine acench.

No centrai void was observed at 0.31 m (Figure 2-4b)], although the beta-gamma autoradiography
indicated a melt radius of approximately 56%. Some :ra:Is of ;' ores were oriented radiail. as if s cids had
migrated to the center of the peilet: howeser no true pore-free region eusted. .\ band cont:unmg randemi)
oriented. lenneu!ar-haced voids was present at approximately two thirds of the peilet radius. 5 cme s oids
may have ceen generated by cracks in the rue!: how es er no ob'.ious explanation is 2s adab:e fer "e
generation of tne lent:cular pores and thetr random or:entanon at emer lecations.

The 0.59-m elesanen exhibites a troths center reg:en. beunded *y a pore- ree reg:en Jetinr's the cuent
of melting, and men a reg:ca of apared grain ;mwth. In -he rore tree region a nruc.ure nur7a ra.
may hase reen enher an unusuli vad format'en x powbiy a wnd paa3e. The ' ra re ? rt' eared to 'e
!ccated primarny 2:cn2 crac.c and gra:n councar:es. 9 > <truct 're u >nown m FLre Met. \lueprcre
exar"' nation ind:cated no 2.rConlum Or un ;n *ms reZ2n.
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Another unusual porosity distribution was found at the 0.67-m elevation (Figure :4(f)]. A beta-gamma
autoradiograph of the cross section from :his location indicated a melt radius of approximately 36%
(Appendix C, Figure C-1). However, the grains were equiaxed to the center of the pellet with an esen
distribution of porosity across the radius. Some alignment of the pores along substructural boundaries
within the large equiaxed grains may has e occurred near the center of the pelle:

No compositional changes of the fuel were indica ed by electron microprobe scans across the :uel at any
elevation. If the unusual norosity distributions are due to compositional changes in the fuel, only siight!y
higher forms of the oxide must be invoked. (Fuel chemical changes are discussed in Subsection VI-5.)
Some of the porosity effects may be due to t'ie cooling conditions of the fuel rod as the rod failed and was
exposed to a steam ensironment interna ty. The porosity distributions obsersed did not appear :o
significantly affec, fuel rod integrity during i xtended film boiling operation.

2. FUEL MELTING

Fuel centerline melting was extensive in the Tes: PC.\l-1 fuel rod. The largest mel: radius found in the 15
elesations examined was 85% and was in a loose piece of fuel with cladding at the center of the rod. The
molten fuel region extended from at leas: 0.304 (with a melt radius of 77%) to 0.670 m (melt radius 36%).

Cross see: ions of all of the exposed surfaces, both cut and broken, are shown in Figure 25. The eleva-
tions gisen for Figure 25(e) through (q) are the elevations at which the sections of the rod were :ocated
after the fuel rod shroud was split and opened and the fuel red was examined. The space within :he shroud
was not . 'T. .c- Mr 5 red see: ions to exchange places or turn end-for-end and, thereiere they are in the
same order as they were durmg operation. The melt radii are plotted in Figure 26.

There were three r.'d secaons without cladding that consisted of at least one intact fuel pellet. Generally,
We melt radii were smaller at these 'ceations than a:;o:ations anere the e.accing wa> still intact, indi.atmg
that the cladding had broken away frorn :he fuel at some :ime before the rod was at the highest
temperatures. Witn the c!acding missing, heat tranJer away from the pe!!ets was improsed: Werefore, the
cen:er!ine temperatures did not increase after that time. The fuel temperature increased at the locations
with eladding because the connnual oxidation of 'he zircaloy deercased the conductisity of the ;!addinz
and, therefore, insulated the fuel. Appendix F discusses the possible ma;nituce of :he increase in tuel
temperatures as a f unction of time at power.

Esidence exists of moiten fuel being in con:a:t with the :!adJing at 0.51 m. The molten fue! radius
aseraged CG at this location, with the mclien fuelin conta : with the c! adding at two posi:!ons. The fuel
chemical chang:s as a re, ult of this interaction are discussed in Subse::!cn VI-5. There was no indicanen et
melten fuel-cladding contact at any of the other e!e'.ations examined. The molten tue! did not seen :o
e a ude through the cracks in :he peilets, es en at locations wuh a melt radius of 25 much as 35 %.

