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SUMMARY REPORT 

Session I 
PCI TESTING AND RESULTS 

The session included four overview papers on ramp testing results and 
one paper dealing With a specific observation on fission gas release/thermal 
feedback during ramp tests. 

Paper Summaries 

• A paper (J4) from .1AERI reported results from BUR test rods. Two rods 
with small gap and Pat-ended pellets survived ramping to 43 kW/m. The 
rods had not been preirradiated but contained iodine released from a 
ampoule in the plenum at the time of fabrication. Large elongation and 
ridging were observed. 

• A paper (FRG6) from KWU/CE reported power ramping up to 48 kW/m of PWR 
rods preirradiated to 30-46 MWd/kgM. No failures occurred below 40 kW/m 
and the failure probability seemed to be related to the change in power. 
Dimensional measurements indicated strong immediate axial interaction 
and ridge-formation, whereas diameter increases developed more slowly. 
The fission gas release during the ramps at these high burnup values was 
similar to what had been previously observed at 20-25 MWd/kgM. The 
release followed a square root time function for times greater than 10 
minutes after reaching the top of the ramp. 

• A CEA/Fragema paper (F14) reported ramps on different PWR fuel designs 
including pellets fabricated by different dry routes, stress-relieved 
and recrystallized cladding, with and without pressurization. Some of 
the test rods were fabricated from long rods preirradiated in a power 
reactor using the FABRICE technique. The uurnups ranged from 8-45 
MWd/kgM. It was concluded that the FABRICE technique is adequate for 
testing power reactor rods, that fuel under certain conditions may be 
operated without activity release despite the existence of through-
cracks; that failures, when observed, were due to SCC, and that 



prepressurization was effective in reducing the PCI failure probabil
ity, partly due to reduction of fission gas release through thermal 
feedback. 

• A paper (S23) from Studsvik reviewed BWR ramp tests under the DEMO RAMP 
II and TRANSRAMP I projects. The failure threshold was about 40 kW/m at 
about 30 MWd/kgM. T.'iis, threshold could be exceeded without failure in 
very short transients or after conditioning at a level slightly below 
the threshold. Incipient cracks were found in most cases, despite very 
short hold-times. 

• A joint paper (S19) from Studsvik and Exxon Nuclear reported on multiple 
observations of thermal feedback/enhanced gas release during a series 
of ramp tests of nonpressurized test rods. This effect was not observed 
in annular and pressurized designs nor in sphere-pac fuel rods. The 
results indicated rapid gas release on reaching a threshold heat 
rating. 

Conclusions 

• The results reported in this session are mutually consistent. A general 
conclusion is that the results established for fail-safe operation of 
conventional design fuel rods are in conformance with currently 
accepted normal operating limits. 

• Although valuable conclusions have been reached with respect to 
overpower failure thresholds, more testing is desirable, especially in 
the fie d of short term transients beyond the established failure 
threshold. 

• In general, more instrumented tests are desirable for the benefit of the 
modeling work, especially in the area of fission gas release. 

• Furthermore, more hot cell work is desirable to support our under
standing of details of the performance phenomena, with an emphasis on 
rod internal chemistry. 
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Recommendations 

Experimental results discussed indicated considerable data are avail
able for fuel rods under power ramp conditions; however, several areas need 
to be further examined: 

• PCI effects of short-term transients above the established failure 
threshold. 

• More instrumented rods to analyze extended burnup ramping behavior, 
particularly fission gas release, to aid modelling development. 

• More emphasis on specific PIE programs to establish the chemical 
conditions produced by power ramping. 



Session II 
ALTERNATIVE FUEL DESIGNS AND OPERATIONAL STRATEGIES TO IMPROVE PCI 

Session II dealt with Alternative Fuel Designs and Operational Strat
egies to Improve PCI Performance. Five papers were presented; two of these 
dealt with PCI-remedy fuel designs and three dealt with operational 
strategies, as follows: 

Paper Summaries 

• Two papers (US8 and US9) from GE presented the results of power ramp 
tests oh conventional fuel, copper barrier fuel and zirconium liner 
fuel. Analysis of these data showed that zirconium liner fuel is 
significantly better than copper barrier fuel and both of these PCI 
remedies were significantly better than conventional fuels. Based on 
these results, zirconium liner fuel was selected for a large scale, 144 
bundle, demonstration in the Quad Cities 2 reactor. Sixteen of these 
bundles were loaded in ramp cells. The control rods in these cells were 
inserted until almost the end of the cycle. At that time, the control 
rods were withdrawn and the fuel in the ramp cells was subjected to up 
to a 33 kW/m power increase to a peak power of 42 kW/m at a burnup of 
about 5 MWd/kgM without any indication of fuel failure. Another 
demonstration ramp is planned at the end of the next cycle at an 
exposure of about 14 MWd/kgM. 

• A paper (FRG21) from KWU dealt with the operational strategies to 
mitigate PCI in Germany (FRG). They are based on the RSST approach 
proposed by KWU at the Ris0 meeting in 1980. One plant (PWR, 16 x 16 
fuel) is already operating with fully automatic PCI limitations. With 
the exception of BWR 7 x 7 cores, the strategies were 100% successful in 
preventing failures. The impact on plant operation is significant in 
BWRs, but negligible in PWRs. 

• The purpose of the work reported in a U.S. paper (US7) was to 
investigate analytically the impact of extended burnup cycling schemes 
on fuel performance in pressurized water reactors, for base load as well 
as load following operations. There were potential, though not severe, 
problems of loss of operating margin with respect to internal pin 
pressure, and of tensile cladding hoop stresses at high burnups. Load 



follow operation is not predicted to degrade end-of-life internal 
pressure or peak cladding hoop stress at conventional burnups, but is 
expected to increase tensile cladding hoop stress al high burnup. 

A BN paper (B20) discussed the phenomena contributing to the condi
tioning and deconditioning of fuel rods and emphasized the importance 
of a data base that includes in-situ measurements of the fuel. The 
shared-cost international program "ELF" is complementing existing data 
on CANOU and LWR fuel in the low burnup range, i.e., it investigates 
different fuel designs in the 25-40 MWd/kgM burnup range. 

Conclusions 

From these papers and the discussion that followed, it is concluded that 
operational strategies exist (or can be readily constructed based on 
present knowledge) to prevent PCI failures under normal operating 
conditions in power reactors. 

The initiation of a load following mode of operation was calculated not 
to present problems for burnups below about 20 MWd/kgK, but additional 
data are required if it takes place at higher burnups when pellet-
cladding contact is established prior to load-follow operation. 

The operational strategies are generally complex and tend, in the case 
of BWRs, to produce a significant impact on operation. Thus, improved 
fuel having greater resistance to PCI is desirable. Numerous W-0 
programs have been devoted to developing and demonstrating such 
improved fuel. It appears that the high purity zirconium barrier is the 
most mature of these, for power reactor applications. 

Recommendations 

The papers presented in this session generally represent some of the 
ongoing work, and it is concluded that these efforts need to be expeditiously 
completed. 
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Session III 
EXPERIMENTAL INVESTIGATIONS AND MECHANISTIC STUDIES 

This session reviewed some recent experimental and modeling work on 
PCI-SCC fracture processes, in-reactor measurement of fuel rod mechanical 
performance and fission gas release, and recent fuel performance code 
developments. Brief summaries of the eight papers presented are as follows: 

Paper Summaries 

• A paper (J3) from the Nippon Nuclear Fuel Development Co. presented 
experimental results for enhancing the understanding of the iodine 
stress corrosion cracking process for Zircaloy, including oxide pene
tration, crack initiation, and crack propagation processes. Comparison 
of autoelaved and as-pickled samples showed no significant differences 
for failure times. Tests with 15 species of metal iodides showed that 
only those that react thermodynamically with Zircaloy to produce Zrl4 
caused SCC behavior. Detailed SEM fractography showed mixed fracture 
modes predominantly for irradiated specimens. The test data and finite 
element fracture calculations were combined to express the crack 
propagation rate in the form da/dt = CK n, where n was found to be 10. 

• A CEA paper (F13) described SCC tests performed on fatigue precracked 
cladding tubes. When analyzed with linear elastic fracture mechanics 
(LEFM), the results lead to values of Kj$rx similar to those obtained 
from large Double Cantilever Beam specimens. LEFM was concluded to be 
suitable for crack growth calculations, but not for initiation pro
cesses. 

• In an ANL paper (US2), it was shown that brittle-type, PCI-like 
fractures were produced in some batches of high-burnup spent fuel 
cladding under inert-gas internal pressurization or expanding-mandrel 
loading condition at 292-325°C in the absence of added fission 
products. Results of TEM-HVEM analyses were presented that indicate 
that the brittle-type failures were produced as a result of oxygen 
segregation to dislocation substructures and radiation-induced de
fects, formation of Z r ^ precipitates that act as effective barriers 
for dislocations, thus, minimizing plastic deformation. 
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A paper (Jl) from JAERI presented data on power ramping experiments that 
are performed for further improving the FEMAXI fuel code. The 
experiments are equipped with in-pile diameter gauges and other fuel 
instrumentation. Among the experiments, results from six rods with 
narrow gaps were presented showing the deformation behavior for 
different pellet shapes, coolant conditions, and burnup. The following 
results were obtained from the in-pile diameter measurements: regard
ing pellet shape, dished, pellets give more regular ridge formation than 
flat-ended chamfered pellets; base irradiation influences deformation 
behavior during ramping and the major effects arise from gap closure and 
irradiation hardening; and FEMAXI-III calculations agree well with the 
measurements including simulation of secondary ridge formation between 
pellet interfaces. 

A paper (N24) from Halden described the design features of an in-pile 
fuel rod diameter and fuel-cladding gap measuring rig, and presented 
the test results from one nonpressurized helium-filled rod and one 
xenon-filled rod, both with 150 pm as-fabricated gaps. The thermal 
behavior and gap closure trends with power and burnup in the two rods 
were quite different, and are attributed to the higher power rating and 
radial temperature gradients in the helium-filled rod which enhanced 
fuel cracking and relocation. However, the high fuel temperature at low 
power in the xenon-filled rod resulted in a larger operating hot gap 
because of fuel densification, at least early in life. The low power 
ratings produced negligible outward fuel relocation. A power ramp to 50 
kW/m at 7.5 MWd/kgU02 in the helium-filled rod caused appreciable 
fission gas release and Tuel center temperatures increased because of 
thermal feedback effects. 

A paper (CZ16) from the NRI summarized information related tc the 
development of the CEFEUS modular fuel code, which is specialized for 
the calculation of fuel and cladding temperatures, stress-strain 
distributions in fuel and cladding, fuel-cladding axial interaction, 
mechanical equations of state for Zircaloy-niobium, and cladding 
rupture models. The objectives and results of irradiation experiments 
with light water reactor diagnostic assemblies and the postirradiation 
examination progress were discussed. 
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• A paper (UK18) from Risfl presented a self-consistent set of data 
regarding the fission product release, swelling, and mechanical inter
action observed in Zircaloy-clad UO2 fuel pins during mild overpower 
transients at extended bumup. It was shown that volatile fission 
products (Cs and I) are released at a similar rate as the noble gases 
from the center of the fuel. Local radial release and gaseous swelling 
start at calculated temperatures around 700°C at extended burnup. The 
gaseous swelling strongly influences the dimensional behavior of the 
fuel during a transient test. 

• A CEA/Fragema paper (F15) described fuel rods with strain gauges 
attached to the cladding and containing precracked pellets that will be 
irradiated at different power levels and then power ramped. Accurate 
fabrication of cracked pellets has been achieved and preliminary 
calibration work showed the importance of thermomechanical interaction 
between the strain gauges and the cladding. The results will be used 
for calibration of PCI models. 

Conclusions and Recommendations 

The papers and associated discussions resulted in the following 
conclusions and recommendations concerning Experimental Investigations and 
Mechanistic Studies: 

• The crack initiation process needs to be investigated, including 
stochastic processes and the influence of initial flaw size. 

• The ramp programs should include more mechanistic studies of the failed 
cladding microstructure, possibly through cooperative programs. 

• The local chemical changes in the cladding caused by irradiation should 
be investigated. 

• The local stress/strain state of the cladding in the ridge region should 
be investigated. 

• IAEA should consider organizing the establishment of a well-character
ized data base on PCI for benchmarking of fuel codes. 
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More emphasis should be placed on in-pile measurements and PIE to 
improve the qualitative and quantitative understanding of UO2 proper
ties (thermal conductivity, swelling, gas release) at increasing 
burnup. Experiments should include local measurements and relate them 
to the local state in the UO2 pellet, e.g., local temperatures and 
stresses. 

Session IV 
PCI MODELING AND FAILURE CRITERIA 

This session consisted of four papers on PCI models and a paper that 
reviewed the PCI ramp data base. 

Paper Summaries 

• A paper (USIO) from B&W described the new FUMAC-84 code being developed 
by B&W for PCI analysis. The code contains only deterministic pellet 
models while a F.E.M. approach is planned for the cladding model. Early 
results of the interim code indicate that good predictions of steady-
state (integrated) PCI effects are made while difficulty is encountered 
in ramp analysis. The latter is an area for future investigation. 

• The paper (US5) from Stanford University described two models that have 
been developed to predict the SCC failure of zirconium-lined barrier 
and standard cladding, including the accumulation of damage under 
complex loading histories. Independent predictions by the models are 
in good agreement with the corresponding data from CERT tests, ramp and 
hold tests, and in-reactor ramp tests. One of these models (SCCI6-B) is 
physically based and was developed from the earlier SCCIG model solely 
by changing the deformation properties of the material near the inner 
surface to correspond to the relatively soft zirconium liner. The other 
model (CFM-III) is a simple, explicit, empirical equation for the SCC 
crack growth rate that was derived by fitting the predictions of SCCIG-
B. 
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A paper (US12) from PNL demonstrated that two iodine-induced Zircaloy 
failure characteristics related to power ramp rates (strain rate 
sensitivity and reduced failure times) could be modeled by simulating 
the transition from the noncorrosive creep cracking (CC) regime to the 
stress corrosion cracking (SCC) regime. The CCSCC model simulates 
chemical, diffusion, chemisorption, embrittlenient, and damage phe
nomena, and computes crack growth rates given an initial flaw size. The 
Zircaloy-iodine SCC process was found to be primarily dependent on 
chemical and creep rute interactions, rather than stress threshold*, 
diffusion times, or the requirement that a complete monolayer of 
corrodent form at the crack tip. Failure times are dominated by the 
time required to initiate active crack growth. 

A paper (FRG22) from KHU gave the KWU position on some aspects of PCI 
under transient operating conditions, in particular relating to failure 
criteria and derived operating limits. The authors concluded from 
available experience that incipient cracks are not a safety concern. A 
model of constant deposited energy beyond the SCC failure threshold was 
proposed to fit experimental data. 

A paper (US11) from the USNRC described an NRC effort to examine the 
local power-time relationships for reactor overpower events like those 
addressed in Chapter 15 of the USNRC Standard Review Plan and the 
responsive facility Safety Analysis Reports. A preliminary comparison 
of these power-time relationships with those for reported experimental 
investigations of PCI-related cladding performance shows the rather 
limited extent of applicable test data for extreme or limiting local 
reactor overpower conditions. 

Conclusions 

• Significant progress has been made in the development of PCI models. In 
particular, physical submodels are now available for describing the SCC 
of Zircaloy and predicting failure under known stresses and chemical 
environment. 
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• The Zlrcaloy SCC submodels are not yet integrated into general fuel 
performance codes because the understanding of the chemical environment 
is inadequate. If PCI failure criteria are included in those codes, it 
is still as a threshold stress. 

• There is growing interest in the evaluation of PCI effects during 
shorter time/higher power reactor transients. 

Recommendations 

Results discussed indicate that for PCI modeling and failure criteria, 
several areas need to be further examined: 

• Continue to study the chemical environment aspects of PCI. 

• The developers of fuel performance codes that address PCI should 
consider integration of Zircaloy SCC submodels. 

• The variability in PCI resistance of Zircaloy should be quantified on 
the basis of observable physical causes such as the chemical and 
mechanical flaw size distributions. 

• PCI effects of short-term transients above the established failure 
threshold. 

RECOMMENDATIONS FOR FUTURE MEETINGS 

It was, a general consensus of the participants that the Specialists' 
Meeting on Pellet-Cladding Interaction should be combined with the periodic 
meeting on Ramp Testing and that the frequency not be shorter than every two 
years. 
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POWER RAMPING TEST IN THE JMTR 
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Fuel Reliability Laboratory 1, 
Japan Atomic Energy Research Institute, 
Tokai-Mura, Ibaraki-ken, Japan 

Abstract 

Power ramping test Is essential for PCI study of water reactor fuel . 
Boiling water capsules have been used for the tests In the JMTR. Heat gen
eration of fuel rod 1n the capsule can be chained by the He-3 power control 
f ac i l i t y during reactor operation. 

Four specially designed fuel rods have been ramped to about 41-43 kW/mj 
the two of them have small gap f i l l e d with Iodine, the other two trt equipped 
with centerllne temperature thermocouple. Fuel rod elongation detector Is 
equipped to each capsule. For the fuel rods with small gap, unique contrac
tion followed by ordinary fuel relaxation behaviour was observed right after 
the fast ramping. None of them fa i led. 

Future programme Includes a series of tests of fuel rods Irradiated In 
the high-pressure water loop at the JMTR and a verification test of remedy 
fuel which allows dally-load-followlng operation of BWRs. 

1. Introduction 

LWR fuel rod Irradiation programme has been conducted In the Japan 
Materials Testing Reactor (JMTR) since 1977 under the national reactor safety 
study programme. 

The JMTR was designed to provide suitable fac i l i t ies for conducting 
nuclear Irradiation experiments necessary for the research and development of 
power reactor In Japan ( U . The Irradiation fac i l i t ies being used for the 
LWR fuel programme are the two high-pressure water loops (OWL-1, OWL-2) and 
He-3 power-controlled boiling water capsules. 



A series of fuel centerline temperature measurements was carried out in 
the loop (OML-1) to study various parameters of fuel rods such as gap size 
(small, normal), f i l l i n g gas (He, Xe) and cladding (standard, barrier) (?) . 
In the other loop (OWL-2), a bundle of fuel rods has been irradiated for the 
future power ramping tests. 

The boiling water capsule fac i l i ty was installed in 1981 for a power 
ramping test of LwR fue l . The four specially designed fuel rods were already 
ramped in this f a c i l i t y . The two of them (R-2 and R-3) have small pellet-
cladding gap f i l l e d with iodine and the other two (R-4 and R-5) are equipped 
with centerline temperature thermocouple. 

This paper describes the power ramping fac i l i ty and power ramping behav
iours of these four fuel rods. Furthermore, the future test programme is 
dealt with. 

2. Power ramping fac i l i ty 

2.1 JKTR 

The JMTR is owned and operated by Japan Atomic Energy Research Institute 
(JAERI), and is located in the Oarai Establishment, one of three establish
ments of JAERI. The construction work of the reactor began in June 196S. 
The reactor attained the f i r s t c r i t i ca l i ty in March 1968 with power operation 
of 30 MM for irradiation experiment commencing in May 1970. The reactor 
power was increased to SO MU in November 1971 with a minor change of reactor 
core configuration. 

The reactor is cooled and moderated by light water, and reflected by 
beryllium. The core, 1560 mm in diameter and 750 mm in active height, is 
divided into a fuel region and a reflector region. The fuel region is a 7 x 5 
array (540 mm x 386 mm) containing 22 U-Al alloy type fuel elements, 5 control 
rods with fuel follower each, and 8 experimental positions. These positions 
are used mainly for testing structual materials which require irradiation of 
fast neutron flux. The reflector region, because of presence of relatively 
constant and high thermal neutron flux during operation, is used mainly as 
a space for irradiation of fuel materials. The two water loops and the boiling 
water capsule have been installed in the reflector region. Figure 1 shows a 
reactor core configuration. 

The reactor vessel containing the core is a stainless steel tank of 3 m 
in diameter and 9.5 m in height as shown in Fig. 2. The top head flanged to 
the shell has openings for access to the core and many nozzles for experiments. 
The bottom head provides the holes for through-loops as well as for the control 
rods. The vessel is situated in the reactor pool of 6 m in diameter and 13.7 m 
in depth. Connecting the reactor pool to the hot laboratory adjacent to the 
reactor building, there is a canal of 3 m In width and 6 m in depth. 

The hot laboratory of the JMTR has been in operation since 1971. The 
laboratory has a capability of performing a wide variety of works such as 
dismantling of irradiated capsule and loop assembly, and conducting of post-
irradiation examination of f ie ls and post-irradiation test of structual 
materials. There are three kinds of cells in the laboratory. First , the 
concrete cells chiefly for dismantling of capsule and examination of fuel . 
Second, the lead cells for material testing. A scanning electron micro-
analyzer (SEM) with shielded beam tube ha; been recently installed in the 
laboratory. Third, the iron ce l ls , which was completed in June 1982, have 
been equipped with the PCl-SCC test machine for LWR fuel cladding. The hot 
laboratory can accept materials irradiated not only in the JMTR but also in 
other reactors. 

Design characteristics of the reactor are listed in Table 1. 

2.2 Boiling water capsule 

The boiling water capsule has been recently developed for a power ramping 
test of fuel rod under a LWR condition. 

A fuel rod to be tested is placed in capsule f i l l ed with water pres
surized at 7.25 MPa as shown in Fig. 3. A nuclear heat produced in the fuel 
rod is dissipated through the pressurized water and capsule pressure tube, 
and is f inal ly removed by the reactor cooling water. A surface temperature of 
the fuel rod is almost constant over a wide range of linear heat rate because 
of a subcooled boiling taking place at the surface (see Fig. 4 ) . The fresh 
demineralized water 1s continuously supplied to the capsule at a very small 
flow rate so as to maintain the water quality. The draining water from the 
capsule is monitored for fission products to detect fuel rod fai lure. Figure 
5 shows a schematic configuration of the capsule. Some self-powered neutron 



detectors (SPND) and an LVDT type fuel rod elongation detector are equipped 
in the capsule for fuel rod power determination and elongation measurement. 

The capsule is loaded into a "gas screen" of the He-3 power control 
f a c i l i t y , which has beer, installed in the reflector region of the reactor 
core. The "gas screen" has an annular gap between two concentric tubes 
f i l l e d with He-3. Power ramping of a fuel rod is performed by decreasing a 
He-3 gas pressure in the screen. For a 2.8 % enrichment BUR size fuel rod, 
the maximum ramped power is about SO kW/m. Figure 6 shows a schematic 
configuration of the f a c i l i t y . 

3. Power ramping tests of the small gap rods f i l l e d with iodine (R-2 and 
R-3) 

3.1 Preparation of the fuel rods 

The fuel rods are intended to fa i l due to PCI during power ramping test. 
Nain features of the fuel rods are of small gap, flat-end pellet and iodine 
f i l l e d in the gap as corrosive agent as in an out-of-pile SCC experiment. 

The fuel pellets were prepared by an ordinary sintering technique, and 
are resistant against densification. A length to diameter ratio is about 1.5. 

Both ends are f latted so that a strong PCMI is expected. The outer diameter 
of the pellet was ground to have a diametral pellet-cladding gap of 80 um. 
The Zry-2 claddings were stress-relieved at 788 K after rol l ing. The nominal 
outer diameter and thickness are 12.26 mm and 0.86 mm, respectively. A quartz 
ampoule containing pure iodine of 1 gr. was inserted in the gas plenum of each 
rod and was crashed with a steel ball after welding. Finally, the rods were 
heated up to 573 K to vaporize iodine and then the fuel stack portion was 
cooled down faster than the plenum portion so that the pel let-cladding gap 
was f i l l e d with iodine. Pure helium gas was f i l l e d at 0.1 NPa before welding. 

A schematic drawing and design characteristics of the fuel rods are 
given in Fig. 7 and Table 2 , respectively. 
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3.2 Irradiation 

The fuel rods were pre-Irradiated at a low linear heat rate (approxi
mately 20 kW/m) for 263 hours (R-2) or 467 hours (R-3) and then power ramped 
to high linear heat rates (43.3 kW/m for R-2 and 41.4 kW/m for R-3) In two 
minutes. The high power levels were kept for about 6 hours (R-2) or 12 hours 
(R-3), but no Indication of fuel failure was found in the radioactivity of 
the capsule water or In the fuel rod elongation behaviour. A water pressure 
In the capsules was maintained within 7.25 ± 0.2 MPa during the Irradiations. 

Fiyure 8 shows the power histories of the fuel rods and the trends of 
elongation detector signal during the Irradiations. A linear heat rate was 
determined with a SPND signal calibrated by thtt centerline temperature 
measurements (see 4 . ) . The maximum error of power determination has been 
estimated to be 1.4 kW/m. The elongation signals have been corrected for a 
capsule thermal expansion. Figure 9 shows the change of elongation with time 
during the power ramping. A large ard sudden contraction followed by a 
ordinary fuel relaxation was observed In each rod right after the power ramp
ing. Figure iO shows the relationship between a elongation and linear heat 
rate during the power ramping. 

3.3 Post-1rrad1ation examination 

The scheuu'ed non-destructive examinations on these fuel rods have been 
carried out except eddy-current test (EC). Neither defect nor perforation 
was found in the fuel claddings during the visual Inspection and the leak 
test. The X-ray radiography shows that fuel stacks are somewhat longer after 
they were irradiated than before (0.68 mm for R-2 and 1.02 mm for R-3). The 
fuel claddings, however, do not show distinct residual elongation (<0.1 mm). 
Figure 11 shows the results of axial total-gami.ii scanning. Dips in the gamma 
ray intensity are clearly visible at pellet Interfaces of the fuel rod R-3, 
which was irradiated for longer time and was cooled for shorter time than 
R-2. Some dips coincide with the pellet-pellet gaps observed In the X-ray 
radiography. 

Figure 12 shows the results of profilometries in three diametrical 
directions. Ridges are observed at most pellet-Interfaces in both fuel rods. 

http://total-gami.ii


At the lower portion of R-2, there are large ridges at a interval equal to a 
two-pellet length, while small ridges or secondary ridges are observed between 
large ridges at the lower portion of R-3. The maximum ridge height 1s 22 Mm 
for R-2 and 18 um for R-3. Ridge heights measured in the three direction 
differ each other at most of ridges. The maximum difference or ovality is 
20 um for R-2 and 15 um for R-3. 

Destructive examination will includes gas analysis, ceramography of fuel 
pellet and metallography of cladding. Fractography by SEM will be carried 
out, if an incipient crack is observed by EC or visual Inspection of the 
cladding inner surface. 

!._» Discussion _ _ _ _ _ _ _ _ 

The fuel rods did not fail, however the elongation behaviours during the 
irradiation and the results of post-irradiation examinations are very inter
esting, because of 1) large elongation during the irradiation, 2) sudden 
contraction right after the power ramping, 3) large ridges along the fuel 
stacks, and 4) no distinct residual elongation. 

The elongation calculated with the FEMAXI code (3) for the power ramping 
is shown also in Figure K). Iodine is not taken Into account in the FEMAXI 
calculation. It has not yet been verified whether a discrepancy between 
measured and calculated elongation Is caused by Iodine. Destructive examina
tion and further analysis will clear the discrepancy and other Inconprehenslve 
behaviours. 

4. Fuel centerline temperature measurements (R-4 and R-5) 

During reactor start-up, power ramping and reactor scran, the centerline 
temperatures were measured on fuel rods containing chamfered pellets with 
diametral pellet-cladding gap of 100 um (R-4) and 200 um (R-5). U-Re type 
thermocouple was inserted into the central hole of fuel pellet from the 
bottom end plug of the fuel rods. Pure helium gas was filled at 0.1 NPa, and 
no iodine was introduced. A schematic drawing and design characteristics of 
the fuel rods are given in Figure 7 and Table 2, respectively. 

Figure 13 shows the centerline temperatures measured during the first 
and second reactor start-up. The temperatures during the second start-up are 
higher than those during the first start-.p. Similar results have been 
obtained 1n the 0HL-1 centerline temperature measurewnts, where the FEMAXI 
prediction agrees better with the second start-up than with the first start-up 
(see Fig. 14). These repeated observations of temperature Increase in the 
beginning of Irradiation should be studied from the standpoint of pellet 
cracking and relocation mechanisms as well as pellet dens1f1cat1on. The 
results of R-4 and R-5 have been used to calibrate the SPND signal for a 
power determination togather with the results of OWL-1 experiment and FEMAXI 
calculation. 

Figure 15 shows a response of the centerline temperature of R-4 obtained 
by reducing the He-3 pressure In the same fashion as that in the power ramping 
tests mentioned above. This gives a useful Information on thermal response 
of fuel rod during a power ramping test in tne JMTR. Figure 15 also shows 
a transient response of R-4 to a reactor scram. This kind of data Is valuable 
for an evaluation of fuel '.hermal behaviour under transient condition and 
will be analyzed using a transient thermal code. 

5. Future programme 

The power ramping facility 1s under modification. When completed, a 
capsule is cooled by water Independent of the reactor cooling water and can 
be loaded Into or unloaded from the reactor during reactor op-rat Ion according 
to a test programme, and a He-3 pressure 1n the gas screen can be changed 
automatically 1n a programmed mode. In the hot laboratory, the In-cell 
apparatus has been Installed for charging pre-Irradiated fuel rod into a 
capsule. 

The future test programme will Includes power ramping tests of three 
kinds of fuel rods; 1) fresh fuels, 2) fuel rods Irradiated in the water loop 
(0WI-2), and 3) remedy fuels. 

A fuel rod similar to R-2 or R-3 will be ramped. In order to cause PCI 
failure In this rod, Xe gas 1s filled to obtain a higher fuel temperature and 
longitudinal scratches of approximately 80 um In depth are produced on the 



Inner surface of cladding to In i t ia te cracking. Two more centerllne temper
ature measurements will be conducted by using two fuel rods, one with circular 
cladding and the other with oval cladding, the insldes of which are f i l l ed 
with He, In order to simulate high burn-up fuel . 

The fuel rods Irradiated 1n the water loop, Owl-2, up to 7 GWd/t UO2 
under the BUR condition wi l l be ramped In 1984 and 1985. Detail of the power 
ramping test has not yet been established. 

Power ramping tests of some candidate remedy fuels, which allow daily-
load- fo i l owing operation of BURs, are being planned under the Japanese High 
Duty Fuel Development Programme ( 4 ) . Base-Irradiation of the segmented fuel 
elements to be ramped in the «MTR wi l l start in the next spring In a commercial 
BUR power plant. A further fac i l i ty modification 1s necessary to conduct 
these tests Which require a power ramping up to 70 kU/m. 

6. Conclusions 

1) The power ramping test fac i l i ty In the JMTR Is capable of ramping a 
8UR size fuel rod of 2.8 I enrichment to 50 kU/m In 2 mln. under the BUR 
condition. 

2) Power ramping tests of the fuel rods with small 94P f i l l e d with Iodine 
have given interesting data on mechanistic study of PCI. 

3) The centerllne temperature measurements have 9ivtn a useful Informa
tion on thermal behaviour of fuel under transient condition. 

4) The future programme Includes both the ramping tests of fuel rods 
irradiated in the water loop and the ramping tests of remedy fuels Irradiated 
In a commercial BUR plant. 
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Table 1 Characteristics of the JMTR 

I , Power 50NH thermal 

2, Moderator / Coolant L1qht Water (1.5MPa, 323K) 

3. Reflector Beryl 11um 

4. Fuel ; Material 
Enrichment 
Loading 
Type 

U-Al Alloy 
93* 
6.6kg of U-235 (1n Total) 
Modified ETR 

5. Control Rod 5 Hf Rods with Fuel Follower each 

6. Max. Neutron Flux ( «10>» n/n J-s) 
Fast (>lMeV) Thermal 

Fuel Region 4 4 
Reflector Region 1 4 



Table 2 Design Characteristics of the fuel rods 

! 
| 

R-2 R-3 f R-4 R-5 
1. Pellet ! 

material 
enrichment 
diameter 
height 
end shape 
density 1 

UOi 
2.8 % 

1. Pellet ! 
material 
enrichment 
diameter 
height 
end shape 
density 1 

10.46 nm 
16.0 mm 
flat 

10.70 nan 1 10.60 mm 

1. Pellet ! 
material 
enrichment 
diameter 
height 
end shape 
density 1 

10.46 nm 
16.0 mm 
flat 

11.0 mm 
chamfered 

1. Pellet ! 
material 
enrichment 
diameter 
height 
end shape 
density 1 95 % T.D. 

2. Clad \ 
material j 
heat-treatment j 
outer-diameter 
thickness | 
P/C gap 

Zircaloy-2 
2. Clad \ 

material j 
heat-treatment j 
outer-diameter 
thickness | 
P/C gap 

stress-relieved 
12.26 mm 

re-crystal 11 zed 
12.52 mm 

2. Clad \ 
material j 
heat-treatment j 
outer-diameter 
thickness | 
P/C gap 

0.̂  16 mm 

2. Clad \ 
material j 
heat-treatment j 
outer-diameter 
thickness | 
P/C gap 8d um 100 um 200 um 

3. Pin i 
stack-length 
filling gas 
pressure 

400 mm 
helium 
0.1 MPa 

4. Remarks 1 

i 
i 

1 gr. of nat. 
iodine is filled. 

Diameter of center 
hole for thermocouple 
is 2.3 mm. 
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Fig. 1 Irradiation Facil i t ies 1n 
the JMTR Core 
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Control Rod 
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Fig . 2 Pressure Vessel of the JMTR 



C*P*uJ» T^b* 

Fu»» Rod 

H» 3 G*% $ce*«n 

Prtuunzra ft 
Rinang Tuba 

Bbngiten Oattctcy 

A*s»un>fd W * 

Cooling MMf 

C«ntf»iint> T«mp*nKf«> 
Th#miQCOUp* 

En) Plug 

\ / 
Fig. 3 Fuel Rod In the Boiling 

Water Capsule 

6 0 0 -

2£ 

9* 500-

4 0 0 -

300 

1 
• 

1 

• i • i • i 

- 570 K K 

1 
• 

1 

Bum out • 
Limit 

• / 
Rod Dia.; 12.5mm 

/ 
Pressure; 7.25 MPa. 

i . i . i . 

20 40 60 80 100 
Linear Heat Rate(kW/m) 

23 
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Characteristics 

Limit Heat Generation 62 kW/m 

Standard Enrichment 2.8'/. tor BWR Size 

45*/. tor PWR Size 

Max. Fuel Stack Length 4 0 0 mm 

Coolant Pressure 7.25 MPa 

Cladding Surface Temperatue - 570 K 

Rinsing Rate of Coolant 1 c m 3 / i 

F1g. 5 Schematic Configuration of the Boiling Water Capsule 
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Water Inlet 

Pump Trapj 

He-3 Gas 
Screen 

Water Outet 

Rip I t Vent 
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•J ! f \ 

He-3 

H i Glove Box 

Characteristics 

Operating Pressure 0.15 to 4 0 MPa 

N*n. Requred Time tor Pressure Change 

4.0 to0.15MPa 2 min 

015 to 4.0MPa 10 min 

Max. to Mn. Heat Generation Ratio 2 .4 

Max. Ramp Rate for Standard Enrich. Rod 

15 kWm/min 

Row Rate of He-3 Gas 1 cm 3/s 

Fig. 6 Scheaatic Configuration of the He-3 Power Control Facility 
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Fig. 12 Results of Profilometries of the Fuel Rods (R-2 and R-3) 
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Abstract 

The objective of the High Burnup PWR Ramp Test Program is to investigate the 
behavior of high burnup PWR-type fuel under fast power ramp conditions. The 
fuel rodlets being tested are internally pressurized having Zircaloy cladding 
and U0- pellets. The program consists of two parts. Part 1 is the reporting 
of background, ramp and evaluation results from 68 previously tested rodlets 
having one to three cycles of power reactor exposure. In Part 2, 18 ramp 
tests of rodlets with high burnup (three and four cycles of power reactor 
exposure) are being performed. 

The ramp test behavior, including non-destructive examination results and 
fission gas release data are included in this report for 16 of the 18 ramp 
tests from Part 2 of the program. Thp +hree-cycle rodlets were ramped to 
maximum powers ranging from 375 to 480 W/cm. The lowest power that caused 
failure was 405 W/cm. The four-cycle rodlets were ramped to the highest power 
that could be reached in the High Flux Reactor (430 W/cm) which resulted in no 
failures. 

Both three- and four-cycle rodlets showed that prior irradiation history had a 
significant effect on ramp behavior. That is, not only the maximum power but 
a h o the change in power between the maximum pre-ramp power and the maximum 
ramp power significantly affects the ramp behavior. 

Dimensional measurements after ramp -e:'.1ng showed dianeter increases, ridge 
formation at pellet to pellet inter -es and overall rodlet length increases. 
In addition, pellet dish closure anii -^distribution of iodine to the pellet 
dish region were noted. Fission gas release measurements indicated that 
release from the three- and four-cycle rodlets did not vary significantly and 
ranged from 26 to 46 percent depending upon final ramp power. 

Introduction 

The operational behavior of high burnup PWR fuel rods 1s being Investigated 
within a ramp test program sponsored by the US Department of Energy and 
performed by Kraftwerk Union Aktiengesellschaft and Combustion Engineering, 
Inc. in cooperation with Kernforschungsanlage Jullch and Joint Research Centre 
Petten of the European Communities. Within Part 2 of this program, eighteen 
power-ramp tests on f.iel rodlets with 30 to 46 GWd/t(U) burnup are being 
performed in the High Flux Reactor (HFR) Petten. ' This program will extend 
the knowledge previously gained from ramp testing 68 fuel rodlets with burnups 
from 6 to 35 GWd/t(U) into a higher ranqe of burnup. The results of these 
ramp tests on low and medium burnup fuel rodlets, sponsored by the 
Bundtsminister fur Forschung und Technologie of the German government have 

(2) been reported within Part 1 of this ramp test program.1 

The main objective of Part 2 of the ramp test program is to investigate the 
PCI failure threshold of high burnup PWR fuel rodlets for fast power ramp 
conditions. Parameters, such as the effect of the pre-ramp power level, the 
influence of additional exposure on further ramp behavior and the effect of 
selected design modifications are being studied. Furthermore, the kinetics of 
fission gas release from the fuel are being investigated. In addition, two 
fuel rodlets are planned for a second ramp test after having accumulated an 
additional exposure of 6 GWd/t(U). 

In this report, the results from power ramp testing of sixteen high burnup 
fuel rodlets and the non-destructive post-irradiation examinations of these 
r&dlets are presented. 



«2 Fuel Rodlet 

The test fuel rodlets are of PWR design with a 10.75 rm outer diameter, 315 mm 
active fuel length and a 330 mm overall length. The rodlets contain standard 
fuel fabricated with and without volatile poreformer additions (polyvinyl 
alcohol) in Zircaloy-4 stress-relieved clad as shown in Table 1. ' One fuel 
rodlet includes barrel-shaped fuel pellets in an internally graphite-coated 
clad. After fabrication and characterization, the fuel rodlets were assembled 
into segmented rods of standard fuel rod le-.gth and irradiated for three and 
four cycles to bumups of 30 to 36 GU'J/t(U) and 42 to 46 GWd/t(U). This base 
irradiation was achieved in the power reactor Obrigheim (KUO) in Germany. The 
average coolant pressure for KWO is 145 bar and the test rodlets had maximum 
linear heat generation rates (LHGR) of 215 to 270 W/cm. 

Pre-Ramp Examinations 

Following the base irradiation in KWO, the fuel rodlets were subjected to 
pool-side inspections and intermediate hot-cell examinations. Visual 
inspections, gamma scanning, profilometry and length measurements were 
performed to characterize the rodlet conditions and verify rodlet integrity. 
These examinations were supplemented by neutron radiography carried out 
immediately before power ramp testing at HFR Petten. 

Ramping Technique 

Ramp testing is performed at the Pool-Side-Facility (Figure 1) of the HFR 
Petten with the fuel rodlet enclosed in a pressurized boiling water capsule 
(Figure 2). For power ramping, the capsule with the rodlet is moved 
towards the reactor core. The integrity of the rodlet is monitored by on-line 
activity control of the pressurized primary coolant (145 bir). In the case of 
a failed fuel rodlet, the test is terminated immediately after indication of 
fission product activity release in the primary coolant circuit, which has a 
lag time of approximately two minutes from the time that activity is released 
from the failed rodlet. 

The LHGR of the fuel rodlet is determined from the integral rodlet power 
calculated from the temperature increase and flow of the secondary coolant. 
The axial power distribution of the fuel rodlet 1s determined from gamma 
scanning after the ramp. The axial peaking factors of the rodlet powers have 
been in the range o 1.06 to 1.08 during irradiation 1n HFR Petten and were 
<_ 1.03 during base Irradiation in KWO. 

Ramp Testing Node 

Power ramping is carried out according to a scheme referred to as an "In-sltu 
Mode" that simulates a power ramp during reactor operation (Figure 3). 

The fuel rodlet LHGR 1s raised to a conditioning power of 190 to Z50 W/cm at 
a rate of approximately 10 W/cm-m1n and kept constant at that power level for 
72 hours. Subsequently, the LHGR of the rodlets is reduced to 150 W/cm for 
one hour and then increased at a rate of 60 to 120 W/cm-min to ramp terminal 
levels between 375 and 430 W/cm (Table 2). This ramp power is held for 48 
hours or until fission product activity has indicated a fuel rodlet perforation. 
A final power cycling of surviving fuel rodlets between the ramp power and 
conditioning power (two cycles within four hours) was added to clarify the 
results. That Is, by power cycling, small incipient cracks would tend to 
promote through-wall penetrations of the clad and the release of fission 
products. 

Post-Ramp Examinations 

After ramp testing, the fuel rodlets were re-examined by the same non-destructive 
examinations performed before power ramping. In addition, the intact rodlets 
were punctured for the collection and analysis of fission gases. 

Destructive examinations, Including cladding metallography and fuel ceramography 
are in progress and will complete the post-ramp examinations. 

This paper is confined to the non-destructive examinations and the results 
gained up to now. 



Ramp Testing Results 

Power Ramp Operation of PWR Fuel Rodiets 

The three-cycle fuel rodiets of standard design in Part 2 of the program had 
burnups of 30 to 36 GWd/t(U). Figures 4 and 5 show the ramp behavior of the 
rodiets where the Mximum ramp powers ranged from 375 to 480 W/cm. Failures 
and survivors were mixed within this power range indicating the statistical 
nature of the behavior. The lowest power that caused failure was 405 W/cm. 
One rodlet having a design modification of barrel-shaped fuel pellets In an 
internally graphite-coated clad was tested but did not show the expected 
improvement in ramp behavior (see Figure 5). 

The four-cycle fuel rodiets with burnups between 42 and 46 3Wd/t(U) survived 
all tests to LHGR's of up to 430 W/cm, the maximum power which could be 
obtained in HFR for these rodiets. 

To determine the effect that pr̂ .or irradiation history has on ramp behavior, 
the change between the maximum pre-ramp LHGR and the ramp terminal LHGR was 
plotted, as shown in Figures 6 and 7. The change in power causing failure in 
rodiets with non-poreformer fuel is approximately _> 190 W/cm. This helps to 
explain the good results from the four-cycle rodiets where no power change 
occurred which was significantly greater than 190 W/cm. 

The cor»«ponding change in power causing failure for fuel rodiets having fuel 
with porefoniifcr addition is *• 140 W/cm. 

Non-Destructive Post-Ramp Examinations 

By comparing the results of the non-destructive examinations before and after 
power-ramp testing, the following effects of power ramping can be concluded: 

Dimensional Changes 

Typical results from profilometry of three-cycle and four-cycle fuel rodiets 
before and after power ramping to 430 W/cm maximum LHGR are shown in Figures 8 

and 9. Ridge formation at the pellet to pellet interfaces and an increase of 
the average rodlet diameter are the most pronounced effects. 

After base irradiation, most three-cycle fuel rodiets did not show ridging at 
the fuel pellet to pellet Interfaces. Ridges of up to approximately 8 urn, 
were found only on the three-cycle poreformer fuel rodiets and on the 
four-cycle fuel rodiets (Figure 10). 

The diametral ridge heights show reasonable dependencies on both absolute ramp 
power and change in power. However, fuel rodiets with 140 urn initial diametral 
pellet to clad gap reveal less ridging (up to 18 pm) than rodiets with 175 u"i 
diametral gap (up to 34 um) (Figures 11 and 12). No dependence 1s noted with 
burnup. The ridges form relatively fast. After 12 minutes of hold time at 
420 to 430 W/cm, ridge formatio,i is almost complete (Figure 13). 

" 9l5mf!:tr-In.£ri5i§ 

An Increase of the average diameter after ramping was observed with 
three-cycle (Figure 14) and four-cycle fuel rods (Figure 15). However, with 
the four-cycle rodiets, the diameter Increase started at a lower change In 
power and with a steeper slope, than for the three-cycle rodiets. Contrary to 
the local ridge formation, the Increase in the average diameter is a 
relatively slow process at 420 to 430 W/cm (Figure 16). The fuel rodiets with 
short holding times (in the order of minutes) at ramp terminal power show less 
diameter increase than rodiets with long (> 17 hours) hold times (Figures 14 
and 15). 

' tSD9Sh.In£rS55S 

The fuel rodlet length increases as a function of both the maximum ramp power 
and the change in power results in the same conclusion; that Is, the rodlet 
length increase is greater with decreasing initial diametral gap as shown in 
Figure 17. Burnup does not seem to have an influence for the length change 



due to ramping for the three- and four-cycle fuel rodlets. However, as shown 
for ridge formation, the length increase due to power ramping is also a fast 
process and almost complete after 12 minutes of hold time at 420 to 430 W/cm 
following a power step of approximately 180 W/cm (Figure 18). 

Dish Closure 

Values for dish closure were determined from both gamma scans and neutron 
radiographs. Due to fuel swelling during power ramping, fuel from the pellet 
center is pressed into the dish volume on both fuel pellet ends. Increasing 
dish closure was observed with increasing ramp power (Figure 19). Neither 
bumup nor initial pellet to clad gap appeared to affect the closure, which 
was due solely to ramping. 

Iodine Redistribution 

During power ramping and the holding time at ramp terminal power, iodine and 
cesium migrate to the fuel pellet dish regions. For evaluating this 
redistribution, the iodine 131 gamma intensity1 at the fuel pellet dish 
region and the average pellet concentration were compared and plotted versus 
local LHGR (Figure 20). Iodine migration started at local powers between 300 
and 3S0 W/cm and increased with rising fuel rodlet power, independent of 
rodlet burnup. As expected from diffusion theory, the process is slow as 
indicated in Figure 21. 

Fission Gas Release 

The portion of fission gas released from the fuel having no poreformer is 
shown in Figure 22 for burnup conditions of up to approximately 45 GWd/t(U). 
The fission gas release increases with increasing burnup to approximately 25 
GWd/t(U), but at higher burnups, from 33 to 45 GWd/t(U), the measured releases 
of three-cycle and four-cycle fuel rodlets do not differ significantly. The 
amount of gas released during base irradiation is estimated to be approximately 
2 percent, which is small considering the 26 to 41 percent released from ramp 
testing. 

As Figure 23 shews, the fission gas release from high burrup fuel for hold 
times exceeding 12 minutes follows a square root of time relationship and 
thereby demonstrates the strong influence that diffusion has on the release 
process for these operational conditions. 

Discussion 

The results from ramp testing the high burnup rodlets in this program have 
helped to confirm the premise that the essei.tial prerequisite needed to 
promote failure by pellet/clad Interaction is a minimum change in power. This 
minimum change 1n power is necessary to stress the cladding to a critical 
level from the differential thermal expansion between the fuel pellets and 
cladding (6). The critical stress, together with corrosive fission products, 
causes stress corrosion cracking. This is shown by the four-cycle rodlets 
which survived to maximum ramp powers of 430 W/cm whereas the three-cycle 
rodlets of the same design had failures starting at 405 W/cm. Tnc difference 
between the two tests 1s that the failed three-cycle rodlets experienced 
changes 1n power of j> 190 W/cm whereas surviving four-cycle rodlets had no 
power changes greater than 190 W/cm. 

Fission gas release measurements, as indicated in Figures 22 and 23, show 
comparable releases for both the three- and four-cycle rodlets thereby 
indicating even though sufficient fission products were available in the 
four-cycle rodlets for stress corrosion cracking, the stress level may have 
been below the critical level for this design. Results from the planned 
destructive examinations may provide further data for evaluating this 
behavior. 

The available results from ramp testing PWR fuel rodlets with high burnup 
indicate the range for defect-free fuel operation is satisfactorily broad 
enough for high burnup fuel 1n modern PWR's. However, 1t is recommended that 
further ramp testing of high burnup rods be performed to confirm the behavior 
indicated by the results of this program. 
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PUR Fuel Rodlet (00 10.75 mm) 

* Part 1 - Fuel Rodlets 

Base Irradiation In 
Group/ Nuclear Power Plant Obrlgheim 
Symbol Diametral 

in Figures Gap Width Max. LHGR Burnup 
6 - 23 Number 

5 

Fuel Type (um) 

175 

(W/cm) 

214 - 232 

(GWd/t(U)) 

V 30 0 

Number 

5 Standard Fuel 

(um) 

175 

(W/cm) 

214 - 232 29.7 - 32.0 

A 30 O 2 Without 140 229 • 253 30.9 - 32.5 
(+2)* Poreformer (255 - 271) (34.4 - 35.0) 

V 40 <=> 5 

Standard 
Fuel with 

170 243 - 257 42.4 - 46.3 

X 3 0 Q 3 Poreformer 
and Large 
Gram Size 

Same Fuel, 

140 236 - 263 32.4 - 35.9 

Z 30 A 1 Barrel-Shaped 
Pellets 1n 
Graphite-Coated 
Clad 

114/264 241 34.4 

Tab. 1 Characteristic Fuel Rodlet Data 



a Power Ramping 
Fuel Rodlet Time to Activity 

Group/ 
Syabol Conditioning Pre-Ramp Ramp Terminal 

Release 
(Failed Rodlet)/ 
~"Molrtlnn Tiaa In Figures 

6-23 Identification 

¥30/1 

LHGR 
(W/cm) 

Burnup 
(GWd/t(U)) 

32.1 

LHGR 
(W/cm) (Non-fa1le< 

11 m1n 

i Rodlet) 

W30 0 
Identification 

¥30/1 250 

Burnup 
(GWd/t(U)) 

32.1 470 

(Non-fa1le< 

11 m1n !F> W30 0 
2 250 32.0 430 53.0 h (NF) 
3 195 31.7 430 8 m1n (F) 
4 190 29.7 405 9 m1n (F> (NF) S 225 31.3 395 52.0 h (

F> (NF) 

A 30O A30/1* 280 35.2 480 52.0 h (NF) 
2* 290 35.8 430 52.0 h NF 3 190 31.0 410 52.4 h (NF 
4 190 32.6 410 52.3 h (NF) 

V 4 0 O V40/1 250 46.4 385 52.5 h (NF) 
2 255 46.4 430 49.5 h NF 
3 195 45.8 425 1/.6 h NFJ 4 200 42.4 420 12 m1n (NF) 
5 195 44.6 425 67 m1n (NF) 

X 30 Q X30/1 245 35.9 470 9 mln (F) 
•> 245 35.4 410 14 mln (F) 
3 240 32.4 375 52.1 h (NF) 

Z 30 A 230/1 235 34.5 415 10 mln (F) 

* Part 1 - Fuel Rodlets Power Ramp Rate 60 • 120 W/cm-min 

Tab. 2 Individual Power Ramp Testing Data 
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Abstract 

The first phase of the CEA-FRAGCMA ramp test programme which started in 
1977 is now terminated. More than twenty-seven fuel rods of PWR type have 
been ramp tested. 

Two types of CCA fuel rod design were selected, rode of diameter equal to 
8.70 mm with stress relieved Zircaloy 4 claddings and UO, DCN pellets, rods 
of diameter typical to 17x17 assembly with recristallyaed Zircsloy 4 
claddings and UO^ OCI pellets. Except a group of aix rods pressurized with 
35 bar of Helium, all the rods were pressurized with 1 bar of helium, all 
the rods were base-irradiated in the BR J reactor. The burnup ranges are 
lying between 6 GWd tU" 1 and 45 GWd tU" 1. An important goal of this 
progrsmme was also to qualify the FABRICE process which consists in the 
refabricetion of short length rods cut-out from long rods and whose 
performance during ramp tests have been compared with those of spare rods. 
The behaviour was quite similar and thus sllows to test short rods cut-out 
from long fuel rods which have been base-irradiated in PWR commercial 
reactors such aa Tessenheim, Bugey or CAP. 



After recalling the main characteristics of the ramp tested fuel rods and 
the irradiation onditions the paper presents en overview of the ramp test 
results and emphasizes the results obtained by Eddy Current tests and 
confirmed by metallographic examinations which lead to define an 
interaction zone expressed in terms of local linear heat rating, and 
burnup. The SCC was found to be the governing phenomenon which lead to PCI 
failures. 

The influence of burnup, maximum linear heat-rating, initial power or power 
step is demonstrated, the influence of initial internal pressurizetion is 
established at least at burnup greater than 40 GWd til . PCI failure 
thresholds are established and compared with other limits given in the open 
litterature (1). 

