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Argonne National Laboratory (ANL) is conducting research on high-burnup BWR and PWR fuel 
to provide data for assessing the licensing criteria (10 CFR50.46) for Loss of Coolant Accident 
(LOCA) events.  LOCA-relevant research includes fuel and cladding characterization, cladding 
high-temperature steam oxidation kinetics studies, LOCA Integral Testing of fueled segments, 
post-quench ductility testing of LOCA Integral specimens and post-quench ductility testing of 
Zircaloy and advanced-alloy unirradiated tubing.  The work completed on samples from Limerick 
BWR fuel rods (≈57 GWd/MTU) is reported. 
 
The LOCA licensing criteria (10 CFR50.46) limit peak cladding temperature to 2200°F (1204°C) 
and maximum Equivalent Cladding Reacted (ECR) to 17% to ensure adequate ductility during 
the Emergency Core Cooling System quench and during possible post-LOCA events (e.g., 
seismic).  High burnup phenomena that may affect cladding response during ballooning and 
burst, steam oxidation, water quench and post-quench are:  loss of cladding base metal 
thickness due to oxidation, hydrogen pickup, inner-surface oxide-layer formation, decreased fuel 
permeability and tight fuel-cladding bonding, and the effective thickness and chemistry of the 
prior β-phase layer following steam oxidation.  The LOCA Integral Tests are being conducted 
with high burnup fueled cladding segments in order to include all the phenomena highlighted.   
  
Limerick cladding is Zr-lined Zircaloy-2 (Zry-2) from the GE-11 9×9 assembly design.  The in-
reactor-formed outer-surface oxide layer is ≈10 µm.  Axial variation of layer thickness is minimal 
for test-sample regions compared to the circumferential variation (3-18µm).  The inner-surface 
oxide layer is ≈10-15 µm.  Oxygen and hydrogen contents are ≈0.7 wt.% and ≈70 wppm, 
respectively.   
 
Defueled cladding samples have been exposed to high-temperature steam to determine weight 
gain, ECR, and layer thicknesses as functions of time at temperature.  As reported (NSRC-2001 
Proceedings), 21 tests have been conducted (1000-1200ûC) using unirradiated Zry-2 (9 tests) 
and irradiated Limerick Zry-2 (12 tests).  Weight gains deduced from detailed metallographic 
analysis of the 1200ûC samples are consistent (within 5%) with the Cathcart-Pawel (CP) model 
predictions.  Based on an assessment of the databases for Zry-2, Zry-4, ZIRLO and Zr-1%Nb 
alloys, these cladding materials exhibit about the same weight gain kinetics in a steam 
environment at 1100-1500ûC, consistent with the ANL data and the CP model predictions.  
Detailed metallographic analyses are in progress to determine the weight gain kinetics and layer 
thicknesses of the ANL Zry-2 samples tested at 1000ûC and 1100ûC. 
  
The CP model has been used to plan the LOCA Integral Test times-at-temperature to achieve 
desired ECR values.  The tests have the following sequential steps:  stabilization of 
temperature, internal pressure (≈8.7 MPa) and steam flow at 300ûC, temperature ramping 
(5ûC/s) through ballooning and burst to 1204ûC, hold at 1204ûC in flowing steam for 3-10 
minutes, slow-cooling (3ûC/s) to 800ûC, and initiation of water quench at 800ûC.  Four-point 



 

 

bend tests will be used to determine overall specimen ductility.  Ring compression tests will be 
used for local ductility determination.  The fueled LOCA samples are ≈300-mm long with a 13-
mm-long top plenum connected to a He gas line (≈10 cm3).  The temperature variation in the 
middle 125 mm of the sample is ±15ûC for a 1204ûC control temperature. 
 
The LOCA Integral Test Apparatus was built and tested out-of-cell using archival Zry-2 samples 
filled with loose-fitting zirconia pellets.  For the reference conditions, unirradiated Zry-2 bursts in 
the alpha phase at ≈740ûC and a ∆P of ≈8.3 MPa with a peak burst strain of ≈44%.  A second 
apparatus of the same design was built and installed into an Alpha-Gamma Hot Cell Facility 
workstation.  The in-cell and out-of-cell units share the same instrumentation and control system 
and can perform oxidation-kinetics and LOCA Integral tests. 
 
Because of the interest in high-burnup fuel permeability, ballooning, burst and possible fuel 
relocation, the first series of LOCA Integral Tests are being conducted as follows:  A) room 
temperature and 300ûC pressurization to quantify fuel permeability, followed by ramping to 
burst; B) full LOCA sequence up to the cool-down to 800ûC, followed by slow furnace cooling; 
and C) full LOCA sequence including water-quench initiation at 800ûC.  Test A has been 
completed.  Relative to unirradiated Zry-2, the results (see Fig. 1) indicate that peak ballooning 
strain (≈38% peak strain), the burst temperature (≈755ûC) and ∆P (≈ 8.6 MPa), burst length and 
maximum width, and the decrease in internal depressurization rate from ≈9 MPa to ≈3.4 MPa 
are all comparable.  The depressurization time (≈50 s vs. ≈2 s) from 3.4 to 0 MPa is longer for 
the irradiated sample.  Also, the balloon axial span is about half as long and the burst-opening 
shape is different (oval vs. dogbone) for the irradiated sample.  Additional post-test 
examinations of the Test-A sample are in progress, as well as the running of Tests B and C.  
Results from all three tests will be presented. 
 
 
 

 

 
 
 

 
 
Fig. 1.  Ballooned and burst section of the Limerick high-burnup BWR LOCA Integral Test 

sample.  Burst temperature, pressure and peak ballooning strain are ≈755ûC, 8.6 MPa, 
and 38%, respectively.  Burst length is ≈15 mm and balloon length is ≈50 mm.    