Despite the presence of large quantales of molten fuei, mol:en fuel-e!addmg interaenen and the access
of steam to the red interior, no esidence was found of preferential rod failures at:-Wutable to me me::en
h.el .

3. FUE!. SH ATTERING

Fue! shattermg urain beuncar, .'racture) was ob3en ed at two eles anons : hat were net expesed :o ceam
The shat:erm; oc;u red a: he ou:er 16G af the : d peilet at te 0.6~-m e!:.auon and at Me mre- @ 2:
~e 0.~4-rn e!e' r:en. . . ere w as ;entra! fud meinn; at 03 m but not at J.~4 m The me x e cuaxed
;ra:n3 a nere ine :ra;; rm; x;urred sar:ed * rem ? io 4 -.m a: 0.C m and rom ~ *a.: m m A~a m
CT 'is se nons at 'nese Iw o 0'e'.aG JCs are ;how n 'a f-' pre ~ FMd 2: |w o c Nef e.et auC"4 41.. .-

f ram ai20s and ' Me! : """eraire' Du: ' c;n w er. ?xpU n .o 4 0ar" w er^ exam!"e0. \ o ; a - El:'e'"".2 41
ob ers Od 2 '". esc .0 cam 0"i
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Extensise fuel shattering did occur in the Test PC51-1 fuel rod since 24ro of the fuel stack was reduced to
partie!es sma!!:r than 76 ,.m and was wa>hed out through the flaw shrouJ particle screens. In accordane;
with an analysis 20 of fuel powdering (fragmentation) trom presious PCN1-type experimenti, it is bdiesed
that the fragmentation occurred due to thermal stresses during the quench at test shutdow n.

4. EQUIAXED GRAIN GROWTH

The esumated temperature required for equiaxed grain enlargement in CO2 fuel is ~1900 KIS This
temperature is assumed to be characteristic of the boundary between unrestructured and equiaxed grain
zones. The temperature at which columnar grain growth occurs s aries from 19~0 to 2400 K, depending on
the temperature gradient in the fuel. Fuel melting occurs at 3100 K.

Columnar grain growth did not oe ur at any of the elevations examined, esen though there were regions
of molten tuel present. Unrestructured fuel at the pe!!et surface was found at the 0.67-m elesation and
abos e. The grain size at the pellet surface, midradius, and center is gis en in Table VI for ses eral ele atiens.

Fuel temperatures can be calculated from the fuel grain size, if the time at temperature is known, using
9the following equation :

5
4 4 10 -3.87 x 10

D -D = 1.717 x 10 t exp
o R ,i

TABLE VI

EQUIAED CRAI'i CRO' NTH

Fuel Crain Size Calculated Temperature
E leva t i on f rcn (u m) (K)
t he B o t t en o f
t he Fue l S ta c k Outer Outer

( m) Diameter Midradius Center Diame :er Midradius Center

0-299 6 23 -- 2000 2610 -

-0.507

0.372 16.5 50 -- 2480 3160 --

-0.580

0.670 3 46 - 1000 3090 -

0.743 3 7 33 1900 2060 2840

0.779 3 5 11 1900 1930 2000
-0.798

0. 798 3 3 5 1900 1900 1930
-0.517

0.E'.' 3 3 3 1900 1900 1900
-0.336

N

I s



,

w here

D = final grain siee, m

D = i7itial grain size, mo

t = time, s

R = 8.314 (gas constant)

T - temperature, K. ,

The temperatures calculated from the grain sizes ate also gisen in Table VI. These temperatures may be
somewhat high because of the accelerated restructurHg as a result of increased oxygen content in the
UO., 21

5. CHEMICAL CH ANGES

Chemical changes occurred in the CO fuelin Test PCN1-1 as a result of the fuel exposure to steam for
an extended period of time. The changes in ehemistry of the fuel are of interest in order to esaluate the
su!; sequent shanges in the fuel properties, such as the melting temperature. The fuel chemist:, chances were
characterized by metallographie examination and microprobe analysis.