1. - INTROOUCUOM 

Pellet to cladding interaction has been identified as a phenomenon which 
can lead to significant cladding stresses and strains during power 
transients. Therefore an important effort has been undertaken by many 
laboratories in collaboration with* fuel designers in order to study and to 
be able to prevent fuel failures due to such a phenomenon. Jn order to 
complete the data base obtained by participating to international 
progremes, such as INTERRA'IP, OvTR-RA'IP, TRIBULATION (2). fRACEMA and CEA 
have undertaken the PRISCA-FA3R1CE ramp test programme (3). Started in 
1977, the first phase has been achieved in 1981. The main aims of this 
phase were to study the fundamental mechanisms which can lead to PCI 
failures and to establish safe operating limits for various fuel designs, 
during core operations. 

An other important goal was to qualify the FA3RICE refabrication proceas, 
devalopped by CCA (4), in order to be able to study the behaviour of fuel 
rods irradiated in power plants during power transients. In some previous 
papers (5, 6), w« have described some particular aspects of the programme. 
Me will now present an overview of the main results obtained during this 
phase of the project. 

2. - SUMMARY Of fUEl ROD CHARACTERISTICS AMD 34SE IRRADIATION CONDITIONS 

2.1.- FUEL JROD £HARACT_ER.ISUCS. 

The fuel rods cen be divided in two categories, PRISCA and FABRICE 
according to their length during relrradiation, and in five groups 
according to their burnups. The PRISCA fuel rods, which were bese 
irradiated in the QR3 reactor are 1 meter long, and the FABRIC? fuel rod*, 
refabricated in the hot cells at SACLAY, have a length of 0.5 m. 

In order to qualify the refabrication process each FA5PICE rods are cut-out 
from BR3 rods having the same characteristics as choosen PRISCA rods. In 
addition to the length, these rods have major different types of design, 
and can be divided in three types, whose properties are given in Table 1. 
The ma^n characteristics of each group are presented in Table II. 

For the first series the peak burnup ranges are lying between 10 CWd tl)"1 

and 28 GWd tU , and the internal pressure is equal to 1 bar of helium, 
whereaa for the second aeriea the peak burnup ranges are lying between 
32 CWd tU"1 and 43 CWd tlf 1, and the internal pressure Is equal to 1 bar of 
helium for five rods and to 35 bar for aix rods. In the high burnup region, 
close to 42 CWd tU" 1, all the fuel rods have initial internal pressure of 
33 bar except one rod which is pressurized st 1 bsr. To have complementary 
informations concerning mechanical properties of U0, and cladding the 
reeder can tefer to previous papers (3, 6). 

?.2.~ aAJE IIUIApiAilfiN Cr2N£ITI0Ni 

All the ramp testsd fuel rods have been base irradisted in the BR J resctor 
cores 2bis, 3B and *A. Typicel power histories are preaented in reference 
3, thermal and hydraulic conditions are shown in Table III. 

Interim examinations performed Just bsfors the ramp tests have shown the 
Integrity of fuel rods, and the fission products releese sfter bsse 
Irradiation have been determined on sptr rods. 



^1 3. - POWER RAitP EXPERIMENTS 

3.1.- POWEJi JEST COWITIONS 

All the power ramp tests have been performed in the experimental reactors 
OSIRIS at SACLAY, or SHOE at CREN03LE. The fuel rods were reirradiated in 
boiling type loops, AQUILON, 90SS or BOUFFOM. Due to the dimensions of the 
loops and the reactor configurations some tests have been performed with 
excentred axial power shapes as presented in reference 3. The major tests 
have been performed with excentred power shapes in groups 1, 2, 3 and A and 
with centred power shapes in groups S, 6 and 7. 

Thermal and hydraulic power ramp test conditions are presented in Table IV. 
The ramp tests were conducted using the typical scheme universaly adopted 
for this kind of experiments. A preconditionning period allows to reproduce 
the typical in situ PWR conditions and is followed by the power transient 
and an holding period at ramp terminal linear heat rating. The power ramp 
speed was equal to 5.0 kW m min for all the tests. 

The power level is determined by thermal balance, and by using Self Power 
Neutron Detectors. The measurements combined with neutronic code 
calibrations lead to estimate the in pile power level end the axial power 
shape with a random error of •/- 5 S. 

Each test has resulted in cladding failure or non failure. A preliminary 
method to detect a cladding failure is the loop activity increase, although 
this method is not sufficient to detect micro cracks, even open. 
Specifically, some ramp tests which have not lead to any activity increase 
in the loop have induced :hrough-wall micro cracks or incipient cracks 
detected by Eddy Current measurements and which have been corroborated b. 
metallographic examinations. 

3.2.- RAUP TEST RESULTS 

3,2.1.-H0L.DiNC.-nHE UiJilLE FAJLtJRES 

The main parameters which*have governed the ramp tests are presented in 
Table V. A wide range of peak power has been studied in particular nt 
medium and low burnups. Various initial power levels have been 
experimented. Due to the difficulty to detect the cladding damages we do 
not found any correlations between the power and the holding time, in the 
major cases the holding-period exceeds 24 hours and reaches often more than 
48 hours without activity increase. The results are presented in Figure 1. 

3.2.2.- £_.!..£. R£SULTS 

In order to confirm and to characterize the state of the fuel and the type 
of fuel cladding interaction some measurements and examinations have been 
performed just after the tests and then in hot cell laboratories. ThiB 
examinations consist in ; 

- visual examinations, 
- neuronography, 
- gamma scanning and spectrometry, 
- Cddy Current tests, 
- ceremography and metallography, 
- fission gas analyses. 

The Eddy Current tests indicate the axial locations and the kind of 
interaction, (PCI or hydriding). 

Due to the delay of defect detection, some cracks detected in laboratory 
have been caused by hydrirling subsequent to penetration of water in the 
gap. These defects are not taken into account in our PCI data-base. In 
addition to open cracks some incipient cracks were found. 

http://H0L.DiNC.-nHE


In majority, the primary defects are located near pellet to pellet 
interfaces* They have the aspect of tiny pinholes, they are frequently in 
face or UO^ cracks and they are also often partially filled by corrosion 
products. The ZrO_ layer which covers the cladding inner surface is broken. 
Cracks are intergranular or transgranular in the cladding inner region and 
present a ductile aspect near the cladding outer surface. 

Much more details are shown in references (3, 5, 6). Oetailed fission 
product analyses have shown that I, Te and Cs have been the main corrosion 
products found. Only two rods present cracks free of corrosion, the PRISCA 
02 and PRISCA OS. PRISCA 02 has experimented a power ramp from 1? kW m" 1 to 
57 kW m and was failed after 15 minutes, whereas PRISCA 05 has been ramp 
tested from 16,5 to 49 M m" 1 (6). 

The results of such destructive examinations are shown in figure 2. The 
nature of the defects detected by Eddy Current tests and by metallographic 
examinations and also the non failed locations are indicated in this 
figure. 

4. - DISCUSSIOM OF RESULTS 

These examinations make possible to define an interaction zone in each 
tested fuel rod which has failed. Some detailed results are given in 
reference 6. Not any difference between PRISCA and FAORlCf. rods has been 
observed. 

By looking the previous results the influence of some important parameters 
on failure threshold can be established. 

- Influence of burnup : the interaction boundary decreases between 
8 GWd til" to approximatively 20 GWd tU and the burnup seems to have no 
effect beyond. 
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- Influence of initifl power level : the ramp tests have been performed 
with various initial power levels Pi which can be classed in four 
groups i 

Pi < 20 kW m" : 

20 kW m" 1 < Pi < 26 Ml m" 1 

26 kW m" 1 < Pi < 32 kW m" 1 

33 kW m" 1 < Pi 

As shown in figure 2 the interaction zone boundary depends on Pi, the 
difference is important at low burnup and disappears beyond 20 CWd tU , 
this confirms the results presented in open litterature (1), (7). 

- The comparison of the behaviour pressurized fuel rods with unpressurized 
shows that the pressurization improves the performances especially at 
high burnup. 

- Comparison with the PROF"IT model : a comparison with the PROriT model (1) 
has been performed. We have compared the local power steps aP 

o 
corresponding to crack locations as shown in fig,re 2, to the power step 

APp given by PROFIT model and corresponding to a probability of failure 
P0F s 0.1. figure 3 represents the repartition of 6P„APp versus burnup 
and shows that all the data are located well above the threshold 
AP 0/*P P -. l. 

The influence of pressurization is well shown on this diagram, and 
confirm the fact that the probability of railure decreases when internal 
pressurization increases. 

5. - CONCLUSIONS 

An important phase of the FRAGEMA-CEA ramp test programme has been achieved 
and some important results have been deducted concerning PCI. 



The release of activity in the coolant is not a complete mean to detect the 
failures during a power ramp test. 

The PIC and especially Eddy Current tests and metallographic examinations 
are needed to confirm the integrity of fuel rods. 

Many incipient cracks and open cracks have been well characterized. 

SCC is the most important phenomenon which governs the failures by PCI. 

No differences have been shown between FABRICE end PRI5CA rods which permit 
to qualify the refabrication process in order to study PCI behaviour of 
long rods irradiated in commercial reactors. 

Comparison of results shows that the PROflT model qive lower failure 
theshold than these established in our programme, and that pressurization 
decreases the failure probability. 

6. - FURTHER DEVELOPMENTS 

A new phase of this programme is now in progress. More than 30 tuel rods 
coming from PUR commercial reactors will be ramp tested. The main aims of 
this phase are : 

- complete our data-base, with commercial fuel, 
- improve the open crack .'•'•"••"n instrumentation especially by ultrasonic 
methr ' <and in pile length measurements, 

- establish the time to incipient crack formation in order to complete the 
previous observations, 

- establish safe limits by simulating representative transients of core 
operations with commercial fuel. 
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TABLE 1 : Main Fuel Rod Design Characteristics TABLE II i Tested Fuel Hod Characteristics 

Design 

Type 

Pellet Diameter (mm) 
Pellet height (mm) 
UO 2 Density (S DT) 
Cladding (Zircaloy 4) 
Thickness (um) 
Outer diameter (mm) 
Internal pressurization 

(Helium, bar) 

a) DCN = Double Cycle Normal 
b) DCI = Double Cycle Inverse 
c) SR = Stress Relieved 
d) Rx = Recrystallise 

19 x 19 17 x 17 17 x 17 
DCN" DCIb DC! 
7.42 8.05 B.05 
10-12 10 10 
10.33 10.39 10.39 
SRC RXd RX 

570 630 630 
8.70 9.46 9.46 

1 1 35 

Group Number 1 2 3 4 5 6 7 

Category PRISCA PRISCA FADRICE FAURICE PRISCA PRISCA FA0IUCC 

Number 5 4 2 3 5 3 3 

Design group 1 1 1 1 2 3 3 

Mean Uurnup GWd tU" 1 14.3-15. 6 19.5-22 13.D-16.4 20.7-22.2 24.4-32.9 32.5-33.B 33.5-35.9 

Max burnup CWd tU" 1 10-25.7 25.4-27 4 17.B-21.2 26.5-2B.5 32.9-41.2 30.4-42.6 41.5-45.6 

Fast Fluence 1.3 2 1.28 2 2.2 3 4 

i n 2 1 n cm"2 (E > llleV) 



TAfllE 111 i 3ese Irradiation Conditions in the 3R3 Reactor TAOLE IV t fower Ramo Teat Conditions 

Reactor core 

Systfeme pressure (bar) 

Inlet Temperature (°C) 

Test riux 
(E > 1 MeV x 10 1 1 n cm~ 23 - 1) 

2bis 313 + 4A 

140 137 

256 261 

3 3.4 

Reactor 

Loop 

Type of Power riux 

Maximum Clad Temperature (0C) 

System Pressure (bar) 

SHOE SI0LOE OSIRIS 

AQUILOM nOUfFOS DOSS 

Centred Cxcentred Excentred 

345 

130 

355 

155 

345 

150 

Table V : Ramp Test. Parameter* 

Group 1 2 3 4 5 6 7 

Initial peak power (kW m ) 17-34.5 17-29.5 19 20 30 30 30 

Conditioning duration (hours) 47-92 72 66-72 70-76 60-77 65- 76 72 

Maximum peak power (kW m ) 40-60 37.5-57 57 37-50 36.9-46. 5 35.7-42.5 36.6-42 6 

Range or power step (kW m~ ) 17.5-40 8-40 40 6-39.7 6-13.3 6.H-11.9 7-12 

Mold Time (hours) 45.8-50 0.25-71 28-6B 2.4-70 0.66-43 29-52 55 

In Pile Power Shape Ex" Exn Ex Ex cb c c 

o) Ex s Excentred b) C s Centred 
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« THERMAL INSTABILITY OBSERVATIONS DURING 
RAMP TESTS IN THE STUDSVIK R2 REACTOR 

G. ROENNBERG 
Studsvik Energitekiuk AB, 
Nykdping, Sweden 

N. KJAER-PEDERSEN 
Exxon Nuclear Company, Inc. 
Richland, Washington, 
United States of America 

Abstract 

A series of ramp tests on ENC-built BUR fuel from the Big Rock Point 
reactor was performed in September 1982 in the Studsvik R2 Reactor. The 
tests involved segmented rods with a burnup of 18 MMd/Kgll, and constituted 
part of the Fuel Performance Improvement Program sponsored by the United 
States Department of Energy. 

Rods of different designs were tested. The reference design had 
solid, dished pellets and was unprepressurized. The alternative designs 
were annular pellets and sphere-pac. Some of the rods with annular pellets 
were prepressurized, and some were not. 

During the ramp tests the rod power is controlled by a helium 
depressurization loop which causes a strictly linear power ramp versus 
time. The thermal output of the test rig is measured calorimetrically, the 
data inwediately being recorded on a strip chart and later processed by a 
computer. Furthermore, elongation detectors permit the immediate re
cording of the rod length variation versus time. 

For some of the rods the thermal output went constant for a fraction 
of a minute after reaching a certain value, then continued to rise, while 
the helium depressurization continued to proceed linearly with time. For 
the duration of this plateau of the thermal output curve the slope of the 

elongation detector signal was significantly higher than before, but fell 
back to its original value after the plateau. 

This observation Mas made only for the reference rods. None of the 
annular rods, with or without prepressurizatlon, nor the iphere-pac rods, 
showed the effect. When observed, the effect occurred at about 40 kw/m. 

The effect is attributed to fission gas release rapidly being 
enhanced by thermal feedback. The Increase In stored energy associated 
with the temperature rise 1n the fuel causes the delay in thermal output. 
The larger available internal volume and/or the prepressurization of the 
annular rods, and the lack of a distinct fuel-clad gap for the sphere-pac 
rods prevented the effect from occurring in those other designs. 

1. INTRODUCTION 

In September 1982 a series of ramp tests were conducted In the R2 
reactor at Studsvik, Sweden, under the Fuel Performance Improvement 
Program, sponsored by the United States Department of Energy and managed by 
Exxon Nuclear Company, USA. 

During these ramp tests several instances of slight anomalies in the 
experimental recordings were noted. The anomalies consisted in a shift of 
the rate of change versus tiir> of the rig thermal output and the signal from 
the elongation detector mounted on each rod. 

By comparing these observations to previous Studsvik observations of 
power spikes and associated rapid changes in elongation signal. It was 
possible to interpret the anomalies as manifestations of thermal feedback, 
the process by which the fuel temperature is rapidly increased In response 
to the temperature dependent fission gas release to the fuel-cladding gap. 

The testing program comprised rod segments supplied by Exxon Nuclear 
Company. These rods included a solid pellet design without prepres
surizatlon, annular pellet designs with and without prepressurizatlon, and 
a sphere-pac design without prepressurizatlon. All the rod segments had 



been irradiated to a burnup of 18 MMd/kgO in the Big Rock Point boiling 
water reactor, Illinois, USA, prior to the ramp tests. The anomalies were 
only observed in the solid pellet, unprepressurized design, and occurred 
at 40 kw/m. 

2. RAMP TESTING TECHNIQUES 

The ramp tests in the Studsvik R2 reactor were carried out in a rig 
equipped with a helium coil capable of suppressing the thermal flux by 
approximately a factor of two at full helium pressurization, relative to 
the flux level at full depressurization. 

The transition between the two levels occurs linearly as a function of 
helium pressure. Thus, by closely controlling the depressurization rate, 
the system can be set to produce a well defined ramp rate. 

For the present tests ramp rates in the range of 6-20 kU/m/min were 
used. For each test, the ramp rate was held constant throughout each power 
change. 

During the performance of the tests, data are instantly recorded on 
strip charts. The data are also collected on magnetic tape for later 
computer processing. This procedure provides for on-line monitoring 
during the test as well as for automated in-depth analysis after the test. 

The data recorded for rod power, or linear heat rate (LHR), is really the 
thermal output from the rig, measured calorimetrically at the point of 
coolant outlet. Uhen properly calibrated, this measurement yields a value 
identical to the rod power if the rig is operating in steady state. In 
transient operation the thermal output may differ from the rod power on 
account of the various thermal capacities and associated time constants of 
the system. 

The rod elongation detector, mounted on the end of the rod, yields a 
direct measurement of the change of length of the cladding tube during the 
test. 

3. OBSERVATION OF ANOMALIES PURIN6 THE RAMP TESTS 

Ouring the performance of the ramp tests on the solid pellet, 
unprepressurized rod design, a total of four tests, the observation was 
made that the recorded thermal output did not rise linearly throughout the 
period of power change, despite the fact that the helium loop was 
depressurizing normally corresponding to a fixed rate of power increase. 
The thermal output displayed a region of about 15 seconds' duration during 
which no change was seen. Before and after that time interval, the thermal 
output recording showed the expected rate of power increase. 

Correspondingly, during the IS seconds' interval of no increase in 
thermal output, the recorded rate of change of the elongation went up 
considerably. After the thermal output resumed Its increase, the rate of 
change of the elongation signal fell back to its original value. 

Figure 1 shows the computer processed data of 1ine»r heat rate and 
elongation vs. time for one of the four ramp tests on solid pellet, 
unprepressurized rods. 

Figure 2 shows the pertinent part of the on-line recorder chart for 
the same test. 

In both figures the effects described above are clearly visible. 

The power level at which the anomali was observed was 38.2 kU/m for 
the case of Figures 1 and 2. The other three cases of anomalies were 
observed at power levels of 39.5, 40.5 and 40.0 kW/m, respectively. 

None of the tests involving alternative fuel designs displayed a 
similar effect. 
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4. PREVIOUS STUDSV1K OBSERVATIONS OF ANOMALIES 

Stutisvik has previously on several occasions observed spikes in the 
recorded thermal output of the rig, associated with a sudden drop in 
elongation detector signal. These observations in all cases related to 
rods that were later shown to have failed In the ramp test. 

The data base of these dual power spike/elongation drop observations 
in failed rods is extensive and consistent enough to permit the use of new 
occurrences of such observations as a failure Indicator. This permits the 
termination of ramp tests involving a failed rod prior to onset of activity 
release. 

FIGUM ? • R I C O I M * CHM1S FROM UNFAILCP (IMP TtSI 

Figures 3 and 4 show an example of the data recordings from an 
experiment in which subsequently detected failure was pre Indie a ted by the 
power spike/elongation drop observation. 

The physical explanation of the above phenomenon is the following: 

At or shortly after the time of rod failure, water from the coolant 
channel leaks into the rod. The H^O steam greatly improves the thermal 
conductivity of the fuel-cladding gap, which leads to a decrease in fuel 
temperature. 



im MA 
r 

i , » " " . 

. 
MFtKIIlT 

J 

> J 
f - ^ f 1 *~\ 

• * , J 
^__ , _ J 

FIGURE. 3 - MOCCSSED M r * FROM C»SE OF ROD FAILURE 

As the fuel temperature drops, stored energy is released to the 
coolant and Measured as a spike in the thermal output of the rig. 
Simultaneously, the fuel column contracts and releases its axial straining 
force on the cladding, which therefore also contracts. 

The duration of the power spike, as seen in Figure 3, is about 15 
seconds, which fits the order of Magnitude of the tine constant for heat 
release froM the fuel rod. 

DISCUSSION 

The observations of anomalies described in Section 3 have been 
evaluated in the light of the Studsvik experience described in Section 4. 

FIGORE 4 • RECORDER CHARTS FROM M S I OF R00 FRU'JRC 

The duration of the period of tlMt of no observed Increase in thermal 
output, IS seconds, corresponds to the duration of the power spikes 
previously observed. Hence, the phenomenon could be related to storage of 
thermal energy In the fuel rod. Since, in the present experiments we *r» 
dealing with unf ailed rods, the Most likely explanation for any such 
Increase in stored energy would be a decrease In the conductivity of the 
fuel-cladding gap, caused by an Internal process in the rod. Such a 
process could very likely be fission gas release. The fact that the 
anoMali occurs at about 40 kW/m, which is about the limit where thermally 
enhanced fission gas release could be expected, supports this assumption. 
Furthermore, the Increase 1n rod elongation rate Is consistent with the 
temperature Increase of the fuel stack, which tends to exially strain the 
cladding tube through Mechanical interaction. 



The fact that the phenomenon was not observed in the annular fuel 
designs is explained by the prepressurization and/or the larger available 
internal volume, which both tend to accommodate the fission gas release 
without seriously degrading the gap conductance. 

For the sphere-pac rods, the absence of the anomali Is explained by 
the absence of a fuel-cladding gap. 

Thus, the observed anomali are taken to depict the process of thermal 
feedback, quickly raising the fuel temperature in response to accelerated 
fission gas release. Furthermore, in view of the consistency of other 
Studsvik observations of power and elongation signal anomalies, 1t may be 
believed that the anomalies of the here discussed experiments, when 
observed in future experiments, can be consistently taken as indicators of 
thermal feedback. 

6 . COHCIUSHW 
During ramp tests of solid pellet, uitprepressurized fuel rod designs, 

previously irradiated to 18 MtU/kgU, anomalies in the recorded thermal 
output signal and elongation detector signal were observed. 

These observations have been explained In terms of thermal feedback. 
Similar occurrences may be looked for in future experiments as a useful 
method for nondestructively detecting accelerated fission gas release by 
thermal feedback. 

THE STUDSVIK POWER TRANSIENT PROGRAMS 
DEMO-RAMP II AND TRANS-RAMP I 

U. BERGENLID, G. LYSELL, H. MOGARD. 
G. RONNBERG 
Studsvik Energiteknik AB, 
Nykbping, Sweden 

Abstract 

The Studsvik Demo-Ramp II och Trans-Ramp I are 
internationally aponaored research programs. The 
main objectives are similar in both programs) to 
study the effects on the PCI/8CC failure process 
of short time power transients, above the failure 
threshold where cladding failure (FP leakage) is 
expected to occur after a sufficient hold time. 
Demo-Ramp II is completed, whereas, at present, 
Trans-Ramp I is in progress. Test fuel rods of 
standard BUR design are ueed. The fuel rode have 
been base-irradiated in a power reactor (burn-up 
in the range 18 to 29 MM/kg U) and subsequently 
ramp tested in the R2 reactor. Extensive examina
tions of the rods have been performed. 

In the Demo-Ramp II program a large number of 
incipient cladding cracks were observed to be 
formed more rapidly than expected, baaed on 
previous knowledge. It was possible to operate 
one rod for a very short time above the failure 
threehold without 8CC crack formation. One objec
tive of the Trans-Ramp I program is to define 
more closely the power-time region above the 
fa.iure threshold where the rods remain intact 
after power transients. 



1. INTRODUCTION 

The Studsvik power transient programs Demo-Ramp II 
(OR II) and Trans-Ramp I (TR I) are internation
ally sponsored research programs. The eight 
sponsoring organisations of DR II are listed in 
Table 1. The programs have been supervised by 
project committees composed of representatives 
from the sponsoring organisations. Information 
from OR II is now free for release, whereas only 
limited information can be given concerning the 
TR Z program. 

The general objectives of both programs have 
been similar: to study the effects of short time 
power transients on the PCI failure process in 
test fuel rods of standard BNR design. Histori
cally, it was expected from a result of the 
Interramp project (1) that power transients 
within a certain region could be accomodated by 
a fuel rod without damage. The result in ques
tion was the relation between the power shock 
and the time to detection of fission product 
release to the coolant. 

In the OR II program, the objectives were, in 
more detail, defined by the following subprog
rams: 

A. To establish the failure level for the 
test fuel rods used (the power level 
where failure is expected after a suf
ficient time). 

B. To study the possible occurrence of PCI 
failure during short power transients. 

a 

C. To characterise the PCI-related phenom
ena such as incipient crack formation, 
cladding deformation, fuel restructuring 
and fission gas release. 

In the present report both the tests and the 
fuel rods are denoted Al, A2, Bl, etc. 

The results of the OR II program showed that 
incipient cracks were formed very rapidly, 
within a minute. Much higher ramp rate* are 
therefore used in TR I, with similar objectives 
as in OR II. 

2. EXPERIMENTAL PROGRAM 

2.1 Test Fuel Rods 

The test fuel rods, delivered by KMU, were iden
tical in design to unpressurited BUR fuel rods 
except for length. Some nominal design data of 
the rods are given in Table 2. 

The roda were base irradiated in the BUR of 
Kernkrafwerk Wflrgessen in Germany to burn-ups in 
the range 25 to 29 MHd/kgU in the case of the 
DR II rods. The linear heat generation rates had 
been in the following rangesi time average It.7 
to 21.6 kW/m, maximum 2S.4 to 29.6 kW/m. 

2.2 Examinations of the Fuel Rods 

All the rods were checked after the base irradi
ation by means of visual inspection and EC tests. 
Some of the rods were also examined prior to the 
ramp tests by means of gammascanning, neutron 
radiography and profilometry. 



The PIE program was fairly extensive, sections 4 
and 5. 

2.3 Power Ramp Tests 

The ramp tests were performed in a pressurised 
water loop in the Studsvik R2 reactor, under 
simulated BNR operating conditions. A He-3 ramp 
test rig (2) was used, provided with a rod elon
gation sensor during the TR I program. The fol
lowing phases were included in the power ramp 
irradiations: 

(1) A conditioning phase at 30 kN/m for 
24 hrs 

(2) A power ramp step to preselected ramp 
terminal levels. Ramp rates: 
In DR II, subprograms A and C 

70 N/m x sec 
OR II, subprogram B approx 

300 N/m x sec 
In TR I, the ramp rates were an order 

of magnitude larger compared 
to DR II 

(3) A holding phase at the ramp terminal 
level. 

(4) A power reduction phase, using the He-3 
system or by means of a fast shut down 
of the reactor. 

3. RAMP TEST RESULTS 

3.1 DR II subprogram A. Failure Threshold 

The failure threshold was bracketed between 38.0 
and 41.3 kN/m by the use of two fuel rods, Al 
and A2, resp. Rod Al was intact, whereas activ

ity release was observed from A3 after 66 min at 
the ramp terminal level 41.3 kN/m. The result is 
in agreement with previous experience. 

A second ramp experiment, using rod Al, was 
performed. The rod w.s conditioned for 24 hrs at 
its previous ramp terminal level, 38 kN/m, and 
was subsequently ramped to 43.5 kN/m. The rod 
remained intact after holding for one hr at this 
new terminal level. 

3.2 DR II. subprograms B end C 

This main part of the program contain** six ramp 
tests, Bl to B4 and CI and C2. The hold times at 
the terminal power levels were in the range 10 
to 36 sec in subprogram B and 66 to 270 see in 
subprogram C. The ramp test parameters are given 
in a summary table, Table 3, and the ramps are 
also illustrated in rig 1. 

No activity release was detected during any of 
these testa. The post-ramp examinations showed, 
however, that incipient cladding cracks had been 
formed after almost all power transient testa. 
The ramp test results are plotted in a power/time 
diagram, Pig 2. 

4 RESULTS OF EXAMINATIONS OF THE CLADDING 
CONDITION, DR II 

Post irradiation examinations of the condition 
of the cladding tubes were performed by means of 
visual inspection, neutron radiography, EC testa 
and inspection of the cladding inside surfaces. 



Cladding failure was observed visually only on 
rod A2, which was already known to be failed. 

The rods were radiographed after all ramp tests 
for two purposes: to detect cladding leaks and 
to determine changes in the fuel structure. No 
signs of cladding failure could be observed on 
any of the radiographs, except in the case of 
A2. 

Indications of cladding defects were, however, 
observed on the ECT output charts of all the 
rods of subprograms B and C, except B4. These 
indications were quite clear on the ECT charts 
of Bl and CI and occurred at a number of pellet 
interface locations. With regard to the fact 
that the radiography is a very sensitive method 
to detect cladding failure in unpressurized 
rods, the ECT signals were assumed to indicate 
non-penetrating (incipient) cracks. 

The formation of incipient cracks was confirmed 
by inspections of the inside surfaces of the 
cladding tubes. Numerous incipient cracks were 
observed in all the unfailed rods except Al and 
B4. The cracks were axially oriented and concen
trated at pellet ends and along fission product 
deposits in front of fuel cracks. Specimens for 
scanning electron microscope examinations were 
taken near the axial positions of maximum power 
on the rods. All fracture surfaces were charac
terized by cleavage fracture mixed with a smaller 
amount of fluting. There was no indication of 
intergranular stress corrosion at the start of 
the cracks. The depths of penetration were esti
mated and are given in Table 3. 

5 FURTHER PIE RESULTS, DR II 

5.1 Prof ilometry 

Diameter profile measurements were performed on 
a few of the rods prior to and after the ramp 
tests. Ridges of moderate heights occurred on 
all post-ramp profile traces. The maximum ridge 
height U 0) was 16 urn. The mean ridgo heights 
around the centre of the fuel stacks are given 
in Table 3. The permanent deformation of the 
rods between the ridges was very small, less 
than 2 win. 

5.2 Residual P/C Gaps 

The pellet-clad diametral gaps were measured by 
means of the compression method, after the ramp 
tests. Two sets of data are obtained! gap to 
relocated pellets and gap to compressed pellets. 
The mean values of the gap to compressed pellets 
(mean of measurements at 5 locations) are given 
in Table 3. The corresponding results for relo
cated pellets were in the range 30 to 75 urn. 

5.3 Fission Gas Release 

The fission gas release was determined for all 
the rods except the failed one, A2. The percen
tages of Kr and Xe released are reported in 
Table 3. 

5.4 Fuel Restructuring 

The depths of the pellet dishings were measured 
on the radiographs. The pre-ramp depths were 



close to the design value. Partial closing of 
the dishings occurred during the ramp tests. 

There appears to be a rough correlation between 
the amounts of dish closure and the estimated 
crack depths, both presumably depending simi
larly on temperature, stress and time. 

Metallographic examinations were performed of 
the fuel pellets of six of the rods. The speci
mens were axial cross-sections taken close to 
the location of maximum power at the ramp tests. 
A specimen was also taken from an unramped rod. 
The radius where grain boundary porosity became 
visible was determined. 

The extent of dish closure and the radius for 
onset of grain boundary porosity are given in 
Table 3. 

6 CONCLUSIONS 

1. The failure threshold was established 
to be in the interval 38.0 to 41.3 kw/m. 

2. Fuel rods can be operated at a power 
above the failure threshold for short 
times without failure. Incipient cracks 
are, however, formed very rapidly, 
within a minute for the present rods at 
45 kN/m. 

3. It is possible to ramp a rod to a power 
level above the failure threshold if it 
is first conditioned at a suitable 
power level. 
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Table 2 Demo-Ramp II. Some Nominal Design Data of 
the Fuel Rods 

Fuel rod length 
Diameter 
Enriched fuel stack length 
Total fuel stack length 
Plenum chamber length 
Cladding wall thickness 
Cladding final heat treatment 
Fuel/Clad diametral gap 
Fill gas 
Pellet sintered density 
Density increase after standard ther
mal densification test (1700°C, 2.S h) 
Pellet length 
Dishing depth 
Average grain size 

Table 3 Summary of ramp test and PIE results, DR II. 

390 mm 
12.5 mm 
300 mm 
314 mm 
43 mm 
0.85 mm 
Stress relieved 
200 urn 
0.1 MPa Helium 
10.5 kg/dm3 

0.1% 
12 mm 
0.25 mm 
7.6 um 

55 
Time (min) 

Fig 1. Shapes of power transients. 

Exp 
and 
rod 
No 

Ramp 
termi
nal 
level 
kW/m 

Hold 
time 
at RTL 
(min) 

Time 
above 
40kW/m 
(min) 

Cladding 
crack 
depth 
% of 
wall 

Dish closure 
at max power 
position 
% 

Diametral 
gap to 
compressed 
pellets 
um 

Mean 
ridge 
height 
AD 
um 

Fission 
gas 
release 

« 
Kr X« 

Radius for 
onset of 
grain b. 
porosity 
mm 

Al 38.0 1440 0 - 60 75 9.9 - - -
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Abstract 

This paper describes the nuclear design of the 144 zirconium barrier 

bundles Inserted In the Quad Cities 2 core In December 1981, their locations 

and power history during their f i rs t cycle of Irradiation, and the resulting 

linear heat generation rates (LHGRs) and fuel rod burnups when 16 of these 

zirconium barrier bundles were power ramped In March 1983. 

1.0 Summary and Introduction 

In December 1981, 144 zirconium barrier cladding fuel bundles were loaded 
In Quad Cltias 2 for Cycle 6. The primary objective of these demonstration 
assemblies and the associated core loading pattern *a* to permit a ful l scale, 
severe ramp demonstration of zlroonlum barrier fuel in an operating power 
reactor. The ramp demonstration was designed to subject the zirconium barrier 
fuel to severe power ramps, while avoiding damage to non-barrier fuel with 
higher burnup.. 



The f i r s t ramp was completed In March of 1983. Th is was the f i r s t 

large scale fue l ramp demonstration t o be successful ly completed In a power 

reactor in the U . . S . . 
/ 

The b a r r i e r fue l bundles cons t i tu ted over ha l f of the re load batch and 

Included four d i f f e r e n t nuclear bundle des igns. . Two of the bundle design:, had 

standard enrIchnent d i s t r i b u t i o n s with the add i t ion of b a r r i e r c l a d d i n g . . The 

other two bundle designs had enrichment d i s t r i b u t i o n s designed to peak the 

l inear heat generat ion ra te (LH3R) in one corner of the bundle fo l lowing 

withdrawal of the adjacent control b l a d s . . These bundles wi th the non-standard 

enrichment d i s t r i b u t i o n s are r e f e r r e d t o as "special b a r r i e r bundles" . . 

The core loading s t r a t e g y . Figure 1 , was designed t o take advantage of 

the special b a r r i e r bundles by loading J6 of them in to four quar te r -core 

symmetric ramp c e l l s . . Each ramp c e l l had four f resh special b a r r i e r bundles 

surrounding a control b l *de l o c a t i o n . . The four fresh bundles were surrounded 

by a buf fer zone, made up of t t non-barr ier bundles and one standard b a r r i e r 

bundle . . This bu f fe r zone Improved cold shutdown margin and l im i ted power 

increases outside the ramp c e l l s when the control blade was withdrawn.. 

In March of 1983 over an approximately week-long per iod , a power ramping 

demonstration u t i l i z i n g the ramp c e l l s and "special b a r r i e r bundles" was 

performed. . Control blades in the ramp c e l l s were withdrawn from pos i t ion 18 

( 6 2 . 5 percent Inser ted) t o f u l l y withdrawn in s ix steps at or near 100 percent 

of ra ted core thermal power. Fuel rods in the special b a r r i e r bundles 

experienced LHGR increases of approximate!; 10 k w / f t ( 32 .8 kw/m), and peak 

IHGRs in the uncontrol led fue l nodes fo l lowing withdrawal of the control blade 

were in the range of 12-13 k w / f t ( 3 9 . 4 - 4 2 . 7 kw/m). Offgas a c t i v i t y leve ls 

have shown no abnormal Increases, which is an ind ica t ion t h a t there were no 

c ladding f a i l u r e s r e s u l t i n g from the power ramping demonstration. Burnups 

In the special b a r r i e r bundles, which were c o n t r o l l e d during nearly a l l of 

Cycle 6 , were low t o moderate, so another power-ramping demonstration 

u t i l i z i n g a second set of 16 spec ia l b a r r i e r bundles is planned far the end o f 

•fhe next operat ing c y c l e . 

5? 

2 . 0 7lrronlum B a r r i e r Bundle Nuclear Paslpn 

The 144 zirconium b a r r i e r bundles were comprised of two subgroups. One 

group was re fe r red t o as "standard b a r r i e r bundles" and one group was r e f e r r e d 

t o as "specia l b a r r i e r bundles". Standard bar r i e r bundles had standard 

enrichment d i s t r i b u t i o n s which had been designed, as wel l as used \r, ether 

r e a c t o r s , p r io r to the loading of t h i s large scale demonstratlonn a t Quad 

C i t i e s 2 . The standard design prac t ice of minimizing the local power peaking 

of any s i n g l e fue l rod across a cross-sect ion of the bundle was f o l l o w e d . . Two 

d i f f e r e n t bundle designs, each with a d i f f e r e n t bundle average enrichment, 

were w i t h i n t h i s group of 80 standard b a r r i e r bundles. The only fea ture of 

these two designs unique t o t h i s demonstration was the add i t ion of zirconium 

b a r r i e r c l a d d i n g . . 

The second group of 64 special b a r r i e r bundles had two features unique to 

the demonstrat ion. . The f i r s t was the a d d i t i o n of zirconium b a r r i e r c ladding. 

The second was modi f ica t ion to standard enrichment d i s t r i b u t i o n s In order to 

Increase , rather than minimize, the local power peaking of indiv idual fuel 

rods. Sy increasing t h i s local power peaking. I t was possib le t o power ramp a 

l i m i t e d nu.iiber of fuel rods to s i g n i f i c a n t l y higher l inear heat generation 

rates (IHGRs) than would have been possible without t h i s ennanced local power 

peaking. I t was thus possible to power ramp some special b a r r i e r bundle fuel 

rods t o the range of 12-13 k w / f t ( 3 9 . 4 - 4 2 . 7 kw/m). In an operat ing powfjr 

r e a c t o r , a large number of factors constra in how much r e a c t i v i t y can be 

present In any given bundle design. These Include r e a c t i v i t y constraints 

under cold condi t ions , as wel l as other thermal margin parameters fn addi t ion 

t o LHGR. Such constra ints would prevent power ramping a l l the fue l rods In a 

given bundle design t o 12-13 k w / f t . The Increased local peaking was thus the 

most p r a c t i c a l way to obta in data in the higher range of opera t ing IHGRs whldi 

Is the l icensing basis of commercial power r e a c t o r s . . 

Two approaches were u t i l i z e d t o enhance local power peaking. One was to 

a l t e r the enrichments In some or a l l of the four fuel rods in the corner of 

the fue l bundle c losest to the cruciform control blade p o s i t i o n . . (This corner 

of the fuel bundle Is c a l l e d the "wide-wide" c o r n e r ) . These enrichment 



5 | changes Increased the local power peaking of the fue l rod c losest to the 

wide-wide corner . Care had t o be taken t o not increase the peaking too much, 

however, in order tha t the wide-wide corner fue l rod In some special b a r r i e r 

bundles would not operate a t an LHGR t h a t was too high before the actual 

power ranplr.g demonstration was c a r r i e d ou t . The second approach was to take 

advantage of an e f f e c t r e f e r r e d t o as the "control b lade h is to ry" (C8H) 

e f f e c t . . Stated b r i e f l y , the CBH e f f e c t r e s u l t s from operat ion of a fual 

bundle with the adjacent control blade inser ted . The cont ro l blade depresses 

the neutron f l u x and hardens the neutron energy spectrum in fue l pins near the 

b lade. Th is r e s u l t s in a reduced burnup r a t e and a larger U to Pu conversion 

r a t i o In these fue l pins compared t o fuel pins located f a r t h e r away from the 

control r o d . . When the control blade Is subsequently withdrawn, because of the 

lower burnup and higher Pu content , the wide-wide corner pins w i l l operate at 

higher r e l a t i v e powers than they would I f they had been uncontrol led tor the 

e n t i r e per iod . The magnitude of the Increased corner pin peaking is 

dependent upon the amount of burnup t h a t a fue l segment accumulates w h i l e 

c o n t r o l l e d . . The planned operat ional s t rategy for the demonstration used the 

CSH e f f e c t t o advantage by operat ing wi th the fue l segments that were to be 

power ramped a t the end-of -cyc le in a c o n t r o l l e d s ta te through the e n t i r e 

cyc le u n t i l the power ramp was begun. Thus the CBH e f f e c t was used t o 

increase the peak LHGR above what I t would have been i f the fuel segment were 

power ramped a t the same burnup, but without any accumulated control blade 

h i s t o r y . . 

The special b a r r i e r bundles included two d i f f e r e n t bundle designs, 

each with a d i f f e r e n t bundle average enrichment and each with a special 

enrichment d i s t r i b u t i o n . . Of these 64 specia l b a r r i e r bundles, 32 bundles were 

a "medium enrichment" design and the other 32 bundles were a "high enrichment" 

des ign . . Or ig ina l plans were to power ramp 16 d i f f e r e n t special b a r r i e r 

bundles in each of four cycles a t Quad C i t i e s 2 . These plans have been 

modif ied so t h a t some of the groups o f 16 bundles are now back-up designs and 

nay not be power ramped during t h e i r i r r a d i a t i o n s . The 16 special b a r r i e r 

b'indles t h a t were power ramped In March of 1983 were of the medium enrichment 

design, whi le the second set of bundles scheduled for ramping In the next 

cyc le are of the higher enrichment des ign . . 

3 . 0 Ramp C e l l and Buf fer Zone Design and Core Loading Pa t te rn 

Figure 1 shows the core loading pa t te rn tha t was used a t Quad C i t i e s 2 In 

Cyc le 6 . A d i s t i n c t i v e f e a t u r e Is t h e four "ramp c e l l s , " each 

of which is surrounded by a higher burnup, lower r e a c t i v i t y "buf fer zone". 

Each of the ramp c e l l s Is comprised of four fuel assemblies surrounding a 

s ing le cruci form control blade which Is planned for programmed withdrawal near 

the end of f u l l power r e a c t i v i t y of a reactor cycle to e f f e c t a power 

ramp on those fuel assemblies. . These four fuel assemblies are special 

ba r r i e r bundles. . There were a t o t a l of four such ramp c e l l s symmetrically 

located In the c o r e . . The control blade In each ramp c e l l was Inserted between 

62.5*i and 100< through the cycle and was not withdrawn from the bottom 2 /J of 

each ramp c e l l u n t i l the power ranplng demonstration In March of 1983. I t 

should be noted tha t with t h i s control blade Inser t ion through the cyc le , 

the burnup d i s t r i b u t i o n of any cont ro l l ed hor izonta l cross-sect ion of the 

special b a r r i e r bundles In the ramp c e l l s was " t i l t e d " from the lowest value 

In the wide-wide corner to the highest value In the diagonal ly opposite corner 

of each fue l bundle. Thus, when the special b a r r i e r bundles were power ramped 

In March, the wide-wide corner fuel rods, which experienced the highest LHGRs, 

were at burnups approximately 1/2 as large as the bundle average burnup for 

any hor izonta l cross-sect ion of the bundle. This burnup t i l t w i l l also occur 

for special b a r r i e r bundles to be ramped In the next c y c l e , although I t w i l l 

not be as strongly t i l t e d because those bundles were Incubated near the 

outside of the core for t h e i r f i r s t cyc le of I r r a d i a t i o n and thus accumulated 

some burnup wi th adjacent control blades withdrawn. . 

The buf fer zones surrounding each ramp c e l l had several funct ions . . By 

placing low r e a c t i v i t y fuel around the higher r e a c t i v i t y ramp c e l l bundles, 

power Increases In non-barr ier fuel bundles outside the ramp c e l l s were 

minimized during the power ramping demonstration. Seme of the fresh standard 

bar r i e r bundles were also placed In the fresh bundle locat ions that were near 

the ramp c e l l s , since these fresh bundle locat ions experienced small LHGR 

Increases of approximately 0 .5 to 2 .0 k w / f t during the power ramping. Placing 

standard b a r r i e r bundles In these locations e l imina ted concern over these 

0 . 3 - 2 . 0 k w / f t increases. . 



The low r e a c t i v i t y buf fer zones a lso a id in meeiSng cold shutdown margin 

requirements. . By placing four fresh speclaj b a r r i e r bundles In a s ing le c e l l , 

there were points during the cycle when the cold r e a c t i v i t y of a l l four of 

these bundles was a t a peak.. The lower r e a c t i v i t y of surrounding buf fer zone 

bundles o f f s e t t h i s condi t ion and made i t possib le t o r e a d i l y meet design 

requirements for cold shutdown margin In each ramp c e l l . 

Two other f e a t ires of the core loading p a t t e r n mer i t discussion: 

( 1 ) The 48 specia l b a r r i e r bundles not loaded In rarnp c e l l s were posi t ioned In 

the second or t h i r d rows from the outside of the core In order t o accumulate 

burnup a t r e l a t i v e l y low power l e v e l s . . ( 2 ) . I n the corner of each buffer zone 

c l o s e s t t o c o r e c e n t e r , a f r e s h s t a n d a r d b a r r i e r bund le was p laced 

Instead of a higher burnup, lower r e a c t i v i t y non-barr ie r bundle . . This change 

Improved LHGRs In the ramp c e l l dur ing power ramping, lowered r isk by not 

p lac ing a non-bar r ie r bundle In a r e l a t i v e l y high power l o c a t i o n . Increased 

cyc le energy c a p a b i l i t y , and had a n e g l i g i b l e e f f e c t on cold shutdown margin . . 

4 . 0 LHGRs In Special B a r r i e r Bundle-: During Power Raralng Demonstration 

Table 1 shows the peak LHGRs observed In the ramp c e l l bundles during the 
power ramping demonstration In March 1983. 

The cont ro l blades in each of the four ramp c e l l s were withdrawn In the 

s ix si'eps shown, wi th i n t e r v a l s of 1 to 3 days between the control blade 

pos i t ion changes.. The average burnups of the a x i a l pos i t ions of the ramp c e l l 

bundles power ranped In each control blade pu l l were approximately 5 to 7 MWd/ 

kg U. Because the peak LHGR occurs In the wide-wide corner fuel rod, the 

burnup o f the fue l rods experiencing the peak LHGR were 2 to 4 MWd/kg U. The 

d e l t a LHGRs experienced by the wide-wide corner fue l rods were approximately 

8 . 0 t o 10 .0 k w / f t and are shown In Table 2 for four specia l b a r r i e r bundles In 

one ramp c e l l . . The other ramp c e l l s behaved s i m i l a r l y . The average de l ta 

LHGR experienced by a l l fue l rods In special b a r r i e r bundles was approximately 

4 . 0 to 5 . 0 k w / f t . 

a 

Burnups In the power ranped special b a r r i e r bundles were low to 

moderate In t h i s f i r s t power ramping demonstrat ion. . A second power ramping 

demonstration u t i l i z i n g another set of 16 special b a r r i e r bundles is planned 

for the end of f u l l power r e a c t i v i t y of the next operat ing c y c l e . . 

TAfllE 1 

POWER DURING BARRIER FUEL RATING DEMONSTRATION 

9 lade 
Position Chanja 

Blade 
1nsert1 on 

Xfeftli-ttnatjoni 

Change 1n 
Reactor 
Power 

Qbteryod. „ IHtfH 

Peak 
L1 near Heat 

Generat 1 on 
Rate 

Observed 
( h i / f t ) <K«7ni> 

18 to 20 7,9-7,0 2.3-2.1 +21 10.5 34.5 

20 to 24 7,0-6.0 2.1-1.8 •43 11.0 36.1 

24 to 30 6.0-4.5 1.8-1.4 •32 11.7 38.4 

30 to 36 4.5-3,0 1.4-0.9 • 1 12.2 40.0 

36 to 42 3.0-1.5 0.9-0.5 -1 12.3 40.4 

42 to 48 1.5-0 0.5-0 -1 12.6 41.3 

Note: (1) Observed LHGR l i after a complete core Kan with the 
t ravers ing incore probe (TIP) and a f t e r updating a l l 
power shapes used by the process computer.. Nodal 
burnups of the fue l were approximately 5-7 MVfd/kgll.. 
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DFITA LHGRs FOR W-W FtJFI RODS IN SPECIAL BARRIER 3UNPLES 
% 

Delta LHGR tor Peak LHSR Node Following 
Movement to Indicated Rod Position (kw/ft) 

Special Barrier 
Bundle Location 2Q_ 24 1Q I f i 42 IB 

(7.7) 7,4 8.2 8.7 8.9 8.6 8.1 

(7.8) 7.9 8.3 8.9 8.6 8.5 8.5 

(8.7) 7.7 8.1 8.9 8.9 8.8 8.5 

(8.8) 7.9 8.6 9.3 9.7 10.0 9.5 
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Figure 1. Quad Cities Unit 2 Core Configuration. Cycle 6 
(144 barrier bundles) 
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STATISTICAL ANALYSIS OF 
POWER RAMP PQ TEST DATA 

T.C. ROWLAND, J.H. DA VIES, JR. THOMPSON, 
H.S. ROSENBAUM 
General Electric Co., 
San Jose, California, 
United States of America 

Abstract 

Data from power ramp tests of reference standard fuel rods and PCI 
resistant fuel designs were analyzed statistically using the STATPAC computer 
program. Effects of design variations in the reference fuel are described. 
The significantly improved performance of zirconium liner fuel over copper 
barrier fuel and reference fuel is also shown. 

INTRODUCTION 

Zirconium barrier fuel has been selected for a large scale demonstration 
of PCI-resistant fuel in the Quad Cities-2 reactor. Selection of the Zr-
barrier over an alternative copper barrier design was based largely on the 
results of power ramp tests performed in the R2 (Studsvik) test reactor on 
fuel rod segments, base-irradiated in the Monticello and Millstone-I power 
reactors. These included 38 reference standards and 33 Zr-barrier rods. 

In the context of this program, reference rods were broadly defined as 
those rods with unmodified Zircaloy cladding, although there were differences 
among references in conventional design features including cladding wall 
thickness, diametral gap and helium pressure. Similarly there were design 
differences among the Zr-barrier rods, notably in the purity of the zirconium 
liner. The purest material used was crystal bar zirconium. Two grades of 
sponge-based zirconium were also tested. One was a specially selected material 
with a low oxygen content, the other was a commercial grade sponge with a 
higher oxygen content. The design and fabrication details of individual fuel 
rods are reported elsewhere. 

Several different power ramp sequences were employed, each with specific 
objectives. The principal ramp sequences are depicted in Figure 1, The 
C ramp sequence is of special interest, because it is, by definition, a second 
ramp near the bottom of a rod that has survived a prior ramp nea. its mid
section. The ramp is effected by physically raising the rod In the ramp 
test rig and very fast ramp rates can be achieved. For both these reacons, 
second ramp and fast rate, it was expected that C ramps would be more severe 
than other ramp sequences. Besides ramp sequence and ramp rate, another ramp 
test variable was the hold time during the low power, standardization phase of 
the test. Early tests employed a standardization hold time of approximately 
300 hours; this was later reduced to 6 hours. 

Rod failure during a rr.mp test sequence was indicated by an Increase in 
the coolant activity level and verified by post-irradiation examination. 
Individual ramp test results are shown In Table 1. The fraction of reference 
and Zr-barrier rods at burnups greater than 10 MWd/kg U, that survived tests 
to specific peak powers, are shown In Figure 2, which illustrates the improved 
PCI resistance of barrier fuel. But in order to estimate the margin of 
improvement and to support the large scale demonstration in Quad Cities-2, it 
was necessary to assess the failure probabilities of both reference and 
barrier fuel. 

ANALYSIS 

The results were analyzed statistically using the general purpose computer 
(21 program, STATPAC. The special feature of STATPAC, which recommended it for 

analyzing fuel failure data, was its capability for censored data analysis. 

Many of the ramp tests were stopped before failure. These non-failures 
are considered to be right censored. Even the failed fuel rods may be con
sidered censored data. Ramp sequences A, B and C all use step ramps. One 
can assume that when the fuel failed after these ramps that the final power is 
the observed failure power. However, it is likely that if the ramp step was 
•mailer, or (for A ramp) if the segment was held at each step power for a 
longer time, the failure may have occurred at * lower power. Therefore, the 



" power to fail is only known to be in the interval between the last step and 
the final step in the ramp. STATPAC analyzes interval censored data by placing 
the failure in the middle of the interval. Thus non-failures were treated as 
right censored and failures were treated as interval censored data. 

Rod peak power and exposure at the peak power node were selected as 
correlating parameters. The physical significance of these parameters 
is well established. PCI failures are caused J>y stress corrosion (or liquid 
metal embritdement) of the cladding. The cladding has to be stressed or 
strained at a fast rate due to the mechanical interaction with the fuel and 
there has to be an adequate supply of embrittling fission products. In 
operational terms, this means that the fuel rod has to experience a power 
increase (AP) to a high enough power (P) above some characteristic power level 
to release the fission products, which build up as a function of exposure. 
The rate of power increase or ramp rate must be fast enough to avoid substan
tial relaxation of cladding stresses during the ramp and the hold time at peak 
power must be long enough to allow initiation and propagation of cracks. All 
of the fuel rods in Table 1 were base-irradiated at about the same power level 
(20 kU/m peak). The rods were Increased in power in the test reactor to 
approximately 30 kW/m and held there for some time (6 hours or 300 hours) 
prior to ramp testing. Consequently, the change in power (AP) and the peak 
power (P) achieved during a ramp were interrelated. Peak power was chosen as 
the primary correlating parameter, but AP from the power reactor base irradi
ation or the test reactor starting power may equally well have been chosen. 
However, since one hour is usually a long enough hold time for PCI cracks to 
initiate and propagate, the AP for the Type A ramp (Figure 1) would be 
6.6 kU/m (2 kwVft). Assuming this, there is no correlation of failure with 
AP. 

RESULTS 

The reference rod data in Table 1 were combined with some lower burnup 
(4) data from an earlier test program to construct cumulative failure fraction 

curves. The best fit to the data was attained using the relationship: 

log (kH/fr.) - C a ( s t f ^ ) • C 2 

The 11, 503; and 9SX fuel rod failure fraction curves are superimposed on 
a plot of the data in Figure 3. 

As mentioned, the reference rods i.eluded a number of conventional design 
variables. There were differences in: 

Diametral gap - 0.18 and 0.23 mm 
Wall thickness - 0.71 and 0.86 mm 
Initial fill gas - 0.1, 0.3. 1.7 and 2.3 HPa He 
Cladding surface treatment 

Evaluation of the effects of these parameters was pursued by analyzing subsets 
of the data. In addition, maximum log-likelihood regression fitting showed no 
significant effect of diametral gap, cladding wall thickness or surface treat
ment on failure probability. Pressurised fuel had a higher average (50X) 
failure power at higher exposures, but not at low exposure. 

The impression that PCI failure probability Is relatively Insensitive to 
changes in conventional design parameters is confirmed by Figure 4 which com
pares published PWR fuel ramp test results* ' with the failure probability 
curves calculated from the Mflt data. The results arc remarkably similar. 

Statistical analysis confirmed the impression that there wan no signifi
cant effect of pre-ramp standardization time (between 6 hours and 300 hours) nor 
ramp sequence (A or B) on failure probability, 'ihe advantage of the A, or 
"staircase," ramp sequence is that it allows definition of failure power 
thresholds with a limited number of tests. For B sequence ramps it Is easy 
to overshoot or undershoot the failure power, but if enough test can be per
formed, the failure power can be bracketed. B ramp data are more easily 
analyzed for fuel modeling purposes. There is a limited amount of C ramp data 
on reference rods, but analysis indicates that these very fast second ramps 
are no more severe than A or B ramps, somewhat belying expectation. The main 
advantage of the C ramp sequence is that it provides a better simulation of a 
power increase induced by a control blade withdrawal than other ramp sequences. 
Thus it provides a more realistic test for PCI remedy designs. It has the 
added advantage of providing two test data points per fuel rod. 



Zr-barrier ramp test results are superimposed on the reference rod 
cumulative failure probability curves in Figure 5 clearly showing the margin 
of improved performance. Zr-barrler fuel has consistently exceeded the 95Z 
failure probability for standard fuel with only two failures recorded. None 
of the highest purity (crystal bar) zirconium barrier rods have failed t-ven 
though they have been Rested under the most severe conditions and at the 
highest burnups. One commercial grade sponge Zr-barrier rod failed following 
an A ramp to 59 kW/ra after surviving a prior A ramp. These results indicate 
that the purity of the zirconium barrier may be important in controlling PCI 
resistance, and the failure threshold for low oxygen sponge Zr-barrier fuel is 
in the range of 55 to 60 kW/m. 

Other PCI remedy data has been correlated and analyzed. Some copper 
barrier fuel results are compared to the reference fuel performance curves 
In Figure 6. Copper barrier rods withstood the severest tests with no 
recorded failures up to 15 MWd/kg U, but the protectiveness of the copper 
layer appears to be degraded at higher burnups and several failures have been 
reported, although still outperforming reference fuel. Graphite coatings have 

(8) proved to be successful in inhibiting PCI failures in CANDU fuel. Experi-
9 ence in higher exposure LWR tests has been mixed, but is generally consistent 

with an extrapolation of the Canadian data (Figure 7). However, loss of PCI 
resistance at higher exposures or under multiple ramp testing conditions is a 
continuing concern for any proposed PCI remedy and only extensive testing, 
including large scale statistical tests under service conditions are going to 
conclusively demonstrate the effectiveness of a new design. This has been our 
approach with Zr-barrier fuel. 
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M Table 1 

RAMP TEST RESULTS 

f t r t t - t a a a 

S*P 
a*4 D**ta> Sequence 

2/7 Reference 
in Reference 
tn Reference 
2/10 Reference 
2/11 Reference 
2/1* Reference 
2/11 Reference 
2/1* Reference 
2/1S Reference 
2/U Reference 
2/lt h h n m 
2/20 Reference 
2/21 Reference 
2/22 Reference 
2/24 Reference 
2/2} Reference 
2/M Reference 
2/27 Reference 
2/33 Reference 
2/M Reference 
2/47 Refereace 
2/U Reference 
2/U Refereace 
2/32 Reference 
2/33 Reference 
2/34 Reference 
2/U •afaraaca 
V7 Reference 
J/12 Reference 
3/27 Raterance 
1/2* Reference 
3/2* Reference 
3/41 Reference 
3/4» •afaraaca 
3/44 Reference 
3/43 Refereace 

liraaaara* 
(WM/k|U) 

1 4 . t 
14 .0 
13.4 
11.2 
14.4 
14.2 
14.1 
13.4 
17.7 
14.4 
13 .3 
14.4 
12 .3 
14.4 
20 .0 
l t . O 
20.4 
11.7 
14 .0 
11 .3 
24 .4 
27.1 

4.0 
24.4 
21.2 
22.3 
14.4 

4 . 0 
10.2 

4 . 4 
7.2 
» .7 

13 .3 
11.4 
23.7 
25 .3 

H a i l M 
Peak Power 

(kw/ft> (ku/a) 

T i e . (almitaO 
Itceae I M B 

14.1 
14.2 
14.2 
1 1 . * 
1 4 . 1 * 
14.2 
1 5 . l « 
14.0* 
13.4 
14.0 
1 3 . * 
13.4* 
14.2 
13.4 
13.4 
14.0 

t . l 
12.0 
11.7 
1 3 . * 
* * 

12.2 
14.1 
14.0 
1 1 . * 
12.0 
13.7 
11 .0 
14 .2* 
I I . 2 
I I . I 
11.0 
14.0 
11.0 
14.0 
14 .1 

44.2 
44.3 
44.3 
31.2 
44.2* 
33.0 
31. •< 
44.0* 
30.3 
32.3 
32.2 
32.0* 
31.0 
32.0 
32.0 
32.3 
30.0 
3*. 3 
43.0 
43.3 
32.3 
40.0 
33.0 
32.3 
3».0 
3*. 3 
43.0 
3».0 
3*. 74 

3*.7 
3*.« 
3*.0 
44.0 
32.3 
44.0 

41.0 

At Max 
Pewer 

V, 
J3 
21 
20 

3 
34 
3 
3 

12 
4 

13 
1 

14 
47 
t 

10 
12 
41 

240 
41 

240 
M 

240 
I I 

:is 
124 
<4 

140 
10 
34* 
24 

340 
240 

I I 
I I 

10 

To Paver 
Spike 

4 
11* 

0« 
0* 
13 

71 

» 
124 

31 

Ta Activity 
lalcaaa 

43 
30 
13 
14 
0 
30 
1 
1 
24 
0 
30 
3»» 
1 

41 
3 
7 

24 
41 

14 

12 

12 
12* 
120 
72 

111 

13 
34 
4 

Sequence 
tieeaufei 
(MM/kall) 

Waal* 
Peak Pi 

(kW/ft) 
var 
(kV/a) 

Tlaa (aiaatee) 
At Nek Ta Paver 

•pike 
Ta Activity 
•eleeee 

27.2 

4.3 

13.1 

*.l 

14.0 

44.3 

32.0 

32.3 

240 

240 

240 

C.I 43.0 240 



Table 1 (Continued) 
Meat aaao 

Haxlaua Tlaa (alnutaa) Raali Tlaa (aim. tad) 
» r 

fto4 Daalaa 

Ktf*T«MC« 

(***> Zaxoawrea 
Saaaaaca (MM/k*V) 

C 20.1 

raak 
( M / < t ) 

13.* 

Power 
(»W/a) 

52.0 

At Hax 
Invar 

10 

To tanmx To Activity 
Si lk* Halaaaa 

»aa» 
Sequent* 

la*a*ure* 
(r*Jd/k|U) 

fa all 
(M l / f t ) 

P*V*T 
(W/a ) 

At law 
•owr 

Ta Favor 
ta lk* 

Ta Activity 
lalaaaa 

1/44) 

fto4 Daalaa 

Ktf*T«MC« 

(***> Zaxoawrea 
Saaaaaca (MM/k*V) 

C 20.1 

raak 
( M / < t ) 

13.* 

Power 
(»W/a) 

52.0 

At Hax 
Invar 

10 1 4 

»aa» 
Sequent* 

la*a*ure* 
(r*Jd/k|U) 

fa all 
(M l / f t ) 

P*V*T 
(W/a ) 

At law 
•owr 

Ta Favor 
ta lk* 

l /4» lafalaaca 1 22.4 14. i 52.5 240 - C 22.1 15.4 52.0 17 2 10 

2/34 I i - U M t (Sanaa*) 1 1.1 U.O 34.0 340 - -
2/41 I r - U a a r (Crratal Bar) * 11.3 17.1 51.5 240 - C 1.0 l » . l 42.7 240 - -
2/44 Zr -Uaar (S*oaa*> A 11.4 11.1 54.5 240 - c 12.» 17.7 M . l 240 - -
2/4} I r U M r (Crratal ta r ) A 11.4 11.0 59.0 240 - c 12.0 11.2 5*.4 140 - -
2/44 b - U M t (Spoaaa) A 7.4 11.0 5*.0 240 - C 1.1 17.7 M . l 140 - -
2/4* Zr-Uaar (Crretal tor) A 4.3 11.0 59.0 2*0 - c 4.1 13.1 51.1 240 - -
2 / » Z r - U M t (Sanaa*) 1 A 1.1 11.1 J».5 240 - c 4.1 11.0 5 » . l 140 - -
2/72 b - U w (Saoaaa) A 13.0 1S.0 5».0 240 - c 11.2 17.4 37.0 240 - -
2/71 I I - U M (Sanaa*) A 14.7 11.1 31.5 240 - c 12.1 14.4 41.0 240 - -
2/74 Zr-Uaar (Saoaaa) C 11.» 14.3 53.3 240 - c 11.1 14.1 51.0 240 - -
2/75 Zx-Uaar (Sanaa*)' A 11.7 11.1 3».5 7 1 -
Vl» t i - t l a n (Crratal t a t ) A • • • 11.0 5» . l 340 - -
V M Zr-Uaar (Cryatal ta r ) A 10.1 11.0 5» . l 1440 - -
V l » b - U a n (Crretal aar) A 1.7 l « . l 5». 4 340 - -
V M Zr-Uaar (Ctyatal i a l ) • 4.» 11.1 5t .5 140 - -
V I S Zr-Uaar (Crretal lax) A 17.0 17.f 30.4 720 - -
V M Z r - U a * r (Crratal lax) A 1S.7 17.» 51.4 720 - -
V 4 4 I r - U a a r (Crratal lax) • 4.4 11.1 3*. 5 140 - -
1/49 Zr -Uaar (Crratal aar) • 4.7 17.1 5».3 1(0 - -
V M I r - U a a x (Crratal tax) 1 7.1 11.0 5*.0 140 - -
1/47 Zx-Uaax (Crratal lax) 1 7.7 11.0 3«.0 140 - -
V M Xx-Uaax (Crratal lax) A 21.3 17.J J7.3 240 - C 14.1 14.1 44.1 240 - -
v» Zx-Uaar (Crratal lax) A 17.2 11.0 ».o 240 - c K . i 13.S 4 4 . : 140 - -
1/J4 tx -Uaar (Sanaa*) A 10.2 11.0 St.O 240 - C 10.1 11.0 54.0 240 - -
V » I r - U a a r (Sanaa*) p 13.0 11.1 3*. 3 200 - c 14.7 14.0 52.5 140 - -
V M Zr-Uaar (Sanaa*) A 17.1 11.0 31.0 240 - C 14.4 17.7 31.0 14 * 24 

V M I x - U a a r (Saaaaa) A 14.0 11.1 3».5 240 - c 4.4 11.1 w.s 140 - -
V « 0 I r - U a a r (Crratal lax) A 14.1 17.1 31.3 240 - " c 15.2 17.4 57.0 240 - -
V U Zr-Uaar (Crystal lax) • ' 20.2 14.0 32.3 240 - c'J 20.0 15.7 51.5 400* - -
1 / U t r -Uaax (Crratal l a r ) 1 ' 21.7 14.0 32.5 240 - C 20.3 14.0 52.5 240 - -
V * l Zr-Uaar (Cryatal lax) A 14.7 17.1 51.5 400 - c 4.3 17.1 M.5 240 - -
V M Zr-Uaar (Cryatal l a r ) n 24.4 11.1 54.5 200 - c 24.2 14.0 54.0 240 - -
V 7 1 Zr-Uaar (Crratal Bar) A 21.1 11.0 34.0 240 

" 
c 27.4 17.1 51.5 240 

B 

.Exposure Is the loca* expoflure at peak power node, aa aeaaured by Ca saaav) aran Method. 
I h w t spike at 11.9 k w m (34.1 kW7«). 

Power iptke durlna itep at M A . ) kwVft 0-47 kU/a). 
Power sptke durlni step at -12.S kU7(t (•*•*! kw/a). 

jA i t l v l i v release ( fa i lure) at U.O kll / ft (44.5 kU/a). 
Truncated A raap sequence. MaxtMu» peak power held at 12.0 hu/ft (39.5 kW/a). 

'Act iv i ty raleaae ( fai lure) at 16.1 kU/ft (52.S kU/a). 
Test teralnaied bv reactor scraa. High radioactivity in capaula leads Indicated 

.rod fa i lure. 

.Sponfte not specUllv aelected for low OKVlsn concentration, 
'c ' raap on Node 9 irod In raised position), tow hold H a t specified to 

aftxioite prvrislnn ol post raap aoaaui acan. 
Activity release t fal lure) at I ) . a kV/ft (57.0 kw/a). 
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Figure 1. Power Ramp Sequences 

8 0 6 -

U 0 4 -

10 13341 1» 169.01 

Figure 2. Ramp Test Results Summary for Burnups >10 MWd/kjj U 
Showing Fraction of Rods (Reference, CU-Barrler and 
Zr-Barrier) Survlv* i« to the Peak Power Indicated 
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METHODS AND EXPERIENCE WITH 
OPERATIONAL STRATEGIES UNDER 
PCI LIMITS IN KWU LWR PLANTS 

R. von JAN 
Kraftwerk Union AG, 
Erlangen, 
Federal Republic of Germany 

1. PCI imitation Model 
2. Alternative Definition of Liaiting Values 
3. Field Applications of PCI Limitations 
4. KWU Experience with PCI Limitations 

I . PCI Limitation ftedel 

• Local limitation by concept: 

sliding PCI limit cy C , ( t ) . Maximum value of {q 'pci . - in ' <t 'con ( t ) • * l ' a C c } ( s e « f i 9 - 1 a ) 

RSST Approach *>a' with parameters depending on fuel rod type and burnup. 

t Global (> Burnup independent) limitation in reality: 

model is applied to the peak L'<iR in selected core surveillance regions with parameters 
specified such that al l fuel segments are adequately protected. 

* Implementation of PCI limitations alternatively by 

hardware (direct LHGR limitation to the sliding PCI l imi t ) , or 

administrative rules (indirect limitation lo operations below the sliding PCI l imi t ) . 

(a) see Risrf Meeting 1980, papers 1.5 and 2.2* or Nuclear Engineering and Design 65, 
p. 307 and p. 313 (1981) -



J>CI liait q'pC| 

-conditioned power q ' c o n 

.acceptable ramp step <3q' a e c 

Ntn. conditioned power q ' c o n a j n 

r • T r i—i—I~I—r~i—r r i—i i It 111 n n if M n u n i irr I M I M M I M I 11 m 111 ir r r i r n n n r T • t i n e 

hours days 

Fig. 1 a: Schematic Example for the tine variation of the conditioned power and the PCI liait 

2. Alternative Definition of Liaitinq Values 

Example: Minimum PCI l ia i t Op'(-| , i n 

0 

• Threshold Approach 

Local qp£| , i n « failure threshold ainus aargin 

Global qp C, ,,in 

Statistical Approach 

4> 
lowest failure LHGR ever found under raaping 
conditions with considered fuel rod type and 
burnup range 

max. peak LHGR in core or surveillance region 
where no fuel segaent exceeds its local 
IPCI.ain 

Determine expected local / global failure rate FR (q, a x ) as a 
function of peak LHGR <^ x under raaping conditions, and select 
qj>CI „ j n such that FR (qpj-i , j n ) remains below some specified 
boundary value. 

3. Field Applications of PCI Limitations 

• No PCI limitations required in the case that operation 
w , * n "Via* * ¥ d ain i s guaranteed by design or other 
hardware limitations 

• Necessity of PCI limitations assumed for all plants with 
anticipated q ^ ^ c i , „ i n 

• Administrative operating rules for plants without hardware 
limitations of LHGR (all BWRs, old PWRs) 

• Incorporation of PCI limitation model into the LHGR hard
ware limitation system where available (new KWU-PWR plants) 

4. KWU Experience with PCI Limitations 

Type of Effectiveness to* Impact on 
Plant and Fuel prevent failures plant operation 
(Limitation) 

BWR, 7x7 50% successful severe 
(administrative) (PCI failures in about 50% of 

operating cycles, mostly due 
to violations) 

3UR, 8x6 100% successful significant 
(administrative) 

PWR old, 15x15, 16x16 100% successful insignificant 
(administrative 1^) 

PWR new, 16x16 100% successful negligible 
(hardware 2)) 

1) In some plants with manually set limits on hardware limitation 

2) Fully automatic hardware limitation with sliding PCI limit 



* THERMAL-MECHANICAL ANALYSES OF FUEL RODS 
IN EXTENDED BURNUP CYCLES 

S.R. RAJAN, K.D. SHEPPARD 
S.M. Stiller Corporation, 
New York, N.Y., 
United States of America 

Abstract 

The purpose of this work was to Investigate analytically the Impact of 
low-leakage extended burnup cycling schemes on fuel performance In pressurized 
water reactors (PWRs). 

The thermal -Mechanical analysis was done with the COtCTHE code. Power 
histories from various fuel cycling schemes Mere Inposed on a single fuel design, 
and the behavior of rod Internal pressure, fuel centerllne temperature, and sus
ceptibi l i ty to PCMnduced fai lure assessed as a function of burnup. These 
estimates Mere made both for base load operating histories as well as power 
histories that Included load-follow operation;. 

The high burnup schemes were found to have potential, though not severe, 
Increases In Internal pin pressure and cladding hoop stresses. Load follow 
operations are not expected to degrade fuel performance at conventional burnups, 
but tend to aggravate the situation of tensile cladding hoop stress at higher 
burnups. 

1 . 0 mTKOOUCTWM 

In an effort to understand the Impact on fuel performance of low-leakage 
extended burnup cycling schemes as compared to conventional schemes, 
thermal-mechanical analyses (using the COMETHE I I I -O fuel-behavior code as mod
i f ied by EPP.I and SNSC' ' ) of several schemes proposed by various vendors were 
carried out. Special attention was directed to the Impact of load follow opera
tions on the susceptibility of fuel to pellet-cladding Interaction (PCI) Induced 
fa i lure . 

The purpose of this study was to assess the fuel behavior trends In the 
proposed schemes, and not to exhaustively analyze any one scheme or vendor's fuel 
rod design. I t was therefore necessary to devise a method wherein the modeling of 
the details of the various vendors' fuel designs would not mask the Inherent 
features of the schemes. I t was thus decided to pick one fuel design, and one 
reactor type, and successively Impose the various cycling schemes on I t . The 
emphasis of our analysis was to evaluate fuel performance during normal operation 
rather than In performing 11 censing-basis calculations. Load follow operations 
were Inserted at various points along the base load operating history to determine 
the Impact on fuel performance of such operations. 

2.0 ASSUMPTIONS MP ICTHODOL06Y 

2.1 Fuel and Reactor Type 

A Westlnghouse standard 17x17 fuel design with an average linear heat gen
eration rate (LHGR) of 5.43 kw/ft (178 w/cm) was chosen for analyses. A typical 
4-1 oop Westlnghouse plant design with a thermal power of 3411 MW, coolant pressure 
of 2250 psl, and Inlet temperature of 289°C was used In the modeling. 

2.2 Extended Burnup Cycling Schemes 

Two annual cycle low-leakage high burnup schemes, and three eighteen-month 
low-leakage cycling schemes were studied. A standard low-burnup annual cycling 
scheme was used as a reference against which the higher burnup schemes were com
pared. The reference as well as high burnup schemes are summarized In Table 1. 

The power histories picked for each scheme were such that given the con
straints of the fuel management scheme, the fuel rod would be expected to ex
perience the most severe thermal-mechanical duty under the chosen history. 

The radial peaking factors (summarized 1n Table 1) were chosen to be con
sistent with vendor-supplied data. In order to faci l i tate computation, a single 
representative axial power profile was chosen for each cycle. 



Since the schemes had been developed for different fuel rod designs and 
reactor total powers (and hence rod LHGRs), 1t was necessary to Modify cycle 
lengths slightly to achieve the correct batch average cycle and discharge burnups 
for the fixed reactor and fuel design chosen for this study. 

2.4 Load Follow Simulation 

A dally load follow operation was chosen, with 6 hours at 50% power and ramps 
down to 501 and back up to 100* power at 5* fu l l power per minute. Figure 1 shows 
the assumed reactor load follow history. In Figure 1 , the axial power shape 1s 
assumed to remain unchanged during the power descent (path AB), the hold (path BC) 
and the power ascent (path CD). During the In i t i a l two hours of the return to fu l l 
power (path DE), the effects of the Xenon transient were simulated by assuming that 
the peak power segment of the rod overshoots the steady state power by 10* while 
the two segments below I t are assumed to experience a power decrease of 51 (from 
steady-state). 

2.5 Fuel Rod Geometry Assumed In COHETHE 

The fuel rod was divided Into six axial slices with ten radial rings In the 
fuel and four radial rings In the clad. The pellet was solid, dished and uncham-
fered, and the cladding cold worked and stress relieved. Six equal length axial 
segments (slices) were used. 

3.0 RESULTS AW D1SCMSSWM 

The emphasis In this study Is on comparison between a given cycling scheme and 
the base case, and the effect on fuel performance margins In going from a low 
burnup to an extended burnup low-leakage scheme. Figures 2 through 7 show the 
behavior of major fuel rod variables (LHGR, Internal pin pressure, center! 1ne 
temperature, radial fuel-clad gap, and clad hoop stress) for the peak power slice 
for base-load operation for the various schemes. Table 2 summarizes these results. 

Figure 2 shows the behavior of the fuel variables over time for the reference 
case (scheme A). The fuel history has l i t t l e degradation of gap conductivity (low 

gas release), no thermal-mechanical duty on the clad (gap closes only at end-of-
H f e ) , a large margin between the internal pin pressure of 90 Kg/cm2 at EX and the 
system pressure of 158 Kg/cm , and low PCI failure probabilities due to the con
stantly negative clad hoop stress over the rod l i fet ime. 

For the low-leakage extended burnup schemes B.C.D, and E, the results show 
that margins to system pressure at end-of-Hfe are eroded by 11-24 kg/cm2. The 
maximum hoop stress (occurlng towards EX) for these cases goes tensile, thus 
Increasing susceptibility to stress-corrosion-cracking. The variations 1n maximum 
centerllne temperatures from the reference case value can be attributed to the 
difference In the LHGRs In the various schemes, and not to any Intrinsic feature of 
any of the schemes. The fractional fission gas release values trt also comparable 
to the reference case. 

Scheme F (18 month cycle, Average Discharge Exposure ADE • 34.4 GND/T) 1s 
unique 1n that I t represents a split-batch extended cycling scheme rather than an 
extended burnup scheme, with part of the batch staying In the core for two and part 
for three cycles. In this scheme, the unusually large 80-assambly feed In a 205-
assembly core allows a lo t of latitude for fuel placement In low power regions for 
those assemblies staying for three cycles. The batch average discharge exposure Is 
only marginally higher than the reference case. The EX Internal pressure and hoop 
stress are comparable to the reference case and the centerllne temperature much 
lower due to the low LHGRs 1n this scheme. 

Figure 8 shows the EX Internal pressure for the various schemes versus the 
EX rod average burnup. There Is some loss of margin to system pressure as bumup 
Increases, but this loss does not seem severe. 

The load follow operations were Inserted just prior to cycle shutdown two or 
three times during the rod l i fet ime. The only noticeable effect of load following 
was an Increase In clad hoop stress. I f the fuel -dad gap was closed at the time of 
load following, the hoop stress reached moderately high tensile values, thus in
creasing the PCI fai lure probability. Figure 9 shows the peak hoop stress reached 
in the various schemes as a function of the burnup. When load follow occurred at 
f a i r l y low burnup, less than about 35 GWD/T, pellet-clad contact did not occur, and 



load follow stresses were equal to the In i t ia l stresses. At somewhat higher 
burnups, pellet-clad contact occurred only during load follow, giving slightly 
higher stresses for this mode of operation. At high burnups, around 50 GUD/T, the 
pellet was in contact with the clad even during base load operation and load follow 
operation Increased the clad hoop stresses by about 2 k g / a a . 

I t Is recognized that PCI need not be the only criterion for clad fai lure 
under load cycling. Clad fatigue, a possible fai lure mechanism, was not considered 
In this study, as only one cycle of load following was modeled at a given point in 
the Irradiation history. The trend of Increased hoop stress at higher burnups Is 
however expected to be valid for fatigue under repeated load cycling operation. 

4 .0 CBaKLMSlMS 

For the cycling schemes examined here, the fractional fission gas release 1s 
low In al l cases, and the trend 1s one of slightly higher Internal pin pressure and 
of slightly higher tensile hoop stress In the cladding towards EOL. The loss of 
margin to system pressure, while not severe, 1s significant enough to warrant 
further fuel design evaluation. Optimization of the design, such as by changing 
the I n i t i a l pressurlzatlon. can probably recover this margin. Cladding hoop 
stresses »rt expected to Increase under load following operation 1n the cases when 
pellet-clad contact has been established prior to such operation. Only a simpli
f ied one-cycle load follow history was used In this analysis; the peak hoop stress 
calculated here can only be expected to be an estimate of the cladding stress 
values. Clad fatigue was not considered here, (COMETHE does not mechanistically 
model fatigue), and should be considered for repeated load cycling as a possible 
fai lure mechanslm. The differences In maximum centerllne temperature are a t t r i 
butable to the variations 1n the rod linear powers, and not to any Inherent 
features 1n the cycling schemes. There Is thus no reduction 1n the fuel temper
ature margin. 

For the cases studied here, the calculated fuel performance parameters cor
relate quite well with rod bumup. This Implies that the major effect of the 
various cycling schemes 1s their discharge burnup, rather than the details of the 
power history by which that bumup is attained. The differences between the 

various schemes due to power history effects would, however, probably be greater 
under the more conservative assumptions required for licensing calculations. 
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TABLE 1 

CYCLING SCHEMES STUDIED 

Fuel Cycle Batch Max. Rod Peaking 
Placement No. of Length Avg. Discharge Factor During 

Scheme* Cycles (days) Exposure,GWD/T Rod Lifetime 

Reference 
Tow burnup 
Case, Scheme A 

Out-In-In 3 274 30.3 1.45 

Scheme B In-Out-In-In-ln 5 274 49.4 1.5 

Scheme C In-Out-In Z.2 418 48.9 1.37 

Scheme D In-In-Out-Out 4 300 48.4 1.41 

Scheme E In-Out-In 3 434 45.8 1.62 

Scheme F In-Out-In 3 419 34.4 1.32 

* : The low leakage schemes B through F ( i . e . schemes which u t i l i ze once or several times 
burnt fuel at the core periphery rather than fresh fuel) are often d i f f icu l t to characterize 
with "Irr-Out" tenainolgy due to the usage of spl i t batches. Batch spl i t t ing Implies that of 
the fuel assemblies charged at one time, different parts of the batch reside for different 
number of cycles in the core. The fuel placement patterns mentioned here show the general 
trends, but may not hold for every assembly. 
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TABLE 2 
SUTWWr OF RESULTS FPU THE EXTENDED BURNUP SCHEMES 

(Peak Power Slice, Base Load Operation) 

EOL Rod Internal 
EOL, Rod Pressure, Kg/cm 

Fission G 
Rel ease 

I U . itoa internal 
id Pressure, Kg/cm Max. Max. Center) ine 
as (Margin to System Hoop Stress Temp. C 
t Pressure of 158.3) (Kg/mi2) (at LHGR w/cm) 

Reference 
Low Burnup 0.38 
Case, Scheme A 

90.2 
(68.1) 

-6.3 1311 
(288) 

Scheme B 0.2 110.1 
(48.2) 

4.5 1347 
(298) 

Scheme C 0.14 101.8 
(56.5) 

2.9 1225 
(287) 

Scheme D 0.2 113.3 
(45) 

6.2 1265 
(275) 

Scheme E 0.6 113.7 
(44.6) 

4.8 1430 
(322) 

Scheme F 0.13 92.6 
(65.7) 

-6.1 1107 
(261) 
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Figure 1. Simulated Load Following Power History 

Path AB = Power descent at 5i/min 
to 50* reactor power (10 mins). 

Path BC = Power hold at 50S reactor power (6 hrs). 
Path CD = Power ascent at 5S/min to full power (10 mins). 
Path DE » Xenon transient for 2 hrs. 
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Figure 2. COMETHE Results for Reference Case, Scheme A 
(Annual Cycle . 3 Cycles, Batch Average Discharge 
Exposure • 34.4 GWD/KTU) 
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Figure 3. COMETHE Results for Scheme B 
(Annual Cycle, 5 Cycles, Batch Average 
Discharge Exposure * 49.4 GWD/MTU) 
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Figure 4. COMETHE Results for Scheme C (llMonth Cycles, 
4 Cycles, Batch Average Discharge Burnup » 
48.9 GWD/MTU) 
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Figure 5. COMETHE Results for Scheme 0 (Annual Cycle, 
4 Cycles, Batch Average Discharge Burnup 
« 48.4 GWD/MTU) 
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Figure 6. COMETHE Results for Scheme E, 
(18 Month Cycle, 3 Cycles, Batch Average 

Discharge Burnup «48.4 GWD/MTU) 
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Figure 7. COMETriE Results for Scheme F (18 Month Cycle, 
3Cycles, Batch Average Discharge Burnup 
» 45.8 GWD/MTU) 
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Figure 8. EOL Rod Internal Pressure vs. Burnup 
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Figure 9. Base Load and Load Follow Rod Peak Hocp Stress vs. Burnup 
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Abstract 

Most of the ramp tests performed in national or international programmes have 
as main objective to define the fuel rod failure/survival Holts, as a func
tion of various parameters. Only a few of these experiments are sufficiently 
Instrumented, 

The main feature of the ELF programme, described In this paper, consists In 
continuously measuring the cladding diameter during irradiation In OSIRIS of 
pre-irradiated PWR fuel rods, in order to provide strain relaxation data under 
various operating conditions. Power fluctuations during these OSIRIS irradia
tions are defined in order to obtain the conditioning and deconditloning kine
tics of the fuel rods. 



INTRODUCTION 

In May 1979 11]. common concerns about the necessity of operating nuclear 
power plants in a load follow mode of operation led the promotors to sug
gest complementing the national experimental investigations by a multina
tional programme designed to acquire a better understanding of fuel behav
iour under the relevant operating conditions. 

Through consultations of experts from the 3 most concerned countries (Bel
gium France and Japan) and successive organizational meetings (October 
1979, December 1979 and September 1982) it has been possible to assess the 
results obtained in the national programmes, to evaluate available experi
mental facilities adaptable for providing the required data and to select 
and commission the adequate facility (nl. the CAMERA rig). 

The name ELF (Effects of .̂oad Follow) has been maintained to acknowledge 
the continuity of views of the team who has prepared this programme. As 
will be outlined, the present version of ELF reaches well beyond the ini
tial goal : it aims at providing a generic data base applicable to all ope
rating conditions in which the proper balance between cladding stress re
laxation and fuel accommodation is the key condition for fuel survival. 

PCI OCCURRENCES IN PWR FUEL 

As a general rule, a nuclear power plant is currently operated at base load 
The ratio of nuclear power generation to the total installed capacity is 
low in most countries, and the high capital cost of nuclear powei plants 
leads to consider them as base units; moreover, the experience of nuclear 
power plant operation at variable power levels is still limited and resul
ted in some fuel failures. Adjustment of load to meet changes in grid 
demand (day/right, week-ends and spinning capacity) is made by conventional 
plants. 

In the future (already now in France), some utilities will have a large 
share of nuclear plants in their installed capacity; some nuclear plants 
will have to contribute to the fluctuation of the grid demand. Typical re
quirements for daily, weekly and seasonal load following have been expres
sed by utilities at Specialists' Meetings at Aries [1], Williamsburg [2] 
and Petten (21. In most cases, the power increase rates applied to the fuel 
can be kept, without inconvenience, within the recommendations resulting 
from experience accumulated in power ramping. 

Simultaneously, the tendency of installing nuclear plants of great capacity 
increases with time. The present approach of regulating the frequency by 
modifying the turbine power only, while acceptable, leads to a net loss of 
efficiency. Desire to economize power resources will favour a frequency 
regulation by the reactor power itself. The power fluctuations are rapid 
and of small amplitude (e.g. 3-10X Pn) for the whole core, but lead locally 
to variations as large as 30% of the LHGR. 

The local power increase and cyclic load changes consecutive to the operat
ing conditions mentioned in the two preceding paragraphs, induce PCI and 
fatigue phenomena in the fuel rods. A few demo type experiments have been 

or are being performed [1,3] within national programmes by Belgium, r'K of 
Germany, France (the most extensive in this field), Japan and the L'SA; they 
indicate that load follow does not lead to catastrophic failure of the fuel. 
This data base is however insufficiently broad to be of statistical signi
ficance for all foreseable duty cycles; while performed on well characteri
zed fuel and undei properly monitored irradiation conditions, most of the 
data include only examination of the fuel after the test and not direct ob
servation of fuel performance during the events. Although encouraging, 
this data base is not generic enough to be applicable to any fuel and all 
operating conditions. Application of those data in safety analyses and 
licensing submittals has therefore to incorporate undue conservative assum
ptions and has resulted in limitations Imposed by the licensing authorities 
I3J. 
This experience was valuable in providing that : 
- before PCI is established, load follow operation does not result in ab
normal fuel behaviour; 

- after PCI is established, fuel can be operated under load follow condi
tions of repetitive periodicity, provided the fuel is conditioned and 
cladding fatigue limits are not exceeded; 

- when load follow is initiated or restarted after a perturbation in the 
periodicity, quite large local power peaks are generated by the combined 
effect of the fluctuating axial offset and the Xe reactivity override. 
The cladding tends therefore to be severely solliclted precisely during 
the conditioning and reconditioning periods of the fuel rod. 

3. MODELLING PREDICTIONS 

3.1. The kinetics of conditioning and decondltloning are influenced by fuel 
and cladding attributes resulting from as-fabricated characteristics 

and from previous irradiation history. Fuel conditioning is recognized to 
be important, not only in Initiating or restarting a load follow mode of 
operation, but for any perturbation in the fuel irradiation history. 

3.2. Investigations [4] have been performed with the COMETHE III-L code, 
with the main objective to calculate the cladding stresses in a fuel 

rod irradiated under well defined base and load follow conditions and to 
find out the influence of some important parameters which may have a major 
impact on the stress calculation results. The basic calculation represents 
an actual 17 x 17 fuel rod irradiated at steady state in BR3 to a burnup of 
40 GWd/tM and then submitted to a hypothetical load follow. The main para
meters investigated are related to the load follow conditions (nominal 
power, power amplitude, hourly or daily load follow) and to the fuel rod 
characteristics (Zircaloy clad mechnical properties, clad corrosion). At 
the end of the steady state operation, PCMI is just established at mid-pel
let levels and ridging has occurred at pellet ends; it is the conditions 
generally observed in commercial fuel at 30-50 GVId/tM (5). The calculation 
assumes a 150 W/cm uprating at initiation of the load-follow operation. 
Under those conditions, the following Is predicted by the COMETHE runs : 
- as expected, the highest stresses are found at the pellet to pellet in

terface, due to the hourglasslng shape taken by the fuel pellet; 



- the time to stabilization of the stress is ranging between 16 and 33 days 
(daily cycling) and between 120 and 160 hours (hourly cycling). The max
imal asycptotic hoop stress ranges between 4 and 14 kg/ran^; 

- the asymptotic stress and the time to stabilization are almost not affec
ted (3*) by an increase of 20£ of Che nominal power during load follow; 

- a modification of the cladding material properties strongly affects the 
results; this means that an accurate evaluation of the stresses requires 
a good knowledge of Che material properties and of Cheir evolution with 
Irradiation time and neutron dose; 

- the cladding corrosion strongly reduces the asymptotic stress due to a 
temperature effect on the creep properties; 

- the effect of cycling amplitude is negligible, due to the fact that the 
gap Is always open at the low power level; 

- there seems to be an increase of the asymptotic stress level In case of 
the hourly cycle and a decrease of the time required; 

- the evolution of hot hoop strain with time (Fig. 1) could give a good 
benchmarking data base provided adequate experimental sensitivity can be 
reached. 

In conclusion, the stress values obtained from modelling codes depend 
strongly on the condition of the fuel rod at the cime of the load follow 
initiation : gap size, fuel swelling, cladding creep properties, waterside 
corrosion oxide thickness, etc. Large variations in the stresses can be 
found depending on the Input data considered. The determination of the 
time-to-rupture through fatigue correlations Is thus also submitted to 
large uncertainties. 

3.3. The factors affecting fuel conditioning and deconditionlng have been 
analyzed for Tl'G (6]. The results provide a comprehensive view of 

what can occur in 1MR fuel when the power regime is modified : 

a) Fast deconditionlng 

At high fuel temperatures, two phenomena occur which accelerate strongly 
the deconditionlng of the fuel rod : the fission gas bubble swelling (FGBSw) 
and the fission gas release (FGR). 

The deconditior.ing effect of the FGKSw is illustrated in Fig. 2. After 
an irradiation at low power to a burnup of 20 GWd/tU, the power is rapidly 
increased to a level precalculated in order to give the desired fuel cen
treline temperature : 1200, 1400, 1600 and 1800°C respectively. The fuel/ 
clad gap closes within 400 to 10000 MWd/tM after the power ramp depending 
of the initial gap and the central temperature; in a typical 17 x 17 fuel, 
this corresponds to 10 days to 1 year operation. 

The second fast deconditioning phenomenon, FGR, is very sensitive to the 
fuel temperature, either directly in the 900-1200°C range or through the 
tunnelling effect. The fission gas dilutes the filling gas, generally 
helium, deteriorates the gap conductance, particularly when the gap is 
still large open, and increases the fuel temperature all over the rod. That 
thermal feedback can be so sensitive that it leads to an avalanche effect 
once it has been trigg-red. Fig. 3 presents a COMETHE result where that 
avalanche effect is observed on a rod irradiated at constant power : it 

shows deconditioning to occur within 200 MWd/tM, which correnpond» to 4 
days operation of a 17 x 17 PVR fuel. An immediate deconditionlng occura, 
of course, during the raap Itself, when the terminal power It higher than 
the power for which the fuel was conditioned prevloualy. 

b) Conditioning 

The conditioning occurs by the creep of fuel and cladding or by hot 
pressing,i.e. shrinkage of the bubbles generated by FoBSw under hydroatatlc 
stress. In case of subsequent power increase or restart to a higher power 
level, those effects contribute to reduce the PCMI and to increase the mar
gin to failure. 

In the programme COMETHE an interference between fuel and cladding is 
simulated by a negative gap. This negative gap is the sum of tvo terms : 
the elastic radial displacement of the Inner wall of the cladding and that 
of the outer surface of the pallet under the contact pressure. 

In the TUG study we have analysed separately the fuel contribution and 
the cladding contribution to Che conditioning. Figure 4 illustrates the 
contribution of the fuel plasticity and hoc pressing. 

At low centreline temperatures (1200*C), the fuel does not creep and 
only hot pressing occurs. At higher temperatures (1400"C and above), the 
fuel creep is dominant during the first few days after the interference has 
been applied. But the creep rate decreases rapidly and after some time 
only hot pressing occurs. The kinetics are strongly affected by the fuel 
mechanical properties which are a complex function of fuel structure and 
composition-, it can provide clad stress relaxation within 2 hours to 2 days 

In the next series of calculations, the creep of the cladding has been 
isolated. Figure 5 presents the results of three calculations : after a 
deconditioning period at low power, the linear power is abruptly Increased 
to get an interference of -10, -20 and -30 pa respectively. The diagram 
shows how those interferences relax by creep of the cladding; moat of the 
effect is operational in 10 hours to 4 days. It Is strongly dependent from 
the clad mechanical properties. 

c) Lessons learned 

The method described in the previous paragraphs to analyse the decondi
tioning and the conditioning of LWR fuel has been applied to three dif
ferent fuels : BWR 7 x 7, BWR 8 x 8 and PWR 16 x 16. 

The results have been compared and the following tendencies have been 
deduced and quantified : 
- the importance of the rod geometry and of the Zlrcaloy mechanical proper

ties has been evidenced; 
- a higher filling gas pressure slaws down the deconditionlng : it contri

butes to equilibrate the coolant pressure and to attenuate the affects of 
FGK; 

- a larger grain size leads to less FGBSw and slows down a little bit the 
deconditioning; 



- a higher clad temperature accelerates the conditioning and decondicioning 
processes. 

3.4. The models used to calculate the cladding stresses (and strains) 
during power modifications need to be calibrated using experimental 

data. Most of the basic models used in our calculations have been bench-
marked either on fuel rod irradiation experiments (steady state or ramp 
tests) or on cladding material out- and in-pile experiments. However, 
there is a lack of well characterized in-pile experimental data which could 
provide a valuable basis for benchmarking fuel rod modelling codes ia case 
of load follow. 

The examples given in this section result from published data generated 
by COMETHE. Similar conclusions have been obtained by CEA, using RESTA or 
CREOLE, and by EOF, using CYRANO. 

4. EXISTING DATA BASE 

Host of Che ramp tests performed in national or international programmes 
have as main objective to define the fuel rod failure/survival limits, as a 
function of various parameters (burnup, preconditioned pcwer, fuel rod cha
racteristics, cladding temperature, ramp rate, terminal power). Most of 
those programmes have been described at the Petten meeting [3); they inves
tigate the fuel rod behaviour undei bumping (slow power Increase), ramping 
and transient (fast power increase and low residence time at overpower) 
conditions. Some of the programmes (e.g. KBEP, Ris« FGR, TRIBULATION) do 
not seek failure limits but determine the modifications of the fuel after a 
power excursion above preconditioning levels. An example is the "blind 
problem'* run by Ris4 (?) tor the IAEA coordinated research programme D-COM. 
Although the COMETHE code performed outstandingly amongst the 15 partici
pants who accepted to disclose their predictions, it would be pretentious 
to infer from the good prediction of post-irradiation FGR and dimensional 
(Fig. 6) results that the course of events during the burnup was also pro
perly modelled. As Indicated in section 3.3. hereabove several mechanisms 
are indeed interfering simultaneously or successively. 

Only a few experiments are instrumented in such a way that cladding strains 
can be measured in pile; even fewer ate performed under repetitive cycling 
conditions. One example is the AECL results 18] obtained from strain 
gauges. Such experimental data have been and are still being utilized to 
benchmark modelling codes (e.g. Fig. 7) but have the following limitations: 
- the fuel is Candu fuel operating at very low burnup in Candu coolant con
ditions; 

- only local strains are measured at the predetermined spots where the 
strain gauges are attached; 

- a drift of the strain gauge data was observed in comparing with pie di
mensional measurement; 

- the thin collapsible cladding, typical of Candu fuel, is not interfering 
in the process to the same extent as LWR cladding. 

Other experiments, performed at Halden [11, 13) and JAERI (12], investigate 
LWR fuel dimensional behaviour but only tn the low burnup range, I.e. up to 
- 6 GWd/t U for PWR fuel 
- 8 GWD/t U for BWR fuel 
- 12 GWD/t U for HWR fuel 

5. MISSING DATA 

Experimental evidence shows that PCMI successively develops titrough the 
following steps, as illustrated by the axial diameter profile of a HR3 fuel 
rod (Fig. 8) : 
- clad creepdown with a gradual increase of ovallty; 
- fuel/cladding contact at pellet interfaces; 
- build-up of ridges; 
- PCMI all along the fuel column with a gradual increase of tlie diameter 

and decrease of the uvality. 

The phenomena are usually complicated by fragmentation of the pellet! Into 
two or more axial pieces, resulting in additional Interfaces and secondary 
ridges (Fig. 6). The real situation is more complex than modelled In the 
design and licensing computer codes, the majority of which are axl-symme-
tric, even if the most sophisticated ones take into consideration clad ova-
lity and bending of oval tubes during PCMI |e.g. 10). 
In this perspective, ELF alms primarily at monitoring the mechanical behav
iour of pre-irradiated fuel rods while power fluctuates. The major parame
ters tested are the fuel burnup and the characteristics (ramp rate, ampli
tude) of the imposed duty cycles. 

6. RESULTING ELF PROGRAMME 

The main results of the programme will be to provide a good understanding 
of the limited features and a qualified data base to develop or validate 
the modelling codes utilized for the design and/or the licensing of commer
cial LWR fuel. 

The novel experimental feature of ELF consists in continuously measuring 
the cladding diameter during test irradiation In OSIRIS, and this for any 
position along the rod since the sensors are provided for axial *nd rota
tional movements. This option is used for obtaining well characterized and 
accurate strain curves for various modes of operation. 

The approach followed in the ELF programme is to conduct a series of tests 
in OSIRIS on fuel rods irradiated previously in a power reactor to varluous 
degrees of PCMI in order to provide strain relaxation data under various 
operating conditions. 

Based on experience in promoting and managing international research pro
grammes, ELF is constructed on a modular basis to enable the programme to 
be started as soon as enough participants have signed in to constitute the 
initial budget. When additional participants join, the additional budget 
will be devoted to expand the initial test matrix as decided by the Pro
gramme Committee. 



12 7. FUEL RODS 

7.1. The initial test matrix is constituted of furl rods from BR3 (11 MWe 
power plant), i.e. typical of the "17 x 17" PWR fuel, pre-irradiated 

up to different burnups. Table 1 gives the main design parameters of the 
BR3 rod, as well as their most important operating conditions in BR3, which 
are representative of a PUR. 

The advantage of those full length short fuel rods is to take benefit 
of the axial form factor to observe axially within one rod various degrees 
of PCMI, from diametral contacts in still oval cladding to strong interac
tion at core mid-plane. 

Furthermore in its last 17 years of operation, the BR3 has become a 
wellcharactarized reactor with the fuel operating conditions known to a 
high degree of accuracy; fuel rod powers are derived from a neutronic cal
culation fitted to the measured power distribution. This reactor has been 
and is still used by an increasing number of organizations to implement a 
data base on their own fuel. 

7.2. At a later stage, in case of programme extension, other fuel rods with 
other characteristics or rodlets (or segments) base-irradiated in 

power reactors will be added to the test matrix. 

8. TESTING CONDITIONS 

Pre-irradiated (25 to 40 GWd/tM) fuel rods are submitted to power fluctua
tions in the OSIRIS material testing reactor, in the so-called CAMERA rig. 
Such type of facility has already been used quite extensively for irradia
tion testing, in the frame of the French FBR fuel development programme. 
The fuel rods are ir^-idiated in coolant pressure and cladding temperature 
conditions of a PWR reactor. The CAMERA rig allows continuous in-pile re
cording of the fuel rod metrology (mid-pellet diameter, ridges, ovaliza-
tlon) with an accuracy similar to the one obtained in the hot cells; the 
length variations of the rods are measured in-pile also. 

Figure 9 shows the scheme for the power fluctuations and the investigation 
approach proposed in the ELF programme. It aims at determining the condi
tioning and deconditioning kinetics of the fuel rods. 

The test matrix shown in Figure 10 was finalized as a result of the con
cerns expressed by prospective participants during bi-lateral discussions. 
It is updated at each programme committee meeting as a result of experimen
tal results obtained so far and new considerations arising from each parti
cipants' evaluation effort. To that effect, the test matrix is defined 
with enough flexibility to incorporate feedback from ongoing work. For in
stance, to cope with experimental results or evaluation data, scheduled 
before che next meeting, the detailed programme includes a number of agreed 
alternatives for the experimental conditions of the test to be performed. 

The cost efficiency of the programme is thus optimized by integrating the 
evaluation efforts from all participants and the successive experimental 
results. 

9. RESULTING DATA BASE 

The following measurements will be performed on the rods : 
- non-destructive post-irradiation examinations on all rods afrer the BR3 

irradiation, and after each cycle of OSIRIS. Each campaign consits in 
the following tests : visual examination, profilometry, gross gamma-scan
ning, neutron radiography and eddy current testing; 

- in-pile fuel rod profilometry : with the CAMERA rig equipment as descri
bed in section 8; 

- destructive examinations : the detailed prograume will be established on 
the basis of the NDT results. 

The detailed fuel rod characteristics, the irradiation history and postlr-
radiaticn results are provided in sufficient detail to be used in fuel rod 
modelling codes. 

10. CONCLUSION1-

The fi< A modelling codes take into consideration the various fuel and 
ci iu"~. attributes which influence the conditioning and deconditioning 
n r 'f fuel rods. Since all those attributes are Influenced i-y exposure, 
w . .haracterized data must be available for various combinations of fuel 
ii <J cladding characteristics. 

Most of the data "base utilized up to now consists of ramp tests In which 
the fuel is only characterized before and after the ramp. Fuel character
ization during the ramp was only obtained on fuel at low burnup. The pur
pose of the ELF programme is to extend this type of information to fuel in 
the 20-40 GWd/t burnup range. 

The result of the programme will be an improved data base for the model
ling codes, and thereby a better understanding and justification of the 
fuel conditioning requirements. The most likely consequence will be to 
relax power manoeuvring restrictions and, in particular, to ease load fol
lowing requirements most power plants have to face sporadiquely (but quite 
frequently) and tome plants will have to face routinely. 
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Table 1 
FUEL ROD FABRICATION AND IRRADIATION CHARACTERISTICS 

( init ial ttat matrix) 

LJJJEL ROD DESIGN DATA. 
1.1. Pellet. 

Nature sintered uo 2 

L/D 1.5 - 1.6 
Immersion density 94 - 95 % TD 

1.2. Clad. 
Nature Zry CM SH 

Outer diameter 9.6 BB 
Clad thickness 0.S7 or 0.63 am 

1.3. Rod. 
Active length I 000 aa 
Total length 1 136 as 
Internal pressure 20 or 32 atm. 

?. m 3 IRRADIATION CONDITIONS X. 

Peak pel let burnup 

Average peak p e l l e t LHGR 

I r r a d i a t i o n time 

Coolant p r e s s u r e 

Fast neut ron dose ( > \ MeV) 

25 or 40 GWd/tM. 

200 to 270 w/ca 

590 to 980 days et power 

140 bars 

2 to 4.10 2 1 n/cra'' 
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Abstract 

Several experimental investigations were made to enhance understand
ing of the iodine stress corrosion cracking (SCC) process for Zircaloy: 
(1) oxide penetration process, (2) crack in i t ia t ion process, and (3) 
crack propagation process. 

Concerning the effect of the oxide layer produced by conventional 
steara-autoclaving, no significant difference was found between results 
for autoclaved and as-pickled samples. Tests with 15 species of metal 
iodides revealed that only those metal iodides which react thermody-
namically with zirconium to produce zirconium tetraiodide (Zrl) caused 
SCC of Zircaloy. Detailed SEM examinations were made on the SCC 
fracture surface of irradiated specimens. The crack propagation rate 
was expressed with a da/dt = C ft type equation by combining results 
of tes ts and calculations with a f ini te element method. 

1. Introduction 

Extensive studies on iodine-induced stress corrosion cracking 
(SCC) of Zircaloy fuel cladding have been made by many investigators 
since Rosenbaum and co-workers first reported on this phenomenon 



in 1966. Most of the SCC t e s t s have been performed on unirradiated 
specimens, " ^ ' in order to c lar i fy the e f f e c t s of chemical, mechani
cal and metal lurgical*factors and the threshold conditions t o induce 
SCC. Several o u t - o f - p i l e experiments on irradiated Zircaloy have 
been reported, but the number of data points i s s t i l l scarce. 
Based on these t e s t r e s u l t s , some e f for t s have been directed to const i 
tu te the mechanism or process of iodine-induced SCC of Zircaloy, and 
several phenomenological models have been proposed; In spite 
of a l l these e f f o r t s , however, the phenomena whicl. take place during 
pe l l e t - c ladd ing interact ion (PCI) in water reactor fuel s t i l l seem to 
be too complicated t o be expressed in terms of a unified model. 