A precipitate was obsersed metal |egraphicalls mside of the CO; fuel grains at three of the elesations
examined. This precipitate a beliesed to be U 0 . The U-O phase diagram (Figure 24 snows that U 094 9 4
does not exist abose 1460 K at an) Oz U rat:0. The f uel is in the form of L O; _ s abose this !cmperature.
Between O U ratios of 2.0 and 2.25, U 09 ex:sts below temperatures rangmg from approximately 600 to4
la60 K. The existence of U 09 is not clear for raties abo'.e 2.25 The crystal

-9 s cubie, with latuee parameters of 5.4704 and 5.a411 A, respectis eiy i ,, structure of both UO, and
4

sU0 i4

The fuel structures at 0.52,0.59, and 0.30 m are show n m Figures 29 and 30. These 3tructures were ecm-
pared with those reported by General Electrte in Reference 22. The U 0 9 n Test PCN1-1 had three 3!!ghtlyi2
different appearances. At the edge of the fuel at 0.59 m (Figure 29ta)) and also at the edge at 0.52 m
(Figure 29tb), te), and 'J)}, the precipitates are large, angular structure 3 within the CO: grains. Closer to
the center of the fuel, the preci-itate is much tiner. gising the CO; a textureJ look at 70 N. Examination
at higher magnificanon (500 and 1000 X) shows the angular U 0 precipitate in the UO; grams.4 9

The melt area in the fuel at 0.30 m had an unusual Jendr. tic appearance, as show n in Figure 30. Calcula-
tiens were made, using the oxidation rate equations gis en in Reference 21, at the pellet surface temperature
determmed from melt radiuc and local power. Suffic:ent time existed to diffuse oxygen to the ceater of the
pe!!et in large enougn quantities to cons ert a signiricant amount et the pe!Iet from CO, to CaO . as snow n9
by the calculations presented in Appen u G. The anoma!uus appearance of the moiten fuel in Figure 39
may be due to the precipitation of U 09 upon solidification and cooling.4

The presence of U 04 9 n the fuel at ambient emperatures indicates an O C ratio in the fuel between 2.0i

and 2.25. The me! ting point of the fueli3 reduced and grain growth is expected to insrea3e with the h:gher
oxygen content. The net result of these effects is to increase the quantity of molten fue'; howese' as
presiously stated in Subsection VI-2, no preferennal rod ia:Iures attributable to molten fue! were
ob3ers ed.
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Vll. CONCLUSIONS

The objectises of Test PCM-1 were to determine the time to failure of a single PWR-type fuel rod 3ub-
jected to film boiling operation at higher power, insesugate the mee.'anism of rod failure, examine ant,

esidence of energetic molten fuel-coulant interaction and molten fuel related rod failures, and esaluate the
behasior of a rod subjected to film boiling operatien at high power tallowing rod failure. The behasior of
the fuel rod matenals in the test, as it related to the test objectises, was analyzed en the basis of the post-
trradiation examination. The fuel rod was operated in film boiling for 920 seconds; 2S0 seconds at
69 kW< m, and 640 seeends at 7S kWe 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 remosal of 24% of the fuel stack from the flow shroud occurred, primanly
during quenching at test shutdown. The flow shroud was not ad.ersely atfeeted by extended film boiling
operanon of the failed fuel rod. Cladding melting occurred oser as much as 31% of the rod. The mohen
fuei region euended from at least 0.30 m (melt radius of 77%) to 0.67 m (melt radius 36%). Extensne
fuel-cladding and cladding-coolant reactions occurred. Fuel-ecolant interact.en Juring film boiling epera-
tion resulted in oxidation of the LO; fuel to U 09 n some location 3; howes er, the compositional change,i4
as we!! a> the unusual porosity distribution, Jid not appear to sigmficantly affect fuel rod integrity during
extended film boihng operation. There was no apparent energetic molten fuel. coolant interaction.

Seseral general conclusions can be made concerning the operation of a tuel rod in film beiling for an
extended time. Film boiling operation for extend d times leads to extentise cladding esidatien which
insulates the fuel, raising the fuel temperature and, therefore, increasing the extent of fue! melting.
Euensne fuel mehmg (up to s5% of the pellet radiusi dees not seem to adsercely affM the behasior of a
: ailed fue! rod durmg euenJed fiim beihng uperation. Cladding scenens comf etely odhzed to ZrO; andl

seenons of moiten eladding ;ontamed in a ZrO; shell can mamtain strucuralintegrity. Limited structural
miegrity can also be mamtained in unclaJ fuel sectien3

j< ;*,
, .ii
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