The iodine-induced SCC urocess can be divided into the following 
three s t a g e s < l 6 > - < l 8 > 

(1) Oxide penetration process. 
(2) Crack i n i t i a t i o n process . 
(3) Crack propagation process. 

In order t o obtain a better understanding of the whole process by 
studying each stage in d e t a i l , several experimental invest igat ions have 
been performed at NFD (Nippon Nuclear Fuel Development Co. , Ltd . ) . 
Some of them have included t e s t s on irradiated Zircaloy specimens. 

This paper summarizes a part of these inves t i ga t ions j namely, 
those deal ing with the e f f e c t of the oxide l a y e r , the ro le of metal 
iodides i n iodine-induced SCC, fracture surface morphology and crack 
propagation r a t e . 

2 . Oxide penetration process Effect of oxide film 

As zirconium oxide i s chemically s table t o i o d i n e , the oxide layer 
on the inner surface of Zircaloy fuel cladding w i l l behave as a 
protect ive film provided i t has neither defects nor cracks. The 
presence of a t h i c k , unbreached oxide film seems t o provide a barrier 
to iodine at tack , and SCC w i l l be i n i t i a t e d only after the oxide film 

(19) cracKs. The re su l t s of expanding mandrel SCC t e s t s on unirradiated, 

autoclaved Zircaloy tubings with about a 3f m thicV, defect- free oxide 
f i lm revealed incipient s tress corrosion cracks in the Zircaloy 
substratum adjacent to the cracks of the oxide f i lm. 

In order to invest igate the e f f ec t of the oxide film on the SCC 
s u s c e p t i b i l i t y cf Zircaloy tubing, internal pressurization SCC t e s t s 
were carried out on both as-pickled specimens and autoclaved ones. 
The steam-autoclaving during the usual fuel manufacturing process 
produced an oxide film of about l/»m th ickness . Irradiated (1 - 5 X 

20 2 
10 n/cm ) , as wel l as unirradiated Zircaloy-2 tubings were used as 
the t e s t specimens. Pest temperature was 350X and iodine concentra-
t i o n was 0.55 mg/cra in the t e s t s . 

FiR. 1 shows the t e s t resu l t s for irradiated cladding tubes. No 
s ign i f i cant difference could be seen between the resu l t s for autoclaved 
specimens and those for as-pickled ones. Similar resu l t s were obtained 
for unirradiated samples, too . 

The r e s u l t s may be interpreted as e i t h e r : ( l ) the oxide film 
( - l p m ) was not thick enough, and i t had some preformed defects 
through which iodine could penetrate e a s i l y ; or (2) the oxide film 
cracked under s t re s s ( s train) conditions for SCC i n i t i a t i o n . Concern
ing the l a t t e r , Cubicciotti and Jones have reported that oxide 
thicknesses of about 1 and 3/>m cracked when Zircaloy samples were 
subjected t o a t o t a l ( e l a s t i c plus p l a s t i c ) s t ra in of £0.l« % at reactor 
operating temperatures. 

With a view towards finding out the p o s s i b i l i t y of the former, a 
detai led scanning electron microscope (SEW) examination was made on the 
inner surface of autoclaved cladding which was not used for SCC t e s t . 
As shown in f i g . 2 , many p i t s or cracks in the oxide film were found 
by careful and high magnification SEM observation. Some of these 
preformed defects were much larger than the thickness ( ~ 1 pm) of the 
oxide f i lm, and the film thickness around these defects appeared t o be 
very th in . 

Exposing the inner surface t o iodine vapor in s t res s - f ree s ta te 
resulted in formation of zirconium iodide and swel l ing up of the 
regions of cracked oxide f i lm. These experimental facts indicated 



that the oxide film formed "by autoclave treatment may not necessarily 
be defect-free, and i t may not be protective to iodine. 

I t i s w>ll known that due to the oxidizing environment inside a 
fuel rod, oxide film develops and thickens even though there is no 
preformed oxide film. Several investigators have confirmed the oxide 
film in post irradiation examinations (PIE). According to published 
PIE results* M ' " (table 1 ) , the thickness of the observed oxide 
film ranged from less than 1 ?m up to about 20/• m, depending upon the 
operating conditions (linear heat generation r a t e , burnup) and the fuel 
design (pellet-cladding gap). Some of the oxide layers were not 
continuous, but spotty. Adjacent to the pellet-clad bonding layer, a 

(pc\ (26) 
thick oxide film formed. Studies conducted by Yaggee et a l . 
showed that the inner surface oxide of high fission gas release fuel 
rod appeared to have been degraded by fission product deposits. In 
the case of cladding with these incomplete (defected, breached) oxide 
films, the oxide penetration process would no longer be c r i t i ca l in 
iodine SCC of Zircaloy. 

3. Crack in i t i a t ion and propagation process 

3.1 Chemical aspects The role of metal iodides 

Some kinds of metal iodides are known to cause SCC of Zircaloy 
just as iodine i t s e l f does. Cox and Wood have reported the SCC of 

(27) Zircaloy-2 by Felp, All- and Zrl. , Hofmann and Spino have found 
SCC of Zircaloy-U by Zrl^, Tel^ and I 2 ° 5 » and Shann and Olander, ° ' by 

fpQ\ 
A1I 3 and Felg. Kleinschmidt et a l . have observed that Zrl. was the 
dominant iodine bearing species in the gas phase over the temperatures 
relevant to SCC of Zircaloy by iodine vapor. 

In order to evaluate the SCC susceptibil i ty of Zirealov to metal 
iodides, SCC t e s t s were carried out on unirradiated Zircaloy-2 e l i d i n g (29) tube using the internal gas pressurization method. fis shown in 
fig. 3 , two methods were adopted to pack tube specimens with metal 
iodides. In the f i r s t , the iodides were in contact with the inner 

surfaces of the specimens (iodide-contacting method), and in the second, 
they were not (iodide-noncontacting method). The specimen was heated 
to U00 °C followed by a rapid internal pressurization by argon gas to 
keep the nominal maximum hoop stress of 293 MPa, 

Fifteen kinds of metal iodides were employed as corrodants, in 
addition to iodine as a reference standard. The time to failure and 
fracture s t ra in obtained in the SCC tes t s are summarized in tables 2 
and 3 for the iodide-contacting and -noncontacting methods, respec
t ively. AG* in table 2 denotes free enthalpy (Cibbs' free energy) 
change for the following reaction 

• j H I x + Zr » Zr l u + - ^ - M (l) 

where M : element 
M I : iodide of the element M. x 

As could be seen in table 2, all metal iodides with negative JG^ 
brought about SCC fracture in a short time, while those with positive 
4G' did not induce any SCC. As shown in fig, h, however, no definite 
correlation could be found between the negative values of AG* for the 
various metal iodides and their aggressiveness in SCC occurrence. Pits 
were observed by SEM on the inner surface of every specimen which 
failed by iodide-induced SCC. The shorter the time to failure for the 
specimen was, the more pits were observed. This suggested that the 
chemical reaction rate between the iodide and zirconium seemed to be 
a controlling factor in determining the SCC susceptibility of Zircaloy 
to the iodide. 

A notable feature in table 3 was the shortest time to failure 
seen for the specimen tested in Zrl^ vapor alone. This was in signifi
cant contrast with the comparatively long time to failure of Zrl^-
contacting method. The fact that geseous Zrl^ was the most aggressive 
iodide indicated that Zrl^ produced by the reaction between a metal 
iodide and zirconium might cause SCC instead of the metal iodide 
itself. This idea was supported by the EPMA (electron probe micro-
analyzer) analysis on some fracture surfaces. 



I t seems highly probable that the a l loying elements in Zircaloy 
other than t i n , namely i r o n , chromium and n i c k e l , e x i s t in the form 

(30) 
of precipitated compounds. Chemelle e t a l . have analyzed i n t e r -
metal l ic p a r t i c l e s in Zircaloy-2 and found that a l l p a r t i c l e s were 
e i ther nickel-hearing (approx. Zr„Ni- (.Fe- g) or chromium-bearing 
(approx. ZrCr.. i F e n q)* Furthermore, the reaction rate of iodine with 
iron and nickel was much higher than with zirconium at reactor operat
ing temperature, according t o our experimental r e s u l t s . Hence, i t 
could be deduced that the prec ip i ta te s on the inner surface of the 
cladding may react with excess iodine t o form metal i o d i d e s , and may 
supply a l o c a l l y high concentration of iodine î- zirconium iodide . 

3.2 Metallurgical aspects A fractographic study 

In most SCC t e s t s using Zircaloy cladding tube at high temperature, 
the outer surface i s exposed t o hot a i r . As a r e s u l t , when the cladding 
f a i l s , hot a ir contacts with the fracture surface t o oxidize i t , making 
i t almost impossible t o recognize the subtle difference between 
intergranular (IG) and transgranular (TG) fracture. In order t o avoid 
t h i s d i f f i c u l t y , the cladding specimen for t h i s study was se t in a 
vacuun chamber during the tube press urination SCC t e s t i n g . 

Recrystal i ized Zircaloy-2 tube specimens were irradiated in the 
Japan Material Test Reactor (JMTR) t o f luences of about 0.5 - 1.2 X 10 

p 
n/cm (E>1 MeV) at temperatures of 350 - UOO'C, and subjected t o the 
tube pressurizat ion iodine SCC t e s t s at 350*C. Detai led fractographic 
examinations by SEW were made on some of the f a i l e d specimens. 

The two main types of SCC fa i lures which appeared in the experi 
ments were the pinhole and the ax ia l crack. « ypical macroscopic view 
of the pinhole fracture i s given in f i g . 5. For pinhole f a i l u r e , there 
was, general ly , a long SCC crack on the inner surface , e . g . as long as 
T nra in f i g . 5. Exar-ination of the en t i re fracture surface showed 
b r i t t l e fracture characterized as IG and TG fractures . On the other 
hand, the fracture surface of the specimen with ax ia l crack fa i lure 
had both b r i t t l e fracture and duct i l e fracture with dimples. 

Fig. 6 shows a t y p i c a l fracture surface for the i n i t i a t i o n regions 
of SCC cracking, which i s adjacent to the specimen inner surface. 
In our SEM examinations, which surveyed a l l the i n i t i a t i o n reg ions , 
both IG and TG fractures were always observed. No fracture surfaces 
consisted of only IG fracture or only TG fracture. An example reveal 
ing that IG and TG fractures alternate can e x p l i c i t l y be seen in f i g . 7 . 
A magnification of the SEM image of more than 5000 t imes , preferably 
10000 t imes , was required t o d is t inguish the subtle difference between 
IG and TG fractures at the i n i t i a t i o n regions of SCC cracks. As 
the crack proceeded, the r a t i o of TG fracture t o IG fracture in 
the surface area gradually increased. A notable feature of the 
cleavage in t h i s region was that cleavage took place at almost every 
grain. 

With further crack growth, TG fracture t o t a l l y covered the fracture 
surface as shown in f i g . 8. Cleavage facets took place over a few 
gra ins , and grain boundaries could no longer be ident i f i ed . Cleavages 
were separated by f l u t i n g marks and tearing r idges . 

The gradual decrease in IG fracture with the growth of SCC 
cracking may be explained in terms of the crack propagation v e l o c i t y , 
the s tress at the crack t i p , and d i f fus ing rate of iodine (or z ircon! \ n 
iodide) in to the grain boundaries. When the crack length was short 
and propagation v e l o c i t y was s low, iodine had suf f i c ient t ine t o 
diffuse in to the grain boundaries, hence intergranular fracture was 
l i k e l y t o occur. As the propagation v e l o c i t y increased with increasing 
crack length , the time in which iodine invaded the grain boundaries 
gradually decreased. This made i t d i f f i c u l t for s l i p t o occur on the 
grain boundaries. 

A cleavage crack in a grain was very l i k e l y to be stopped by the 
grain boundary where the cleavage planes underwent a large and 
discontinuous change in or ientat ion into the neighboring grain. For 
a crack t o pivpagate from one grain t o o thers , higher s tress was 
generally needed than that required for a crack to proceed within a 
grain. Thus, when the s t re s s at a crack t i p was low, cleavage crack* 
were l i k e l y t o be stopped at grain boundaries unt i l the next cleavage 



was nucleated. If the stopping tine was rather long, iodine (or 
zirconium iodide) may diffuse into the grain boundaries near the 
cleavage to cause IG and TG fracture. Thus, the alternating 
appearance of IG and TG fractures was possible. 

3.3 Crack propagation process Crack growth rate for cladding tube 

The growth of a sharp, deep flaw in an elastically stressed speci
men exposed to a corrosive environment is known to be determined by 

(32) the stress intensity K, rather than by the stress. Several attempts 
have been cade to obtain K versus growth rate correlation and the 
threshold K value, Kjg^, for Zircaloy' 3 3'"* 3" Some of them have 
employed flat plate fracture mechanics specimens such as DCB (double 
cantilever beam/ or WOL (wedge opening loading) 
specimens. Crack propagation tests on precracked cladding tubes have 
also been performed. The results of those investigations, 
however, seem to be stil\ insufficient for the purpose of modeling the 
process. 

This work aimed at modeling the growth of SCC crack by combining 
the r e s u l t s of in ternal gas pressurizat ion SCC t e s t s and the r e s u l t s 
o f analysis of K calculated by a three-dimensional f i n i t e element 
method (FE-l). Stress re l ieved Zircaloy-2 cladding tubes were used as 
t e s t specimens. In addition t o those with the or ig ina l v a i l thickness 
(T) of 0.86 mm, the specimens with th in wall thicknesses T = 0 . 8 0 , 0.70 
0.50 and 0.30 mm, were made by machining the outer surfaces of the 
or ig ina l t u b e s . The internal gas pressurizat ion method was used for 
SCC t e s t s , and three s e r i e s of t e s t s , i . e . VI, V2 and V3, were 
performed i n which the maximum hoop s t r e s s e s of 29^, 267 and 2lil MPa 
were appl ied , r e spec t ive ly . 

The r e s u l t s are given in f i g . 9. As the times t o fa i lure showed 
rather large variat ions for a l l t e s t s e r i e s , the averaged times t o 
fa i lure for specimens with the same wall thicluness in every t e s t s er i e s 
were calculated as shown in tip;. 10 . and used t o derive i n i t i a t i o n t i ; 
t . as described below. 

( 

The dis tr ibut ions of inc ipient crack depth were obtained by exami
ning metallographs of fa i l ed specimens, as given in f i g . 11. Most 
incipient cracks had a depth of l e s s than about bo - 50 / •» . I t was 
l i k e l y that once one SCC crack reached a c r i t i c a l depth a . , i t would 
penetrate the wall quickly, leaving many short incipient cracks. 
In t h i s work, the value of 1*3 /<m (or 5 % of the or ig inal wall thickness 
of 0.86 mm) was t e n t a t i v e l y se lec ted as a . , and t . could be derived 
by f i t t i n g the value of >i3^m t o the curve in f i g . 10. 

Then the propagation time t for the cladding with T » 0.86 mm 
could be given as 

t - t r - t , (2) 
p r i 

where t . was the averaged time t o fa i lure for specimens with T • 0.86 ran.. 

(U0) A three-dimensional FEM code was used t o analyze t v e s tress 
i n t e n s i t y K at the SCC crack front . SEM examinations revealed that the 
crack shape could be approximated by a s e m i - e l l i p t i c a l one, and the 
r a t i o of the length of minor axis versus major axis was obtained for 
use in the FEH ana lys i s . The r e s u l t s of ca lculat ion are shown in f i g . 12. 
where the r a t i o a/T (T • 0.86 mm) was changed as a parameter, and K o o 
was normalized t o the so lut ion of K. for a penny shaped crack. 

The crack growth rate was analyzed using the following equation 

f - C K " <3> 
where C and n were experimental constants . 
The propagation time could be expressed, from equations (2) and ( 3 ) , as 

rT f t . 
dt » t . CO 

P 
"i " ' "i 

By using the experimental va lues , n and C were calculated and eventually 
a formula for crack growth rate could be expressed as 

da _ , „ „ , „ -7 „10 = 1.9 X 10 K 1 0 (5) dt 
where da/dt was expressed in mra/min and K, in MPa/ra. 



" The c rooasa t ion t i a e ca l cu l a t ed fror. equat ions (U) and (5) i s 

p l o t t e d i r f i g . 13 with exper imental d a t a . The ca lcu la ted time t o 
f a i l u r e ( t = t . + t ) showed good agreement with the experimental 
da ta p o i n t s . 

U. Conclusions 

Iodine-induced SCC phenomena are assumed t o cons i s t of the fol low
ing t h r e e s t a g e s ; (1) oxide p e n e t r a t i o n , (2) crack i n i t i a t i o n , and (3) 
cracX propagat ion . 

The oxide l a y e r produced by convent ional s team-oxidat ion i n 
a u t o c l a v e vas found t o have a l o t of i n i t i a l d e f e c t s , al lowing easy 
iodine p e n e t r a t i o n . I n t e r n a l p r e s s u r i z a t i o n SCC t e s t s for i r r a d i a t e d 

- - Z i r c a l o y - 2 tub ing revea led no s i g n i f i c a n t d i f fe rence between autoclaved 
and a s -p ick led samples. 

The f ree enthalpy change, 4G*, for t he chemical r eac t i on between 
a metal iod ide and zirconium i s a eood c r i t e r i o n as t o whether the 
iod ide induces SCC. SEM examinations and EPMA analyses on the f r a c t u r e 
surface of f a i l e d specimens i n d i c a t e d t h a t zirconium t e t r a i o d i d e , formed 
as t h e r e a c t i o n product between t h e metal iod ides and zirconium, might 
induce SCC of Zi rca lcy r a t h e r than t h e iod ides themselves . 

According t o the f rac tograph ic study through d e t a i l e d SEM exami
na t ion of i r r a d i a t e d Zirca loy tubes subjected t o SCC t e s t s , mixed i n t e r -
granular and t r a n s g r a n u l a r f r a c t u r e was the most common morphology in 
t he i n i t i a t i o n regions of SCC c r a c k s . Other f ea tu res l i k e cleavage 
f a c e t s , f l u t i n g marks or t e a r i n g r i d g e s appeared as the cracking p r o 
ceeded. 

The crack propagat ion r a t e of SCC in Zircaloy tubing was i n v e s t i 
gated by combining t h e r e s u l t s of i n t e r n a l p r e s s u r i z a t i o n t e s t s and 
those of t he ana lys i s of s t r e s s i n t e n s i t y f a c t o r , K, ca l cu la t ed with 
a t h r ee dimensional f i n i t e e l eacn t method. The propagat ion r a t e was 

shown t o be expressed by a da /d t = C K type equa t ion , and the 
ca lcu la ted time t o f a i l u r e demonstrated good agreement with the 
experimental da t a , 
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Table 1 Observed oxide thickness on the inner surface of fuel cladding 

Literature 
Burnup 
(GWd/t) 

Oxide Thickness 
(*m) Remarks 

F. H. Megerth, et al. 
A 23.9 - 26.6 1 - 6 

(avg. 3 - 1») uniform 
F. H. Megerth, et al. 

B 27.2 - 37.1» li - 9 
(avg. 8 ) 

some are uniform, 
others ore nonuniform 

(22) 
N. Fuhrman, et al. ~ 13 U - 6 nonunifonn, only found in the area of 

fuel bonding 

(12)(23) 
R. F. Mattas, et al. 

A ?7 - 30 0.5 - 7 nonuniform 

(12)(23) 
R. F. Mattas, et al. 

B 10.6 - lU 1 - h nonuniform 

(12)(23) 
R. F. Mattas, et al. 

C 8.5 - 11 0.5 - 6 nonuniform (12)(23) 
R. F. Mattas, et al. 

D 7.2 3 - h uniform (unbreached) 

(12)(23) 
R. F. Mattas, et al. 

E 8.U 3 - h nonuniform (breached) 

(12)(23) 
R. F. Mattas, et al. 

F 2K 0.5 - 18 nonuniform 

(2*0 F. Garzarolli, et al. < 20 negligible 
at higher burnups, oxidation starts 
locally and becomes a thin continuous 
film 



Table 2 Test results obtained fron iodide-contacting SCC test method. 

kxMdtl 
AG." 

a U C W C * 1 Specimen Time to 
failure 

Fiactur* 
strain Failure 

type"' ( kJ /molZr ) number (h) (%) 
Failure 
type"' 

Agi - 1 6 2 M-1 16.1 15.7 AS 
M-2 16.1 — AS 

&•» - 71 C-1 11.1 6.5 P 
C - 2 15.0 — P 

crtt — 114 J - i 4 .7 2.5 p 
J-2 9.0 5.0 P 

Cat + a i 9 F - 1 20.5 — D 
F - 2 18.6 25.0 D 

Fat , - 2 2 6 Q - 1 5.4 2 8 P 
Q - a 5.6 2 .5 P 

M o b — K-1 6.4 2.7 AS 
K - 2 5.7 1 4 P 

Nt*» - 2 3 4 e > O - l 6 .3 2 .9 P 
0 - 2 2.9 2.3 P 

Nil j - 3 0 3 H-1 5.8 as P 
H 2 a 7 4.2 P 

Pob - 1 2 6 E -1 2.5 1.9 P 
E - 2 2.6 1.5 P 

R U + 7 9 1 Q-1 24.4 25.6 D 
Snfe — 177 N-1 15.5 6 .6 P 

N - 2 3.8 2.7 P 
N - 3 13.3 10.8 P 

T « l + 3 8 L - 1 2 8 5 25.3 D 
Znia - 4 9 D-1 5.5 2 .9 P 

0 - 2 5 6 2 .8 P 
Zn\, 0 P - 1 10.0 4 .2 AS 

P - 3 7.0 3.4 AS 

a) No data ware available for Mob. 
b> AS: Axial split. P: Pinhole. D: Ductile fracture 
c) Value at 347*C <b.p> 

» 

Table 3 Test results obtained from iodide-noncontactlng SCC test method. 

Iodide Specimen 
number 

Time to 
failure (h) 

Fracture 
•train (%) 

Failure 
type»> 

Cdl 2 C-3 21.4 24.6 0 

12 A-6 4.5 2.5 AS 
A-7 4.8 2.6 P 

Pblj E-3 5.7 3.1 P 
Snl, N-4 3.8 2.1 P 
Snl 4 S-1 4.1 2.6 P 

S-2 3.8 1.8 P 
Znl 2 D-3 9.0 4.2 P 

*U P-2 1.3 1.4 P 
No iodide R-1 19.1 26.0 0 

R-2 19.4 27.8 0 

a) AS; Axial split, O; Ductile fracture, P; Pinhole 
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Fig. 1 Effect of oxide film on the iodine SCC 
s u s c e p t i b i l i t i e s of irradiated Zircaloy-2 
tubings. Open symbols indicate no fa i lure . 

Fig. 2 SEM photograph of the inner surface of 
autoclaved tubing, showing p i t s and cracks in 

the oxide film. 
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Lower mandrel 
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Fig. 3 Test specimen configuration. 
In ( a ) , metal iodide i s in contact v i t h 
the inner surface , vh i le in (b) i t i s not. 
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Fig. k Comparison between time to fa i lure and the value 
of JG* at 1*00'C. Small l e t t e r s , s , I, and g In 
parentheses denote the s tate of each metal iodide 
at U00"C. 
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Fig. 5 Cross section of the specimen surface with pinhole failure (irradiated 
Zircaloy-2). The dotted line indicates the boundary of SCC cracking and 
ductile fracture produced by mechanical bending. 

» 



Fig. 6 Intergranular and 
transgranular mixed 
fracture adjacent 
to the '"nner surface 
(irradiated Zircaloy-2l 

Fig. 7 
Alternating appear
ance of transgranular(t) 
and intergranular(i) 
fractures (irradiated 
Zircaloy-2). 

Fig. 8 
Large cleavage facets totally 
covering the fracture surface, 
with a tearing ridge located in 
the center (irradiated Zivcaloy-2), 
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Fig. 9 Results of SCC tests. The maximum hoop stresses of 
(a) VI, (b) V2, (c) V3 series are 29U, 267, SUl MPa, 
respectively. 
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Fig. 10 Averaged relation between the wall thickness and the time 
to failure. Curves are deri/ed by the least square f i t t ing 
method for (a) VI, (M 72, and (c) V3 ser ies . 
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Fig. 11 Fig. 12 Fig. 13 

Distribution of incipient crack depth for 
(a) VI, (b) V2, and (c) V3 series. 

Stress intensity K analyzed with a three dimen
sional FEM code. The ordinate is normalized to the 
solution of a penny shaped crack. 

Comparison between calculated propagation time and 
the experimental data. Open circles denote the 
initiation time, and solid ones, the time to failure. 
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Abstract 

Iodine is considered as one of the major fission products 
responsible for PCI failure of Zry cladding by stress corrosion cracking 
(SCO. 

Usual analysis of SCC involves both initiation and growth as 
sequential processes. 

In order to analyse initiation and growth independently and 
to be able to apply the procedures of fracture mechanics to the design 
of cladding, with respect to SCC, stress corrosion tests of Zry cladding 
tubes were undertaken with a small fatigue crack (i 200 urn) induced in 
the inner wall of each tube before pressurization. 

Oetails are given on the techniques used to induce the fatigue 
crack, the pressurization test procedure and the results obtained on 
stress releaved or recrystallized Zry 4 tubings. 

It is shown that the K.... values obtained during these 
experiments are in good agreement with those obtained from large OCB 
fracture mechanics samples. Conclusions will be drawn on the applicability 
of linear elastic fracture mechanics (LEFM) to cladding design and 
related safety analysis. 

The work now underway is aimed at obtaining better under
standing of the intitiation step. It includes the irradiation of Zry 
samples with heavy ions to simulate the effect of recoil fragments 
implanted in the inner surface of the cladding, that could create a 
brittle layer of about 10 urn. 

1 - INTRODUCTION 

Due to the impact of pellet cladding interaction (PCI) on 
the use of water reactors, this important aspect of fuel behaviour has 
been widely analysed [1 ] . It is generally agreed that the zircaloy (Zry) 
cladding failure induced by PCI, is due to stress corrosion cracking 
(SCC) promoted by fission products, iodine being the most suspicious. This 
has led to a large number of studies concerning the behaviour of Zry under 
stress and corrosive environment. 

A large amount of data haa been obtained such as stress 
versus tine to rupture curves for various claddings in relation to 
temperature, metallurgical state, iodine partial pressure, etc. [ 2 - 3 ] . 
More basic studies carried out on samples obtained from thick plates 
have shown the usefulness of linear elastic fracture mechanics LEFM to 
describe crack growth rates or *icrr £*]• 

In this paper some experiments carried out in order to link 
these two types of studies are presented: the aim of these experiments 
was to analyse the effect of a small crack in the cladding inner wall 
on the atreaa vs. life-time - ves. Therefore it wss possible to aepsrate 
crack growth from crack initiation and to test the validity of LEFM 
procedures on fuel cladding modelling. 

2 - EXPERIMENTAL PROCEDURE 

A standard stress corrosion test under iodine environment wae 
set up: a small length of cladding ia pressurised at a given temperature 
with a small amount of iodine, fig. 1 givea a general sketch of the device 
used. A compressed air driven pressure booster fills • pressure tank 



with high purity helium. This helium is used for rapid pressurisation or 
the sample once it is at the desired temperature. A pressure gauge and 
a timer record the life time. The sample is surrounded by a > arge 
stainless steel tube flooded with argon to avoid crack oxidation after 
fracture ; the tube alao serves for mechanical safety. The device can 
be used at pressures up to 900 bar (90 MPa) but standard teata, including 
burst testa, require lower pressures. 

All the tests reported were performed at 350°C ; the amount 
_2 of iodine, whan added, was about 1.5 mgcm 2ry, introduced as small 

crystals in an open glass or a <ircor>a U-shaped ctucibie. If the sample 
did not break after 100 hours, the experiment was discontinued. The 
stresses were computed according to the following expression: 

P (D ' • 0 ') 
o = D ' - 0 ' where P s internal pressure 

1 0 = internal and external 
diameter 

In order to induce a small internal fatigue crack, in the 
cladding tubes, a special procedure haa been devised 

Due to the small thickness of standard PWR fuel claddings, 
it was decided to avoid the classical mechanical notch acting aa a 
crack initiation for further fatigue growth [5], The procedure used, 
described in detail elsewhere [6], is based on the compression of the 
tube using a loading device sketched on fig. 2 : the tube is compressed 
between a rigid, grooved support a, and an elastic plate c. With this 
loading device, it can be shown that the maximum tensile stresses are 
located on the inner wall of the tube, in front of the upper contact 
point. Cyclic loading, using a fatigue machine, led to the growth of a 
longitudinal crack starting at this point. A small Eddy current probe ia 
moved through the tube in order to detect the beginning of crack growth. 
For typical 17 x 17 PWR cladding tubes, a deformation amplitude of 180 u 
led to a crack of about ISO uafter 15 000 cycles. Fig. 3 gives an example 
of such a crack broken open afterwards. 

Three lota of cladding tubes were obtained from different 
auppliera. Lota A and C are atreas relieved (SR) and B is fully 
recrystalliaed (RX). Compositions ware within the range of standard 
compositions for zircaloy 4. 

3 - RESULTS 

Fig. 4 givea atreaa versus rupture time for the two SR 
claddings studied. Although tht strength level of the two Zrys ware 
different, aa observed from burst and creep rupture testa, it should be 
noted that the iodine SCC curves are similar and lead to tne same 
threshold of about 290 MPa, i.e. about 100 MPa below the stress for 100 h 
creep rupture. 

The precracked tubea showed a drastic reduction in stress 
rsnge for similar rupture life j however, a strsss threshold wos observed 
at about 170 MPa. For comparison purposes, some creep rupture teeta 
(without iodine) were performed on precracked tubes and a shift of only 
about 2$ - 30 MPa waa observed on the creep rupture curve. 

The reaulta concerning the RX materiel ere preeented in 
figure 5. The behaviour is rsther different end, except in the esse of 
ISCC, it cen be described ee a stress threshold for rupture. It should 
also be noted that, although the creep atrength ia much lower on RX, 
the ISCC threshold ia roughly the same ac for SR. However, the atress 
threshold for RX precracked tubee ia higher by about 15S. 

Fractographic studies were performed using SCM, in orde- to 
analyse the fracture path in the various caaes. Fig. 6 gives typic.'l 
aspects of the frscture surfaces. Lot A has s trsnsgrsnulsr fracture 
with long wavee perpendicular to crack growth direction. For the other 
SR material (lot C), the frecture surface ia much lees reyuler and 
pronounced crack branching is observed (Fig. 6 c). In the esse of RX 
cladding, the frecture aurface is mostly intergranular, with some 
paeudo-cleavage on large grains (Fig. 6b). 



In the case of precracked tubes, given the clear difference 
between fatigue crack and stress corrosion crack, it was possible to 
nalyse the crack growth using the fracture mechanics approach: 

In the vicinity of a crack tip, the stress singularity is 
described by the stress intensity factor K,, A general expression for 
this is given by : 

K. : C a /-fTa 

where a is the applied stress without the crack, a is its length and C 
a numerical factor related to the exact geometry of the cracked part. 
In the case of a small crack in the inner wall of a pressurised cylinder, 
the value of C is near 1.1 [?]• 

It is then possible to compute, from stress thresholds, the 
value of the stress intensity factor for SCC crack arrest, Kjcnp- The 
Kicrr values obtained are between 4.2 and 4,7 MPa /m for lot A (SR) 
and 5 and 5.5 MPa </m for lot B (RX). 

In one case, due probably to various grinding scratches in 
the inner wall of the tube, three fatigue cracks started in the tube 
and grew to lengths between 160 and 220 u. When pressurised with iodine, 
the largest crack (5.2 MPa /it) led to rupture after 2 hours, while the 
smallest (4.4 MPa /nO showed no growth (Fig. 7). 

4 - CISCUSSION 

The behaviour of the alloys studied is in general agreement with 
that reported by different authors [2 - 3]. The S-shaped SCC life curves 
for SR materials are similar to those obtained in the other studies and 
the small differences could be explained by different temperatures and/or 
iodine partial pressure, for general trends, and by surface finish or 
texture for short term and long term behaviour respectively. 

'"or RX material, flat curves like those obtained in this study 
have also been reported. This should indicate that SCC is then controlled 
by a parameter other than stress, i.e. strain or strain rate. Experiments 
at constant strain rates are underway to analyse this point. Moreover, 
differences in fracture mode (intergranular vs transgranular) also have 
to be explained. 

The results of the cracked tubes are very useful to separate 
crack initiation from the growth step, and therefore for modelling the 
iodine SCC. The measured values of K,c rp both for SR and RX tubes are in 
very good agreement with those obtained on classical OCB or WOL fracture 
mechanics samples machined out of thick plates [4], Indeed, the *,<•#.£ 
values measured with these samples give, for Ream's texture parameters 
f. typical of claddings (0.57 to 0.65), values in the range of 4 to 
4.6 MPa /m for SR material and 4.7 to 6.5 for RX, very close to the values 
observed on cladding in this study. This confirms the validity of analyti
cal research with well-defined material and simple geometry to obtain data 
to be used as material properties for design computation. 

However, if crack growth or arrest can be adequately described 
using LEFM, it should be noted that crack initiation is obviously not. 
Surface defects, like grinding scratches or etching pits have a maximum 
depth of 15 - 20 uand the K. induced by such defects are in the range of 
2.2 to 2.6 MPa </m, well below «.„... Therefore, a particular process is 
involved in crack initiation. In the case of pressurised tubes with 
iodine, pitting is observed and could serve as crack initiation site. 

In the case of fuel cladding, consideration should br given 
to the particular environment of fuel irradiation, both with neutrons and 
fission fragments. Given their high energy, fission fragments can move in 
materials for distances of the order of 10 u. It can be computed that, 
during irradiation of an average PWR fuel rod, those recoil fragments, 
implanted in the inner surface of the cladding, will create a thin layer 
of Zry doped with fission products at a concentration greater than IS. 



This layer may be embrittled by some of those ions (Mo, Cs, I, Ag, Cd, 
rare gases,...) 

To analyse this effect, an experimental programme is underway 
in which Zry samples ar-> irradiated with heavy ions usinq the accelerators 
Alice and Ganil designed, and normally used, for basic nuclear studies. 

5 - CONCLUSIONS 

Iodine SCC tests have been performed on different SR and RX 
Zry cladding tubes. Using a special loading device, it was possible to 
induce a small internal fatigue crack in tubes and hence to separate 
crack initiation from grack growth steps. 

Using LEFM, it w<*s concluded that the Kjcrr values measured 
in these experiments were in good agreement with those obtained from basic 
analytical studies, justifying the use of LEFM concepts for fuel behaviour 
modelling. 

However, crack initiation cannot be described using these 
procedures and further analysis is needed in this field. An experimental 
programme is underway for greater understanding of this aspect. In 
addition to pitting corrosion test, this programme includes irradiation 
with high energy heavy ions in order to analyse the embrittling effect 
of recoil fission fragment. 
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FIGURE 2 Loading device used to induce a fatigue cracl: in. the inner wall 
of a tube 

FIGURE i - Typical fatigue crack induced in the inner tube wal 1 
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FIGURE 4 - Time to fai.ure under iodine SCC for two SR Zry 4 cladding tubes 
Temperature 350*C, iodine 1.5 mg.cra~2 
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FIGURE 5 - Time to failure under iodine SCC for RX Zry 4 cladding tube*. 
Temperature 350*C, iodine 1.5 mg.cm"2 



FIGURE 6 - Typical aspect of iodine i>CC fracture surfaces, 
Lots A and C = SR, Lot B = RX 

FIGURE 7 - Experimental evidence of the validity of LEFM approach in iodine SCC : 
Minor differences in crack length enable Krgcc values to be bracketed: 
largest fatigue crack led to rupture and the smallest one showed no growth. 
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Abstract 

As part of a U.S. Nuclear Regulatory Commission prograa to provide a 
better understanding of water-reactor fuel-rod failure by the pellet-cladding 
Interaction (PCI) phenomenon, a mechanistic study of the deformation and 
fracture behavior of high-burnup spent-fuel cladding Is In progreaa under 
simulated PCI conditions. Zlrcaloy cladding tube specimens from power reactor 
fuel assemblies (bumup ^20 HHd/kg 0) have been deformed to fracture at 292 to 
J25*C by either Internal gaa-preeaurlsatlon or oxpandlng-mandrel loading 
technlquea without the addition of fission product simulants (e.g., I, Cs, or 
Cd) to the test environment. The Inner and outer aurfacea of the fuel 
cladding were cleaned ultraaonlcally In alcohol and the mechanical testa were 
conducted In research-grade helium or argon environments. The fracture 
surfaces of 12 teat specimens were examined by SKM, and eight specimens were 
found to contain various degreea of the pseudocleavage-plua-flutlng feature 
that la characteristic of in-reactor PCI failures. Netallographlc croas 
sections of the failure regions of the brittle specimens revealed small 
diametral stralna (*1Z) and numerous branching cracka. By means of 100- and 
1000-keV transmission electron microscopy of thln-foll specimens from regions 
adjacent to the failure sites, we have established that the brittle-type 
fractures are characterised by an absence of slip dislocations and an 
extensive amount second-phase precipitates. Dense aggregates of ellipsoidal 

* Work supported by the Office of Nuclear Regulatory Research, U.S. Nuclear 
Regulatory Commission. 

precipitate particles 100-200 A in size were located primarily In call wall 
regions of the stress-rslleved asterlal In association with dislocation 
substructures. From diffraction analyses, the precipitate v„s identified aa 
ZrjO phase, which is metallic and brittle In nature. Two different 
orlentatlonal relationships between the Z^O and a-matrlx phasss have been 
Identified. From the results of the mlcrostruetural examinations, It appeara 
that the brittle-type failure la associated with ssgrsgatlon of oxygen atoms, 
primarily In regions of high defect and stress concentrstlon, which 
facilitates formation of the Zr 30 phase snd immobilization of dislocations. 
The mechanism is consistent with evidence of oxygen segregation sssoclated 
with a strain-aging phenomenon in Zircaloy and Zr-0 alloys and Irradlatlon-
lnduced aegregation of oxygen associated with a radiation anneal hardening 
phenomenon In Hb-0 and V-0 alloys. It appears that a high density of 
Irradlatlon-lnduced defects, Intrinsic oxygen augmented by corrosion, snd 
locsl stress fluctuations (due to thermal expansion of the fuel pellets), are 
conjointly conducive to oxygen segregation and Z^O precipitation in hlgh-
burnup cladding, which could lead to minimal plastic deformstlon and PCI 
failures. TBI mlcrostructural evaluations of Zlrcaloy cladding from fuel rods 
that have experienced ln-reactor PCI failure *re required to further explore 
the brittle fracture mechanism associsted with oxygen aegregation and Z^O 
precipitation In regions of localized deformation. 

INTRODUCTION 

The Zlrcaloy cladding of fuel roda in light-water-cooled reactors Is 
susceptible to local breach-type failures, commonly known as pellet-cladding 
interaction (PCI) failures, that take place during power transients sfter the 
fuel haa achieved a high level of burnup. Aa a result of the high burnup, the 
gap between the U0 2 fuel pellets and the cladding closes snd It Is believed 
that highly localized stress is subsequently Imposed on the cladding by 
differential thermal expansion of the crscked fuel and cladding during power 
transients. In addition to the localized stress, s high-burnup fuel cladding 
Is also characterized by high densities of irradiation-induced defects, and Is 
subject to mechanical constraints Imposed by pellet-cladding friction. Compo
sitional changes (e.g., oxygen and hydrogen uptake associated with in-service 



corroaloa), and geometrical changes due to creep-down and bowing, also 
occur. Under auch conditions, the aachanlcal propertlea of Zlrcaloy cladding 
can be quite different from thoee obaerved under simple condition*. For 
example, a hlgn density of irradiation-induced defects la conducive to 
localised deformation of the cladding by dislocation channeling rather than by 
normal prIsaaclc slip. The deformation and fracture of the cladding of high-
burnup fuel can be also Influenced by other complex phenomena, e.g., strain 
aging (an Interaction between atreaa and nonmatrlx elements), which Is most 
pronounced at -320*C for oxygen interetltiala; 1 - 3 Irradiation-Induced 
segregation of alloying or Impurity atoms associated with radlatlon-anneal 
hardening (Interaction between Irradiation-Induced defects and nonaatrlx 
elements);* - 8 and formation of mstaatable phases under Irradiation.' 
Therefore, understanding of the mechanisms of deformation and fracture of the 
cladding of high-burnup fuel that Is discharged after actual ln-raactor 
service appears prerequisite to a proper understanding of PCI failures. 
Despite the Importance of this subject. Information Is still very 
limited. 1 0* 1 1 Koeeobaum at s i . 1 0 reported limited plastic deformation in the 
form of dislocation channeling and mechanical twinning from a transmission 
electron microscopy (TOO investigation of thln-foll specimens that were 
obtained from spent-fuel cladding of the Dreeden-3 reactor. Lowry at al. 1' 
obaerved dynamic atrain aging In spent-fuel cladding of the Oconee-I reactor 
during expandlng-mandrel teats st temperatures in the range of 300-400*C. In 
view of the generally accepted role of oxygen In the strain aging of Zlrcaloy 
and Zr-baeed alloy*, at ~320*C, TBM examination of the specimen by Lowry et al. 
might have revealed aoms form of oxygen eegregatlon, particularly In associa
tion with dislocation substructures. Choubey and Jonas 1 2 suggested that the 
strain aging of Zlrcaloy-2 at 1000'C la probably associated with formation of 
ordered sonea of Zr(Fe.Cr) in the vicinity of dislocations. 

Fracture behavior and microstructural characteristics of hlgh-burnup 
(>20 MHd/kgU) apent-fuel cladding discharged from either the Big Rock Point or 
H. B. Roblneon reactor have been under Investigation as part of a program to 
provide a batter understanding of brittle-type failure of Zlrcaloy fuel 
cladding by the PCI phenomenon. 1 3" 1 5 This paper contains the results of 
fracture taete under alaulated PCI situations and mlcroetructural examlnatlona 

111 of Che fractured apent-fuel cladding by SEN, 100-k*V TBM, and 1-MeV high-

voltage electron mlcroecopy. The major conclusion from the TBM-HVEM evalu
ations was that brittle-type failures, characterised by pssudoclssvsgs-plus-
fluting features in the frscturs surfsee, were associated with lack of slip 
dislocations, very few dislocation channels and twins, and an extenslvs amount 
of second-phase precipitates, which were Identified as an ordered tlrconlum-
oxygen phase of ZrjO. 

The ZrjO phase waa originally Identified by Holaberg and Taigerhamn1 froa 
x-ray diffraction analysis of unirradiated Zr-0 alloys which were prepared by 
extended heat treatments at low temperatures, I.e., one month at 400-600*f. 
Subsequently, Ericsson et al. Identified by TEN the ZrjO phase In unirra
diated crystsl bar Zr that had been oxidised In oxygen for 10 mln at 800*C. 
Dislocations usually observed In association with the ZrjO phase during these 
Investigations showed very little mobility In contrsst to those In unoxldlced 
crystal bar Zr containing *250 wt ppm oxygen. However, the accuracy of the 
diffraction-pattern analysis reported by Ericsson st al, for Zr and Zr 30 
phases Is not very convincing. To our knowledge, no reference to the ZrjO 
phase in Irradiated Zr or Zr-baae elloys containing oxygen appears in the 
literature. In this paper, auch observations are reported from 1BM-HVEM 
examination of Zlrcaloy-2 and -* cladding discharged from operating powsr 
reactors after a high burnup of fuel. The obaervatlona are discussed In 
relation to deformation and fracture characteristics of the cladding-tube 
specimens that were tested under simulated PCI conditions. 

EXPERIMENTAL PROCEDURES 
Spent-Fuel Cladding 

A description of the spent-fuel cladding, Including the source reactor, 
the fuel burnup, and the estimated cladding fluance, la given in Table I along 
with reaults from the stress-rupture tests, which will be described subse
quently. All the materials exhibit the typical crystallographlc texture of 
commercial fuel cladding, with the basal poles oriented ~30* on each side of 
the radial direction toward the tangential direction. The cladding material 
was typically -70X cold worked and stress relieved. As a result of the 
etreaa-rsllevlng treatment, the material waa partially recrystalllced. A 
mlcroetructural comparison of archive and aa-spent materials showed no 



appreciable changeo In grain atructurea during ln-raactor service. Tha 
cladding, which waa obtalnad froa unfallad fual roda, had a rang* of fluancaa 
between 2 and 4 x 1 0 2 1 n/cm2 (B X>.1 NaV). Tha outside diameter, wall 
thlckoeoe, and langth of tha cladding taat ..peciaens froa th* Big Rock Point 
fual roda vara 14.2t, 1.29, and 152 am, respectively. Tha outalda diameter 
and vail thickness of tha H. B. Robinson cladding vara 10.70 and 0.61 am, 
respectively. 

Aftar removal of tha fual, tha lnalda aurfaca of each apaclaan waa nyloa-
bruahad to remove aaall fual partlclaa, and tha antlra opectaen m i ultraaon-
lcally claanad In alcohol. Aftar tha mechanical brushing, dlluta HNO3 and 
H2O2 aolutlona vara uaad oucceeelvely to claan tha Inner surface of the 
apaclaana for tha expandlng-aandrel loading taata. Than tha antlra apeclaan 
• H cleaned ultraaonlcally in alcohol. The extra cleaning procedure was 
neceeeary to reduce tha alpha radiation level before tha apaclaan waa 
transferred to a low-level hot cell for the mndrel-loadlng tests. 

Internal Gaa-Freoourliatlon Bxparlaonts 

Tha aajorlty of tha streaa-rupture tests were conducted by aeana of 
Internal gaa preaaurlsatlon In a hot cell. Descriptions of the ln-cell test 
facility and of detailed procedures for conducting tha Internal gaa-
preoaurlsatlon teata on Irradiated cladding ha're been reported by Taggee 1 3 and 
Tagg** at el. 1' Tha lS2-an-long tubular apeclaen waa Internally preeeurlsed 
at W2-325*C with research-grade hellua without any fission-product slaulants 
(e.g., I, Cs, or Cd) added to the aystea. Tha heltua-pressurlted taat 
apaclaan waa than aealed off froa the ataoaphere tn a stainless steel 
cylinder. Reaearcit-grede argon, praasurlsed to ~20X above ataosphsrlc 
preeaura, waa continuously flowed at a rate of ~0.0l t/s through tha gap 
between the stainless steel cylinder end the speclaen tube. The steel 
cylinder Itself waa contained In a temperature-controlled furnace. In thla 
way, tha argon ataoaphere bounded by tha outer surface of tha speclaen and the 
laaar aurfaca of the stainless steal cylinder, was aalntalned at a purity 
alallar to that of the research-grade argon. Results of starch-solution teats 
of the apaclaan outer-surface envlronaent (at 325'C) ware Identical with thoae 
of tests of a gas flowing froa an Isolated argon tank (at rooa teaperature} 
and showed no algna of Iodine. 

Expandlng-Nandrol Experiments 

Several fracture tests ware conducted at 292-325'C by asans of an 
expanding-mandrel loading technique In a low-level hot call. Details of the 
expendlng-mandral apparatus and test procedures have been reported 
elsewhere. 2*' 2 2 Loading of the 50-aa-long speclaans waa achieved by an 
expanding Internal mandrel, which lc shown schematically in Fig. 1, The 
hardened-steel tapered aandral fit within an expanding sleeve with a aatchlng 
taper. Tha aleava waa surrounded by either split hollow cersalc cylinders to 
simulate cracked U0 2 fuel, or a thin split W-Rs alloy ring to slaulate the 
stress concentration at a pellet-pellet Interface. Slow dlaaatral strain 
ratea were echleved by axial compression of the mandrel assembly In an Instron 
machine at controlled crosshead displacement rata*. Failure of the apeclaen 
waa detected by an abrupt decreaaa In aindrel load which waa recorded as a 
function of arbor displacement and time. 2 2 The mandrel assembly waa oriented 
within the furnace such that the expected failure site could be viewed 
optically during tha test. Aa in tha case of tha gas praseurlsatlon tests, 
tha environment was flowing argon (~ 3.3 t/s) with no fission-product 
simulants. 

A suaaary of the expaadlng-mandrel test results for H. I. Robinson 
cladding is given in Table II. Initially, each pecimen was deformed at a 
constant dlaastral expansion rata (i.e., constant arbor dlspleceaent rata), 
which wss used to calculate the dlaaetral strain rata during tranelent 
loading. After the transient loading, the specimen deformed under creep at 
the lndlceted maximum load until failure occurred. 2 3 

Post-Test Examinations 

Cutting and apeclaen-preparatlon procedures for alcrostructural examina
tions via SEX, TEN, and optical microscopy are Illustrated In Ftg. 2, Disks 
for TEN and SEN examlnntlona were cut directly froa the tube wall by a alte-
eelectlve ultrasonic erosion technique. 2 0 Diameters of ths TEN end SEN disks 
were 3 and 6.4 am, respectively. SEN disks that contained a fracture were 
split open et room tempersture to reveal th* frecture surfsce as illustrated 
In Fig. 2. Specimen tubs* containing cracks longer than 6.4 am ware cut to an 
"16-an length and tha fracture surface was directly split open without coring 
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of the SBH disk. In soae cases, the tube was mechanically cut, ground, and 
chemically prethlnned in HF-HNO3-H2O solution (volume ratio 5:45:50); TEN 
disks were then punched fro* the resultant wafer. Final jet thinning of the 
disks use conducted In electrolyte solutions of perchloric acid, butylcallo-
solve, and methanol (volume ratio 2:12:20). The solution was cooled to -70*C 
in a dry-lce/methanol bath. Typical current and voltage during jet thinning 
were -30 a* and 170-220 V, respectively. The longitudinal thin-foil specimens 
(I.e., specimens In which the foil plane is nearly perpendicular to the radial 
direction of the cladding tube) were examined in either the ANA HVEM-Tandem 
Facility or a JKOL CX-H STB), operated at 1 HeV and 100 keV, respective1./. 
Camera lengths of the microscopes were calibrated Independently. 

RESULTS 

Identification of Brittle-Type Fracture 

A PCI failure la usally characterised by pseudocleavage-plue-flutlng 
features in the fracture surface,«°»2*-2' branching crack morphologies, small 
(^1Z) diametral etralna, and little or no wall thinning in the failure 
region. Failure la usually in the form of a pinhole or tight crack, commonly 
located at the center of an "x-mark" that is produced on the outer surface of 
cladding. For the teat specimens described in Tables I and II, brittle-type, 
PCI-like failures were identified primarily by SEM fractography. The entire 
fracture surface of each fractured specimen was scanned by SEN and the alse of 
the fracture area characterised by the pseudocle'.vage-plus-flutlng features 
was determined. An example of the resultant "pseudocleavage-plus-fluting map'' 
la shown in Fig. 3(A) for the fracture surface of the 165AB4B specimen 
described In Table I. In the figure, the areas bounded by the dark lines 
correspond to ti*= pseudocleavage-plua-flutlng feature, which la shown at 
higher magnifications in Figs. 3(B) and 3(C). 

From a map of the fracture surface similar to Fig. 3(A), the maximum 
penetration of the pseudocleavage-plua-flutlng feature was determined in terms 
of fractional wall thlckneaa. For example, in Fig. 3(A), the maximum 
penetration corresponds to -78X of the wall thickneaa acroas the broken 
croaallne. The fractional penetration thickness determined In this way was 
defined aa an F_ parameter and listed In Table I. Failed specimens with large 

F p parameters were also associated with small diametral strains, usually less 
than IX, and negligible wall thinning in the failure region. 

Specimens with large F. values also showed numerous partial cracka as 
revealed In the aetallographically polished cross ssctlon of the failure 
region In Fig. 4. The cross section was obtained from the half clamshell 
diametrically opposite the brittle-type through-wall fracture (see Fig. 2) of 
the 165AE4B tube of Fig. 3(A). A close examination of the Inner surface of 
Fig. 4 revealed numerous small cracks, which were usually associated with 
local oxide layers. l b It appears thst ths cracks wsre nucleated on both the 
Inner and outer surfaces but the outer-surface cracks propagated more rapidly 
than the lnner-aurface cracks. This Is consistent with the SEW. fractographlc 
observations of Fig. 3. In all the specimens with non-iero P p vslues 
(Tsble I), the through-wsll cracks propagated from the outer to ths lnnsr 
surface at the cladding tube. Under Internal gas-pressurlzatlon loading of 
the cladding tubes, the effective stress st the inner surface is slightly 
greater than that at the outer surface. I.e., "-It for the Big Rock Point 
cladding and -0.3Z for tha H. B. Robinson cladding. However, at the outer 
surface, additional hoop stresr is exerted on the metal as a result of ths 
volume expansion sssoclated with formation of the oxide layer (see Tsble I for 
oxide layer thicknesses). According to the measurement reported by Bradhurst 
and Heuer, 2 8 the order of magnitude of the intrinsic hoop stress is the same 
as that of the applied hoop stress listed In Table I. Therefore, It is 
expected that the actual effective hoop stress Is higher at the outer eurface 
than at the inner surface. This model Is consistent with the crsck 
distribution revealed In Fig. 4. In this figure, numerous cracks In the metal 
can be observed beneath an oxide layer at the outer surface. However, In the 
region (bottom photograph of Fig. 4) in which the oxide layer spslled and 
tensile stress wss thur relieved, not a alngls crack is observed. Likewise, 
when the specimen oxide layer on a part of the outer aurfaca was removed by 
mechanical abrasion, and the specimen was subsequently fractured under 
internal gas pressurlsatlon, cracks Initiated on the inner surface and 
propagated toward the outer surfsee. 2 3 In addition to the intrinsic stress 
associated with the oxide layer, localised atress concentrations may be 
produced on the outer surface by scratches or Swagelok ferrules near the ends. 
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However, under a reactor power transient situation, two factors would 
promote crack rmcleatlon and propagation at the Inner surface, viz., (1) 
highly localized stress produced at the Inner surface near the pellet-pellet 
Interfaces and over cracked pellet plecea, and (2) a compressive stress 
component exerted on the outer surface by the pressurized coolant. Tangential 
stress in the claddiig region over expanding pellet cracks has been calculated 
recently by Liu, 1 3 and according to his result, the hoop stress at the Inner 
surface Is aa much aa four times greater than that at the outer aurface. 
Thua, It is expected that, under reactor-service or expandlng-mandrel loading 
situations, cracks will nucleate at and propagate from the inner rather than 
the outer surface. 

Examination of outer- and lnner-aurface crack morphologlea i>nd fracture 
surfaces of the specimens (Table II) fractured by expanding-mandrc'. loading 
confirmed that the cracka Indeed nucleated en the Inner surface and propagated 
toward the outer surface. Figure 5 shows crack and fracture surface mor
phologies of specimen 21M4C listed In Table II. Characteristic "x-marks," 
produced by deformation and spallation of the oxide layer, as well as through-
wall cracks located at the center of the "x-marks" (denoted by arrows), are 
visible at the outer surface In Tig. 5(A). The photograph of the Inner 
surface. Fig. 5(B), reveals numerous small cracks, which nucleated below the 
expanding ring and are distributed In a more or less random manner. In Fig. 
5(D), the characteristic pseudocleava^e feature of the fracture surface Is 
shown. However, fluting Is not visible In this figure. 

After brittle-type, PCI-like fractures (I.e., failures similar to those 
described In Figs. 4-5) were Identified by SEM fractography and netallographlc 
examination, thln-foll specimens obtained from regions both adjacent to and 
away from the failure sit" (e.g., T2 and T6 of Fig. 2) were examined by TEM 
and HVEM. 

Brittle-Type Failure - Zr^O Precipitates 

Several thln-foll specimens, obtained from different regions of each test 
cladding tube with respect to the failure site (see Fig. 2), were examined. 
In contrast to thln-foll specimens obtained from ductile-failure tubes (I.e., 
tubes with no pseudocleavage-plus-flutlng or a negligible amount) In which 

numerous dislocations and slip traces were observed, 1 4 the specimen that 
failed in a brittle manner with a large F_ value did not show Indications of 
any appreciable dislocation activity. Long stringers of hydride and a very 
limited number of dislocation channels, similar to those reported by Rosenbaura 
et al., were observed; however, these features are thought to be charac
teristic of ln-reactor service of the fuel cladding rather than being directly 
associated with the brittle-type fracture produced in the internal gas-
pressurlzatlon test. 

In conjunction with the observed lack of dislocation activity in the 
specimens obtained from the tubes that failed In a brittle manner, it was 
noticed that those specimens were characterized by numerous regions which 
contained a hitherto unreported type of second-phase precipitate. The 
morphology and diffraction pattern typical of the precipitate* are shown in 
Fig. 6. The particle-like morphology of the precipitates shown in Fig. 6(B) 
1* roighly ellipsoidal and -100-200 A in alt*. The diffraction pattern could 
be Indexed only on the basis of Zr-jO phase, which is an ordered Zr-0 phase 
of space group P6-j22. The structure Is shown schematically In Fig. 7. 

Examples of the superlattlce reflections that arise from the ordering of 
oxygen and are characteristic of the ZrjO phase, are shown in Fig, 8. In this 
case, clusters of Zr-jO precipitates are observed In association with 
dislocation substructure* as shown in Fig. 8(B). Similar observations, i.e., 
preferential precipitation of the Zr^O phase in association with dislocation 
substructures, were common.'" The Indexed selected-area diffraction pattern 
of Fig. 8(C) contains reflections from the a-Zr matrix (aj phase), Zt^O (a T 1 

phase), and x~hydrldes. The latter phase was shown to be an artifact surfsee 
hydride which forms preferentially on the aurfsce of Z^O phase during the jet 
thinning o* the thin-foil specimen.1 Reflections from the x-hydrlde are 
characteristically diffuse.1* The observed angle between the (Tl03) Z r 0 and 
(5l51) Z r 0 Is ~88.2* and agrees well with the calculated angle of 87.83*. The 
structure factor of (30TT) Z r Q is zero; however, a double diffraction 
of (2l32) Z r Q Is observed at a spot virtually identical to (303*T)Zr Q . The 
weak superlattlce reflections of (213"2)Zr 0 , (2T3Z")Zr 0 , snd (4T3S) Z r 0 « r e 

unique for the Zr 30 phase. The auperlattlce reflection of (5l5l) Z r o appear* 
very bright In Fig. 8(C) because the double diffractions of (605Z) Z r g and 
(42$4) Z r Q are virtually superimposed on the spot. 



The orientations of the Zr-jQ precipitates can be determined from Indexed 
diffraction patterns containing the a-matrlx and precipitate reflections. The 
orientations manifested In Fig. 6(C) are equivalent to and can be denoted by 
(0001) 2 r 0 /'/ (0001),-, and |2TT0] 2 r 0 // [lOTO]^. The orientation, shown 
schematically in Fig. 7, is Identical to that reported by Holmberg and 
Dagerhamn1 on the basis of their x-ray diffraction analysis. Diffraction 
patterns corresponding to another orientation, i.e., [lT00] Z r Q // [12131^ 
and ( U 2 1 ) Z r 0 // (0lTl) a, were also observed. In this orientation, the &2~ 

axis of the Zr-jO phase is parallel to the c-axis of the ct-Zr matrix. 
The (lTOO] zone axis is the most frequently observed orientation of the Z^O 
phase in a thin-foil specimen for which the foil plane is nearly perpendicular 
to the radial direction of the cladding. This Is consistent with the texture 
of coanerclal-grade Zlrcaloy cladding. In which the first-order pyramidal 
planes (i.e., planes perpendicular to <1213> ) are the most frequently 
observed planes for the longitudinal TEM specimens. 

DISCUSSION 

The Zr^O precipitates were observed most frequently in thin-foil 
specimens obtained from locations near a brittle-type fracture site (e.g., 
specimen T2 or T5 in Fig. 2) which was characterized by a large F value (see 
Table I), e.g., 165AG10, 165AE4B, or 2I7C4B specimen tubes. For thin-foil 
specimens obtained from locations away from the brittle-type f-acture site, 
e.g., specimen V6 or T7 in Fig. 2, less copious precipitates were observed. 
The Zr-jO precipitates were also observed In specimens obtained from cladding 
tubes that failed in a ductile manner (e.g., tube 165AE4A); however, the 
density was significantly less. The Zr-jO precipitates were also observed to a 
limited extent in as-spent fuel-cladding tubes that were not stress-rupture 
tested. Local distribution of the Zr 30 precipitates could be estimated In a 
semiquantitative manner by one of the following methods: (1) determine low-
magnlflcation (OO.OOOX) distribution of the dark-field Images of charac
teristic superlattice reflections or (2) estimate frequency of the observation 
of the characteristic diffraction patterns [such as Figs. 6(D) and 8(C)] from 
selected areas as the foil specimen is translated parallel to the foil 
plane. Both methods required a familiarity with diffraction characteristics 

U5 °f ct-matrix, Zr-jO, and x-hydrlde phases. HVEH offered decisive advantages 

over conventional TEM for the analysis of the Zr^O phaae by examination of 
thick regions of a foil specimen, since (a) a greater amount of Information 
can be obtained from stronger double diffractions, (b) reflections from the 
surface x~hydrlde are generally absent from thick regions as discussed above, 
and (c) high-Index zones of the Zr 30 phase can be examined for superlsttlce 
reflections. It was concluded from the present TEM-HVEM evaluations that the 
brittle-type failures (i.e., failures characterized by large F p values) were 
associated with the Zr-jO precipitates. 

Observation of the Zr-jO precipitates in the as-spent fuel cladding 
reveals that the Zr 30 phase was formed to some extent during in-r«actor 
service. Several factors imposed on the local cladding material are believed 
to Influence the precipitation of Zr 30, i.e., stress, temperature, densities 
of irradiation-induced defects and dislocation tangles, oxygen concentration, 
and time under stress. Accordingly, local variation in the amount of precipi
tate formed can be great since the stress, defect, and oxygen concentrations 
can be highly localized during ln-reactor service. Therefore, It Is possible 
that high-density precipitates of the Zr 30 phase are produced in some 
localized areas of the cladding. However, It Is not clear whether the dense 
precipitates, observed near the brittle-type fracture sites, were formed 
primarily during the in-reactor service period or during the out-of-reactor 
stress-rupture test. 

The fact that the Zr 30 phase is commonly observed In association with 
dislocation substructures and cell walls Indicates that the phase was formed 
through segregation of oxygen atoms (present in the cladding either as an 
Intrinsic alloying element or as extrinsic corrosion-product Impurities) near 
the dislocation substructure. In some cases, an individual dislocation 
decorated by a second phase could be observed In hlgh-nagniflcatlon dark-field 
contrast. The reciprocal-lattice points, from which the dark-field Images of 
th- second phase were formed, were consistent with the Zr 30 structure, which 
indicates that the Individual dislocations were decorated by the Zr-jO phase. 
The morphology of the Zr<jO phase observed in association with dislocations Is 
consistent with the model of strain-aging which is at' >"ibuted to migration of 

1 — 3 oxygen atoms and interaction with dislocations. In this regard, one would 
expect to be able to Identify the Zr 30 phase from a similar TEM-HVEM analysis 
of unirradiated Zr-0 alloys that were strain-aged at ~320*C. Veevers and 
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Snowden2 reported brlght-fleld TE.M Images from such specimens, similar to 
what was observed in this Investigation and subsequently Identified aa a Zr-jO 
phase. However, an analysis of corresponding diffraction patterns from the 
Images was not reported in their study. The morphology of the Zr-jO phase, 
observed in association with dislocation substructures, and the lack of slip 
dislocations indicate that the brittle-type failures observed In the present 
Investigation were produced essentially as a result of segregation of the 
oxygen atoms, which subsequently led to formation of an ordered phase between 
Zr and oxygen, immobilization of dislocations, and minimal plastic 
deformation. 

However, transmission electron micrographs reported for test specimens of 
unirradiated Zr alloys subjected to strain aging • • z indicate that it is 
unlikely that all the dislocations could be immobilized and prevented from 
breaking out of the cellular substructures of stress-relieved material by the 
mechanism of oxygen segregation alone. Accordingly, some dislocations should 
be operable, and ductile fracture would be expected in such a specimen. 
However, in similar specimens containing high-density Irradiation-induced 
damage, breakout and glide of dislocations may be more difficult because the 
defects may act as an extra barrier. Such a situation would be more conducive 
to brittle-type fracture when the irradiation-Induced defects were of suffi
ciently high density. Another possibility is a hitherto unknown synergistic 
effect Involving the oxygen Interstltlals and irradiation-Induced defects in 
the spent-fuel cladding. The small-particle-like morphology of the Zr 30 
precipitates, discussed In association with Fig. 6, indicates a segregation 
aid enrichment of oxygen at the Irradiation-induced defects and subsequent 
formation of Zr 30 particles. The irradiation-Induced formation o<: the Zr 30 
phase is similar to segregation of oxygen interstltials to Irradlatlon-induced 
defects reported In association with the radiation-anneal hardening phenomenon 
of Nb , 5 and V . 6 - 8 Once oxygen atoms are segregated to the defects and Zr 30 
precipitates are formed, the irradiation-induced defects will be strengthened 
as barriers to slip dislocations, and consequently, plastic deformation will 
be less likely. 

During irradiation of the Zlrcaloy cladding in a reactor, vacancies as 
well as Interstltlals are produced in cascades. On a microscopic scale, this 

in turn produces local vacancy and interstitial concentration gradients In the 
material. Consequently, local mass transport on a microscopic scale can occur 
via vacancy as well as interstitial fluxes in the material. Although no 
changes occur on a macroscopic scale, local material components (i.e., the 
ratio of solute to matrix atoms) can be altered. Preferential exchange of 
some substitutional alloying element with vacancies can occur, which leads to 
a preferential flow of the element In the direction opposite to that of 
vacancy flow. Strong binding between a solute atom and vacancies causes a 
"dragging" of the solute element In the direction of the vacancy flow. The 
flow of lnterstitlals produced by Irradiation can also Induce solute 
segregation. Because of their smaller atomic weight, undersized solute 
atoms (such as oxygen in Zlrcaloy) are likely to be knocked out of their 
positions by fast neutrons more easily thsn the matrix atoms and subsequently 
accommodated more readily in interstitial sites tha are oversized or matrix 
atoms. Hence, the fraction of undersized solute atoms among Irradiation-
produced Interstltlals will be greater than average In the overall material. 
This will cause the ratio of undersized solute atoms (e.g., oxygen) to matrix 
atoms (e.g., Zr) comprising the Interstitial flux to exceed the ratio of the 
average concentration, with resultant enrichment of the undersized solute near 
the point defect sinks. 3 0 On the other hand, oversized solutes will be 
preferentially accommodated in substitutional sites and will, therefore, tend 
to be depleted from defect sinks by vacancy flow. The competing transport of 
any given soluta atoms to the defect s: ik via the interstitial flux and away 
from the sink via the vacancy flux has been treated by Wlederslch it al. ' 
They showed that the enrichment of solute atoms occurs at the sinks when the 
preferential transport of the solute atoms via Interstitial flux outweighs 
that via vacancy flux. Maximum enrichment occurs when the solute atoms (a.g., 
oxygen in a-phase Zlrcaloy) diffuse exclusively via an interstitial 
mechanism. Oxygen diffusion in o-Zr has been critically reviewed recently by 
Ritchie and Atrens, 3 2 and for 290-650*C, the diffusion is attributed to rate-
controlling Jumps of oxygen interstitial* to nearest-neighbor interstitial 
sites on the basal plane; i.e., the oxygen diffuses via an Interstitial 
mechanism. Therefore, according to the model of Wlederslch et si., 
segregation of oxygen is predicted to occur to irradiation-induced defect 
sinks in Zlrcaloy fuel cladding. This prediction Is In agreement with the 
TEM-HVEM observations reported in this paper. 



CONCLUSIONS 

1. PCI-like, brittle-type failures, characterized by pseudocleavage-plus-
flutlng features In the fracture surface, branching cracks, and small 
diametral strain, were observed to occur at 292-325°C in some batches of 
spent power-reactor fuel-cladding tubes under Internal gas-pressurization 
and expanding-mandrel loading conditions In which the tests were not 
Influenced by fission product simulants. 

2. Fraccographlc characteristics per se do not provide evidence for a PCI 
failure mechanism but should be deemed only as corroborative in nature. 

3. Evaluation of TKM thln-foll specimens, obtained from regions adjacent to 
the brtttle-type fracture sites, characteristically revealed extensive 
amounts of 2r->0 precipitates and a lack of slip dislocations. The 
precipitation of the Zr-jO phase appears to be enhanced by a high density 
of irradiation-Induced defects. 

4. The brtttle-type failure produced In the spent-fuel cladding tubes appears 
to be associated with segregation of oxygen to dislocation substructures 
and irradiation-induced defects, which leads to the formation of an 
ordered zirconium-oxygen phase of Z^O, an immobilization of dislocations, 
and minimal plastic deformation in the cladding material. 
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TABLE I. Summary of Streas Rupture Test Results for Spent Zlrcaloy Fuel Claddlcg 

Specimen 
Number Reactor Material 

Fuel 
Burnup 

(MWd/kg U) 

Fluence 
(10 J l n/cn*, 
E >0.1 MeV) 

Test 
Temp, 
CO 

Hoop 
(MPa) 

Stress 
(ksl) 

Failure 
Tlae 
<h) 

Failure 
Diametral 
Strain 
(X) 

Average 
Diametral 
Strain Rate 

U- 1) ',' 
165AC10 Rig Rock Pointb Zlrcaloy-2 22.4 3.3 325 384 55.6 1.0 1.1 3.0 x 10 - 6 0.95 
165AE4A 3.3 325 344 49.8 25.1 0.8 9.0 x 10" 7 0 
165AE4B 3.3 325 337 48.8 207.6 0.4 5.4 x 10" v 0.78 
165W-21 4.0 325 514 74.5 7.9 1.0 3.5 x 10"7 0 

217A2G H. B. Roblnsonc Zlrcaloy-4 27.7 4.4 292 552 80.1 113.2 11.7 3.0 x 10" 7 0 
217B28 292 545 79.0 108.2 2.5 6.0 x 10" 8 -
217B4B 292 498 72.3 218.5 1.4 2.0 x 10" 8 0.14 
217C2B 325 469 68.5 236.7 2.4 3.0 x 10"8 0.17 
217C4B 325 315 45.8 311.6 - - 0.40 
217A4B 325 315 45.8 294.2 - - 0.12 

•Maximum fraction of wall thickness exhibiting pseudocleavage-plus-fluting features In the fracture aurface (ace text ) . 
kOxlde layer thickness, 0.5-10 urn on ID and 50-70 l» on 0D aurfaces. 
cOxlde layer thickness, 0.5-7 urn on ID and 20-30 urn on OD surfaces. 

TABLE I I . Summary of Expandlng-Mandrel Fracture Tests of H, B, Robinson Spent Fuel Cladding 8 

Specimen 
Number 

Tine at 
Test Transient 
Temp. Loading 
CO (h) 

Strain Rate 
During Transient 
Loading (s ) 

Maximum 
Mandrel 
Load (kg) 

Time at Creep 
Mode at Max. 

Load (h) 
Total Time to 
Failure (h) 

Diametral 
Strain (I) Failure Mode 

217A2C 292 17.1 

217A2D 292 5.0 

217A2F. 292 0.3 

217A2F 292 28.9 

217A4C 325 25.5 

217A4E 325 44.1 

5 x 10 

5 x 10 

5 x 10 

5 x 10 

5 x 10 

2 x 10" 

-7 

505 0 - 1.2 

740 0 - 2.4 

772 0 0.3 3.3 

775 0 - 1.3 

454 36.0 61.5 3.3 

485 189.7 223.8 4.3 

NF° 

NF 
Ductile, rupture 

NF 

Brittle, pinhole 

Brittle, pinhole 

its See Table I for burnup and fltience. 
N o t f a i l e d . 
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Fig. 1. Schematic < : expanding ttandrel assembly used to 
fracture Zlrcaloy .spent-fuel cladding under 
simulated pellet-cladding interaction conditions. 

Fig. 2, Schematic of procedures used to 
obtain SEM, TEM, and optical 
microscopy specimens from spent-fuel 
cladding after stress-rupture tests. 



Fig. 3. Fracture surface morphology of 
specimen 165AE4B, which failed in 
a brittle manner: (A) Overall 
fracture surface, with the areas 
of pseudocleavage-plus-fluting 
features shown by boundary lines 
(outer surface is visible at right 
of photo); (B) higher magnifica
tion of the arrowed aree. of (A); 
(C) higher magnification of 
pseudocleavage-pius-fluting 
features. 
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Fig. 4. Cross sections obtained from regions 
opposite the brittle-type through-wall 
fracture site of 165AE4B tube, showing 
distribution and morphology of numerous 
partial cracks. Note the absence of 
cracks in the outer-surface region from 
which the oxide layer spalled, thus 
relieving the tensile stress associated 
with metal-to-oxide volume expansion. 

I 



Fig. 5. Crack and fracture surface morphologies of specimen 217A4C, which 
fractured In a brittle-type manner during expandlng-raandrel 
loading: (A) outer-surface morphology showing characteristic 
"x-marks" and through-wall cracks at the center of the x-marks, (B) 
Inner-surface cracks, (C) fracture surface near the ring mark, and 
(D) higher magnification of the arrowed circle of (C) near the Inner 
surface, showing pseudocleakage feature. 



0^> 

>**% 

Fig. 6. 'tVEM analysis of Zr^O precipitates observed In a thln-foll specimen from a tube of Big Rock Point spent-
fuel cladding exhibiting brittle-type failure: (A) Bright-field image of a region containing a 
reorystalllzed subgraln; (B) high magnification of the subgrain, showing precipitates; (C) selected-area 
dli fraction pattern of (b), showing numerous double-diffraction spots produced from '.rjO precipitates; 
(0) Indexed pattern of (C), showing Zr-jO zone axis [ 1IB33] 2 r 0 nearly parallel to a-matrlx zone 
axis (72511^. In (D), subscripts s and a and the letter D denote Zr-^O, a-matrix, and double-diffraction 
apots, respectively. 
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Fig. 7. Orlentatlonal relationship between the Zr-0 precipitates and a-Zr 
oatrlx equivalent to and manifested In the selected area diffraction 
pattens of Fig. 6(C). The orientation Is Identical to that reported 
by Holmberg and Dagerhann1 on the basis of x-ray diffraction 
analysis of oxidized zirconium specimens. 
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Fig. 8. TEN mlcrostructures of a thln-foll specimen obtained from H. B. 
Robinson spent-fuel cladding containing Z^O precipitates: (A) 
Bright-field morphology; (B) high magnification of the circled area 
of (A); (C) Indexed selected-area diffraction pattern of (B), 
showing [TO 17 7 9 U r 0 zone axis and characteristic superlattlcc 
reflections. In (C).^subscripts s, a, and x and the letter D denote 
Zr30, a-raatrlr, surface x-hydrlde, and double-dlffraction spots, 
respectively. 
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Abstract 

For the support of fuel adelling activities, 
JAERI has conducted inpile measurements of radial 
and axial deformation at HBWR in connection with 
OECD Halden Reactor Project. 

Major test parameters are coolant conditions 
(HBWR, simulated BWR/PWR), fuel types (BWR/PWR) 
and burnup. 

Deformation behaviour during power change was 
found influenced mainly by the extent of gap clo
sure, pellet shapes and irradiation hardening of 
cladding. 

Relaxation behaviour oc cladding was also 
studied. Radial and axial relexation tends to be 
small with burnup. 

Calculation by FEMAXI-IH code were compared 
with measurement and found in good agreement. 

1. INTRODUCTION 

The mechanism of fuel failare due to PCI is considered to be the super 
position of PCMI (mechanical interaction) and PCCI (chemical interaction). 

To provide detailed PCMI and PCCI data for the development and verification 
of FEMAXI fuel code, JAERI has conducted inpile measurements of fuel rod 
deformation with special emphasis on cladding diameter change at HBWR in 
Norway under the international cooperation of OF.CD Halden Peactor Project. 

The inpile experinents cover wide rar.ge of fuel rod parameters and 
coolant conditions. Some results have been reporte"1. elsewhere; ' ̂ ' 
Though the whole experimental serie have not concluded, some prelininary 
results are described in the present paper. 

2. EXPERIMENTAL PROCEDURE 

2.1 Fuel Rod 

The major fuel rod parameters are shown in Table 1 together with pre-
irradiation data. The fuel rods of the HBlvR group were fabricated by the 
Nuclear Fuel Industries, Ltd., Japan. The BWR and PWR rod groups were 
manufactured by Kjeller Laboratory, Institute for Energiteknikk, Norway. 

The pellets of the these rods were sintered at about 1980 K. The 
grain sizes were about 10 ym. The extent of densification of the pellets 
by resintering test at 1980 K for 24 Hrs was very small; less than 0.5 7.. 

The conceptual drawing of the fuel rod, as represented by HBWR rod, 
is shown in Fig. 1. The other rods are s>: iiilar in the structure except 
for the fuel instrumentations. The fuel rods with center thermocouple 
had several hollow pellets at the top of the fuel stack. 

The cladding tubes were welded with Zircaloy end plugs with carefully 
machined reference steps for giving standard diameters. The t»ll gas was 
pure helium at atomospheric pressure. 

2.2 Irradiation Rig and Power History 

(1) Irradiation Rig 

The genaral concept of the inpile diameter measuring rigs used during 
power ramps are shown in Fig. 2. The i igs were developed by OECD Halden 
Reactor Project. The rig shown in Fig, 2(A) was used for the HUWR rod 
group. The rig was operated under HBWR coolant temperature and pressure, 
which were 51i K and 34 bars, respectively. The rod HBWR-A was loaded into 



the rig from the beginning, while HBWR-B was firstly pre irradiated in the 
base irradiation rig and then loaded into the diameter rig after burnup of 
about 16,000 MWd/tUO,. 

The rod was loaded in the, present rig together with two other rods. 
The diameter gauges were driven by the hydrauric system and measured 
diameter utilizing differential transformer devices. The power of the rod 
was controlled by the reactor power. The cladding elongation was also 
measured simultaneously. 

The rig shown in Fig. 2(S) was used for the inpile measurement of PWR 
and BWR rod groups. The rig was operated under high pressure a:.d tempera
ture which simulated BWR and PWR coolant conditions by the water loop 
systems. 

The rod BWR-A and PWR-A were loaded into the rigs from the beginning, 
while BWR-B and PWR-B were firstly preirradiated in the base irradiation 
rigs operated under simulated BWR and PWR coolant conditions followed by 
loading into the present rigs. 

A single rod was placed in the rig and moved axially. Two fixed 
diameter gauges were placed in 90 degree- apart positions. Cladding elonga
tion, rod internal pressure and eddy current detection measurement were 
also performed. 

(2' Power Ramp History 

General power history of HBWR rod group is shown in Fig. 3(A), while 
those of BWR and PWR rod groups are given in Fig. 3(B). 

The power ramp rate for the HBWR group and BWR/PWR groups were about 
100 W/cm/hr and 25 W/cm/nin, respectively. The fast power tamp rate of the 

3 later groups was due t" the use of He absorber for the controll of local 
neutron flux. 

(3) Base Irradiation Histoty 

Before power ramps, H3WR-B, EWR-B and PWR-B are preirraJiated. 
General power histories during base irradiation of these rods are shown 

in Figs. 4. 

After base irradiation nondestrnctive examinations, which consisted of 
visual examination, dimensional measurements and eddy current tests, were 
performed. The amounts of average creepdown were about 25 Wm and 5 Urn for 
Pfc/R and BWR rod, respectively. 

3. EXPERIMENTAL RESULTS 

3.1. Diameter Traces 

The typical diameter traces of all the fresh and preirradiated rodl 
at the maximum power during ranping are shown is Fig. 5 and Fig. 6, respec
tively. 

The fuel rods containing dished pellets (HBWR and PWR rod group) show 
clearer and larger ridge formation than the rods containing flat and 
chamfered pellets. 

The influence of preinadiation is not much as far as the general shapes 
of the diameter traces are concerned. 

3.2. Diametral Deformation of Fresh Rods 

The diametral deformations of the fresh rods at the pellet interface 
and midpellet position during the startup ramps are shown in Fig. 7(A), 7(B) 
and 7(C) for the rod HBWR-A, BWR-A and PWR-A, respectively. These deforma-
t.'on data for BWR-A and PWR-A are the average of the measurements from two 
different generatrices in the above mentioned regions. 

The cladding diameter change of HBWR-A at the midpellet position is 
negative. This is attributed to the diametral contraction due to axial 
stretching by PCMI. 

The diameter changes at midpellet position of BWR-A and PWR-A are not 
much different from those of pellet interface. This is attributed to the 
pellet-cladding gap reduction due to the outer coolant pressure. 

In case of BWR-A, the axial mechanical interaction was much less than 
HBWR-A, which is described later in Section 3.4. 

Diametral shrinkage or relaxation was observed for each rod during 
holding in the power ramp. The shrinkage is considered to be mainly due to 
densification of the pellets. 



3.3 'iamtral Deformation of Preirradiated Ĵ odjs 

The diametral deformations jf the rods during power rar.ps after base 
irradiation are shown if Fig. 8(A), 8(B) and 8(C) for KBWE-B, HV.'K-R ,md 
PWR-B, respectively. 

The deformations of H3WR-B and BWR-B are elastic. The difference o: 
the behaviour between HBWR-A (elastoplasitc) and HEWR-B (elastic) was 
attributed to the irradiation hardening of cladding which resulted the 
increase of yield strength of HBWR-^ cladding. 

The elastic deformation behaviour of BWR-B could be explained by small 
diametral deformation to cause plastic deformation. 

The large plastic deformation of PWR-B is rather unusual considering 
the absolute amound of diametral deformation and will be discussed in 
Section 4.2. 

3.4 Axial Deformation 

The axial deformation is caused by the stretching of cladding due to 
pellet cladding mechanical interaction. The measured elongation is a 
complex integration of local elongation. The axia. elongation, however, 
may procide qualitative trend of mechanical interaction. 

The axial elongation of HBWR and BWR group for fresh and pre irradiated 
rods is shown in Fig. 9. 

At the startup ramp, the elongation of HBWR-A was elastoplastic and 
FCM1 starting power was lower than that of diametral deformation. At the 
power ramp after base irradiation the deformation of HSWR-B was elastic and 
PCMI also started at low power. These axial deformation behaviour is 
consistent with diametral deformation. 

3.5 Strain Relaxation 

Relaxation of diametral and axial strain occurs during holding at. powe 
ramps. An example of general tendency of relaxation is taken from PWR 

rod group and is shown in Fig. 10. Relaxation can clearly he seen for the 
fresh rod (PWR-A). For the preirradiated rods (PWR-B), however, the 
amount of relaxation is quite small. 

The quantitative comparison of fresh and preirradiated rod for BWR and 
PWK groups are shown in Fig. 11. The fresh rods show clear tendency of 
relaxation in contrast to the preirradiated ones. 

i. DISCUSSION 

4 • 1_ Wif_fe_rejK-eLi'(. j.i_îriet _raj Deformation Behaviour between BWR and PWR Rods 

t̂ WR group rods produced very regular ridges at pellet interfaces while 
BWR rods did irreeular ones. The difference of the behaviour can be 
attributed to the pellet shapes. Dished pellets tend to produce regular 
ridges. This is further supported by HBWR rods which had dished pellets. 

The regular ridge formation in dished pellet rod is considered to be 
due to the rotation of the tracked pieces of dis'n shoulder under the axil 
forces. In the case of flat and chamfered pellet rod, tne central part of 
the pellet interfaces bulged due to the thermal expansion. Axial forces 
in the central bulged region may result rotation of cracked peripheral 
pieces to help reduce the hourglass shape of the pellets. 

4.2 Verification oi Code Calculation 

Comparison of calculations by FEMAXI-II1 with the measurements for BWR-B 
and PWR-B are shown in Fig. 12. During startup ramp, densification and 
stochastic cracking tend to disturb the deformation, therefore the deforma
tion during the ramp after preirradiation are taken up. 

In the case of BWR-B, the calculation agrees guite well with the 
measurement. 

In the case of PWR-B, the calculation shows that deformation is rather 
elastic, while the measurement gave large plastic deformation. 

Considering the small diameter change of PWR-B at the maximum power 
(about 25 pir. dia), it seems unusual that the large permanent deformation 
(about 18 p dia) was formed. The rod may have failed during holding at 
the naximum power. 

Regarding the shapes of ridges, secondary ridges tend to appear at 
the midpellet positions of PWR rods at high power asshown in Fig. U . 

This tendency is very well reproduced by FEMAXI-III calculations as 
shown in the same figure. 
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Table 1 Fuel rod parameters and preirradiation data 
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Ha tiller gaa presaurel«M) 
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(HMdAgUOj) 
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9$ 9S 
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10.75 10.75 
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IS 11 
Dished Dished 
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»r-J Zr-» 
1J.JJ 12.23 
0.49 0.87 
420 420 
0.1 0.1 

0 14 

5 

95 95 
13 1) 
10.44 10.44 
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10.0 10.0 
enMf.r. entt<». 
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Zr-2 Sr-2 
12.29 12.29 
o.et o.a«9 
448 449 
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0 4.9 

5 
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13 13 
9.29 9.2* 
SO 10 
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Dlihed Dished 
Strata ralleved 
Zr-4 »r-4 
9.51 9.SI 
0.57 0.57 
448 448 
3.2 3.2 
0 t.l 

25 

The results of inpile dimensional measurements of Zircaloy clad UO, fuel 
rods can be summerized as follows. 
(1) Pellet shape influences the diametral deformation behaviour; rods with 

dished pellets resulted more regular and larger ridge formation than 
the flat and chamfered pellet rods. 

(2) Base irradiation influences the deformation behaviour during power 
ramps. The major effects arise from gap closure and irradiation 
hardening of the cladding. Relaxation of cladding strain during hoi 
holding at the maximum power of the ramping became smaller for the 
base irradiated rods than the fresh ones. 

(3) FEMAXI-III calculations agrees well with the measurement. Formation 
of secondary ridges at midpellet positions is also well reproduced by 
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Abstract 

A gap meter rig featuring equipment for monitoring pcllet-to-cladding gap width on operating 
rods has been in operation in the Maiden test reactor since 1981. Hot gap width in an operating 
fuel rod is an important parameter in determining fuel temperature, fission product release rate 
and onset of pellet/cladding mechanical interaction and consequently in determining I'CI failure 
thresholds for LWR fuel rods. The gap measuring method consists basically of clastically squeezing 
the cladding diametrically whilst simultaneously logging the force required and the diameter de
crease. Additional rod instrumentation includes two sets of diameter gauges for profilomctry 
measurements, cladding extensometers and a central oxide fuel thermocouple. Such combined 
thermal and dimensional measurements are very valuable since they enable detailed exploration ol 
interacting physical phenomena affecting fuel behaviour. Two HWR type rods have been tested, 
one helium-filled at 1 aim, with an as-fabricated gap of 150 jjm, the othei dimcnsionally identic.il 
but prcfilled with xenon. 

The paper will describe design features of the rig and discuss results from two tf-t rods. The 
thermal behaviour and gap closure trends with power and burn-up in the two r<ds were quite 
different. The observed difference in the fuel pellet behaviour is attributed to the higher power 
rating in the helium rod, producing larger fuel radial temperature gradients which appears to pro
mote fuel cracking and outward relocation of fuel fragments. High operating temperature .it low 
heat rates (as in xenon-filled rods) on the other hand will result in larger pellet shrinkage due to 
densification and an increase in operating hot gaps, at least early-in-life. Low rating prodiuo 
negligible fuel outward relocation. A power ramp to 50 kU'/in at 7.5 MWd/kgUOo in the helium 
rod caused appreciable fission gas release and a large rise in fuel centreline temperature ascribed to 
fill gas dilution and thermal feedback effects. 

1. INTRODUCTION 

Design innovation and operational procedure that will lower localized or overall stresses in 
operating fuel rods will contribute to in.-reased fuel reliability, and rat'.cr comprehensive experi
mental studies have been carried out in this field through (he years at the OF.CI) llalden Reactor 
Project. 



Cladding and fuel extensometers (LVDT types) have yielded data on burn-up-dependent 
interaction and on densifieation and swelling characteristics. The combined measurements ot rod 
axial deformation and localized cladding diametral strains carried out in several diameter rigs enable 
studies of stress-strain biaxiality and circumferential ridge formation in pile. 

In the middle of the seventies an increased interest was noted for the test capabilities offered 
by three-rod diameter rigs with combint*. thermo/mechanical measurements and He-3 local powt r 
control. From 1975 to 1977 seven rigs of this type, sponsored by different participating 
organizations,were loaded into the reactor. During the last years these diameter rigs have been 
extensively utilized in a scries of detailed investigations related to ramp performance of conven
tional and modified fuel designs by simultaneous measurements of dimension changes and r v •-
dependent fission gas release on rods incubated to considerable exposures in separate base irradi
ation rigs. The effects of ramp rate, load follow operation and multiple power ramps on defor
mation behaviour have been examined by several sponsors. 

Tests have been performed under ordinary Halden reactor irradiation conditions (34 bar, 
240°C, D Q O coolant) nvA in pressure flasks operating under tt\VR and I'WR coolant conditions. 

A step towards a more complete characterization of gap closure ra t ' s and mechanical inui -
action behaviour was achieved in 1981 when an experimental rig fitted with two sets of diameter 
gauges (LVDT types) and measuring equipment tor monitoring pellet-to-ciadding gap width on 
operating rods was loaded. Additional rod instrumentation included a cladding extensometer and 
a fuel centreline thermocouple. The combined thermal/met hanical data obtained in this gap meti r 
rig have provided insight into factors and conditions affecting onset and rate of fuel pellet 
cracking and relocation and its influence on fuel/cladding mechanical interaction and rod heat 
transfer properties. 

This paper describes briefly design features and measuring capability of the gap meter rig, 
presents design specification, irradiation conditions and the main results from the initial two tests 
in the rig. 

2- RIG DESCRIPTION AND TEST ROD SPECIFICATIONS 

The design concept is illustrated in Figure 1. The gap meter rig is designed for one fuel roil 
which can be moved vertically through a measuring station which includes the gap meter device 
and two sets of diameter gauges, see Figure 2. 

The rig instrumentation includes the following: 

- six Va neutron detectors 

- one turbine flow meter 

- two inlet and two outlet thermocouples 

- two diameter gauges (measuring at right angles to one another) 

- one gap meter 

- one differential transformer for rod length measurements 

- in-core plug for fuel thermocouple (the first rod IFA-522.1 was coupled directly) 

two position indicators 

- one He-3 coil 

When performing the gap and diameter measurements, the rod is raised from its parked posi
tion and pulled through the measuring heads. The axial location of the rod is recorded by position 
indicators. 

The 6-Vanadium neutron flux detectors are calibrated against calorimetric measurements 
using coolant chromrl/alumel thermocouples and inlet turbine. They arc positioned axially and 
radially within the rig in order to accurately measure the neutron flux and power distribution. 
Fuel temperatures on start-up are well documented Irom similar fuel and are used as an in
dependent check on the thermohydraulic calibration method. 

For luel temperature measurements tungsten/rlieniun. refractory thermocouples are used, 
most of which have been of the tt',3%Rc/W, 2-r)% Re type. These thermocouples ar*. delivered 
calibrated from the supplier and are usually not recalibrated at Maiden. The initial accuracy is 
within t 1% up to 20()0°O and within - 'JLYo foi higher temperatures. Test calibrations have 
continued these accuracies. 

Power changes are achieved by reactor power changes and pressure variations in the He-3 
coils surrounding the test rod. 

The technique of measuring fuel-cladding gap consists essentially of squeezing the rod between 
two parallel platens while simultaneously logging the applied force and the decrease in diameter of 
the rod (Fig. 3). As long as a gap is present between cladding and pellet, the resistance to deforma
tion arises wholly from elastic deflection of the cladding and appears as a straight line on the plot. 
Deviation from a straight line indicates that the pellet fragments are also offering some resistance 
to the squeezing action and hence that the "free gap" has been taken up. The measure of free gap 
that has been adopted, is the deflection of the platens between initial contact with the cladding 
and this change in slope of the pressure/deflection curve. 

The gap meter was calibrated o u t o f p i l e at room temperature and at 200 - 220°C in the hot 
loop facility. The following series of tests was carried out : 

i) determination of gap meter sensitivity; tests were carried out on two stepped zircaloy 
rods at diameters of 9 .0- 9.6 mm (PWR) and 12.0- 12.3 (BWR). The criterion for 
contact with the rod was a change in gradient of the pressure versus output signal from 
the gauge. This criterion produced approximately a straight line relationship. 



IS ii) measurements on two zircalcy tubes of known ID containing solid and pre-cracked 
alumina pellets of known diameter. On the part of the lube with uncracked pellets, 
the response of the meter was essentially linear until the squeezed cladding came into 
conuc i with the pellets; the change in gradient was well marked. 

It was found that when the initial gap was greater than about 150 um, some permanent de
formation of the cladding occurred. 

Both the gap meter and the diameter gauges arc based on high sensitivity LVDT's. A LVDT is 
also being used for rod length measurements. In subsequent loadings, and if desired,this detector 
may be used for measuring rod internal pressure or fuel stack elongation. The in-core connecting 
plug enables all replacement rods in the gap meter rig to be equipped with fuel thermocouples 
(from their top ends). 

A broad presentation of Halden developed instruments and applied experimental techniques 
has recently been presented in (1) to which reference is made. 

Two fuel rods have been tested, the irradiation of the second is continuing. Rod I and rod 2 
wer- identical except the latter has xenon as fill gas instead of helium. Some common design 
features of the rods are: 

Rod length: 447 mm 
Cladding: Zr-2, annealed at 570°C for 5 hrs 
Cladding O.D.: 12.25 mm 
Cladding I D . : 10.65 mm 
LTS/YS(RT): 56 /42 k p / m m 2 

Fuel: Sintered U 0 2 pellets 
Pellet length: 12.5 mm 
tr.d shape: Dished one end 
Enrichment: 1 0 w / o U - 2 3 5 
Density: 95 .8%ofT.D. 
Sintering temp.: 1700°C 
Grain size: ASTM7-9 
Fill gas: He, 1 bar (rod 1) 

Xe. 1 bar (rod 2) 
Total free volume: 5.8 cm 

Reference diameter steps for in-pile diameter gauge calibration are machined on the upper 
and lower end plugs on both rods. 

a IRRAPIATION CONDITIONS 

The gap meter rig is accommodated inside a shroud tube and cooled by heavy water by 
natural circulation at 34 bar and 240°C. 

The first rod was loaded in April 1981 and replaced April 1982 by rod 2 which is still being 
irradiated. 

Typical axial powe; profiles observed during irradiation, and the positions of the axial 
neutron flux detectors and test rods (in their lower positions) are shown in Figure 4. 

Schematic power histories as average linear heat rate versus burn-up for both rods are 
illustrated in Figure 5. 

Rod 1 experienced a base irradiation period at power levels between 37 and 44 kW/m up to 
a burn-up of 7.4 MWd/kgUOg when its reactor core position was shifted and the rod subjected to 
a power ramp to 50 kW/m. The irradiation continued at, and slightly above, this level until the 
final discharge at 9.1 MWd/kgU0 2 . 

Rod 2 began operation at 20 kW/m which was subsequently increased to 28 - 30 kW/m. The 
power was purposely kept low in order to prevent fuel thermocouple failure and study gap 
closure behaviour at fuel temperatures similar to rod 1 but at lower linear heat rates, since the 
xenon fill gas in rod 2 produced considerably higher temperatures than in the first rod. 

4. EXPERIMENTAL OBSERVATIONS AND SUMMARY OF RESULTS 

fuel Temperature Response 

Fuel temperature behaviour in rod 1 (He) and rod 2 (Xe) is shown in Figures 6,7, and 8. 
Figure 6 gives the thermocouple recorded centreline temperature and iso-power temperatures at 
10, 20, 30, and 40 kW/m as a function average burn-up for rod 1. Superimposed is also the low 
fission gas release threshold curve introduced in (2). Figures 7 and 8 show temperature-power 
curves for both rods at different stages during the irradiations. The thermocouple tip is located 
close to the peak power zone in the test rods. Actual maximum fuel centre temperatures were 
— 100°C higher than the measured values (at 40 kW/m) due to the effect of the pellet bore of 
1.8 mm accommodating the W/Re thermocouple sheathing. 

Major observations were: 

Hod I (Helium) 

• the start-up temperature-power curve was nearly straight and close to predicted 

behaviour, 

• early-in-life temperature increases were due to fuel sintering/densification. A further 
rise in fuel centre temperature was observed at 4 3 MWd/kgUOg caused by fill gas 
dilution, by small amount of fission gas released when the gas release threshold was 
exceeded. 



the power ramp to 50 kVV/m at 7.4 MWd/kgUC^ caused significant fission gas release 
and substantial thermal feed-back effects (curve 4 in Figure 7). The bended temperature-
power curve obtained after this uprating is typically measured in Xe-filled rods. 

High power temperature in the rod in lower position remained in the range 1650 to 1750°C, but 
during gap measurements peak fuel temperatures reached 1900°C for short periods. These 
temperatures are known to produce appreciable fission gas release, which is the source for con
tamination and thermal feed-back effects. Since the thermal conductivity of fission gases 
(essentially xenon) is ~ 1/20 of that of pure helium, even small releases will have a large impact 
on gap and rod heat conductance. 

PIE puncturing analysis showed a release of 24.3%. The in-pile temperature data suggest that 
part of this release occurred relatively rapidly. 

Rod 2 (Xenon): 

- fuel centre temperatures were considerable higher in this rod than in rod 1 (at a given 
rating), 

- the dcnsification-induced increase in the xenon-filled rod was larger and took place over a 
shorter burn-up interval (larger dependency on hot gap width), 

- during the subsequent irradiation the fuel temperature behaviour remained very stable, 
indicating negligible relocation (gap closure) at low rating (confirmed by gap width 
measurement). 

Gap Meter and Profile Measurements 

Gap widths were determined in-pile at several axial locations, but the majority at 180 mm and 
315 from the rod lower end. Different axial positions of the rods experience different power 
histories. On the other hand, when gap measurements are made the results represent the power 
rating and temperature at the position of the gap meter, regardless of the position on the rod. 
Relatively frequent measurements were performed to establish the effect of start-up ramp, power 
rating and trend with exposure. By moving the rod upwards and downwards between the diameter 
gauges, cladding profilometry data were obtained on two generatrices at right angles to one 
another. In addition to localized diametral strains, average diameter changes were evaluated. On
set of mechanical interaction was established by both gap meter data and diameter profile re
cordings. 

Measurements of gap changes as a function of operating temperature and burn up for the 
two rods are displayed in Figures 9 and 10. Figure 11 shows cladding diameter traces on rod 1 
(helium) at various heat loads during the high-power cycle at 7.4 MWd/kgUO? which was the 
only ramp which produced noticeable rod deformations. 

The gap width and cladding profile measurements provide direct evidence on how initial gap 
and mechanical interaction change with heat load and irradiation as a result of fuel cracking, relo
cation and densification. 

Some main observations are summarized as follows: 

- the gap measurements in the two rods indicate a significant power dependency on 
the onset and rate of gap closure, 

- in the helium rod (high power) a permanent gap decrease was measured during the 
start-up power cycle and a gradual reduction as irradiation proceeded, 

- the high power ramp at 7.4 MWd/kgUOj resulted in complete gap closure at the end 
of the ramp and also a further gap reduction at hot stand by, 

- the gap change rate versus power rating (or operating temperature) showed a declining 
trend with burn-up. 

After the first few power ramps, the gap closure rate was appreciably lower than the calcu
lated fuel thermal expansion rate. Fuel expands and contracts inside the fuel and does not strain 
the cladding in spite of a small "relocated" gap at low power. Pellet fragments have to be pushed 
closely together before the cracked pellet fuel imposes significant mechanical loading on the 
cladding. Onset of PCMI was detected simultaneously by gap meter and profile measurements. 

In the low power xenon-filled rod the gap measurements produced markedly different results: 
results: 

- an increase of hot gap with irradiation (data up to 2 MWd/kgUO^) created by fuel 
sintering/shrinkage was registered, 

- no noticable burn-up-dependent change in rate of gap closure versus heat load was 
observed. 

Above ~ 900°C the gap decrease rate is close to the fuel free thermal expansion rate. At the 
same centreline temperature (within 1 200 - 1300°C for both rods earlyin-lifc) the fuel average 
temperature are higher and radial temperature gradients smaller in the xenon-filled rod. The former 
fact gives rise to more (uniform) densification, observed as a gap increase and temperature rise 
occurring at burn-up, and the smaller temperature gradients resulted in less cracking and relo
cation in rod 2. On the other hand, high power densities (as in rod 1) produce large radial 
temperature differences across the pellets, which tend to promote thermal cracking of pellets and 
outward relocation of fuel fragments. 

The observed changes in cladding average diameters were very small ( < 5 urn) in both rods. 
Klastic cladding strains developed on rod 1 (helium) above 47 kW/m (see Fig. 11) at which level 
also a zero gap was measured by the gap meter. The ridges which were in the range 10 • 25 |im 
disappeared after 20 hours at maximum power. The clastic nature of the ridges was confirmed by 



the fact that the diameter profile measured after the high power (hot stand by) was almost identi
cal to the pre-ramp profiles. No ovalization tendencies could be observed in the diameter traces. 
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IN PILE MEASUREMENTS AND PCI FUEL MODELLING 
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Abstract 

Summary information concerning development of the CEFEUS 

modular code for the fuel element reliability evaluation is presented 

in the paper . A concise descript ion of par t icular modules connected 

with appropriate experiments is given. The resul t s and aims of i r r a 

diation experiments with light water r eac to r die gnostic assemblies 

and the pos t - i r rad ia t ion examination programme of these assemblies 

a r e al.«o briefly d i scussed . 

1 . INTRODUCTION 

The pellet cladding interaction / P C I / , whose most important con
sequence may be a fuel element failure is at present one of the r e sea rch 
subjects in the further development of Soviet PWR reac to r s of the WWER 
type. Although most of r e sea rch and development work is being done in 
the USSR, the contribution of other countries in which WWERs-4£0work 
and WWERs-1000 a rc being built as a further generation plant, is not 
negligible. In this paper we want to inform about the research activi t ies 
in Czechoslovakia realized jointly with the USSR, the German Democra
tic Republic and Hungary to solve the problems involved. 

The work is based on experiments in physics and thermohydraulics 
of the WWER fuel assemblies and in - reac tor diagnostics which have led 
to today s programme carr ied out with the aid of instrumented diagnostic 
WWER assemblies on one side and on experiments in the field of mecha
nical and corrosion proper t i es of zirconium alloys on the o the r . Against 
this background our approach to the study of PCI for WWER fuel elements 
was founded. 

The problems involved are in some respects common to WWERs and 
PWRs of Western type . The difference of the WWER fuel element from 
the Western type ones l ies in the used cladding material / Z r l N b made of 
iodide zirconium/ and in the geometry /pel lets with a central h o l e / . From 
the point of view of the relat ion between the propert ies of fuel elements 
in par t icular and those of the whole r eac to r , the specific design of r eac 
tivity control system /control assembly/ , which influences a local power 
h i s to ry , is of great importance for the WWER-440. 

To synthetize data on components material proper t ies and operat io
nal behaviour of fuel elements a computer code system must be designed, 
which is now underdevelopment together with an accompanying exper i 
mental programme. 

The programme of development and testing of WWER-type diagnostic 
assemblies fitted with an extended instrumentation will be character ized 
in g rea te r de ta i l . Also presented are the resul ts of in-core measurements 
and objectives of post- i r radiat ion examination. Fur the r potentials of using 
the diagnostic assemblies and the verified techniques to investigate PC] 
and its consequences for the WWER cores are shown. 

2 . A COMPUTER CODE FOR PCI CALCULATION 

F o r planning and analysis of experiments an appropriate computer 
code should be available to descr ibe fuel rod behaviour including failure 
predict ion. At our institute several such codes a re being used . None of 
them, however , i s intended to forecast fai lures of fuel r o d s . 

Computer code PIN / l / , which was derived from the GAPCON 
THERMAL 2 12/, is designed mainly for regulatory purposes , and its 
cladding s i r e s s - s t r a i n calculation does not conform to the objectives 
mentioned above. The implemented and slightly adapted computer code 
GAPCON THERMAL 3 / 3 , 4 / yields a more exact cladding s t r e s s - s t r a i n 
calculation but it has high requirements on the computer time and memory 
and does not include more sophisticated descript ion of fuel-cladding axial 
interaction / see Ch. 5 / . Never the less , this code may be of use in prepa
ration and approximate analysis of experiments . The code B1SI / 5 / is 
designed to estimate the number of failed fuel rods in the core from the 
monitoring of primary coolant act ivi ty. 

The facts mentioned above gave r ise to the CEFEUS / F i g . 1 / , 
a new code developed to fill the gap in the prediction of LWR rod failu
r e s . In designing this code the experience gained in implementation and 
development of the programmes stated above and from the development of 
computer code for fuel rod behaviour under accident conditions / 6 / is of 
great value. 



The computer code CEFEUS is built on a modular basis which 
allows the user to adapt some of its modules without seriously interfer
ing with the others. Great attention is now being paid to the development 
and experimental verification of constitutive equations for ZrlNb material 
and to failure criteria of cladding. To verify the code as a whole the 
KAZEX experimental programme will be used. 

Because of a large number of fuel rods in the reactor core, it is not 
possible to quantify the number of failed fuel rods with a deterministic 
code such as the CEFEUS. Its main purpose is to provide a qualitative 
explanation of the fuel rod failure mechanism and an approximate quanti
tative evaluation of impacts of changes in operational conditions or unex
pected transients on fuel reliability. In the future the code is scheduled 
to be used for analyses of: 
- influence of higher linear heat rating, 
- influence of higher burnup, 
- influence of load following operation. 
The code i s also expected to be used in preparing experiments and ana
lysing the results . 

The development of the code is also based on experimental and 
theoretical work done in the USSR and other countries. Our own expe
rimental capacity is rather limited since no fuel elements arc expected 
to be produced in the CSSR. 

3 . TEMPERATURE DISTRIBUTION AND FUEL STRUCTURAL 
CHANGES 

The module to calculate fuel and clodding temperature distribution, 
fuel structural changes /equiaxed and columnar grain growth/ and fission 
gas release from the fuel i s based on the code PIN / 1 , 2 , 6 / because of 
good experience gained with this code. The code PIN was tested on the 
"EPR1 Light Water Reactor Fuel Rod Modelling Code Evaluation Phase 
11 and 111" / 7 , 8 / and it was also used to calculate "D-COM Blind Problem 
on Fission Gas Release" / 9 / . Some improvements of the fission gas rele
ase model should be made. In contrast to the PIN, material properties 
are not built-in in the programme. Their values are passed on to the 
FCTS and other modules from material properties library MATPRO 11 
/ 1 0 / . The library will be extended to include ZrlNb cladding material 
properties. 

4 . CALCULATION OF STRESS-STRAIN FIELD IN A FUEL ELEMENT 
SECTION 

The code CEFlD provides for numerical realization of a physical 
model to simulate mechanical /radial/ interaction between fuel tnd clad
ding in one axial section. 

For the model, • 'e suppose rotational symmetry of the fuel, cladding, 
external loading and temperature distribution. This implies along with the 
assumption of generalized plane strain and the conception of fictious 
cracks - the so-called homogenized fuzzy cracks /HFC/ that one-dimen
sional approximation can be used /with radius r as a coordinate/. 

Problem Formulation 
In the fuel, HFC are represented by a vector function € /cracks 

in tangential resp . axial direction/ in the constitutive law for the v isco-
-elastic body 

e - e E

+ £ T

+ £ c

+ e° * eA , (D 
- * J „C , A 

It means that the total strain is a sum of elastic strain, strain due to 
temperature, creep strain, HFC, and the term £ A , which represents 
deformation due to swelling, densification, and other "internal" pro
cesses in fuel. Term £ A is given alternatively by either an empirical 
formula or a s tress function 

£*-&(*-) . [2) 

The cladding behaviour is supposed to follow the constitutive law 

- , E ,T ,C 
£ • £ * £ * £ , / , » 

T C V J / 
C - £ + £ . 

HFC represent an asymptotic case of classical cracks and are charac
terized by equations 

C";(r; £ , £') - p on 0 t , ( 4 ) 

<j;(r; £°, £*) - p on 0 z , ( 5 ) 



where 0 , 0 are zones with cracks in t and z directions respectively, 
and p is gas pressure at the crack edge. Moreover, in uncracked re
gions conditions for s tress components should be met as follows: 

r 2(r;*°, £*) ^ <r^p2, (7) 

where ^ y p t , *^-upz are time-dependent, generally discontinuous 
quantities interpreted as critical values for cracks initialization and 
propagation in t and z directions respectively; 

b / cracks propagate only at the points where s tress has reached the 
critical value; 

c / cracks close in a minimal manner so that £x ( r c t ) ^ 0 or £ z(*"cz) ^ 
where r c t , r c z denote position of crack tips /in the simplest case , 
cracks arc continuous and extend from the position of the crack tip 
r c t or r c z towards the pellet edge r 2 / . 
Creep is described by the equation of creep strain rate 

€ c - f « r ) , ( s ; 
where f is usually a strong nonlinear function of s tress field 0" . 
The s tress field may be considered a function of the strain field £ , 
HFC field €°, and boundary conditions 

C^(rj) - lTJ.(r2) - p for the fuel, 

<I^(r ) - p , C^(r^) - p c for the cladding, 
( 9 ) 

where p is coolant pressure, 
or radial contact pressure p, 

pk - c;(r2) - r > 3 ) > P do) 

in the case of radial contact, i . e . 

u ( r 2 ) - u ( r 3 ) - g = 0 ( l l ) 

where u and g denote radial displacement and initial gap value 
respectively, i . e . formally 

<r = <r ( £ * , £ ° ) . (12) 

Problem Solution 
Stress and displacements are calculated at nodal points from 

clasical equations of solid body mechanics in r-geometry either by means 
of a combination of analjiical and difference methods or a finite element 
method. 

For a given field £ , equations ( 4 ) , ( 5 ) represent a system of 
two integral equations with degenerate Fredholm and Volterra kernels. 
This problem /an elastic problem with HFC/ is reported on in / 1 4 / , 
/ 1 2 / , and the results are presented in graphic form in / 1 3 / . Express
ions ( 8 ) , (12) represent a first-order vector differential equation for 
the field £* /field 6° is taken as a known function ot the field S* / , 
which is solved by the implicit trapezoidal method. The conditions a / , 
b / , c / are fulfilled by an appropriate time evolution of the crack tip 
positions r c t or r c z . This problem /an visco-elastic evolution problem 
with HFC/ including numerical results is treated in / 1 5 / . 

Remarks on Properties of the Evolution Problem Solution 

Numerical tests with the computer code CEF1D revealed interes
ting and rather surprising properties of the model. For example, the 
problem solution is not unique since the crack patterns may show dif
ferent configurations according to which direction of crack propagation, 
t or z , i s preferred. These different crack patterns have in turn 
a different effect on the contact pressure evolution, as may be seen 
from Fig . 2 and 3 . To allow for these ambiguities and other phenomena 
/ e . g . jumps in crack tip propagation, discontinuous space distribution 
of stress-strain field/ it was necessary for the numerical model to admit 
that the crack tips might lie in any point of the pellet /and not only in 
nodal points / . All the aspects of the solution of the evolution problem 
including a discussion of some other physical and numerical models arc 
given in / 1 5 / . 

5 . FUEL-CLADDING AXIAL INTERACTION 

The fuel-cladding axial interaction has a strong influence on s tres 
ses in light water reactor fuel cladding and thus also on an appropriate 
prediction of cladding failure. This was experimentally verified both on 
in-pile experiments with luel rods / l 6 / and on fuel rod simulators / 1 9 / . 
The fuel rod axial elongation, which is influenced by fuel-cladding axial 
interaction, is also one of few continually measured fuel rod data during 
PCM1 evaluation experiments. An appropriate model for fuel-cladding 
axial interaction is thus a necessary condition for good fuel failure pre
diction with the code. 



For fuel-cladding axial interaction modelling the module AXKOPP 
/ 1 7 , l 8 / was adapted so as to yield description of the influence of axial 
force in the fuel column Pff.N] on the radial contact force between fuel 
and cladding P c o n t [ N / m J ( P c o n t f * - f c j ) - P f ( z ) . f f f / h T ) ( for P f ( z ) < 0 , 
pressure) , where 

z [m] axial coordinate, 
h_ [m) pellet height, and 

f„ [ l ] fuel-fuel friction coefficient, 

experimentally verified in / l 6 / . 
The algorithm in the module AXKOPP using whole "nonelastic" 

axial strains in fuel and cladding f £ ( z , t ) , £ P ( z , t ) /determined e . g . 
by module CEF; t [ s j time/ and possibly using the fuel-cladding radial 
contact force enables unambiguous determination of: 

- axial forces in fuel and cladding Pf (z , t ) = - P c ( z , t ) IN] , 
- force of axial interaction between fuel and cladding F f c ( z , t ) « 

= - F c f ( z , t ) = d P f / d z [N/m] , and 
- displacements of fuel and cladding columns Wf(z,t) , w c ( z , t ) Vm) . 
The fuel column can be modelled by: 
- a rigid column /the fuel column can also transmit tension f o r c e s / , 
- a column with smeared pellets /the fuel column transmits only pres

sure f o r c e s / , or 
- a realistic column /the pellets can bear both tension and pressure 

forces , and pellet-pellet interfaces are modelled by'Vlummy segments", 
which transmit only pressure f o r c e s / . 

The fuel-cladding radial pressure force may be calculated: 
- outside the module / e . g . by the module CEF on the basis of the whole 

perimeter of fuel-cladding contact/, P^ o n ( 
- inside the module /depending on the axial force in the fue l / , p ( z , 0 , 

or 
-by combining both methods /maxtp ( z , t ) , p ( z , t ) ^ / . 

The algorithm solves the following set of integral and differential equa
tions : 

P ( z , t ) 

V * ' t J - oJ £>'l) d 2 + 3 A (z.O.E (zTO d Z • 
c c 

wf(»,0 = :j e*M az • H v , ^ ( l [ t ) dz, 
145 F c f ( z , t ) = - F f c ( z , t ) , 

d P c ( z , t ) 
F

C f ( z ' t ) * ~ d l • a n d 

d P <z,t) 

where 
o 

A., A [m ] fuel and cladding cross section area, and 
j c 

E-, E [ P a ] fuel and cladding Young modulus of elasticity} 

with the following constraints: 
1 . The region with zero fuel-cladding radial contact force: F r ( z , t ) • 0 . 

2. The region without fuel-cladding slip in axial direction 

( l * c f ( * . t ) | 4 P c o n t ( * . t M c

S

f ) : 

d w c ( z , t ) d w f ( z , t ) 
_ _ . — _ t 

3 . The region with fuel-cladding slip in axial direction /the condition 
written in 2 is not fulfilled/: 

F r ( z , t ) - A . p , ( z , t ) . cf cf com 

4 . The fuel column which does not bear tension force at P f (z , t , ) > 0: 

E f ( z , t ) . A — 0, 
where f . , P . are static and dynamic fuel-cladding friction coeffi

cient! respectively. 

The algorithm description is e . g . in / l 8 / . 

6. DEVELOPMENT OF A SYSTEM OF CONSTITUTIVE EQUATIONS 
FOR ZrlNb MATERIAL 

The PCI simulation at power changes must be based on an appro
priate transient strain rate s tress relation that depends on the previous 
history of temperature, strain rate and neutron flux. To this purpose 
a system of constitutive equations with internal variables is to be set up. 



The crucial problem is the choice of a basic type of constitutive 
equations suitable for zirconium alloys / 2 0 / . Our consideration is based 
on the results of creep rate measurements using the strain transient dip 
test technique / 2 1 / . At zirconium creep, after stress drop a s tress in
terval with immediate zero creep rate is not observed, and in the tempe
rature and strain rate range, in which the contribution of the interaction 
of moving dislocations and solute atoms may be neglected, the mean ef
fective s tress controlling dislocation glide T is proportional to an 
applied s tress V" for stationary creep. These facts are linked with the 
origin of the back stress /back stress is fully explained by the effect of 
polygonal substructure / 2 2 / / and allows for the possibility' of using 
Sherby-Miller constitutive equations / 2 3 / with F . f as internal variable 
to describe the zirconium behaviour. 

Hence, in the development of constitutive equations we rely upon 
the work of Miller and Sherby, who also published both simple and more 
sophisticated versions of constitutive equations for Zircaloy / 2 4 , 2 5 / . 
In order to better describe the effects of radiation hardening and defor
mation softening of the radiation hardened material, it i s necessary to 
modify the existing constitutive equations by including another internal 
variable F0t" '* mBL^ ^ u s e f u l t o consider other modifications in the 
sense of Sherby s and Miller s remarks / 2 5 / . The comparison of publi
shed / 2 6 - 2 8 / and recently measured mechanical properties / 2 9 / of non-
irradiated ZrlNb with the Zircaloy constitutive equations / 2 4 , 2 5 / indi
cates that some of the material parameters may be thought identical for 
both materials / e . g . parameters describing stationary creep beyond the 
region influenced by the interaction of moving dislocations and solute 
atoms/ , which means that both materials differ only in some of the para
meters / e . g . parameters describing the interaction of moving disloca
tions and solute atoms/ . In addition, with ZrlNb a precipitation harden
ing may occur which makes the substructure hardening more stable / 3 0 / . 

One of the features of the Miller, Sherby constitutive equations 
with non-zero interaction of moving dislocations and solute atoms is a 
potential ambiguity of the £ - fCT") relationship. A supplementary 
assumption must be made for calculation. We define an algorithm / 3 1 / 
corresponding to the perfect delay convention /specifying the applica
tion of the cusp catastrophe/ in the event of drop in temperature-com
pensated deformation rate . This procedure complies with neglecting the 
nucleation barrier during formation of Luders bands. 

7. FRACTURE CRITERION FOR ZrlNb UNDER PCI CONDITIONS 

To set out or verify a fracture criterion necessitates realization 
of an experimental programme. At present some data on mechanical 
properties of ZrlNb in inert environments are available / 3 2 / . Conse
quently, it should be known whether there are any relations between 
the mechanical properties in inert environments and the stress corro
sion cracking / S C C / . Of primary importance is the study presented at 
a conference in Ristf / 3 3 / analyzing the relationship between SCC and 
rupture properties in inert environments for metallic materials in gene
ral and Zircaloy in particular. Experimental results obtained in labora
tory conditions show that for zirconium alloys the creep fracture in inert 
environments is directly connected with processes governing creep de
formation and that Lildcrs bands play a part in crack nucleation / 3 4 / , Non-
-irradiated precipitation-hardened alloys Zr-Nb, Zr-Mo, Zr-Sn, 
Zr-Sn-Mo and Zr-Sn-Mo-Nb were studied and the strain and fracture 
patterns were analogous to those of irradiated Zircaloy in iodine vapour. 

In a certain zone of temperature-compensated strain rate, the defor
mation to fracture - in spite of having rather a large scatter - depends 
in either case only slightly on stress or strain rate. Also the results 
of metallographic examination show analogous processes . A generali
zed hypothesis maybe made: The plastic instability, strain localiza
tion and fracture are generally caused by the instability of structure 
elements responsible for hardening under plastic deformation, i . e . the 
instability of particles of intermetallic phases on one side and prismatic 
dislocation loeps responsible for radiation hardening on the other. 

The proposed fracture criterion is based on the above mentioned 
knowledge of the fracture process . The present version of the fracture 
criterion, which is believed to be a conservative one, is equivalent to 
the criterion for the plastic instability at tensile deformation, i . e . for
mally /357 

f. + m < 1 , 

* i f l f l i /•»«" 

The results of strain or time to frr.cture predictions will be dependent 
on the accuracy of the constitutive equations. The measured values of 
uniform ductility of irradiated ZrlNb tubes in hoop direction / A D / D 0 / 
/ 3 2 / imply that the minimum deformation to fracture /after irradiation 
with a fluence of 1 x 1 0 2 5 n/n>2 / E > 0 . 1 MeV / at 573 K/ should be 
approx. 0,1 %, the same as the minimum deformation to fracture of 
irradiated Zircaloy tubes measured in iodine vapour / 3 6 / . 



8 . KAZEX EXPERIMENTAL PROGRAMME 

The objective of the KAZEX programme is to develop and verify 
diagnostic fuel assemblies of VTWER type which are fitted with extended 
instrumentation to investigate continually thermohydreulic, physical 
and djTtamic phenomena in power reactor core<_> at full operational pa
rameters. Basic parameters to be measured are space neutron flux d i s 
tribution, radiation heating, in-pile thermohydrnulics and dynamics, 

~~ and coolant boiling. After irradiation of fuel assemblies in a power re
actor, a post-irradiation examination of measuring pick-ups, fuel e l e 
ments, cladding, and fuel itself is performed. Standard WWER-440 fuel 
assemblies fitted with extended instrumentation have been chosen for the 
experiments. Four countries, the USSR, the German Democratic Re
public, Hungary, and Czechoslovakia, participate jointly in the program 
me, experiments being made in the Rheinsberg power plant, GDR. 

To date, irradiation experiments with two full-size assemblies have 
been finished. Experience has shown that the instrumentation of dia
gnostic assemblies and the characterization of local physical conditions 
in terms of temperature, neutron flux, and fuel element dynamic load in 
a power reactor make it possible to obtain a lot of experimental data in 
well defined conditions, which correspond to those of power reactors in 
operation / 3 7 - 4 4 / . 

8 . 1 . Results of ln-pile Experiments 

The V/V/ER-70 power reactor in GDR allows a slightly modified 
standard WWER-440 assembly to be placed into its core. The fuel a s 
sembly wrapper is a hexagonal tube, 144 mm across f lats, made of z ir 
conium alloy Zr + 2 .5 % Nb. The total assembly length is 3215 mm. The 
assembly contains a bundle of 126 fuel rods in a triangular lattice. The 
fuel rod consists of a tube of 9 .1 mm in outer diameter, and 0 ,65 mm in 
thickness, with UO2 pel lets , enriched ô 3 .6 percent 235v). The gap 
between the cladding and the pellets , 0.1 mm maximum, is filled with 
inert gas . The length of the fuel column i s 2355 mm. Fuel rods are 
spaced by 10 grids of stainless s tee l . 

Figs 4 , 5 show longitudinal and cross sections of the assembly 
instrumented with detectors and other equipment to measure various 
operational quantities snd to control assembly working conditions by 
changing the coolant flow rate. 

Two to three thermemetric fuel elements fitted with coated ther
mocouples provide for measuring coolant and cladding temperatures. 

The assembly inlet and cutlet and the controller are provided 
>' with static pressure eff-takes. 

The coolant flow rate is evaluated from the pressure difference 
on the flow controller nozzle at the assembly inlet. 

Beta-emission detectors, a calorimeter probe and a miniature 
fission chamber provide for fission rate measurements. 

A series of experiments taking several weeks cover a wide range 
of coolant flow rates from the minimal values accompanied with coolant 
boiling to the nominal values. The measurements enabled comparisons 
of computer code results withcxperirr.ciunl data in the range of power 
reactor operational conditions. 

F ig , 6 shows the distribution of neutron flux density us measured 
with a movable calorimeter and a beta-emission detector. The calori
meter probe picks up depressions in the microstructurc of flux distri
bution caused by the spacer grids. 

F ig . 7 shows local power distributions for different reactor po
wer levels during power ra i se . The maximum local power is obviously 
shifted from the half height of the core towards its bottom third. A s i 
milar effect, however in the opposite direction, has been observed 
during power decrease . During the measurements, the positions of con
trol rods, influencing the neutron flux, were continuously registered. 

F ig . 8 shows the coolant temperature distribution for various 
coolant flow rates . 

All the thermodynamic experiments were made at different coolant 
flow rates . Moreover, we investigated the influence of some factors 
on the assembly parameters, such as drop in inlet coolant pressure and 
temperature, displacement of control rods, fuel burnup, adding of boric 
acid into the coolant, assembly parameters behaviour during reactor 
start-up and shut-down, during transition to coolant natural circulation 
and complete reactor shut-down, decay heat after shut-down, etc . The 
tests were carried out at the coolant parameters as follows; pressure 
10 tO. 2 MPa, coolant inlet temperature 250 -5 ° C , maximum flow rate 
25 k g / s . In some experiments, coolant bulk boiling occurred in the upper 
part of the assembly. Time variations of coolant flow rate according to 
a selected function and also cyclic variation witit given amplitude and 
frequency were imitated. 

In F ig . 9 parameter changes at transient reactor operation arc 
given. To date, two assemblies, whose complete operation history has 
been recorded, have been irradiated in the power reactor and arc being 
prepared for post-irradiation examination. 



8 . 2 . Preparation of Post-Irradiation Examination 
Because of a long stay in the power reactor, the assemblies were 

placed into the spent-fuel tank at the power plant to cool down. Later, 
the detectors , assembly s structural parts and some fuel rods will be 
cut into short pieces in a power plant hot cell and transported to the 
NR1, ftez. 

Post-irradiation examination of the instrumentation will be made 
to provide information on the state of the thermocouples, calorimeters, 
self-powered detectors , miniature fission chambers, cables , hydraulic 
l ines , and structural parts . 

To evaluate the fuel elements and structural parts after irradia
tion the following methods and tests are expected to be used: visual, 
metallographic, ultrasonic, eddy current, spectrographs, and ncutro-
nographic. Fuel element geometry, the state of cladding including oxi
dation and structural changes, fuel-cladding interaction, amount and 
composition of fission g a s e s , fuel structure and burnup, and damage 
of spacer grids will be evaluated. 

8 . 3 . Utilization of Diagnostic Assemblies to PCI Research and its 
Consequences for WWER Cores 

At present it is obvious that experimental research into power 
distribution in the fuel assembly helps in verifying reactor physics 
codes , which in turn improves the local power history calculation to 
evaluate PCI effects on the WWER core . 

From experimental materials irradiated under well defined con
ditions, a large amount of information may be derived. Another poss i 
bility of using diagnostic assemblies may be the irradiation of a set of 
samples of cladding tubes and pre-irradiation of experimental fuel 
elements for further t e s t s . 

In future development, the instrumentation of fuel elements in the 
diagnostic assembly i s to be extended. Methods of measurement of fuel 
centerline temperatures and gas pressures inside the fuel rod have 
been successfully developed. At present, the possibility of measuring 
fuel rod elongations is being considered. 

9 . CONCLUSION 

In order to define the limit state conditions of WWER fuel element 
from the PCI point of view, a complex of theoretical,analytical and ex
perimental work is to be done. Two basic factors are being investiga
ted: deformation pattern and loss of leak tightness. 

A specific experimental programme is aimed at the development 
of constitutive equations and defining fracture criteria for ZrlKb 
cladding, a material used in WWER reactors . 

In the overall context, an important role is played by efiapnosttr 
assemblies whose experimental and test potentials have been success 
fully mastered. In connection with the setting of permissible operatio
nal conditions for power reactors , the following directions are signi
ficant : 
- experimental research into power microdistribution in a power reac

tor fuel assembly, 
- post-irradiation evaluation of fuel elements irradiated under well 

defined conditions corresponding to those of power reactors; 
- using diagnostic assemblies for irradiation of a set of cladding tube 

samples and preirradiation of experimental fuel elements for further 
tes ts ; 

- direct in-core monitoring of processes taking place in fuel elements 
using special instruments. 

A calculation code CEFEUS is under development to analyse 
WWER fuel elements reliability. Separate code modules are being 
tested. 
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FCTS Calculation of fuel and claddina temperatures 

and f u e l s t r u c t u r e . 

CEF Stress - strain distribution in fuel and claddina. 
including elastic, creep, plastic, thermal, s we Hi no 

and cracks s t ra ins . 

AXkOPP Fuel claddina. axial interact ion. 

V I F Mechanical equation of stote for Zr 1% Nb. 

CEFR Claddina r u p t u r e models for Zr f% Nb. 

MATPRO Materials properties library for fuel pin. 

Fi^.1. THE FLOW CHART OF COMPUTER CODE CEFEUS 

25 
time [ hr] 

The contact pressure distribution and crack tips 
propagation ( in the pellet) in a hypothetical 
fuel elemcr' section i j m o l l $op). 
Number o/ radial points M« 33. 
Number of time steps NT- too. 

Fia,. 2. The first branch of solution (t direction priority) 



T 
time [hrj 

The contact pressure distribution and crack tips 
proportion (in the pellet) in a hypothetical Juel 
element section (small 4opJ. 
Number of radial points N« J3. 
Number of time steps NT • 600. 

Fio,.3.The second broncho/ soiution (z direction priority) 
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CROSS SECTION LONGITUDINAL SECTION 
t • 

Pig. h 
Detector layout in the assembly 
1,2,3 modified fuel roda with thermocouple* 
4 beta-emission detectors 
5 tube to support apace grid a 

calorimeters 6 
7 
S 
9 

tube to measure coolant temperature and 
flow with correlation method 
boil indication voice pipe 
tube to bring out static pressure off-tnke and controller tubes 
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Legend; 

TJ Fuel rod with thermocouples to meosure 
clodding iemperoture 

7 4 fuel rod with thermocouples to measure 
cladding temperature 

Tj fuel rod wiih thermocouples to meosure 
clodding temperature 

* Dry channel with self-powered detector 
to meosure neutron flux (with possibility 
of indicotino, coolonl boiling 

5 Dry chonnel with o*iolly-od/uslubl« fission 
chamber to measure neutron flux (with 
possibility of indicating coolant boilina,) 

6 Wet channel wiih calorimeters to measure 
fission power (wiih possibility of indicotina 
coolant boilina-) 

7 Wet chonnel wiih thermocouples to measure 
coolant temperature and velocity in fuel 
bundle 

flWoveauide to indicate coolant boilina and to 
transmit other acoustical sianols 

9 wet channel for static pressure and coolant 
pressure measurement* and coolant flow 
control 

Ti^.5. Cross section of the experimental diaanosticol assembly-



ytw2<S*-»'3mts-' Fission calorimtlt 

flb-SPNO 
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Fi^.6. Axial power distribution as measured with the fission colorimeter and the Bh-SPND. 
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Fto.7. Local power dislribuiion as measured wilh calorimelers for different 
reactor powers. 
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Fia-8- Coolanl temperature versus dia^nosticol assembly length for 
various flows-

Fig. 9. Time diclnbution 0/ neutron- physical and iempTaiure 
parameters (variable coo/ant flow; 



MECHANICAL BEHAVIOUR AND FISSION PRODUCT 
RELEASE IN OVERPOWER TRANSIENTS 
AT EXTENDED BURNUP 
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Abstract 

An important factor for the utilization of water reactor fuel at 
extended burnup is the PCI behaviour during operational 
transients. 

The data from the internationally sponsered RIS0 Fission Gas 
Project have provided significant information regarding the 
fission product release and swelling of UO_-Zr fuel pins with 
burnup in the range of 38,000-UU,000 MWd/tU, peak pellet, during 
mild overpower transients (bump tests). 

The pellet cladding mechanical interaction during the transient 
tests was large enough to cause permanent deformation down to 
local heat ratings around 300 W/cm. The mechanical interaction 
was promoted by very rapid gaseous swelling, which developed 
during the transients. The local swelling increase during the 
short transient tests was measured by QIA and found to be as 
high as 8J at local, calculated temperatures of 800^. 

The local release of the volatile fission products Cs and I was 
measured by radial gamma scanning and found to be very similar 
to the measured release of noble fission gas. Radial EMPA 
measurements showed that the Xe release started at local, 
calculated temperatures of about 700 *C. Above IIOO^C a release 
of about 95J was found. 

Although significant mechanical interaction as well as release 
of volatile fission products were observed, only one of the 
twelve tests resulted in cladding failure. This Is attributed to 
the slow approach to the full test power levels, where a power 
increase rate of about 5 W/cm/h (peak pellet) was generally 
used. 

1. INTRODUCTION 

An important factor for the utilization of water reactor fuel at 
extended burnup is the pellet cladding interaction (PCI) 
behaviour during operational transients. 

Information regarding the PCI behaviour at extended burnup has 
been obtained from a number of international and national 
projects, including the RISC Fission Gas Project, Ref. 1. The 
tests of the latter project were performed with U0,-Zr fuel 
pins, base irradiated to a peak pellet burnup of 
38,00O-UH,O00 MWd/tU and tested to peak pellet powers of 
300-14HH w/cm for 24 hours. Although the main objective of this 
project was to provide well-characterized FGR data, observations 
of fuel-clad mechanical interaction and release of volatile 
fission products were also made. 

The data generated within the RIS0 Fission Gas Project (project 
period 1980-81) and in post-project examinations include 
extensive characterization of fuel structure and fission product 
releases, such as local measurements of swelling and fission 
product release. Together with the thorough characterization of 
the test fuel in both the pre- and post-test condition, this has 
enabled detailed analysis such as temperature calculations and 
correlation of local measurements with temperature. 



The work was performed at RIS0 and the European Institute for 
Transuranium Elements at Karlsruhe. A large number of the data 
(project as well as post-project) has been published, and 
analysed with the RIS<8 fuel performance code FRP, see Refs. 2-1. 

This paper gives an overview of the generated data of special 
importance for the understanding of water reactor fuel PCI 
behaviour at extended burnup. 

2. EXPERIMENTAL DESCRIPTION 

2.1. Test Fuel 

The experimental data were obtained with twelve Zircaloy-clad 
U0- pellet fuel pins that were base-irradiated in the Halden 
reactor to burnups in the range 27,000-36,000 MWd/tU, pin 
average (peak pellet 11,000 MWd/tU). The average heat load was 
generally decreasing from 330 to 180 W/cm, with a short period 
at 390 W/cm in the beginning of the irradiation period. 

2.2. Transient Testing 

Most of the fuel pins were subjected to short term 
reirradiations at BWR conditions ("bump testing"), in order to 
simulate power increases late in life. The twelve bump tests 
covered a range of bump terminal levels (BTL) or 301-111 w/cm 
(peak pellet), with a hold time of 21 h except for one test at 
72 h. The axial power shape during the bump testing differed 
from that of the base irradiation, thus each bump test was in 
fact a whole series of experiments with a range of BTLs. 

2.3. Hot Cell Examinations 

Extensive non-destructive and destructive examinations were 
performed after base irradiation and after bump testing. Of 
particular interest in connection with the PCI behaviour of the 
fuel pins is the information regarding the fission product 
release (noble gases and volatile fission products), the 
extensive ceramography supplemented by quantitative image 
analysis (QIA) which revealed detailed information regarding the 
fuel swelling and the pre- and post-bump profiiometer 
measurements giving information regarding the PCMI during the 
bump tests. 

3. EXPERIMENTAL RESULTS 

3.1. Fission Gas Release 

The final fission gas release for each pin was measured by 
puncturing after the bump test. With the non-destructive 
"plenum-spectrometry" technique the gas release in the base 
irradiation was measured prior to the bump tests. Fig. 1 gives 
the measured releases (total and bump release) for the 12 bump 
tests. Tne axial form factors were rather high (1.33-1.52) and 
varied among the tests, therefore the correlation between peak 
pellet power and the integral release as indicated by Fig. 1, 
must be considered with some reservation. 

By means of retained gas measurements it has been possible to 
estimate the gas release in a number of axial locations along 
the pins. A correlation between this local release and power is 
shown in Fig. 2 based on results from two of the bump tests. The 
figure includes retained gas measurements as well as 



measurements based on diametral gamma scanning of Cs-137. This 
figure, which shows the correlation between two local values is 
a more relevant description of the fission gas release in the 
bump tests than Fig. 1. 

3.2. Release of Volatile Fission Products (Cs, I) 

Cs concentration profiles were measured by diametral micro gamma 
scanning and a procedure has been established to convert a 
diametral Cs-13? profile to a calculated release fraction for 
the cross section. Fig. 2 shows that Cs releases are in 
reasonable agreement with the local releases measured by 
retained gas. For a few samples both the Cs and Xe profiles were 
measured by EMPA. A comparison between the profiles obtained by 
EMPA and the profiles measured by micro gamma scanning is shown 
in Fig. 3. From the figure it is evident that the release of Cs 
and noble gases is very similar in these tests. 

One of the tests (bump test no. 12) was punctured and cut very 
fast after the test, thus allowing measuring of the 1-131 
profile by micro gamma scanning. The 1-131 concentration was 
measured for a number of cross sections from this test (Ref. 5), 
the profiles are shown together with the measured Cs-137 
profiles in Figs. 1-6. Fig. 1 shows the profiles for two samples 
close to the peak power position (power level around UIO W/cm). 
The iodine profile follows closely the shape of the Cs-137 
profile, but the depletion in the centre region is less for 
1-131. This difference is expected because 1-131 is formed 
during the bump test, whereas the Cs-137 was formed during the 
base irradiation. Fig. 5 shows the profiles at a lower power 
level (386 W/cra), where the depleted zone at the centre is 
smaller. The profiles for Cs-137 and 1-131 are again very 
similar. Fig. 6 shows the profiles at 315 W/cm. The centre 
region is only 50J depleted for Cs-137 and the 1-131 release is 

correspondingly lower. A sample taken at 272 W/cm did not show 
1-131 depletion. 

3.3. Swelling during the Bump Tests 

Pore size distributions were determined for samples with 24 h 
hold time. The investigation included transmission and scanning 
microscopy, replica microscopy and optical microscopy. For both 
the replica and optical microscopy Q1A was used to determine the 
volumetric amount of swelling. The investigation Included 
samples from base Irradiated pins, chosen at positions with 
similar base Irradiation conditions as the bump tested samples 1 
the measurements on these samples were used to correct the other 
measurements to obtain the Increase in swelling caused by the 
bump tests. 

In order to compare the measurements from different sample* 
(different heat ratings), the measured local swelling was 
correlated with the calculated local temperature (Ref. t), based 
on the assumption that the local temperature is the dominating 
parameter. This assumption seems justified for these tests where 
the fuel type, the base irradiation and the bump test conditions 
have been very similar except from heat ratings. The calculated 
fuel temperatures are shown in Fig. 7. 

The increase in macroscopic swelling (swelling measured by 
optical microscopy) versus temperature is shown in Fig. 8. The 
filled symbols in the figure are samples for which the larger 
porosities are not included, due to problems with grain fall-out 
in the preparation. The data from 'the seven samples are 
consistent, which supports the view that the local temperature 
is the dominating parameter. The data show that the macroscopic 
swelling starts around 750*C and increases rapidly with 
temperature until saturation occur. The simple T relationship, 



observed at lower burnup (Ref. 6) to model swelling until a 
given saturation limit quite good, seems to fit the low 
temperature part of the data well. 

The microscopic swelling (measured by replica microscopy) is 
shown in Fig. 9 for two samples. The first part of the data, 
until 800*C , does follow a T 2 relation starting at 640*C . The 
integral swelling due to gaseous fission products is the sum of 
microscopic and macroscopic swelling as shown in Fig. 10. The 
individual points in the figure are the data from Fig. 8 with 
the microscopic swelling added according to the curve labelled 
"microscopic swelling" in Fig. 9. No allowance has been made for 
the fission gas bubbles less than 3 nm diameter because the 
swelling associated with them was found to be very small (less 
than 0.3J) by the scanning and transmission microscopy. The 
pores in the range 0.U - 1.5y»m are not fully included, due to 
the measuring technique used. 

The simple T 2 relationship valid for the first part of the 
microscopic swelling seems to give a fairly good fit for the 
swelling until a total swelling increase (in the bump tests) 
around 6-8X. The validation range is only 650 - 900^: if based 
directly on the data, but based on the behaviour of gaseous 
swelling at low burnup it seems likely that this simple 
correlation can be applied over a range of 700 C, e.g. from 650 
to 1350 1: . 

3.4. Mechanical Interaction 

Information about the pellet-claccing mechanical interaction 
(PCMI) is obtained from the pre- and postbump profilometer 
r.ieasurernents. The average deformation (deformation between 
ridges) is generally small since the power was increased very 
slowly in the tests to avoid PCI failures. Some degree of 
deformaton was however observed for all of the bump tested pins. 

For each pin the deformation has been estimated from two 
diameter traces, 90° apart to reduce the influence of change in 
ovalness. The average deformation is shown versus the local 
power for 10 axial nodes along the pins in Fig. 11. The 
deformation data do show a considerably scatter, partly due to 
remaining influence of changes in ovalness and small deviations 
between the angular alignment of the pins before and after the 
bump tests. The general appearence of the figure does however 
show that the average deformation starts around 250-350 W/cn for 
all of the tested pins, for the majority between 250 and 
300 W/cm. The data does further show that there is little, if 
any, influence of the local BTL on the magnitude of the 
deformation above this onset of Interaction. 

The observed start of ridge formation (Increase) caused by the 
bump tests is given in Table 1. The onset of ridge formation Is 
given by the two nodes (of 10 axial nodes) for which the first 
(from either end) ridges are observed. This onset is found for 
local heat ratings between 200 and 330 W/cm with the majority 
between 250 and 320 W/cm, e.g. approximately in the same range 
as the onset of average deformation. 

3.5. Failure Observations 

The bump tests were planned to give information on the fission 
gas release at extended burnup. It was therefore important to 
reach the BTL without failure of the fuel rods. 

The first 11 tests were executed according to the following 
plan: 

a) 0-100 W/cm, peak pellet without restrictions 
b) 100-250 W/cm, peak pellet in 6 hours 
c) 250-BTL with 5 W/cm/h (steps of app. 20 W/cm every 1 hours) 



This scheme proved to be succesfull and only one of the 11 tests 
failed. The failed test had an unintended reactor shutdown 
followed by a rapid return to the previous power close to the 
end of step c, which could have influenced the test. 

The last test, bump no. 12, was planned to prove that the fuel 
could survive a rapid increase of app. 50 W/cm from around 
100 W/cm. The fuel was allowed 12 h conditioning period at 
100 W/cm and the power was then increased to 111 W/cm (peak 
pellet) over 7 minutes, and held for 21 h without failure. 

1. DISCUSSION AND EVALUATION 

1.1. General 

The very detailed experimental investigations performed in 
connection with the RIS0 Fission Gas Project have provided 
important informations regarding release of fission products 
from, as well as the mechanical behaviour of U0,-Zr fuel at 
extended burnup. 

The different local measurements gives a very consistent picture 
when correlated with the calculated local temperature. The 
release of fission gas versus local temperature is given in 
Fig. 12. It is observed to start at a calculated temperature 
around 700 Tc together with the observed strong increase in 
microscopic swelling (grain boundary porosity). Both swelling 
and fission gas release are shown to correlate well with the 
local temperature for a range of heat ratings. This high degree 
of consistency supports the validity of the individual 
measurements. 

1.2. Fission Product Release 

The integral pin releases as given in Fig. 1 are difficult to 
compare to other literature data. The local releases as given in 
Fig. 2 can however be compared to data from a number of 
experiments with short test rods. Refs. 7-9 give release data 
for short fuel pins around 100 W/cm. Taking into account that 
the values are reported as total release versus peak power (the 
average power is typical 109 less than the peak power), the data 
can be compared to Fig. 2. It is found that the release data as 
represented by Fig. 2 agree reasonably well with these published 
data in the high release part (around 100 W/cm). 

The bump releases as given in Fig. 1 seem to suggest a release 
threshold around 370 W/cm. This have caused discussion regarding 
the validity of the low release part of Fig. 2 which indicates 
significant fission gas release as low as 320 W/cm (app. 10J 
release at 320 W/cm). The experimental difficulty in 
distinguishing between the base irradiation release and the bump 
release for the local measurements have supported this doubt. 

The 1-131 profiles given in Figs. 1-6 are however not influenced 
by any base irradiation release and consequently these 
measurements support the low release end of the curve given in 
Fig. 2. The release values are as mentioned also supported by 
the swelling observations as summarised in Fig. 10. 

The experimental data on release of the volatile fission 
products cesium and iodine as given in Figs. 3-6 have shown that 
they release in a similar manner as the noble fission gasses 
under the considered experimental conditions. The release 
fractions as given for Xe and Kr in Figs. 1,2 and 12 are 
therefore applicable for cesium and at least indicative for 
iodine also. It must however be remembered that the releases 
quoted for Cs and I in this paper are redistributions within the 



fuel pin rather than releases out of the fuel pin. The 
experiments gives no information on how much of this Cs and I is 
available for release from the fuel pin. 

4.3. Swelling 

The fuel samples providing the swelling data r>f Fig. 8 were 
constrained by the cladding during the bump tests, the measured 
values are consequently a lower limit for the unconstrained 
swelling. It was mentioned that the large porosities were not 
included for some of the samples (the filled symbols), this 
resulted in too low measured swelling values. With these 
remarks, it may be reasonable to consider the simple T 
relationship as an approximate representation of the 
unconstrained swelling at least up to 900*C. 

The highest swelling (at a calculated temperature of 1000*C) was 
around 11ft, or around 20J if extrapolated to the unconstrained 
value. With a burnup increment during the bump test of only 
0.0035* FIMA, this corresponds to swelling rates around 
3OO0-6OO0J/J FIMA. This can be compared to data of Hefs. 10-11 
where maximum swelling rates of 20-H5</< FIMA were found at 
temperatures around 1800^C. 

4.4. Mechanical Interaction and Failure Observations 

The observed mechanical interaction supports the measured 
amounts of swelling since the fuel had a rather large gap 
remaining after the base irradiation. 

The low sensitivity of the average deformation on the BTL shows 
that the used test scheme (power history) was efficient for 
limithing the mechanical interaction in order to avoid failurs. 

The tests do however not allow any clear distinction between 
stresses (deformation) caused by the gaseous swelling (e.g. at 
v.he BTL) and the stresses caused by the thermal expansion when 
increasing the power to reach the BTL. The influence of the 
swelling on the mechanical interaction during these transients 
is however apparent and any attempt to model fuel behaviour at 
extended burnup requires consideration of the fast gaseous 
swelling. 

.5. CONCLUSIONS 

a) A very consistent set of experimental data on transient 
fuel behaviour at extended burnup was generated within the 
RISC Fission Gas Project. 

b) Both fission product release and gaseous swelling correlate 
well with local temperature within the given range of heat 
ratings. 

c) Local axial (total) releases correlate with local BTL in a 
roughly linear manner in the BTL range of 320-415 W/cm. A 
simple comparison shows that the data are consistent with 
literature data from transient tests with short test fuel 
pins. 

d) Volatile fission products (Cs and I) release at a similar 
rates as the noble gases from the centre of the fuel. 

e) Local radial releases starts at calculated local 
temperatures around 700*C. Above 1100%, a constant release 
of about 95$ is found. 

f) Local swelling starts at 650-700 "C and increases at a rate 
that is orders of magnitude higher than literature data for 
ateady-state irradiations to lower burnup. 



g) Pellet cladding mechanical interaction is strongly 
influenced by gaseous swelling in the transient tests. 

h) A ramp rate of app. 5 W/cm/h proved to reduce PCMI 
sufficiently to avoid fuel failures. 

i) A power increase of app. 50 W/cm from "00 W/cm could be 
performed without failure at a burnup of app. 13,000 MWd/tU 
(peak pellet). 
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Table 1. 

Lowest local heat rating where ridges 
were formed in the bump tests 

Test no. Lower end Upper end 
Node Power Node Power 

W/cm W/cra 

1 5 284 2 263 
2 7 197 3 320 
3 7 241 1 307* 
4 7 293 2 318 
5 5 328 2 8 1 " 
6 7 316 277» 
8 8 278 263« 
9 8 259 324« 

10 7 260 276* 
11 8 220 315* 

Lowest nodal power in this end of the pin 
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The aim of "CANSAR" analytical irradiation is to evaluate the various 
mechanisms expected to be active during PCI failures (local concentration of 
fission products, fuel expansion, stress concentration induced by fuel frag
ment relocation, etc.). 

Two identical test pins, similar to classical PWR pins, but shorter, 
will be power-ramped in parallel. They will be filled with fuel pellets 
machined in various ways in order to simulate pellet fracture, relocation and 
preferential fission product migration path. 

One pin is highly instrumented with fission gas analysis, centre
line temperature and strain gauges on the cladding. The other can be unloaded 
between the pile cycles to perform other measurements such as diameter change, 
eddy currents, hot cell y scanning. 

The gauges are necessary to obtain valuable information on claddin.. 
stresses. However, they induce significant modification of the thermal and 
mechanical behaviour of the cladding. Extensive finite element computation 
has been undertaken to estimate the temperature shift and the cladding rein
forcement due to the gauges. 

Details of this work performed to design and implement the experiment 
will be presented. This included, in particular, high precision machining of 
U0_ sectors to obtain "precracked" pellets and computation of the thermo-
mechanical behaviour of the cladding with the gauges. 

1 - INTRODUCTION 

Due to its impact on PWR performance Pellet Cladding Interaction (PCI) 
is a widely studied phenomenon. It is generally agreed that PCI failure is 
due to the combined effect of corrosive environment induced by fission product 
release, and local stresses induced by thermal expansion of the fuel, friction 
in front of the cracks and relocation of pellet fragments. 

For a better understanding and hence modelling of PCI, fine measure
ment of stresses and fission product behaviour is necessary. Therefore, in 
connection with the extensive ramp test described in another paper [1], 
Fragema and CCA decided to set up an analytical irradiation experiment for 
fine analysis of the various parameters involved in PCI. 

2 - DESCRIPTION OF THE EXPERIMENT 

Two identical fuel pins, one standard and the other highly instrumen
ted will be power-ramped in parallel in two Griffon loops in the Siloe pool 
reactor in Grenoble [2 J. 

In both pins, the fuel stack will consist of standard dished pellets 
plus several pellets having fabricated defects in order to simulate fracture 
and relocation of fuel fragments (Fig. 1). 

Fuel swelling and cladding creep are taken into account by reduction 
of the fabrication gap to the minimum acceptable for final assembly (30 u). 

One pin is removable and will be sent to hot cells for NDE between 
cycles. The other is highly instrumented with centre-line temperature and 
cladding temperature thermo-couples, fission gas collection tube, strain 
gauges and the cladding and pressure transducers. 

The irradiation history is described in figure 2: at the beginning 
of the first cycle, the gauges under irradiation will be calibrated by pres-
surisation of the fuel pin: then, a slow power ramp will be used to measure 

m. • 



the contact point. Base irradiation will follow and, at the end of the cycle, 
the same power ramp will be repeated. 

At the end of the second cycle, which will serve as base irradiation, 
a standard ramp will be performed at 50 W cm min" . The removable pin will 
then be transferred to the hot cells for NDE : fine Y scanning for analysis 
of fission product migration along the machined defects, detailed metrology, 
eddy current scan. 

Depending on the results obtained, further irradiation may be 
dec ided. 

3 - PREPARATION OF THE EXPERIMENT 

3.1. The use of gauges on cladding 

Several experiments have been undertaken in the past with strain 
gauges welded on Candu type cladding [3] . However, the constraints of small 
claddings used in 17 x 17 PWR arrays enhance certain artefacts of this type 
of experiment. Therefore, considerable preparatory work was performed, inclu
ding computation of the thermo-mechanical behaviour of a fuel pin with welded 
gauges and tests of gauges welded on claddings. Finite element computations 
were made using the TITUS code [4]. 

Thermal behaviour 

The gauges are spot welded on the cladding. However, using this pro
cedure, a fabrication gap exists between the gauge and the cladding. This will 
act as a heat transfer barrier. Computations were performed with the geometry 
of the welded gauge, assuming a residual gap of 1 u. Results, presented in 
Fig. 3, show that for a local linear heat rating of 40 kW m~ , the mean clad
ding temperature is increased by more than 20°C. Confirmation of this effect 
will be given by a thermocouple placed in a gauge box on the cladding. 

Thermo-mechanical behaviour 

The strengthening effect due to the gauge results from its geometry 
and its constituent material. Differences in elastic moduli and thermal 
expansion coefficients induce internal thermal stresses under irradiation 
conditions. This effect was computed for various loading schemes. For ins
tance, Fig. 4 shows the variation of the cladding hoop strain that the gauge 
is assumed to measure for different internal pressures and test temperatures. 

Compared with simple elastic computations on pressurised cladding 
tubes without gauges, it should be noted that the gauges reduce the measured 
strains by a factor of two for this loading scheme. 

Irradiation stress level forecast 

After comparison with experimental measurements for pressiurisation, 
preliminary computations were performed to determine the cladding stress level 
during irradiation due to fuel expansion. The most conservative geometry 
(smallest fuel-cladding gap) was chosen. 

As a typical example, Fig. b gives the influence of the gauge on the 
cladding stress level, when computed with the following assumptions: 

- two-dimensional computation in plain strain state; 
- solid fuel pellet; 
- no friction between UO™ and clad; 
- LHCR : 34 kW m" 1. 

Experimental analysis 

In connection with the computation described above, gauge strengthe
ning and thermally induced stresses were measured using 1/4 bridge gauges 
welded on cladding and pressurised at different temperatures. The results 
(Fig. 6) show slight differences compared to the computations. These diffe
rences can be explained by a certain scatter in the geometrical definition 



of the gauge boxes, by errors induced by variations in gauge factor with 
curvature and deformation gradient at the ends of the gauges. A slight depar
ture from linearity exists at low stresses and high temperature. This problem 
will be overcome by pressurisation calibration runs carried out before the 
different power changes. 

3.2. Fabrication of pellets 

In order to simulate fuel fracture, relocation and other preferential 
paths for fission product migration, some fuel pellets that are already "pre-
cracked" or "pre-relocated" will be loaded. These pellets are obtained by 
precision machining and rectification of 60° sectors from classical pellets. 

In order to reach a precision in gap size of 30 y _• 5 y needed for 
assembly of the fuel pin, each sector has to be machined with a precision of 
less than 2 u (Fig. 7). 

Using a special handling tool and a precision cutting and rectifica
tion procedure, a scatter of 5 u was obtained on the diameter of these 
reconstructed pins. 

The other components of the pins are classical, but the gauges are 
made on special order by Aeton Corp. Final assembly of the pins is under way 
and they are expected to be in pile before the end of the year. 

4 - CONCLUSIONS 

The CANSAR experiment was set up in order to analyse the phenomena 
involved during PCI: 

- fission product release and migration during power ramping, 

- cladding stresses induced by fuel cracking and relocation. 

In this type of experiment, the disturbances induced by the sensor 
are so high that they need to be finely analysed in order to determine the 
exact behaviour of the cladding. 

Computations and calibration tests were performed for various 
loadings, and after irradiation, expected to start at the end of 198}, these 
should enable basic results to be obtained leading to • better understanding 
of the various parameters involved in PCI. 
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FUMAC-84 
A hybrid PCI analytical tool 

J.E. MATHESON, LA. WALTON 
Utility Power Generation Division, 
The Babcock & Wilcox Company, 
Lynchburg, Virginia, 
United States of America 

Abstract 

"FUMAC-84", a new computer code currently under development at Babcock & 
Wilcox, will be used to analyze PCMI in light water reactor fuel rods. This 
Is a hybrid code 1n the sense that the pellet behavior is predicted from 
deterministic models which Incorporate the large data base being generated by 
the international fuel performance programs (OVERRAMP, SUPER-RAMP, NFIR, 
etc.), while the cladding is modelled using finite elements. The fuel 
cracking and relocation model developed for FUMAC is semi-empirical and 
includes data up to 35 GWd/mtU and linear heat rates ranging from 100 to 700 
W/Cm. With this model the onset of cladding ridging has been accurately 
predicted for steady-state operation. Transient behavior of the pellet 1s 
still under investigation and the model 1s being enhanced to Include these 
effects. The cladding model integrates the mechanical damage over a power 
history by solving the finite element assumed displacement problem in a quasi-
static manner. 

Early work on FUMAC-84 has been directed at the development and benchmarking 
of the interim code. The purpose of the Interim code Is to provide a vehicle 
to proof out the deterministic pellet models which have been developed. To 
date the cracking model and the relocation model have been benchmarked. The 
thermal model for the pellet was developed by fitting data from several Halden 
experiments. The ability to accurately predict cladding ridging behavior has 
been used to test how well the pellet swelling, densificatlon and compliance 
models work in conjunction with fuel cladding material models. Reasonable 
results have been achieved for the steady-state cases while difficulty has 



been encountered in trying to reproduce transient results. Current work 
includes an effort to improve the ability of the models to handle transients 
well. 

Introduction 

The FUMAC (FUel Mechanical Analysis Code) mechanical fuel performance computer 
code currently being developed by the Babcock a Wilcox Company will be used 
primarily to analyze fuel relocation and the mechanical effects of PCI in 
light water reactors. FUMAC is a three-dimensional non-linear code capable of 
modelling a single fuel rod. This paper describes the physical problem and 
the mathematic models which have been developed to solve this problem. 
Emphasis is placed on the mechanical models, and specifically, the approaches 
used to handle anisotropic cladding creep, fuel pellet fracture, and pellet 
fragment relocation. The logic flow of the code and its major analytical 
elements are also described and comparisons are made between the results 
obtained with this new model and reactor data. 

PCI Modelling - An Overview: 

The modelling of fuel rod behavior has been attempted in the past by a variety 
of mechanistic and deterministic methods ranging from simple closed form 
predictions of clad ridging using hand held calculators' ' to broad based 
physical modelling on an microscopic level employing large computers. ' 
Towards the larger end of this scale a great amount of emphasis is placed on 
modelling the physical behavior of the fuel pellet. Detailed gas release 
algorithms are utilized in conjunction with cracking, relocation, swelling, 
and densification schemes. To accommodate the non•homogeneous and non-linear 
nature of these phenomena an element based solution scheme Is employed. 
Typically the pellet and cladding are described as ring elements so that with 
appropriate gap elements the solution can be approached in a unified fashion. 
The mechanical problem is dynamically coupled to the thermal problem and the 
solution proceeds iteratively in a quasi-static manner in time. 

FUMAC, B&U's mechanical fuel analysis code, was originally configured 1n a 
manner similar to the typical larger codes. The thermal portion of the code 

was based upon the TACCr ' family of B&W thermal licensing codes. Thus, the 
code tended to be thermally conservative (for licensing) and consequently, 
predicts the onset of pellet cladding interference too early. The size of the 
code and the nature of the problem led to stability problems which could only 
be corrected by artifice. FUMAC-84, which has been under development for 
approximately one year, takes a new approach to fuel performance modelling. 

FUMAC-84 is termed a "hybrid" code 1n the sense that the pellet behavior is 
predicted largely from deterministic models while the cladding is modelled 
using finite elements. Certainly all codes employ empirical models in 
modelling the pellet. However, FUMAC-84 carries this to the extreme and in 
fact has no elemental model of the pellet at all. At first glance this may 
seem simplistic and Intellectually disturbing. However, the computational 
ease of such a method 1s appealing and the approach 1s largely justified 1n 
view of the Intended application of the code. FUMAC-64 will be used to assess 
fuel behavior in normal or near normal LWR operating environments. It Is not 
a broad based code and hence doe not pretend to accurately describe severe 
(accident) transients or fast reactor fuel. This narrow application allows 
the maximum use of data being generated from the various experimental ramp 
programs because of similarities of design and application. 

The extreme complexity of the pellet behavior recommends the empirical 
approach. The cladding, on the other hand, can be realistically dealt with 
using finite elements. Ring elements which have seen large use due to 
computational simplicity, fail to describe PCI completely. Higher order 
finite elements provide more detailed Interpretations of stress and strain. 
The appropriate use of two-dimension finite elements can solve both the 
lateral ridging problem as well as predict azlmuthal stress concentrations 
which may initiate Stress Corrosion Cracking (SCC). FUMAC-84 when complete 
will employ such elements as well as (if warranted) a three-dimensional 
element to be 1n an assumed-stress approach to Improve the accuracy of 
localized stress prediction. 

The use of plane strain, plane stress, and assymmetrlc finite elements for 
modelling cladding 1s not novel. Previously they have been used in a unified 
model with fuel pellet with good results. ' The appeal of such an approach 



is enhanced by the ability to use the same geometric model for thermal 
analyses. Three-dimensional modelling, however, becomes prohibitively costly 
in the unified approach. The advantage of the simple pellet models in 
FUNAC-84 is realized in the flexibility of being allowed to economically 
accomplish detailed cladding stress and strain analyses. The pellet model, 
like the thermal model, loads the cladding model at each timestep. The third 
dimension is accommodated by axially "chaining" segments. 

The philosophy of FUMAC-84 can be simply stated: Treat statistically that 
which is difficult to mechanistically model. In light of this, an interim 
code has been developed which serves as a test vehicle for the final version. 
The interim code "PCICODE," which contains some of the deterministic models to 
be employed in FUMAC-84, is simple yet effective. The finite element 
cladding model is temporarily omitted and in its place simple closed-form 
solution of the stress concentration is employeed. The results presented in 
this paper are based upon this code. 

The Physical Problem Modelled 

Because PCI is widely studied, schemes for the cracking and relocation of 
pellets abound. To assure an understanding of the basis for the B&W approach, 
the model proposed by Walton and Husser1 ' is summarized. 

Follow the sequence of drawings in Figure 1: 

la. - pellets intact 
- loceiy located - non-concentric 

lb. - thermal expansion of pellets 
- hourglassing 
- initial cracking determined by threshold power 

lc. - somewhat random relocation 
- redistribution of gaps and fragment relocation 
- swelling begins to negate densification 

le. - maximum pellet free play reached 
- constraint hegins to dominate mechanics 
- clad creep and ovalization further constrain fragments 
- frictional interface and chemical bonding between pellet and clad 

begins 
- the compliance of the fractured fuel begins to decrease 

If. - hard interaction between pellet and clad occurs 
- further pellet swelling results in clad strain 
- ridging due to clad creep at pellet ends becomes evident 
- crack opening forces applied through frictional interfaces enhance 

SCC potential 

By the point in time that hard contact occurs, power ramp rates can directly 
affect the potential for fuel failure. Thermal expansion of the pellet must 
be accommodated by the cladding. At this point, if the loading forces applied 
by the pellet can be quantified, then the argument for detailed cladding model 
to determine stress and material behavior is justified. 

Pellet Models: f 

The Cracking Model: 

This model has been the subject of a previous IWGFP paper* ', so only a 
recapitulation is presented. Based upon a review of a number of experiments, 
a relationship for pellet cracking as a function of power and burnup has been 
developed: 

n = A^ [BU1 + (A 5(LHR-LHR C)) }] 

where n = number of cracks 

BU = burnup 
LHR = power level 

LHR- = critical power level (approx. 50 W/cm) 
A.,A, = empirically derived constants 



The agreement of the model to the experimental data base is shown in Figure 2. 
The experimental range was from less than one to 35 GWd/mtU and from powers of 
100 to nearly 700 W/cm. 

The Relocation Model: 

Assuming a random nature to the initial relocation of the fragments and a 
parabolic temperature distribution in the pellet leads to free surface 
bulging due to radial thermal gradients* ': 

b =1™ c • s ( Y V - y 3 ) 

n 7 — 

V 
where a » coefficient of thermal expansion UO. (assumed constant) 

Y = radius of unbroken pellet 
y * radius of interest 
T_ = centerline temperature 
T_ = pellet surface temperature* 

(*Note that the thermal expansion of the uncracked pellet is assumed to be the 
sum of uniform expansion at the surface temperature and non-uniform expansion 
due to the temperature gradient.) 

and solving for the maximum bulge, a minimum crack width is arrived at 

"m - 4 / 3/3 K <TC - V ' o 

To accommodate the random nature of the relocation process a Gaussian 
distribution is assumed: 

»Hex 
/ w 

'AW _ , 
F n = (C/2wB)/exp [-(AW - A)V2B'] dAW 

ITS 
' w 

AW is the crack closure and A, B, C are fitting factors. 

Pellet Hourglassing Model: 

The hourglassiny model employed is a modification of one due to Matthews (7) 

AY » f a(T s - kAT - T O ) Y Q 

where AY is the radial expansion and 
f * 1 at mid-plane 
f » 1.45 at ends 
(k * .4113, AT is radial temp gradient, T is initial temp) 

Fuel Pellet Creep: 

The creep model employed in FCREEP* ' (due to Olsen) has been incorporated 
directly. The total creep rate is assumed to be a linear sum of viscious 
creep, irradiation-induced creep, and creep due to dislocation climb. Under 
normal LWR operating conditions (Stress < 100 MPa, Temp < 1000°C, LHR » 200 
W/cm) the irradiation creep effects dominate). At higher temperatures (1000 < 
T < 1500°C) the viscious term becomes important also. This is of interest for 
PCI analysis. The dislocation climb term is a weak effect at less than 
1500°C. The term only become important 1n high temperature (accident 
scenario) analyses. 

Fuel Densification and Swelling 
(Q\ 

Here Marlowe's' ' model is employed: 

°oe 
-3600 S F t + M e - S ( l / B + 3 6 0 0 F t ) 1 n ( 1 + B 3 6 0 0 F t ) 

S 
F 
t 

M.A.B 

pellet density at time t, fraction of theoretical 
as-fabricated pellet density, fraction of theoretical 
fuel swelling matrix (specific to fuel lot) 
fission rate, fissions/cm -Sec. 
irradiation time (hours) 
lot dependent input parameters 



Fuel Cladding 

The interim model of FUMAC.-84, PCICOOE uses a simple thick walled cylinder 
model of the cladding, but allows for plasticity and anisotropic creep. The 
accuracy of the creep model is of primary importance when simulating power 
ramps late in life. 

Cladding Creep Model 

As is customary, the total creep rate is assumed to be the linear sum of 
thermal and irradiation induced effects. For thermal creep predictions a fit 
of extensive bi-axial test data was made to Dorn's* ' equation: 

eTH A,e o„ - e" 4 ' for steady state creep where: 
1 9 T 5»T 

T: temperature R: gas constant 
&H: activation energy 

A.,A.: empirical constants 
AH: activation energy o : generalized stress (see below) 

Transient creep is treated by multiplying steady state creep by a time-
hardening factor. Irradiation creep rate is calculated by: 

t irr » Be no 

here • is fast flux and B and n are empirical constants. 

The accommodation of anisotropic creep behavior is made with Hill's' ' 
modification of VonMises stress. In this procedure, the calculated radial, 
hoop, and membrane stresses are factored with anisotropic parameters and 
combined to yield the generalized stress (o ). Separation of individual 
strain rates can then be made in terms of these factors and the ratios of 
component stresses to generalized stresses. Figure 3 compares the cladding 
creep mode? to experimental data. 

The Thermal Model 

The Inclusion of an appropriate thermal model Is planned during the develop
ment of FUMAC-84. However for the purposes of the Interim PCICOOE some 
compromises were made. A simple empirical model is employed based upon 
experimental data from centerllne thermocouple measurements. An axial thermal 
profile of the coolant 1s provided by the user. The code then employs the 
experimental data to correlate the coolant temperature to centerllne tempera
ture. The correlation used Is based upon the work of MacOonald and Broughton* 

(12) as well as Chalden.' ' The benchmark of the correlation to these date are 

shown In Figure 4. 

Results - Applications of the Interim Code 

Benchmarks 
The structure of Interim code • the manner 1n which is assembles the submodels 
previously described - Is presented In Figure 5. For each axial segment the 
problem 1s solved at both the mldplane and ends of the pellets. Coupling 
these solutions with the anlstroplc creep model allow prediction of clad 
ridging. The time to onset of PCI can also be measured for soft contact by 
reversal of cladding ovallzatlon and for hard contact by ridge formation. 

Figure 6(a) tabulates predicted onset times vs actual times as determined by 
Post Irradiation Examination of Commercial fuel. The agreement 1s reasonable 
1n light of the error band of ±2500 hours oi. the data. Figures 6(b) and 6(c) 
Illustrate ridging predictions vs actual data for steady state and transient 
conditions respectively. The comparative data base for the steady state cases 
1s derived from BaW's operating experience and consequently models for clad
ding creep behavior are well understood. The transient comparisons »re based 
upon results from OVER-RAMP and SUPER-RAMP programs. Although most of the 
results are reasonable, some post ramp data was underpredlcted substantially. 
This 1s attributed In part to the unavailability of accurate materials data 
for the claddings employed 1n these tests. 



Maneuvering Analyses 

PCICOOE has been used to evaluate the appropriateness of B&W's Mechanical 
Maneuvering Recommendations. A typical startup procedure is shown in Figure 
7a. Prior to this startup the fuel assemblies b»ing analyzed had accumulated 
burnup of 26 MWd/Mtu at an average power level of 240 w/cm. Superimposed on 
the graph in Figure 7a is the worst case stress at the ridges as predicted by 
the code. 

The predictions of stress behavior are reasonable both regarding the onset of 
tensile stress (240 w/cm) and in consideration of peaking/relaxation timing. 
The stresses rise with power increases and are mitigated in a creep like 
manner during hold periods. The low ramp rate and hold procedures appear to 
be effective in maintaining reasonable clad stresses. 

No PCI related failures were predicted by the code and none were experienced 
(as expected). More importantly the results point out that the startup 
procedure was conservative. Peak stresses never exceeded 200 MPa where the 
code logic would have flagged susceptibility to SCC if the centerline fuel 
temperature had exceeded 1250°C. (These values for the flags are lower bound 
for conservatism and as such represent only a warning and not an accurate 
predictor of fuel failure.) 

MMR's for returning to full power after the fuel had operated below 20% full 
power for more than 48 hours have also been analyzed. Figure 7b shows these 
results which again illustrate the effectiveness of the procedure in avoidance 
of critical stresses. Additional studies of maneuvering procedures are planned 
in the near future so that the utilities may operate in a cost effective 
manner while avoiding PCI induced fai'ures. 

The Future of the Interim Code 

The design ph-'!osophy of relying chiefly on deterministic models for mechani
cal modelling of the pellet would imply that a similar approach to the coupled 
thermal model would be desirable. Certainly if simplicity is a primary goal 
then reverting to an elemental model to solve the heat transfer problem would 

be inconsistent. Improvements to the internal thermal model are planned fol
lowing the recent work at BNL/ ' By adjusting thermal conductivity rather 
than gap size reasonable correlations to data are anticipated. This approach 
is also compatible with the cracking and relocation models currently In the 
code. Eventually if failures caused by strong thermal feedback (such as Maine 
Yankee) are to be predicted, even more sophisticated modelling may be neces
sary (Including fission gas release models). 

FUMAC-84 Design Goals - Microcomputers and Mainframes 

FUMAC-84 will contain the useful portions of the interim code's pellet models 
as well as a finite element description of the cladding. More importantly the 
code will employ layers of decision making algorithms to assure the correct 
degree of model complexity Is employed at all times. The structure of the 
code is outlined In Figure 8. The code is being developed in ANSI Standard 
F0RTRAN77 for maximum portability. The cladding model Integrates the mecha
nical damage over a power history by solving the finite element assumed dis
placement problem In a quasi-static manner. The pellet model provides boun
dary conditions for the cladding elements which can be analyzed based upon 
plane s.'ress, plane strain or axisymmetric assumptions. Element options 
currently Include both 4 and 9 node Isoparametric types which allows optimi
zation ' <!>d upon element Interpol ant order as well as mesh size. Plasticity 
iroctp'i Jig developed will employ a Von-Mises/Hill yield criterion allowing 
u..j • the extensive experimental work at BJW on the anisotropic behavior of 
L',.aloy-4 cladding. A kinematic hardening rule will be employed. Anisotro
pic creep 1s considered as a linear combination of thermal and Irradiation 
effects. The well documented empirical creep models developed at BiW are 
employed. Stability of the solution procedure relative to time is an inherent 
concern in problems of this type. Artificially small time steps (I.e.. which 
do not Increase solution accuracy) are often necessary to assure stability. 
Creative time-based solution methods under investigation are considered to be 
of primary Interest to this work. 

At the outset FUMAC-84 is being developed for installation on mainframe com
puters. Although the code will not be nearly as large as it predecessor 
(FUMAC) the iterative nature of the solution scheme can be time consuming. 



Data Base Management Technology is being utilized to allow flexibility in 
changing thermal or materials properties models. Installing these models on a 
Data Base makes them available 10 other codes (e.g. licensing codes) and 
assures commonality and consistency. This modular approach will also permit 
the user to select MATPRO algorithms if desired. 

Beyond filling the need for a detailed best estimate code to predict PCI 
behavior, it is envisioned that smaller faster running versions of FUMAC-84 
will be developed for microcomputer application. The simplicity of the 
interim PCICODE allows full power histories to be analyzed in less than 10 CP 
seconds execution time (on a COC 855). Such a code could presently fit on a 
microcomputer. However, the rapid growth of microprocessor technology encour-

(14) ages grander schemes. It is estimated* ' that microcomputers with 1MByte of 
dynamic memory and 10 MBytes of storage will soon be available and 
inexpensive. 

Graphics support has become very sophisticated thanks to the commercial 
success of video games. So that a not-to-distant future version of FUMAC-84 
(the complexity of which will lie somewhere between PCICODE and the mainframe 
version) will be available as software for an advanced personal computer com
plete with full color animated graphics. Such a piece of software would have 
a number of applications. As an instructive device it could be used to train 
operators and directly illustrate the consequences of exceeding recommended 
maneuvering limits. As a tool for utility engineers it would allow "what i f 
assessment of the consequences various plant operating strategies. For per
formance optimization, the design engineer will be able to quickly analyze 
fuel modifications intended to improve load-follow performance. 

Thus the object of FUMAC-84 being a somewhat curious mix of rigorous and 
simplistic models becomes clear. Within its narrow but important scope of 
application it will be a tool - a simple but effective means of determining 
the optimum reliable manner in which to operate fuel. 
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CLADDING FAILURE MODEL III (CFM III) 
A simple model for iodine induced stress corrosion cracking of 
Zirconium-lined barrier and standard Zircaloy cladding 

A. TASOOJI, A.K. MILLER 
Department of Materials Science and Engineering, 
Stanford University, 
California, United States of America 

Abstract 

A previously developed unified model (SCCIG*) for 
predicting iodine induced SCC in standard Zircaloy cladding was 
modified recently into the "SCCIG-B" model which predicts the 
stress corrosion cracking behavior of zirconium lined barrier 
cladding. Several published papers have presented the 
capability of these models for predicting various observed 
behaviors related to SCC. 

A closed form equation, called Cladding Failure Model III 
(CMFIII), has been derived from the SCCIG-B model. CFMIII 
takes the form of an explicit equation for the radial crack 
growth rate dc/dt as a function of hoop strain, crack depth, 
temperature, and surface iodine concentration in irradiated 
cladding (both barrier and standard Zircaloy). CFMIII has 
approximately the same predictive capabilities as the 
physically based SCCIG and/or SCCIG-B models but is 
computationally faster and more convenient and can be easily 
utilized in fuel performance codes for predicting the behavior 
of barrier and standard claddings in reactor operations. 

I. INTRODUCTION 
Several published papers [1-4] have described the SCCIG 

model, a unified physical-phenomenological approach which can 
predict, with reasonable accuracy, the SCC behavior of standard 
Zircaloy cladding under known hoop stress or hoop strain. 

The structure of the SCCIG model is based insofar as 
possible on the controlling physical mechanisms. For example 

•Stress Corrosion Crack Initiation and Growth 



crack tip strain controls the rate of increase in iodine 
concentration at the crack tip element, representing the 
process of mechanically assisted iodine penetration into the 
cladding metal. But a number of the specific algebraic 
expressions and constants in the model are deduced from the 
basic SCC data itself. Successful comparison 11-4] against 
suitably independent test data has helped verify the model. 

The SCCIG model has now been modified (5] into the SCCIG-B 
model to predict the stress corrosion cracking behavior of 
zirconium-lined barrier cladding. The modifications made to 
the original SCCIG model are very simple and follow the design 
differences that exist between barrier and standard cladding, 
namely that 10 percent of the wall thickness at the inner 
surface of barrier cladding consists of pure zirconium, which 
is softer and more ductile than the Zircaloy substrate. 

The modified model is capable of correctly predicting the 
laboratory and in-reactor test data for both barrier and 
standard claddings [51. 

The SCCIG numerical model is far faster computationally 
than other numerical approaches (such as finite element 
analysis). However, it is not in the most convenient form to 
use in codes in which many thousands of fuel rods are 
analyzed. Accordingly we have developed a closed form equation 
denoted as Cladding Failure Model III (CFMIII) which has 
approximately the same predictive capabilities as the SCCIG-B 
model but which is far faster and more convenient. 

The present paper reviews some of the important features 
and predictive capabilities of the basic SCCIG-B model for 
treating the pure zirconium lined cladding. The main emphasis 
of this paper is on CFMIII and its application in predicting 
SCC in both barrier and standard Zircaloy claddings. 

II. SUMMARY OF THE SCCIG MODEL 
The SCCIG (Stress Corrosion Crack Initiation and Growth) 

model is a pfcysical-phenomenological model for predicting SCC 
crack initiation and growth in a unified manner. The approach 

utilized is summarized elsewhere [1-4!. A detailed description 
of the model can be found in references [2,3) and (6). 

The SCCIG model uses the local time-varying conditions 
(such as local strain, local stress, and local iodine 
concentration) within each small volume of material as 
controlling variable.'!. A crack initiates or grows when one (or 
a combination) of these local variables reaches a critical 
value(s) for failure. A key assumption is that the local 
failure criteria are the same for each material point, 
regardless of whether it lies on the surface or within the 
interior. Thus the same criteria are used for "crack 
initiation" and "crack propagation," which is what makes it a 
unified model. 

As shown in Figure 1, a simple geometric idealization has 
been chosen as the basis for the SCCIG model. The cladding is 
divided radially into a number of elements representing a thin 
slice of material along a radial-axial plane at a given 
circumferential location. Each element is characterized by the 
tensile hoop stress (o). hoop strain (e), and iodine 
concentration (I) at its center representing the "local" values 
of these variables within a small finite volume of material. 
When the local conditions in any element reach one of several 
failure criteria, that element fails and contributes 
incrementally to either crack initiation (if the element is 
located at the specimen inner surface) or to crack growth (if 
it is located adjacent to previously failed elements). 

A simple 1-dimensional equation with two degrees of 
freedom represents the radial variation of hoop strain in the 
model. The equation is 

tt = A + B [ exp (-k2 U i)-1] ; (1) 

where k 2 is a constant and oi is the radial distance from the 
mid-thickness position to element i. A and B are global 
variables (roughly similar to the average displacement and 
rotation, respectively) which vary during a simulation and are 



computed based on load equilibrium and moment equilibrium 
across the elements [3,4,6], 

The hoop stress in each element (oj) is calculated as 
the sum of (1) the uniaxial stress calculated from ej using 
the uniaxial stress-strain response of the material, and (2) 
additional stresses due to stress triaxiality at the tip of a 
crack. 

The iodine concentration at each element is calculated by 
integration of the iodine penetration equation. Iodine 
penetration is assumed to be a time-dependent diffusion-like 
process which is driven by an iodine concentration gradient. 
Since bulk diffusion of iodine in Zircaloy at reactor 
temperatures is very slow (D » 1.6 x 10_l'm2/sec at 450°C 
[7]) it is more likely that surface diffusion and/or adsorption 
is rate controling. Accordingly in the SCCIG model the only 
location (in the not yet fractured Zircaloy metal) at which the 
local iodine concentration (I) is allowed to be non-zero is at 
the first unfailed element. Thus the model's numerical 
representation is one of gradual iodine penetration into an 
"intact* element, followed by instantaneous total failure of 
that entire element when the iodine concentration in it reaches 
a critical value. (It is important to note that because 
Eq. (1) does not contain a singularity, the choice of element 
size does not significantly affect the predictions 13]. 

The specific equation for the time rate of chanqe of the 
iodine concentration (I) within the first unfailed element is 

, I 3 N1 
— = exp(-Q/RT) [ I B f f < - k 5 / e 6 ) - I ] (2) 
dt w e 

where Ieff is t n e lower of either the actual iodine 
concentration at the cladding inner surface (I2) or the 
maximum effective value (10~3 kg/n>2)j i 3, k s, and k 6 are 
constants; Q is the activation energy for iodine surface 
diffusion; w is the cladding thickness, T is the absolute 
temperature; R is the gas constant; e is the local strain in 

the first unfailed element; and Nl is the total number of 
elements. In the SCCIG approach, k 5 and k 6 depend on fluence 
because dislocation channelling and flow concentration 
(occuring only in substantially irradiated material) facilitate 
iodine penetration. The buildup of iodine at the first 
unfailed element, obtained by integrating equation (2), is 
illustrated at the bottom of Figure 2. 

In the SCCIG model, failure of an element can occur by 
either an intergranular SCC mechanism, by transgranular SCC 
("cleavage + fluting"), or by ductile rupture (which is 
independent of iodine concentration), whichever occurs first. 
The failure loci utilized in the SCCIG model are shown in the 
top center of Figure 2, in terms of the local stress versus the 
local iodine concentration. The criterion for intergranular 
failure (the process which dominates at low local stresses) is 
simply attainment of a crtitical local iodine concentration 
IjG. The criterion for the transgranular cleavage and 
fluting process (which dominates at high local stresses) is 
based on a critical combination of local stress and local 
iodine concentration, as shown by the slanted line in Figure 
2. °o,C+F represents the lowest local stress at which 
transgranular cracking is faster than intergranular failure. 
An element fails by one of the above mechanisms when the iodine 
concentration builds up to the critical value required for 
failure at tl.e current local stress. The rupture failure 
criterion in the SCCIG model is a critical local strain, which 
decreases as the degree of triaxiality (associated with in
creases in crack depth) increases. The criterion for ductile 
rupture is shown at the top right in Figure 2. Time-dependent 
crack initiation and growth are simulated because each element 
requires a finite time to fracture by SCC, due to the time 
dependence of iodine penetration. 

With these features, under the application of either a 
hoop stress (o.) or a hoop strain rate (t. ) in an iodine 
environment (I?), the model predicts crack initiation, crack 



propagation, and final rupture. This behavior is schematically 
shown in Figure 3, 

III. MODIFICATIONS MADE TO THE SCCIG MODEL TO REPRESENT 
BARRIER CLADDING 
In this section the very simple modifications made to the 

SCCIG model for incorporating the effect of a zirconium-lined 
barrier on SCC of Zircaloy cladding are described. Since a 
very straightforward change (based solely on the stress-strain 
behavior of pure zirconium in inert environment) resulted in 
rather good independent predictions of SCC response, no further 
changes (especially in the characteristics of the SCC process 
in pure zirconium and Zircaloy) were felt to be necessary. The 
modifications made to the SCCIG model are as follows. 

a) CONFIGURATION 
Zirconium-lined barrier cladding is simply a modified 

Zircaloy tubing with a layer of pure zirconium at the inner 
surface of standard cladding. In the General Electric 
(GE)design, 10% of the cladding wall thickness (-70 ura) is pure 
zirconium [8J. The configurations of zirconium-lined barrier 
cladding and standard Zircaloy cladding are shown in Figure 4. 

In the original SCCIG model the cladding was divided 
radially into a number of elements (typically 50) representing 
the material along a radial-axial plane at a given 
circumferential location. Thus, the first change necessary for 
the barrier cladding case is that the five elements nearest the 
inner surface be made of the pure zirconium liner, which is 
softer and more ductile than Zircaloy. Figure 5 shows the 
barrier cladding representation in the SCCIG-B model along with 
the stress-strain responses of the pure zirconium and Zircaloy 
materials used in the model. The mechanical property constants 
(such as yield stress and ductility vaues) of pure zirconium 
and Zircaloy were extracted from experimental data generated in 
an inert environment 18,9]. 

m 

b) CENTER-OF-LOAD-SUPPORT 
In the original SCCIG model in which all element* were 

Zircaloy of uniform mechanical properties, the external hoop 
load was assumed to be applied at a point halfway between the 
inner surface and the outer surface (v • 0 in Figure 6); this 
assumption follows from the fact that the load being applied to 
the elements is coming from circumferentially adjacent 
uncracked material in which the hoop stress Is approximately 
uniform. In barrier cladding, the hoop st«.-«s in the adjacent 
uncracked material is not radially uniform because the pure 
zirconium liner is weaker. Therefore the external hoop load is 
not being applied to the SCCIG-B elements at v - 0; the 
equivalent load application point is shifted by an amount 4v 
(5J. A fixed value of tv, dependent only on the yield 
strength of the pure zirconium relative to Zircaloy and the 
thickness of the liner, is used throughout the analysis. 

c) OTHER TERMS RETAINED IN THE MODEL 
The only modificaitons made to the model are the ones 

discussed in Sections (a) and (b) above. In all of the other 
terms in the model, the behavior of pure zirconium is assumed 
to be the same as that of Zircaloy. These include 

The iodine penetration equation, 
• The failure criteria (intergranular, transgranular, 

and ductile rupture) 
• The effect of irradiation on the iodine penetration 

rate. 

IV. CAPABILITIES OF THE SCCIG-B MODEL FOR PREDICTING SCC IN 
ZIRCONIUM-LINED BARRIER CLADDING 
In this section some of the model's capability to predict 

various aspects of SCC in barrier and standard Zircaloy 
cladding are presented. This is done by comparing the model's 
independent predictions against experimental data (8-10) which 
in turn tests the model's ability to be used to extrapolate the 
response of barrier and Zircaloy cladding to more general and 
complex conditions. 



One of the experimental techniques used to evaluate the 
performance of barrier cladding under simulated PCI conditions 
is the expanding mandrel test in an iodine environment. This 
technique is used in constant extension rate tests (CERT) and 
Ramp and Hold (RH) types of experiments to evaluate SCC 
behavior of barrier and standard cladding. 

A) CONSTANT EXTENSION RATE TESTS (CERT) 
In (CERT) tests, cladding specimens are strained to 

failure by continuous application of an increasing load. 
Comparison of strains at the maximum load [9] indicate the 
improved performance of zirconium-lined barrier cladding 
relative to standard Zircaloy cladding. The model's 
predictions and their comparison against available data 
obtained in CERT tests are as follows: 

1. Strain-to-failure 
Experimental investigations performed at GE on both 

barrier and standard claddings showed that barrier cladding has 
better iodine SCC resistance than does the standard cladding. 
These results were obtained in a flowing iodine environment 
with a constant partial pressure of about 40 Pa (0.3 torr), 
measured at the entrance to the system. Figure 7 compares the 
predicted and experimental strains to failure for irradiated 
standard and barrier claddings ($t = 1.8 x 10 2 5 n/m 2*). The 
bars connected by arrows correspond to the range of scatter in 
the data. The model's predictions are obtained for an iodine 
concentration of 3xl0~4 kg/m2 which is an estimate of the 
surface iodine concentration equivalent to the 40 Pa used in 
the experiments. In the SCCIG model the iodine concentration 
is input as a surface iodine concentration in units of 
kg/m2. (The SCCIG model was developed and calibrated by 
utilizing internally pressurized tube data having this measure 
of iodine concentration.) Since there is no precise 
equivalence between partial pressure and surface concentration. 

*A11 $t values are for E > 1 MeV. 

ii. this study we estimated the surface iodine concentration 
indirectly by using the reported data on strain to failure (91, 
but only that for standard Zircaloy cladding. This same 
estimated value of iodine concentration is then used to 
independently predict the strain to failure for barrier 
cladding under similar conditions. Figure 7 shows the good 
agreement that exists between the data and independent 
predictions. Similar to the data, the model predicts that at a 
strain rate of 5xl0"4 min - 1 barrier cladding withstands a 
higher strain to failure than does the standard cladding (a 
factor of "2.4 higher). 

2. Fracture-surface appearance 
As discussed in Section II, in the SCCIG model an 

element can fail by intergranular SCC, transgranular SCC, or 
ductile rupture. Thus the fracture surface appearance can be 
predicted. These predictions are qualitatively in agreement 
with the reported data [2] for both barrier and Zircaloy 
claddings. Similar to data, the SCCIG model predicts that: 1) 
in a CERT test, barrier cladding fails by intergranular 
cracking in the zirconium liner which then propagates 
transgranularly into the Zircaloy portion, and 2) under similar 
conditions in standard claddings, both initiation and 
propagation are by transgranular SCC. 

B) RAMP AND HOLD TEST (RH) 
A second type of test conducted to evaluate the 

performance of barrier cladding under simulated PCi conditions 
is the ramp and hold (RH) test (8,9]. In these tests cladding 
specimens were rapidly ramped to a given strain and then the 
specimens were held at constant strain for a certain time (or 
until through-wall cracking occurred). The loading in this 
type of test is believed to be similar to the loading imposed 
on fuel cladding during a power ramp (e.g., a control blade 
withdrawal). 

Results of the GE's RH tests indicated an improved 
performance for the zirconium lined cladding compared to 



reference Zircaloy cladding. The model's predictions and their 
comparison against available data obtained in RH tests are as 
follows: 

1. Time-to-failure 
Figure I' presents the experimental data [9] and the 

model's predictions of time to failure (tf) for barrier and 
Zircaloy claddings. Similar to the GE test conditions, the 
predictions are made for claddings ramped to a strain of about 
2% and held at this strain for 20 hours or until failure. In 
agreement with the data, the model predicts that the barrier 
cladding survives 20 hours of testing while standard cladding 
fails within five hours (the model predicts tf => 1 hour for 
standard cladding). It should be noted that again the 
equivalent surface iodine concentration for these predictions 
is estimated by utilizing the RH data on standard cladding. 
The prediction of tf for barrier cladding is completely 
independent of the data. 

C. IN-REACTOR TESTS 
Recently several in-ceactor ramp tosts have been performed 

on barrier and Zircaloy cladding which had been irradiated in 
the Monticello and Millstone-1 reactors [10], These tests were 
run to demonstrate the behavior of barrier cladding relative to 
standard cladding under actual in-reactor conditions. It has 
been concluded that over the burnup ranges of 0-24 MWd/kgU the 
zirconium lined barrier cladding has better PCI resistance than 
does the reference cladding. 

In this section we compare the in-reactor test data with 
the SCCIG model's predictions. Figure 9 shows the experimental 
data and the model's predictions ul time-to-failure (tf) for 
barrier and Zircaloy claddings. The reactor power history used 
in the experiments is also shown in this figure. The input to 
the model is hoop strain vs. time. Davies et al. [10] stated 
that the cladding of sound barrier rods surviving ramps to 59 
kW/m exhibited diametral plastic strains of up to 0.5%. This 
statement can be used to estimate the strain values imposed 
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during the experimental histories. It should be noted that the 
predicted tf for both barrier and standard claddings are 
completely independent of data. The iodine concentration for 
these in-reactor predictions was estimated by using the simple 
correlation suggested by Cubicciotti and Jones [12,13), namely 

I2[kg/m2] = 0.2 x fgr x fbu (3) 

where I2» fgr, and fbu are the iodine concentration, fractional 
fission gas release, and fractional burnup, respectively. Thus 
for a burnup of 20 Mwd/kgU (fbu »0.02) and a typical one 
percent fission gas release (fgr-0.01) the iodine concentration 
is estimated to be about 4xl0~5 kg/m^. Similar to data, 
the model independently predicts that under the ramp history 
shown in figure 9 the standard cladding fails at about 9 hours, 
while the barrier cladding survives the ramps. 

A very important result of this section is that even 
though the SCCIG-B model is derived from laboratory test 
results on Zircaloy and the stress-strain response of pure 
zirconium, it works quite well when applied to the in-reactor 
behavior of both barrier and standard cladding. 

D. EFFECT OF IODINE CONCENTRATION (BURNUP) 
A number of other predictions have been made, using the 

SCCIG-B model, of the performance of barrier cladding relative 
to standard Zircaloy [5). These include the effects of strain 
rate, test type (constant stress vs. constant strain rate) and 
iodine concentration. The latter is particularly important 
because, according to eq. (3), the free iodine concentration at 
the cladding inner surface increases with burnup. Figure 10 
shows these calculations, indicating that the improved 
performance of barrier cladding relative to standard cladding 
is predicted by the SCCIG-B model to decrease substantially as 
burnup increases. It is vitally important to note that this 
prediction is inimicably linked to the assumption (eq. (3)) 
that the available free iodine concentration is always a 
constant fraction (10%) of the iodine which has been released 



to the cladding inner surface. Although the good results 
expressed in Pig. 9 tend to substantiate this assumption, other 
scenarios are possible. For example the free iodine 
concentration (or, following recent results indicating that it 
is more important, the partial pressure of Zrl,, [11]) may 
depend on dynamic equilibria among Csl, Zr, U0 2, and other 
species due to ordinary chemical reactions and/or radiolysis. 
If thio is the case, then the chemical environment might not 
become more corrosive with increasing burnup, so that the 
improved performance of the barrier cladding would continue. 

V. CLADDING FAILURE MODEL III (CFMIII); 
CFN H I has been developed as a derivative of SCCIG-B for 

convenient predictions of stress corrosion cracking (SCO in 
fully irradiated barrier and standard Zircaloy claddings under 
displacement controlled conditions. (Displacement controlled 
conditions most closely represent the loading imposed on the 
fuel rod cladding during in-reactor ramps.) This model is an 
explicit equation which predicts the radial crack growth rate 
dc/dt during crack both "initiation" and "propagation". Thus, 
it can predict the time to grow a crack to a certain size or it 
can calculate the crack size at a given time. 

A simple equation in this model determines the critical 
crack length for rupture at a given applied strain. Having the 
rupture criterion included in this model, one can easily 
predict the time to failure by obtaining the time required to 
grow the crack to the critical crack depth for rupture. 
V.l. DEVELOPMENT OF AN EXPLICIT CRACK GROWTH RATE EQUATION BY 

FITTING TO THE SCCIG-B MODEL. 
Equations for the crack growth rate as a function of hoop 

strain, crack depth, temperature, and iodine concentration for 
irradiated barrier and standard claddings are presented in this 
section. The equations are based on predictions of the SCCIG-B 
model which in turn were shown in previous sections and other 
publications [1-4] to be in good agreement with the data. 

These equations have been developed by empirically fitting to 
the virtual data obtained by running the SCCIG-B program under 
displacement controlled conditions. A non-linear regression 
analysis* has been utilized to obtain the "best fit" 
equation and constants) to these virtual data. These equations 
predict both crack initiation and crack growth. The procedure 
is described below. 
V.l.a CRACK GROWTH RATE EQUATION; OVERALL DESCRIPTION 

An equation of the following form is developed for 
predicting the crack growth rate: 

| - '.ft «P £> IW* ( ^ 4 , a e h + b + °2 ' V * t h > ° ' 6 ] " « > 
dc 

where — » radial crack growth rate (m/sec) 
dt 

c = crack length (m) 
2 

I e fj = effective iodine concentration (kg/m ) 
I e f f = 10" 3 kg/m2 if i 2 > io" 3 kg/m 2 

*eff ' h if i 2 < io" 3 kg/m 2 

I, = surface iodine concentration (kg/m ) at the cladding I.D. 
c n = applied hoop strain 
* e. = equivalent elastic strain 

* c. * e h for eh<e (actual strain in the elastic regime) 

E h = £y + (Eh " V ' *VEel> f o r V e y 
(equivalent elastic strain corresponding to the hoop 
stress, oh> in the plastic regime.) 

+ Statistical Analysis System (SAS) Computer program [14J. 



When o > o0,c+F <transgranular regime) stress corrosion 
cracking is controlled by the strers o. To avoid the use 
of o in equation (4) (in order to have one single equation 
for both intergranuiar and the transgranular crack growth) 
we use the equivalent elastic strain concept. If the 
actual strain were used, one would get an unrealistically 
high crack growth rate in th^ transgranular regime because 
stress (and not the actual strain) is the controlling 
variable. Figure 11 presents the manner in which the 
equivalent clastic strain EVI is determined for a given 
applied hoop strain cn. 
c = yield strain ( = ° y/ E

ei> 
E ,= elastic modulus, MPa 

°R~°v E = plastic or tangent modulus ( = i—) , MPa 
eR _ cy 

Equation (4) is an empirical equation valid for both 
"smooth" and cracked material. Because it is based directly on 
SCCIG-B, its spatial resolution with respect to crack size can 
only be as good as the SCCIG-B model, in which each of the 50 
elements represents 0.02 w. Therefore the minimum crack size 
represented in the SCCIG-B model is c/w = 0.02. Accordingly, 
for purposes of defining and using eq. (1), "uncracked" 
material means c/w < 0.02, while "cracked" material means c/w j> 
0.02. 

In using eq. (4), Dj is set to zero if c/w < 0.02 and 
Dj is set to zero if c/w 2 0.02. Further details of the 
specific terms in eq. (4) are as follows: 

o r = stress to rupture, MPa 
o v • yield stress, MPa 
e r * Strain to rupture 
Q » estimated activation energy for surface diffusion 

of iodine 
R » gas constant 

T = Temperature (°K) 
eth* s c c threshold strain, (defined in section V.2) 
m,a,b,Di = constants in the "crack propagation" term. 

Different values are assigned to these 
constants according to: 1) cladding type 
(barrier versus standard cladding), and 2) 
the failure regime involved, i.e., 
intergranuiar or tran&granular cracking. 
Specific selection of these constants is 
discussed in the next section. 

D2 = constant in the "crack initiation" term. It 
varies with strain if transgranular 
initiation is involved, (see Section V.2). 

V.l.a.i. Crack growth rate equation for initially uncracked 
material (c • 0). 

The following equation pertains only to nominally 
uncracked cladding (defined as c/w<0.02). 

— " D5 I„ff exp(^5) (eh - e ^ ) 0 , 6 ; (5) 
dt 2 e f f RT h t h 

The "threshold strain" concept is utilized in the CFMIII crack 
growth rate equation. Most data sets on SCC of initially 
uncracked Zircaloy evidence a threshold stress (or strain), 
i.e., a stress (or strain) below which failure is not observed 
within some reasonable time. Although it is probably a matter 
of some debate as to whether or not this represents a true 
threshold which would be observed for even longer times, the 
concept has been utilized in the SCCIG model and therefore in 
CFMIII. Thus for tn<Eth' dc/dt is set to zero by setting 
D2 • 0. Using the SCCIG-B model, the value of eth i s 

estimated by the following equation: 

e t h . A I e - n , (6) 

where A and n are constants dependent on the cladding type and 
iodine concentration. 



The value of D2 for both barrier and standard claddings 
depends on whether the conditions cause intergranular or 
transgranular cracking. Criteria for deciding which mode 
applies are given in section V.2. 
v.l.a.ii. Crack growth rate equation for specimens with a 

crack (c/w > 0.02) 
For specimens with a crack the crack growth rate equation 

is: _."> _,aE,,+b 

RT 
<*C _ r. T ~ - ~ | - Q \ /-*. l„/in - 4» h D l *eff e x P ( — > ( e

h ' < c / 1 ° ' ; < 7 ) 

The selection of this specific form of crack growth rate 
equation was based on the following considerations: 
1) A plot of log (dc/dt) versus (1/T) follows a linear 

correlation (see section 7 of reference 12)). 
2) A plot of log (dc/dt) versus log (Ieff) produces a line 

with a slope of one (see section 7 of reference 12 J). 
3) A plot of log (dc/dt) versus log c, is piecewise linear, 

with the slopes and intercepts of the segments dependent 
on the strain and also on whether the material is in the 
intergranular or transgranular failure regime (see Figure 
12). This is especially true for the relatively small 
crack depths (c/w< 0.4) where the SCCIG-B model is most 
accurate. Thus one can select an equation of the form 
dc/dt « Fc N. where F and N (the intercept and slope of 
the lines, respectively) are functions of strain as 
follows: 

F = <c*>m ; (8) 
where m is constant, and (9) 

N = arh+b 
where a and b are constants. 

The constants D\, a and b are functions of failure mode 
and cladding type; however, the constant m only depends on the 

failure mode involved, i.e., 
m » 2 for intergranular failure 

and m = 4 for transgranular failure, which is in 
close agreement with the four power 
dependence of crack growth rate on 
stress intensity factor Kj observed 
experimentally (15) and used in the 
SCCIG model 11-4]. 

In CMFIII the mode of failure is predicted in terms of the 
crack depth; the transition from intergranular to transgran-'iar 
failure occurs when the crack depth reaches a transition crack 
depth CIT, where 
1) for standard Zircaloy cladding: 

CIT * KTR/e* and KTR = 7.5 x 10-1°» and 
2 ) for barrier cladding 

CIT = O.lw 
V.2. CONSTANTS IN THE CRACK GROWTH RATE EQUATION 

The constants in the crack growth rate equation are 
estimated using non-linear regression analysis. These 
constants are given below. 
V.2.a Barrier cladding 

In predictions of barrier cladding behavior the mode of 
failure always changes from intergranular to transgranular when 
crack reaches the boundary between the pure zirconium and 
Zircaloy tubing. Since this study was done using the GE 
barrier design, the change in failure mode occurs when the 
crack size equals ten percent of wall thickness. 

The constants of the model for barrier cladding are as 
follows: 
V.2.a.l. Uncracked Cladding (c/w < 0.02) 

Dj. = 0. 
Threshold strain: 

«th " A 'lefff>"n 

where A = 2.5xl0~5, n = 0.65 for I --> 1.5x10"* 
err

or A = 3.6xl0"8, n « 1.4 for I ,,< 1.5*10"* 
eft 



• Crack growth rate: 
In barrier cladding, fracture of the pure zirconium 

portion is always intergranular. Therefore a single value of 
I>2 always applies, namely 

1^= 4.19 x 10 7 for e h > £ f c n 

and 1),= 0 for ch< e f c h 

V.2.a.2. Cracked cladding (c/w > 0.02) 
D2 = 0. 

As mentioned above, in barrier cladding predictions using 
SCCIG-B the pure zirconium portion always fails intergranulary 
and the Zircaloy portion fails transgranularly. Therefore 
crack depth is an unequivocal indicator of fracture mode, and 
thus of the constants Dj, a and b which depend on fracture 
mode: 

Di = 8.84 x 10 a o 

a - 0.3 \ for c/w < 0.1 
b = 0 
m = 2 

Dj = 1.89 x 10 1* 
a = -370 I for c/w > 0.1 
b =3.57 
m = 4 

V.2.b. Zircaloy cladding 
The constants of the model for standard Zircaloy cladding 

are: 
V.2.b.l. Uncracked cladding (c/w < 0.02) 

Dj = 0. 
threshold strain 

*th - A (I eff)- n 

where A = 2.5xl0~5. n = 0.65 for Ieff_> 2.3xl0~4 kg/m2 

A = 1.24xl0~3. n = 0.19 for 5xl0~5£ I e £ f<2.3xl0~ 4 kg/m 

A = 1.44xl0-7. n = 1.1 for I e f f< SxlO - 5 

crack growth rate 
For smooth Zircaloy cladding, crack initiation 

is intergranular if o is less than o0,c+F I1' a n d 

transgranular otherwise. Therefore D2 depends on 
the applied hoop strain in the standard cladding, 
according to: 

D 2 = 0 for e h th 

D 2 » 4.19x10' for e h < 448/E e l 

D 2 = 4.19xl07 (1000 E* - 4.9) for ch> 448/E e l 

* where c. is defined following eq. (4) 

V.2.b.2. Cracked cladding (c/w > 0.02) 
D 2 » 0 

In standard Zircaioy cladding the mode of failure changes 
from intergranular to transgranular when 

• ! • 7.5xl0"10m 
therefore D. , a, b, and m depend on the value of ej~c» 

D2 • 7 . 7 X 1 0 1 1 

a » - 5 5 7 
b a i 4 . 2 7 
m 33 2 

>2 m 3 . 0 5 x 10 16 

a = - 2 4 9 
b = 2 . 7 5 
m • 4 

if cgc < 7 . 5 x l 0 - 1 0 

if egc>7.5xl0-10 

V. 3. Prediction of Instantaneous Rupture 
In CFMIII final rupture of the cladding is predicted when 

the crack depth reaches a critical size. The critical crack 
depth is a function of the applied strain. The correlation 
between the critical crack depth for rupture and the applied 
strain is obtained using the SCCIG-B predictions. This 



correlation is: 

c - — In (e»Vc > r — n cr 
Kr 

where c r • critical crack depth for rupture 
c n » applied strain 

e R (uniaxial ductility) if e_>e cr cr R ' *' " *h y 
ey " ch < cy 
(see Figure 13) 

ecr * ey " V cy 

Kr • a constant, as follows: 
• Barr ier cladding 

Kr » 4, .9 x 10
4 j if V ey 

K r » 7, .4 x 102 J if 'h< cy 
• Standard Zircaloy caldding 

K r - 1.13 x 10 5 ; if ch> e y 

K r • 1.4 x 10 3 ; if c.< e y 

Figure 13 shows the SCCIG-3 prediction of rupture strain as a 
function of crack depth. These results suggest that 

c r » c c c exp(-Kc) 

where e c r and K are constants and e r is the rupture strain 
for a given crack depth c. Converting this equation we get the 
critical crack depth for rupture at a given applied strain: 

cr - - \ l n <«h'«cr> 

V.4. FORTRAN SUBROUTINES FOR CFMIII 
A FORTRAN program has been written to predict crack depth 

for a given time. When the input time is longer than the time 
to failure, the program calculates i) the time to failure, and 
ii) the crack depth at which ductile fracture begins. This 

computer program uses an integrated form of the CFMIII 
equations for the calculations. Appendix A presents the 
integration procedure. The results of these integrations are 
given below. 
V.4.a. Initiation of a crack in intially uncracked specimens 

In the CFMIII FORTRAN Program the initiation time is the 
time to grow a crack of size CIN - 0.02w (w is the cladding 
radial thickness). This value CIN equals the size of a single 
element in the SCCIG representation because tht cladding is 
divided into fifty elements. In other words, the initiation 
stage in the SCCIG model occurs when the inner surface element 
undergoes failure. Using the crack growth rate equation (eq. 
5), one can obtain the initiation time as follows: 

dt e £ £ RT 2 h t h 

for a given t_, I, and T the initiation time is 

A'-'V^eff " P ^ °2 Uh-'th>0,6) <U> 
where ACi • 0.02w 

For a case where strain, iodine concentration, and/or 
temperature are not constant the program can be run for 
sub-time steps for which these variables can be assumed 
constant. 
V.4.b. Growth of a pre-existing crack of c > 0.02wi 

For a constant strain, iodine concentration, and 
temperature (or in a piecewise step At, within which en#I, 
and T are constant) the crack depth after time At is, from eq. 
(7), 

c - i— - B(N-l)At) 1 / ( 1 _ N ) ; (12) 
Co"" 1 

where N • acn+b 
" -4,N B » I )

1I e f f exp(-Q/RT) (eh) (10 ') 
t. • strain I* 



c_» equivalent elastic strain 
c Q« starting crack depth at the beginning of time step 

at, meters 
c » crack depth after time step At, meters 
Inverting equation (12) results in an equation that 

calculates the time required to grow a crack of size c 0 to 
size c. This equation is 

At - J_ [ L _ - _i_] 
B(N-l) „ N-l „N-1 

co c 

where B and N are as given above. 

T.4. PROGRAM LISTING 
A listing of the FORTRAN program for CFMIII is given in 

Table 1. The corresponding flow chart of this program is given 
in Figure 13. 
V.4.d. Nomenclature 

The inputs, outputs, the local computer variables, and the 
numerical values of the variables needed in the model are 
listed below. 

INPUTS DESCRIPTIONS 
NUN number of cases to be run 
CO initial start ig crack depth, m 
I iodine concentration, kg/m2 

TEMP Temperature, *C 
H cladding wall thickness, m 
KC type of cladding, 

KC=1 for barrier cladding 
KC*=2 for Zircaloy cladding 

ESTART strain at the beginning of time step 
EEND strain at the end of time step 
OT time step. At, sec 

m 

OUTPUTS 
C 
T 

DESCRIPTIONS 

LOCAL VARIABLES 
A 
B 
Dl 
D2 
M 
R 
Q 
EEL 
EPL 

SY 
EY 
ERU 
ETH 

CR 
CIN 
KTR 
CIT 

EM 
N 
NM1 

crack depth, m 
Time, sec , 
If the cladding undergoes total 
failure (rupture), the program 
output* the time to failure and the 
crack depth at which unstable 
failure had occurred. 

DESCRIPTIONS 
constants for equation 4, 

gas constant cal/mole-'K 
activation energy, cal/mole. 
elastic modulus, MPa, cel 
plastic or tangent modulus, Ac. 
yield stress, MPa 
yield strain, • oy/eei 
Uniaxial rupture ductility, Acjj 
threshold strain for smooth 
specimen, eth 
critical crack depth for rupture 
initiation crack depth 
constant 
Transition crack depth 
(intergranular to transgraunlar 
transition) 
(c n) m in equation 4 
(ac+b) in equation 4 
N-l 

NH (- r 10 



13 
A 
BB 

I e ff exp(-Q/RT) 
D X • I 3 

(AA).(EM: • (NW) 

NUMERICAL VALUES 
VARIABLES BARRIER CLADDING ZIRCALOY CLADDING 

IG* TG+ IG TG 
N 2 4 2 4 
A 0.3 -370 -557 -249 
B 0 3.57 4.27 2.75 
Dl 8.84* a o 1 0 1.89x10 16 7.7xlO U 3.05xl01€ 

VARIABLES 
D2 

NUMERICAL VALUES 
4 .19x10' i f c n < 4 4 8 / E e l 

4.19xl0'(1000 ch-4.9); if t h>448/E e l 

R 1.9858 
0 30,000 
EEL 1000(97.08-0.058T(°C)) 
EPL [70+0.22T(%C)J/0.145 
SY [140.3-0.154TCC)]/0.145 
ERU 0.05 
CIN 0.02W 
KTR 7.5x10-10 

V.4.e, Computational procedures used by the program 
The FORTRAN program for CFNIII proceeds in the following 

steps $ 
i - computation of mechanical properties including the effect 

of temperature on these properties, 
ii - computation of the threshold strain 

*IG: Intergranular 
+TG: Transgranular 

iii - computation of critical crack depth for rupture 
iv - computation of crack depth at At 
v - computation of time-to-failure if total failure occurs 

before reaching end of time step At 

VI. COMPARISON BETWEE) THE CPMIII PREDICTIONS AND EXPERIMENTAL 
DATA; 
Section IV presented the independent agreements that exist 

between the experimentaJ data and the corresponding SCCIG-B 
predictions. These cases were re-run using the derivative 
CFMIII. The predictions of CFMIII are essentially as good as 
those of SCCIG-B, for the conditions evaluated. This 
comparison is summarized on the next page: 

CASE DATA SCCIG-B CFMIII 
A. CERT test—strain to 

failure at SxlO-^min"1, 
I 2 - 3xl0"« kg/m2« 
1. Zircaloy 0.3-1.3 1.06 1.07 
2. Barrier cladding 1.9-2.3 2.43 2.78 

B. RH test—time to failure 
after 2« strain, 
12 - 3x10-5 kg/m2: 
1. Zircaloy < 5 hrs. 0.91 0.1 
2. Barrier cladding > 20 hrs. > 20 > 20 

C. In-reactor ramp ttst—time 
to failure at 
20 MWd/kgU bariupi 
1. Zircaloy 9 hrs. 8. 8.3 
2. Barrier cladding >14 hrs. >14 >14 

SUMMARY 
Models have been developed to predict the SCC failure of 

zirconium-lined barrier cladding (and standard Zircaloy 
cladding) under arbitrary histories. Independent predictions 
by the models are in good agreement with the corresponding data 
for (1) CERT tests, (2) ramp and hold tests, and (3) in-reactor 
ramp tests. 

i 



One of these models, SCCIG-B, was developed from the 
earlier SCCIG model for Zircaloy solely by changing the 
mechanical properties of the material near the inner surface to 
correspond to the relatively soft pure zirconium liner. 
Theretore its successful predictions help verify that the 
representations of iodine penetration, local failure criteria, 
and stress and strain distribution equations in the SCCIG model 
are useful and valid. 

The other model, CFMIII is an explicit, empirical equation 
for the SCC crack growth rate which has been derived by fitting 
the predictions of SCCIG-B. Its simple form makes it suitable 
for convenient use within fuel performance codes. 
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APPENDIX A 

A. INTEGRATION OF THE CRACK GROWTH RATE EQUATION 
In CFNIII we have integrated the crack growth rate equation 

to obtain the time to grow a crack to a given sice. Since 
; (A.l) 

(A.2) 

dc , 
dt 

A. EN .CN 

where 
A » V«« exp(- Q/RT) 

EH * eh 
CN » (c/10" -4 ) N 

thus 
dc s> A.EN.At 
(c/10" -4,N 

(A.3) 
; N-aeh+b ; (A,4) 

(A.5) 

For a constant strain (or in a piecewise constant strain, c. ) 
—4 N A.EN.At » Ai?. L [ 1^-TI - }„_, J I (A.6) 

or 

10 ' ) " r 1 1 , 

At = 1 (_L_ - _i ] , (A. 7) 
A.EN.(* >N(N-1) c «"-l> C ( N - X > 

10~* ° 

if B = A.EM. (—L_) N ; (A.8) 
ID" 4 

then At [ i — - i — ] ; (A. 9) 
B(N-l) „ (N-l) _(N-1) 

c o c 

Equation (A.9) gives the time to grow a crack of size c 0 to 
size c at strain c n. Rearranging equation (A.9) results in 
an equation which determines the crack depth at the end of step 
At. This equation is as follows} 

l/[-
c 0 (N-l) 

B(N-l) At] (N-l) > (A.10) 

REGION OF CLADDING BEING ANALYZED 

Figure 1 An array of elements distributed along the radial 
direction at the circumferential location which wi l l 
contain the SCC crack. 



SUMMARY OF PHYSICAL PROCESSES 
UTH.I2EO IN THE SCCI6 MOOEL FOR ZIRCALOV SCC 

POSITION 

"flOBSUTR 

r /^ A . / t i t t 

UMAXIAL 
DUCTIUTY 

DEGREE OF 
TRIAXIALITV 

(CRACK LENGTH) 

loatlOCAL IODINE CONCENTRATION) 

TIME 

Figure 2 Summary of the physical processes utilised in the 
SCCIG modtl for Zirealoy SCC. 

ORIGINAL SCCIG MODEL 

A16 FAILURE (LOW LOCAL v ) 
:»TG FAILURE (HIGH LOCAL <r) 
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01 or 

TIME/TIME TO FAILURE 
[—IODINE _ 

PENETRATION 

3 Schematic representation of crack initiation, crack 
propagation, and ductile rupture in cladding exposed 
to an iodine environment. 
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BARRIER CLADDING CONFIGURATION 
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•100 t t m 
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ZIRCONIUM-LINED 
BARRIER CLADDING 

Figure 4 Configurations of zirconium-lined barrier cladding and 
standard Zircaloy cladding. 
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Figure 5 a) Barrier cladding representation in the SCCIG model 
b) Stress-strain response of irradiated Zircaloy and 

irradiated pure zirconium used in the model. 



Figure 6 Offset of the center of load support away from the 
cladding mid-thickness due to the presence of the soft 
pure zirconium liner at the cladding inner surface. 
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CERT (CONSTANT EXTENSION RATE TEST) 
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SIMULATION PittlMCTION 
STANDARO ZIRCALOY BARRIER 

CLADDING CLADDING 

Figure 7 Independent predictions and experimental data (9] on 
the effect of pure zirconium liner on strain to 
failure of cladding exposed to iodine in CERT tests. 
The b a n connected by arrow represent the scatter in 
the data. 



RAMP AND HOLD TEST 
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Figure 8 The experimental data (9] and the model's independent 
predictions of time to failure for barrier and 
Zircaloy cladding in an iodine environment, for ramp 
and hold tests. 

IN-REACTOR RAMP TEST 
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Figure 9 The experimental data (10] and the model's Independent 
predictions of time-to-failure for barrier and 
standard Zircaloy claddings exposed to the power 
history shown in figure. 
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Figure 10 Predicted effect of iodine concentr-.tion on the SCC 
threshold strain of barrier and Zircaloy claddings in 
a ramp and hold test. 
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Figure 11 Determination of the equivalent elastic strain e*» 
for a given applied hoop strain t\-
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Figure 12a SCCIG-B predictions of crack growth rate vs. crack 
depth for irradiated barrier cladding at 350»C. 
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Figure 12c Predictions of transgranular crack growth rate vs. 
crack depth for irradiated barrier cladding at 350*C. 
The lines indicate the predictions of the CFMIII 
equation. 
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Table 1 Program listing 

i. e a >aooaaii TO eateeiaTi TIHB TO raitaaa aaasoa eaaea aiat. i. atat L I S 3. OIRINSION llll).ll(i.i).l(i.i).IIM).IIIMI a. c coaaxaan or rat matt S. BBTt RV».».*.*/.l'8.J.-ll?..-STI..-t»t./.8/l..»..«T.S.lT.».Tl/ 
a. oata a i 'a .a«z i8 .7 .T8M. i .a» i ia .s .aat i ts .Btva<>». i * t7s 
7. aata o.araaaao.. i .aoso' 
a. i aiaa t i . u i > c i . t . T t i t r . u . i c 
* . r i i a T . * c t . i . T . H . a e * . e i . i . T t * r . u . t c 

i t . i r tea . O T . H I OOTO ia 
I t . T»B. 
I I . r a i t » - i . 
is . eia>a.a**n 
i« . ua iTeta . t ta i 
is . c eaieataTt nteaaaieai raor t iT i ts i 
•a. i8 i« iaaa.«f** .aa-8 .aM«Tt i i r> 
i i . t r tM7a .«a .88*T tHr> ' i . i «s 
ia . • a*«ctiia.3-a.ia«*TCiir>'0.i*B 
t« . taa -a .a t 
aa. t T > i T ' t t t 
n . i r ( i . O T . i t -s> i » u - s 
a t . i x i H » ( - v ( i > i T n r « i i i . » ) 
aa. e CMCOIBTB Taataacta BTaaia 
aa. c a n Tatsati .ac.tTa> 
i s . a ataa t i . u i > B9TaaT.iiHa.8T 
aa. i r tisTaaT . I T . - a . n OOTO I 
I T . i r t r a i l . O T . a . ) OOTO * 
M . W i l t U .188) t tT» IT . t tN8.CI .T 
8*. S iaoT-«ttaa-taT»aTJ/aT 
aa. c cateotaTB caiTtcaa aorToaa eaaca terra roa BTIBT araaia 
i t . c a u a88T8ain.nTatT.iT.iRB.Ke.et> 
aa. i r (aastiea-cBism . O T . a . a n OOTO a 
a i . NaiTt <a.ias> taTaaT.ataa.ca.T 
) « . M R I T I t t . i a a i 
as. r a n * i . 
so. OOTO a 
ST. a n * t M 8 
SO. Tint«T*OT 
SO. T*»TIM 
as. c caica roa laiTiaTtoa iTtat 
at. ir tea .at. CIMI OOTO O 
«a. e cowttt BTaaiai HITB TBI Taitsaott tTtaiB 
as. ir ttsTatT .at. ITBI BOTO a 
««. ir (tana .OT. ITBI BOTO a 
as. c a* eaaea oaotrra rataieTta ir tTttiNKTatisaoto STaaia aa. T«Tina «T. e»e» 
»«. naiTt it.iB8> tsTatT.tiBt.ea.T 
aa. OOTO t 
sa. c roa tsTaaKtra i t r aaTaar-ata 
St . e t i s t r Tint t a r t a r ! . 
s t . s 0Ti*««tTa-taTaaT>'ittHa-iaTaaTi>«8T 
SS. BT«8T-8TI 
SO. T»T*BTt 
ss. t a r t a r * t r a 
sa. TB«T 
ST. m i T t i t . i a s i tsrt tT.t tMB.ea.T 
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A MODEL FOR THE IODINE-INDUCED STRAIN RATE 
SENSITIVITY OF ZIRCALOY FUEL ROD CLADDING 
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Akstnct 

A model has been developed to describe the strain rate sensitivities and 
failure times which are characteristic of iodine-induced failures for Zircaloy 
fuel rod cladding. These failure characteristics are important because it 
has been postulated that certain power ramping rates may increase the propen
sity for PC1-SCC fuel rod failures. The foundation of the model is a creep 
cracking formulation that predicts crack initiation times and growth rates as 
functions of the material creep and fracture related parameters. Other ele
ments of the model include: iodine depletion by chemical reaction with Zirca
loy to form the embrittling species Zrl$, diffusion of the Z H 4 down the 
crack, chemisorption of Zrl4 at the crack tip, and subsequent embrittlement 
of the Zircaloy, which in turn initiates crack growth under applied stress. 
In essence, the model describes the transition from the slower (less obser
vable) creep cracking (CC) regime to the faster (more o'.servable) stress 
corrosion cracking (SCC) regime. The model is thus called CCSCC. 

Benchmarking of the CCSCC model to laboratory SCC burst test data indi
cates that the Zircaloy-iodine SCC process is dominated by chemical reaction 
and material creep rate phenomena, rather than by stress thresholds or by 
the requirement that a complete monolayer of corrosive agent form on the 
fresh Zircaloy at the crack tip. Failure times are dominated by the time 
required to initiate acuve crack growth, which is best determined by non
linear damage models. There was no evidence that the SCC fracture process 
may be limited by diffusion kinetics on the time scale of laboratory experi
ments. Results indicate that ihe CCSCC model may be improved by accounting 
for the reduction in Zrl$ production caused by Ihe formation of solid Zrl x 

condensates at high initial iodine concentrations. 

1. Introduction 

Stress corrosion cracking (SCC) of Zircaloy cladding is a mechanism 
that has been proposed to explain the observed low-ductility failures of 
light wate.- reactor fuel rods. The stress contribution of the SCC mech
anism originates from pellet-cladding interaction (PCI). PCI may occur 
as rod powers and fuel temperatures increase because of differential 
thermal expansions which cause physical contact between the hotter fuel 
and the cooler cladding. PCI is enhanced by thermal stress gradients 
which crack the ilO? fuel pellets, thus permitting radially outward motion 
of the fuel fragments in a process called relocation or gap closure. 
The thermal stress gradients also cau^e the cracked fuel pellets to 
assume an hourglass shape which can result in the formation of bamboo 
ridges in the cladding, and predicted stress intensity factors of two to 
four are not uncommon in this regard. 

The corrosive contribution of the SCC mechanism is usually associated 
with fission products which originate in the fuel and are transported to 
the cladding during the fission gas release process that occurs as irra
diation proceeds. Identification of the dominant fission products, or 
combinations thereof, responsible for SCC has been the subject of much 
discussion in recent years. The fact that research continues U , 2) in 
this area indicates that the question has still not been sufficiently 
answered. Iodine and iodine compounds have received substantial attention 
because of the similarities between the fracture surface morphologies of 
failed fuel rods and laboratory SCC burst tests. Variants of the iodine 
SCC argument include elemental iodine, zirconium iodides, and other 
iodine compounds which may act as precursors. 

In contrast to the iodine SCC argument, others have sought to show 
that corrosives were not necessary to produce brittle fractures in Zir
caloy, and that oxygen or oxygen precipitates were sufficient (3). Still 
others have sought to show by equilibrium thermodynamic arguments alone 
that the iodides could probably not even reach the crack tip quickly 
enough to participate in an SCC process (4). However, the PCI-SCC phenom
enon seems to be a case dominated by circumstantial evidence. Single 
arguments addressing a portion of the data are not usually sufficient to 



M prove or disprove such a case. The body of evidence generally must be 
considered as a whole in order to reach a conclusion. 

In this paper, we recognize that stress, time, material properties, 
and corrosives may all play a part in the PCI-SCC process. However, we 
also recognize the possibility that brittle failures may still occur when 
not all factors are present simultaneously. A mathematical model of the 
fuel failure process should be capable of addressing various combinations 
of the above four parameters. When corrosives are not present, it Is 
still conceptually valid to consider that some type of damage is always 
being incurred by the cladding. Disregarding irradiation damage, we are 
led naturally to creep mechanisms as being representative of mechanically-
induced damage under the conditions of stress, time, and temperature. 
Indeed, the role of creep in the SCC process has been discussed in the 
literature (5_). Thus the foundation selected for the present modeling 
effort is a creep cracking formulation (6) which describes the slower, 
less observable, non-corrosive regime of the fuel rod failure process. 
Th's creep cracking formulation also has the capability to simulate the 
effects of precipitates in the Zircaloy. When corrosive species are present, 
certain critical fracture-related parameters are adjusted accordingly to 
represent embrittlement of the Zircaloy. This causes faster damage accumula
tion, and represents the more observable SCC process. In essence, the 
present model simulates the transition of the PCI-SCC process from the 
slower creep cracking (CC) regime to the faster stress corrosion cracking 
(SCC) regime, and the model is thus called CCSCC. 

The creep cracking formulation of the CCSCC model also permits "thresh
old" concepts to be treated as very slow rates below which experimental 
measurement is extremely difficult and costly. Threshold concepts, which 
may be an analytical convenience originating from the limitations of experi
mental measurement, are thus avoided in favor of a continuum model that 
describes a greater range of possible failure mechanisms. 

Zirconium-tetraiodide (Zrla), produced from the chemical reaction 
between the Zircaloy cladding and the fission product iodine, wus selected 
as being representative of corrosive or embrittling species present in a 
fuel rod. This selection was made primarily because previous investigations 
(7, 8) have provided sufficient data to develop a quantitative model. 

The major components of the CCSCC model are described in the following 
section of this paper. A subsequent section describes benchmarking efforts 
performed to approximate the reduced failure times and the strain rate 
sensitivity of SCC-related failures. Both are Important In relation to 
the power ramping rate at which a fuel rod may be most sensitive to PCI-
SCC failure. 
2. Description of the CCSCC Model 

The following paragraphs describe the major components of the CCSCC 
model: production of Zrla by chemical reaction between Zircaloy and iodine, 
diffusion of the Zrla down the crack, chemlsorptlon and embrittlement at 
the crack tip, damage accumulation at the crack tip, and crack initiation 
times and growth rates. 
Zrla Production 

Chemical rate equations provide a convenient method for estimating 
the time-dependent production of Zrla from the reaction of the fission 
product iodine with the Inner surface of the cladding. The first-order 
rate equation selected for the CCSCC model assumes that the reaction rate 
1s proportional to the amount of free Iodine remaining in the system (9), 

w-'K (V ! «) ( l> 
where IR is the amount or concentration of Iodine thct has reacted with 
the Zircaloy, I 0 is the amount or concentration of free iodine Initially 
in the system at the beginning of time Increment dt, and K is the reaction 
rate constant (1/sec). The solution to Equation (1) Is: 

I R - I, (l - . " « ) (2) 

and is shown schematically in Figure 1. 
Equation (2) is assumed to provide an adequate representation of the 

Zircaloy-iodlne reaction because Figure 1 displays the same general character
istics as the Fe-l2 and N1-I2 reactions discussed in Reference (2). We suspect 
that the Zr-lj data actually exhibit the same behavior, although obscurred 
by data scatter caused by the substantially slower reaction rate. 

I 



Equation (?) has at least two advantages for analytical modeling. 
First, the exponential form of the equation permits simple application in 
incremental solutions with varying time increments, a feature useful for 
simulating nonlinear fuel rod power histories. Second, the self-shielding 
behavior of Figure 1 qualitatively resembles the Langmuir isotherm (10), 
which describes the fraction of a solid surface that is covered by molecules 
of a gaseous species as a function of temperature and gas pressure. Thus, 
the chemical rate equation may also be relatable to chemisorption processes. 

With the chemical reaction rate data from Reference (j!), Equation (2) 
can be solved for the rate constant, giving K = 2.78 x 13-7/sec at 623°K. 
However, it is proper to check this rate constant against additional data, 
as follows. From Reference (JL1) another more theoretical expression for 
the rate constant is available: 

where K is Boltzman's constant, h is Planck's constant, T is absolute 
temperature, aG + is the activation free energy for the activated state,\> 
is a parameter related to the activation volume of the process, and K\ is 
the stress intensity. The product vKj is the work contributed by the 
stress intensity in overcoming the energy barrier. Because acceptable 
data are lacking for v and -G +, we simplify the exponential term of 
Equation (3), 

where Q is the activation energy and R is the gas constant. For K = 2.78 
x 10-7/sec at 623°K, Equation (4) yields Q = 1.16 x 10 5 J/mole °K (27739 
cal/molc > ) , which is in acceptable ajrsement with previously reported 
activation energies for SCC processes [12). 

The chemical reaction data in Table 1 of Reference (7) were also 
analyzed, assuming that the gaseous Zrlq and the condensed iodides (Zrl x) 
constitute the reaction products, and that the reaction time was 22 minutes. 
Although the data are scattered, plots of reacted fraction versus initial 
iodine concentration again resembled Figure 1. Application of Equation (2) 

to the data yielded reaction rate constants varying between 5.2 x 10'Vsec 
at 873°K and 2.6 x 10"3/sec at 1073°K, with an average rate constant of 
1.57 x 10-3/sec at 9/3°K. With Q • 1.16 x 10 5 J/mole °K and T • 973°K in 
Equation (<), we have K « 1.3 x 10-3/sec, which is in acceptable agreement 
with the above average value (7) assuming that 0 1s constant with tem
perature. Thus, the Zircaloy-iodine reaction rate constant (K) seems 
consistent for the two data sources, and the activation energy Is consis
tent with previously reported values. 

This rate constant is employed in Equation (2) to compute the amount 
of iodine that has reacted with the cladding, and the Zrl$ production is 
then computed from a formula similar to one given in (7), 

P(V4)"(W??)" (5) 

where P(ZrIaJ is the Zrl4 gas pressure, IR IS the reacted iodine concentra
tion (g/cm 3), Mflj) is the molecular weight of Iodine, R Is the gas con
stant, and T is the absolute temperature. No correction is made for con
densed Zrl x compounds, which would reduce the Zrl$ production. However, 
Figure 2 of (7J indicates that at lower concentrations and temperatures 
( <10*5 g/cm3 and < 623°K), the conversion to Zrl$ nears completion. For 
the range of interest treated by the CCSCC model (573-623°K and 10' 6 -
10" 3 g/cm3 iodine), the possible conservatism in Zrl4 production at higher 
initial iodine concentrations is estimated to be about one order of magnitude. 

Diffusion of Zrla down the Crack 

A finite source, finite path length diffusion Equation (̂ 3) is utilized 
to model the transport of the Zrl4 to the crack tip region 

where C(X,t) is the concentration at distance x at time t, C 0 is the initial 
concentration at time t=0 (confined to the region Osxsh), erf is the 
error function {H), D is the diffusion coefficient evaluated from the 
Hirschfelder Equation (Hi), and I is the diffusion path length (iodine 



source length plus crack depth). Equation (6) was selected for its capa
bility to model limited corrosive supply sources, the effects of which are 
discussed in Reference (5). For modeling laboratory SCC burst tests, the 
source length (h) is taken as the tube radius since the Zrl^ is assumed to 
be evenly distributed throughout the tube volume. In practice, n=+?0 is 
usually sufficient to ensure convergence of Equation (6), 

The CCSCC model simulates cladding fracture processes by an incremental 
method which also treats the loss of embrittlement should the Zrla, at the 
crack tip decrease to a very low concentration at any stage of the failure 
process. This can occur for example by Zrla depletion caused by chemical 
reaction at the crack tip when the corrosive source is limited, or if a 
UO?-iodine reaction quickly depletes the iodine available to supply the 
Zrla production reaction. This feature recognizes that non-monotonic 
crack growth rates can be possible in a fuel rod with a varying power 
history. When the Z H 4 concentration at the crack tip decreases to 10-10 
gm/cm3, the elapsed time in the diffusion process (t in Equation (6)) is 
assumed to restart at zero. This is an approximate method for treating 
initial distributions of corrosive species in the crack during the course 
of an incremental solution that simulates the fuel rod history. The reason 
for the above limiting concentration will be explained in subsequent para
graphs . 

The current version of the CCSCC model also contains options for the 
UO2 •'line chemical reaction, and for the Zrl4-Zr reaction along the sides 
of the crack. The former is not currently used because of insufficient 
data to determine the UO^-iodine reaction rate constant. The lator is 
also not currently used because the existing fracture surfaces are assumed 
to have already reacted with either corrosives or other gases such as 
oxygen. 

An option in the CCSCC model which is currently used treats molecular 
diffusion at the crack tip, where embrittlement can reduce the diffusion 
channel width to submicron dimensions. Molecular diffusion in the crack 
tip region is approximated by an equation for a narrow slot f16) 

where C is the molecular diffusion rate (liter/sec), M is the molecular 
weight of the gas, T is absolute temperature, a is the channel length (along 
the tube axis), b is the channel width (crack tip opening displacement), L 
is the diffusion path length (crack growth increment), and F is ,- geometric 
factor for a narrow slot (F»1.444). The concentration entering the crack 
tip region by molecular diffusion during a time increment (dt) is computed 
by converting C in Equation (7) to gm/cm3 by the Ideal Gas Law, and then 
multiplying the result by dt. 

Chemisorption at the Crack Tip 

It is frequently assumed that a complete i.ionolayer of corrosive agent 
must form on an exposed Zircaloi surface in ordar to Initiate or propagate 
an SCC fracture. This hypothesis has no apparent justification because of 
the lack of data needed to describe just how much corrosive Is required 
for embrittlement on the microscopic scale at the crack tip. Indeed, the 
requirement for complete monolayer formation may be related to other popular 
threshold concepts, which in turn may be conveniences originating from the 
need for experimental measureabillty (detectable iodide condensates) or 
experimental economics (failure times less than 1000 hours). It thus 
seems equally viable to assume that some amount of embrittlement can occur 
at the crack tip even when the exposed Zircaloy is only partially covered 
by Zrla. 

Although data are sparce concerning the mechanics of Zircaloy surface 
coverage by iodine species, recent publications have provided valuable 
Ir.sight into the concentrations of Zrla required for the Initiation and 
for the saturation of SCC processes. In particular. Figure 7 of Reference 
{7) provides perspective concerning the effects of temperature and iodine 
supply (limited or unlimited). Extrapolation of these data from the high 
temperature region (773-1173°K) to the temperature rtyion 0' current inter
est (573-623°K) indicates that the SCC process could begin at Zrla pressures 
as low as 10" 6 Pa ( 1 0 - 1 1 bar), and become saturated at about 30 Pa (3 x 
10" 4 bar). However, the lowest Zrla pressure for SCC process initiation 
for which there are supporting data in the 573-623°K temperature range is 
about 10" 2 Pa (10- 7bar). We thus select 10" 2 Pa as the Zrla pressure at 
which the SCC proc»ss can be considered to be sufficiently active to manifest 
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embrittling effects in the Zircaloy. The Zrlq pressure for the saturation 
of embrittling SCC effects at about 30 Pa is also well supported by the 
data of other investigators (7). These two characteristic Zrla pressures 
are utilized to develop a Zr-Zrl4 isotherm for the CCSCC model, which is 
discussed in the following paragraphs. 

There are many types of isotherms that describe the coverage of solid 
surfaces by gaseous species (^0). The Langmuir isotherm was chosen for 
the CCSCC model: 

where 0 is the fractional coverage of the surface, P is tht ^as pressure, 
and b is the ratio of the specific rate constants for condensation and 
evaporation. There are a number of reasons for selecting this particular 
mathematical form. It is a standard and well-known isotherm. Auger Electron 
Spectroscopy (AES) investigations of the adsorption or chemisorption rf 
various gases on Zircaloy in general show a Langmuir behavior at low pres
sures (_17,18,19). Competing species such as oxygen may be easily incor
porated into Equation (8). For certain ranges of the product bP, a plot 
of Equation (8) resembles the chemical rate equation shown schematically 
in Figure 1, which may permit alternative evaluations of reaction rate 
constants. We also note that if the activation energy of the Zr-Zrl4 
system is similar to that for the Zr-I^ system, they are large enough to 
consider the Langmuir isotherm as representing a chemisorption process 
(10). 

The general form of the Langmuir isotherm must be tIt to tht Zrl4 
pressures selected to represent the initiation and saturation of the SCC 
process (10~ 2 pa and 30 Pa, respectively). If we assu.ne that there are 
1.1 x 1 0 ^ sites/cm? available for chemisorption on the Zircaloy surface 
(IB), then the surface concentration of Z M 4 representing the initiation 
of the SCC process is equivalent to about 2.98 x 10~10 gm/cm2 (explaining 
the above discussed limiting concentration at which the diffusion process 
restarts from time zero). Assuming that this low Z H 4 concentration could 
be completely chemisorbed, this represents a fractional coverage (P) of 
about 2.7 x 10" 4 at the initiation of the SCC process. Next, we assume 

that the saturation of SCC effects is represented by 75X coverage of the 
surface, or about 8.17 x 10" 7 gm/cm2 of Zrl4. By the Ideal Gas Law, this 
is equivalent to a Z H 4 pressure of about 27 Pa, which is in acceptable 
agreement with the saturation value (30 Pa) previously interpreted from 
Figure 7 of Reference (/_). Thus we require an isotherm that approaches 
zero coverage at 10"^ p a > a n a- approaches 75X coverage at 27 Pa of lrl&. 

Attempts to match the above coverage versus Zrl4 pressure specifications 
with an empirically chosen value for b in Equation (8) were not entirely 
satisfactory. For example, with b • 6.5 x 10"^, the coverage plot appears 
slightly "S" shaped, and does not adequately match the shape of the chemical 
rate equation in Figure 7. An alternative formulation was chosen: 

6»T4V ( 9 ) 

where PR • logjo (P/Pc) 
P ' Zrl4 Pressure (Pa) 
P c = Zrl4 pressure representing the initiation of the SCC process 

(10- 2 Pa) 

When P is less than P c, PR is set equal to zero in the CCSCC model. At P 
= 27 Pa, 8 » 0.77, which Is in acceptable agreement with the specification 
for saturation at 6 = 0.75. The modified Langmuir isotherm of Equation 
(9) is shown in Figure 2. 

The next step in the analysis was to attempt to relate the modified 
Langmuir isotherm to the chemical rate equation in order to Introduce time 
dependence into the reaction at the crack tip, and thus to develop a value 
for the Zrl4-Zr chemical rate constant (K4). Neglecting the desorption 
process, the following equation describes the rate of coverage (20): 

dn P 
^ i . 2.363 x 1 0 Z 0 ^ f (10) 

where dna/dt is the coverage rate (molecules/cm2 sec), P is the pressure 
(Pa), M is the molecular weight, T is the absolute temperature, and f is 
the sticking coefficient. At the initiation of the SCC process, 0* 2.7 x 
10-«. With T = 623°K, P = 10" 2 Pa, and f « 1.0 (16), Equation (10) yields 
the time to cheraisorb the available Zrl4 equal to about 7.5 x 10"' sec. 



At saturation at 623°K, P = 27 Pa, and f = 0.2 (J8), Equation (10) yields 
3.9 x 10"3 sec to chemisorb the available Zrla. The chemisorption process 
at the crack tip would appear to be extremely fast by this analysis. 

Assuming that the available Zrla was 99% reacted for the two cases 
above, and employing the computed coverage times in the assumed chemical 
rate equation (Equation (2)), the Zrl^-Zr rate constant (K4) is found to 
range betweer. about 6 x lO^/sec and 1 x 10^/sec. These are enormously 
large rate constants compared to the Zr-Ij rate constant at 623°K (K -
2.78 x 10~'/sec). The effects of such large rate constants were evaluated 
during the benchmarking of the CCSCC model, and are discussed later in 
this paper. 
The Creep Cracking Formulation 

The creep cracking formulation (6) provides a sound foundation for 
the CCSCC model, and permits a relatively wide range of failure processes 
to be addressed in a consistent manner. This formulation originates from 
reactor pressure vessel technology, where creep crack growth analyses have 
been developed to assess the safety consequences of flawed reactor pressure 
vessels and piping systems. Reviews of this technology are given in 
References (21J and (22). 

Of the four creep cracking formulations investigated in the course of 
this work (23, 24, 25, 6), that of Reference (6) was chosen because it 
provided stable, fast calculations for crack tip deformations, crack initia
tion times, and crack growth rates. This formulation also has the capability 
to model the effects of strain hardening or softening, and the effects of 
precipitates in the material. 

The creep cracking formulation is based on a time-dependent r "'ale 
concept of Node I, plane strain creep deformation ahead of stationary and 
propagating crack tips (Figure 3). The creep zone is modeled by a continuous 
array of edge dislocations. Under a constant applied stress (o), active 
crack growth begins when the crack tip opening displacement (4) reaches a 
critical value (< c). The time required (tj) for s to attain the value <5C, 
and the crack growth rate (a) after initiation are given by 

IV' fA<Od<H" „ A" , u„n -J, o J (1+n+pn) B h 1 ^ 7™ < n ) 

• * 1/ *(«)*«/, I n + p n " 1 A 2'" Bh 1 +P" K 2<"-l) (12) 

where: tj = initiation time 
a = crack growth rate 

Ja(Odc * the integral of the dislocation density In the 
creep zone(&) 

A » materials factor for plane strain 
= E/ 4»(l-v ?) , E » Young's modulus, v= Poisson's ratio 

h = fracture process zone height 
Kj = stress intensity factor 

The remaining parameters are described by the material creep rate equation 
i • B(o - o Q ) n e-P" U 3 ) 

where i is the creep strain rate; o is the stress; o 0 is the friction 
stress representing the effects of precipitates; B and n are the usual 
creep parameters; a.id positive, negative, or zero values for p imply strain 
hardening, softening, or steady-state creep, respectively. 

In the current version of the CCSCC model, the following values were 
selected for the above parameters. The stress intensity (Kj) was evaluated 
from the applied stress (o) and the crack depth (a) by the methods of 
Reference (26). Values for Young's modulus (E) and Poisson's ratio (w) 
for Zircaloy were obtained from Reference (£/[). The dislocation density 
integrals were evaluated graphically from Figure 3 of Reference (6). The 
friction stress (o 0) and the strain hardening factor (p) wero taken as 
zero. The selection of the material creep parameters (B, n) will be des
cribed in the following section of this paper. The critical crack tip 
opening displacement (« c) was evaluated from Equation (7.18) of Reference 
(12^), and is taken to represent the unembrittled Zircaloy (« c « 1.5 x 10" 3 

mm). The fracture process zone height (h) was taken as a typical grain 
size for Zircaloy (h » 1,5 x 10"? mm). Note that when the crack tip 
strain is defined is «> «7h, the local strain at the Initiation of active 
crack growth (< c/h) 1s about 10X, which seems reasonable for unembrittled 
Zircaloy on a microscopic scale. 

I 



Equation (11) is strictly valid only for constant « c and Kj over the 
time interval tj. However, the fuel rod internal chemistry and stress 
history may both vary with time, thus causing changes in « c and Kj. There
fore, a second approach was also formulated to describe the crack initiation 
process. The time-dependent crack tip opening displacement (4) for a 
stationary crack is found by inverting Equation (11): 

^ T»/" A(cWt ( 1 4 ) 

0 
*1 

where: X = l/(l+n+pn) 
T = normalized time = t/t 0 

to - (Ki/A)2»*P«) 
(1+n+pn) A nB h 1 + P n 

Uhen & in Equation (14) reaches « c , crack growth begins. In the CCSCC 
model, time-dependent corrosive and stress histories were accommodated in 
an incremental solution by employing a simple nonlinear damage concept. 
The damage increment (CD) was defined as the relative change in 6 over a 
time increment £t-:<t}, 

A 0 j " A V 4 c j < l 5 ) 

As time advanced, damage was accumulated according to 

D - * A O j (16) 
Active crack growth began when 0 • 1.0. 

The embrittlement of the Zircaloy (reduction in tc) caused by the 
presence of Zrl4 was assumed to be a function of the coverage (P). The 
most suitable functional form found to represent this assumed embrittlement 
process was 

F . e " , e * •> (17) 

where F is the embrittlement factor, and * is an empirical constant. The 
embrittled value of *c (« c e) was computed by 

4 c e " «c ' F (18) 
20 This is shown graphically in Figure 4 for the case of *= 3.56. 

We note that this approach to modeling Zrl^-induced embrittlement of 
Zircaloy is empirical, but was necessary because of the lack of data des
cribing such phenomena on the microscopic scale at the crack tip. However, 
the shape of Figure 4 shows a good resemblance to previously published 
results on a larger scale, as shown by the failure strain versus iodine 
concentration plot in Figure 2 of Reference (8). Equation (18) also ignores 
the effects of cumulative embrittlement during the crack initiation process. 
In essence, only the current ZrI4 concentration at the crack tip is assumed 
to cause embrittlement, neglecting the effects of prior corrosive Inventories 
which may have subsequently been depleted. 
4. Benchmarking of the CCSCC Model 

The general methtd for benchmarking the CCSCC model was to solve for 
the embrittlement exponent (•) in Equation (17) such that the observed 
failure characteristics were reproduced. The current approach is relatively 
unique because the model was benchmarked to a single data point, and was 
then required to reproduce the observed strain rate sensitivity and failure 
time behaviors over the entire range of interest. 

The strain rate sensitivity phenomenon is important because it has 
been postulated that some power ramp rates may produce a higher propensity 
for PCI-SCC fuel rod failures. This phenomenon is shown in Figure 4 of 
Reference (8), where a plot of the relative strain to failure versus the 
strain rate shows a distinct minimum developing as the iodine concentration 
increases from 10'* to 10-5 gm/cm2. There appears to be a certain strain 
rate (about 1.3 x 10-?/sec) where the embrittling effects tre mst severe. 
The scatter in the available data concerning the strain rate sensitivity 
phenomenon is demonstrated by Figure 12 of Reference (5). Different materials 
and test methods used by various experimenters have shown that the most 
sensitive strain rate can vary between about 1.6 x 10 _ 8/sec and 1.6 x 
10_6/sec for iodine concentrations ranging from about 10"* to 10"^ gm/enw. 
For the purposes of the CCSCC model, we have selected a value of 5 x 10"7/sec 
as being representative of the strain rate at which maximum embrittlement 
occurs. Also from Figure 12 of Reference (5), a failure strain (tf) of IX 
and an initial iodine concentration of 10"* gm/cm3 were selected as being 
representative of the experimental conditions and results at the chosen 



critical strain rate. Figure a of Reference (5) shows the range of experi
mental results available for the failure time (tf) as functions of the 
applied hoop stress (o) and the material type. We have selected cold-worked, 
stress-relieved (CUSR) Zircaloy as representative, with a representative 
failure time of 5 hours at 345 MPa (50 KSI). 

A brief survey of Zircaloy creep rate equations indicated that at the 
temperatures and stresses of interest, creep rates could vary between 
c= 3.3 x 1 0 " 2 1 o 4 - 5 (28) and e = 4.0 x 10-23 0 7 (29) > w n e r e e is sec"1 

and o is MPa. At 345 MPa, these equations produce strain rates that are 
significantly smaller or larger than the representative value of 5 x 10"7/sec. 
Therefore, we have also selected a representative creep rate equation, 
c= 6.5 x 10-23 a6.26 > \ n order to produce the above representative strain 
rate at the selected stress. This is approximately an average of the 
above estimates for the range of possible creep rates. 

The initial flaw size chosen for benchmarking the CCSCC model was 
3.54 x 10* 2 mm (0.001 inch). From the data of Reference Q 2 ) , this flaw 
size apparently has a less than 5X probability of occurrence. Consequently, 
the benchmarking results presented below could be interpreted as repre
senting the regime of low-probability failures. The cladding dimensions 
utilized for this benchmarking effort were typical of Boiling Water Reactor 
(BWR-6) designs (30): outer diameter = 12.79 mm, wall thickness = 0.94 mm. 

Muller's method of solving for real roots (31.) was employed to deter
mine the embrltllement exponent (•) such that the above selected represen
tative values were reproduced. This was performed for four cases: 
(1) Time-based crack initiation criterion (Equation (11)), with K4 = K; 
(2) Damage-based initiation criterion (Equation (14)), with K4 = K; (3) 
Damage basis wii.h K4 > lO^/sec; and (4) Damage basis with K4 = 100K. The 
results of these cases are summarized in the following paragraphs. 

Case 1 ( • = 3.56). Figure 5 shows the failure strain (£f) plotted 
versus the strain rate for the time-based initiation criterion with the 
Zrfy-Zr reaction rate constant (K4) set equal to the Zr-l2 rate constant 
(K). The failure strain was computed directly from the strain rate equation 
above. The shaded areas of Figure 5 represent the data ranges as inter
preted from Figure 12 of Reference (5) The CCSCC model appears to adequately 

reproduce the strain rate sensitivity phenomenon throughout the strain 
rate range and for initial iodine concentrations greater than 10*5 gm/cm^. 
At lower concentrations, the strain rate sensitivity seems to become more 
severe, in contrast to the data of Reference (8), which show no sensitivity 
below about 10"6 gm/cm?. 

Figure 6 shows the ratio (tp) of initiation time/failure 111..3 plotted 
versus stress. For the time-based initiation criterion, tR is maximum in 
the 275-400 MPa stress range. Outside this range, tp is reduced. It is 
tempting to attribute the strain rate sensitivity to Figure 6, but tp does 
not always behave in this manner (see Case 2). However, it does appear 
that the crack initiation process Generally dominates the failure time, as 
illustrated in Figure 9 of Reference (8). 

Case 2 ( » - 3.58). Figure 7 shows results similar to Case 1 when 
damage is used as the crack initiation criterion, .lowever, the strain 
rate sensitivity does not seem quite as severe. Stress versus failure 
times for Case 2 are plotted in Figure 8, and the CCSCC results appear to 
adequately reproduce the shaded data band from Reference (5). Note that 
the asymptotic behavior of the curves at low stress could easily be inter
preted as a threshold for failure times greater than a few hundred hours. 
Also, the finite failure times at high stress resemble the data from SCC 
burst tests, e.g., Figure 4 of Reference (3j?). It is also interesting to 
rvte that the CCSCC calculations for Cases 1, 2, and 4 all produced nearly 
identical results for stress versus failure time, indicating that this 
type of graphical data display may not be a very sensitive indicator of 
SCC behavior. 

Figure 9 shows that the initiation/failure time ratio U R ) is in 
general greater for the damage-based initiation criterion than for the 
time-based criterion. The depression of t^ at high and low stresses is 
not apparent as in Figure 6, indicating that the strain rate sensitivity 
phenomenon occurs independently of tp. Strain rate sensitivity is appar
ently caused by the competition between chemical and creep rates, which 
are descriptive of the phenomena dominating the SCC process. Initiation 
and failure times are effects rather than causes of SCC behavior, and 
probably should not be used as independent modeling variables. 

I 



Case 3. Attempts to solve for » using the damage based initiation 
criterion and large Zr-Zrl$ reaction rates (K* > 103/sec) were unsuccessful. 
Neither the strain rate sensitivity nor the failure times could be reasonably 
reproduced because the Zrlq was depleted so quickly that very little embrittle 
ment occurred even at large • . The K4 values deduced from the adsorption 
arguments (see previous discussion) were apparently outside the scope of 
the CCSCC model. 

Case 4 ( • = 3.58). This is an intermediate case between Cases 2 and 
3, with K4 = 100 K. The strain rate sensitivity behavior is still adequately 
reproduced, as shown in Figure 10. The faster depletion of Z H 4 caused 
greater loss of embrittlement at lower strain rates (longer times), and 
low initial iodine concentrations ( <10~5 gm/cm 3) resulted in large failure 
strains. It would thus appear that the Zrl4-Zr reaction rate constant is 
within two orders of magnitude of the Zr-I? rate constant. 

5. Discussion 
There are many uncertainties inherent in modeling the failure behavior 

of Zircaloy cladding. Scatter is evident in the laboratory SCC burst test 
data, caused by differences in test materials and experimental methods, 
and compounded by experimental uncertainties and limitations. The PCI-SCC 
phenomenon is even more obscured for in-reactor data, where the uncertainties 
in rod powers, fuel temperatures, design dimensions, and fuel cracking 
lead to appreciable uncertainties in calculated cladding stresses. 
Uncertainties in fission qas release and fuel rod internal chemistry lead 
to appreciable uncertainties in corrosive species inventories that may be 
active in an SCC process. 

The current version of the CCSCC model was developed from "represent
ative values" of the laboratory SCC burst test data, and therefore must be 
considered to be an approximation of the phenomenon. In light of the 
continuing controversy concerning the dominant corrosive species and em
brittling mechanisms, the Zrl$ mechanism selected appears to be acceptably 
representative, and offers the advantage of sufficient previously developed 
data with which to construct a quantitative model. Additionally,the uncer-

2 Q tainties in predicted cladding stresses and the lack of development for 

biaxial stress fracture models imply that the Mode I plane strain basis of 
the CCS^C model is adequate for simulating the PCI-SCC process in fuel 
rods. 

The Zr-Ij chemical reaction equation seems reasonable by anology with 
data for Fe-l2 a"d Ni-Ig reactions. The Zr-l2 reaction rate constant at 
623°K is consistent with that for higher temperatures, and the activation 
energy is consistent with values determined by other investigators for SCC 
processes. 

The finite source, finite path length diffusion equation of the CCSCC 
model provides additional capability for modeling the PCI-SCC process In 
fuel ro<is, where the available corrosive agent is expected to be concen
trated in fuel cracks of various lengths. Neglect of the gap volume will 
result in only a factor of two error in the estimated corrosive concentra
tion (3_3). The effects of initial distributions of corrosives (Intermit
tent supply by gas release or depletion by reaction) in the cladding crack 
are treated approximately but are consistent with the Zrl^ pressure chosen 
to represent the initiation of the SCC process at the crack tip. There 
was no evidence of diffusion-limited crack growth in the benchmark cases, 
even for molecular diffusion through the highly embrittled crack tip region. 
However, diffusion-limited behavior could become Important for pre-existing 
deep cracks (incipient cracks) during relatively rapid events such as 
momentary reactor power excursions. 

The modified Langmuir isotherm developed to describe Zrla chemisorption 
at the crack tip was based on published data for unlimited corrosive supply, 
thus attempting to minimize any unaccountable effects of crack tip starvation 
caused by corrosive depletion. The Zrl/j pressures chosen to represent the 
initiation and saturation of SCC effects seem to be adequately supported 
by these data. The isotherm models a process analogous to monolayer forma
tion, and SCC processes are assumed to be active when less than a monolayer 
is chemisorbed on the fresh Zircaloy surface at the crack tip. Although 
contrary to the popular assumption that a complete monolayer must form for 
SCC process activation, the partial monolayer concept seems at least as 
valid since it is supported by data. The "complete monolayer" concept may 
thus be another threshold concept, born primarily of convenience rather 



than fact. Although some research has been performed in this area (J2). 
more data are probably needed at lower temperatures. 

The modified Langmuir isotherm also qualitatively resembles the chemi
cal reaction rate equation. Howeve*. Zrl$-Zr rate constants found by 
combining the monolayer formation rate and chemical rate equations were 
suspiciously large compared to the Zr-I? rate constant, and produced erratic 
results when applied in the CCSCC model. The extremely fast Zrla depletion 
resulted in the loss of embrittling effects. It appears that the Zrla-Zr 
rate constant is within two orders of magnitude of the Zr-I^ rate constant. 

Crack tip embrittlement was assumed to be a function of the coverage 
(6) of the fresh Zircaloy by the Zrla. Although this formulation is empiri
cal, it does resemble previously published data. The embrittlement func
tion currently used in the CCSCC model accounts only for the instantaneous 
Zrla concentration at the crack tip, ignoring the effects of corrosives 
which may have been previously depleted by chemical reaction. Attempts to 
account for this postulated cumulative embrittlement effect with the cur
rent formulation resulted in very brief crack initiation times and pre
mature failures. Data are needed to describe the maximum embrittlement 
possible on the microscopic scale in the crack tip region. In essence, 
this will establish a lower asymptotic limit for the embrittlement function 
(Equation (17). For active crack propagation, these data are needed to 
describe the depth of embrittlement as a function of time, since a finite 
embrittlement depth may slow the crack speed as 6 C increases with crack 
advance during a finite time increment. This may slow the crack propaga
tion phase of the failure process and thus increase the failure time. A 
finite embrittlement depth of course assumes that the crack tip embrittle
ment process is not strictly a surface phenomenon, as may be implied by the 
large values deduced for the Zr-Zrl4 chemical rate constant (K4). Although 
SCC sorption theories do exist, it also seems possible that some corrosive 
elements may be capable of diffusion down grain boundaries or into the 
observed W-type voids (34) to produce an effective finite embrittlement depth 

The creep cracking formulation (6) provides the CCSCC modeT with the 
capability of modeling a wide range of fracture process speeds independently 
of stress threshold concepts. The choice of the creep phenomenon as repre

senting the basts for the cladding damage process is supported by the 
observation of W-type voids intersecting Zircaloy fracture surfaces in 
some very recent laboratory SCC-burst test experiments where the external 
atmosphere was carefully controlled tj prevent post-failure oxidation of 
the fracture surfaces (J4). In addition, this formulation also has the 
capability to model other non-corrosive embrittlement mechanisms, such as 
the proposed oxygen precipitate mechanism (_3_), should they be proven to be 
as prooable as corrosive-related PCl-SCC processes. However, recent non-
SCC laboratory experiments reproducing the effects of cracked-fuel-induced 
PCI with irradiated cladding in a pressurized hot water loop have produced 
no brittle failures, even with initial flaw depths approximately 10X of 
the wall thickness (JS). These rods have not yet been destructively 
examined, and it is unknown whether or not any crack propagation occurred 
at all. 

Although the values selected for the fracture process zone height (h) 
and the URembrittled crack tip opening displacement (5 C) seem reasonable 
and produce reasonable results in the CCSCC model, these parameters should 
be experimentally verified. Reference (6) also imposes two additional 
restrictions for the creep cracking formulation: small-scale yidJing and 
steady-state crack propagation. Small-scale yielding 1s assumed to prevail 
when at least 90% of the dislocations are concentrated within 10* of the 
remaining ligament width (d) immediately ahead of the crack tip. Mathe
matically, this condition is (6): 

d > 4 
4 c E 

L*U (19) 

Simple calculations for a crack depth 5% of the cladding wall thickness at 
310 MPa show that the small scale yielding condition (creep brittleness) 
applies for Zrl 4 pressures as low as 3 x 10" z Pa for BWR cladding. At 
lower pressures, the small scale yielding criterion may be violated, and 
creep ductile behavior should prevail. However, this seems proper since 
by definition the Zrla pressure is approaching the lower limit for SCC 
effects. 

The steady-state requirement of Reference (6) is that the crack speed 
increases by no more than 10% as the crack tip advances through the region 



containing 90X of the dislocations. This can be simply accommodated by 
taking sufficiently small time increments or by limiting the time step 
size by a specified allowable growth increment. 

The creep cracking formulation provides explicit computation for the 
initiation time (ti) , but since 6 C and Kj may vary throughout the fuel rod 
history, damage is considered a better criterion for crack initiation. 
Both approaches were investigated in the benchmarking efforts, with similar 
results for strain rate sensitivity and failure times. The strain rate 
sensitivity phenomenon has been previously discussed in terms of fracture 
process domination by creep rupture at high stress, whereas at low stress 
(long times) creep relaxation has been assumed to reduce the stress below 
a threshold value. However, CCSCC results indicate that the strain rate 
sensitivity effect can be modeled with an embrittlement function that is 
independent of stress. This implies that the increase in failure strain 
at low stress (long times) is caused by corrosive depletion through chemi
cal reaction, which in turn causes loss of embrittlement. This can be 
seen by comparing Figures 7 and 10. At high stresses, the brief failure 
times limit corrosive (Zrl/j) production, and the fracture process is again 
dominated by the material's creep behavior, which becomes more brittle with 
increasing initial iodine concentration. This is shown by the similarity 
of the curves in the high stress regions in Figures 5, 7, and 10. At 
intermediate stresses, failure times are sufficient to maximize embrittle
ment. It appears that the strain rate sensitivity phenomenon may be caused 
by the competition between chemical and creep rates, rather than being an 
effect of a stress threshold. 

Although the benchmark cases showed the failure strains increasing as 
initial iodine concentrations decreased, the strain rate sensitivity simul
taneously became more severe. Neglecting the reduction in Zrl$ production 
by the formation of solid Zrl x condensates is probably the reason for less 
severe strain rate sensitivities at high initial iodine concentrations. 
Accounting for solid Zrl x condensate. ,ould result in greater strain rate 
sensitivity at higher initial iodine concentrations (Figures 5, 7, and 10), 
and would also cause the Zrla concentration to reach the assumed SCC process 
initiation concentration (10"? Pa) earlier. This would maintain the strain 

*•' rate sensitivity at lower stresses (longer times), and reduce embrittlement 

effects at low initial iodine concentrations (8). Accounting for Irl^ 
depletion by other reactions in the system would also have the same 
effect. It thus appears that solid Zrl x condensates should be treated in 
future versions of the CCSCC model. 

The benchmark cases in general showed that failure times are dominated 
by the time required to initiate act ir crack growth. The Initiation/failure 
time ratios for the time-based inlt ion criterion seemed to reflect the 
strain rate sensitivity phenomenon, t ' this is thought to be coincidental. 
The same behavior did not occur for the preferred damage-based Initiation 
criterion. The similarity between the stress versus failure time plots 
for all the benchmark cases indicated that this may not be a very sensitive 
method for displaying data. 

Although the CCSCC model was benchmarked to a single "representative" 
point, it provided reasonable reproductions of observed Zircaloy failure 
characteristics throughout the range of interest for stresses and initial 
iodine concentrations. However, the similarities between many of the 
calculations also indicate that it may be possible to achieve the same 
results with a variety of assumptions concerning dominant corrosive species, 
chemical rate constants, embrittling functions and material creep properties. 

Modeling of the strain rate sensitivity and failure time characteristics 
from laboratory SCC burst tests is the first step in developing a PCI-SCC 
model for application to fuel rods that may be subjected to a variety of 
power ramping rates. However, it should be noted that *he current version 
of the CCSCC model simulates load-control led fracture processes, whereas 
cracked fuel-induced PCI may in fact be a displacement-controlled fracture 
process because of the friction between the fuel and the cladding. A dis
placement-controlled option has been developed and implemented in the 
CCSCC model, and awaits the above described data necessary for application. 

6. Conclusions 
The following conclusions were reached during this work: 

• By simulating the transition from the creep cracking [CC) regime to 
the stress corrosion crackino (SCC) regime, the CCSCC model adequately 
-eproduces the strain rate -..ensitivities and failure times character-



istic of laboratory SCC burst test data for the iodine-Zircaloy sys
tem, while retaining sufficient flexibility to permit future modeling 
of other brittle-failure scenarios and fuel rod PCI-SCC events. 
The iodine-Zircaloy SCC process appears to be dominated by chemical 
reaction and material creep rate phenomena, rather than by stress 
thresholds or by the formation of a complete monolayer of corrosive 
agent on the fresh Zircaloy surface at the crack tip. 

Failure times are dominated by the time required to initiate active 
crack growth, which is best determined by accounting for the nonlinear 
accumulation of damage at the crack tip. 

There was no evidence of diffusion-limited fracture process behavior 
in the CCSCC benchmark cases simulating laboratory SCC burst test 
data, but diffusion-limited behavior could be possible for some rapid 
fuel rod power transients. 

The value deduced for the iodine-Zircaloy chemical reaction rate 
constant (K) appears to be reasonable, and the Zrl4-Zircaloy rate 
constant (K4) appears to be within two orders of magnitude of K. 
However, the analysis also revealed indications that time-independent 
surface phenomena may dominate crack tip processes. 

The behavior of the strain rate sensitivity curves in the benchmark 
cases indicates that the effects of solid Zrl x condensates in reducing 
the Zrl$ production should be treated in future versions of the CCSCC 
model. 

Data are needed to verify the numerical values of the fracture process 
zone height (h), the critical crack tip opening displacement (5 C), 
and the Zrl^-Zircaloy chemical rate constant (K4). Data are also 
needed to determine the embrittlement depth as a function of time on 
the microscopic scale at the crack tip, and the UOj-iodine chemical 
rate constant, for application of the CCSCC model to PCI-SCC processes 
in fuel rods. 
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1. Characterization of Operational Events with Respect 
to PCI 

2. Conclusions froa Experimental Data and Operating 
Experience 

3. Possible Extension of the RSST Approach into the 
Transient Rtgine 

4. Basic Concept for the Definition of PCI Failure 
Criteria and Operating Limits 

5. Hypothesis of an Energy Criterion for PCI Liaits 
in the Transient Regiae 
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Basic paraaotor characterising PCI effects; 
• Radially averaged peak futl enthalpy (ttaperature) 

rtlativt to prtviout peak steady ttatt value ("pricondiiiontd enthalpy") 
Absolute value / increaontal increase of peak futl tnthalpy 
dtptnding on open / elottd ptlltt-to-dad gap in tht prtconditiontd ttatt 

Evtnt Characterization Duration Ptak tnthalpy 

1. Fowor Rawing power increase 
to a new tttady 
ttatt LHGR 

2. Qptrational Traniitnt trantitnt 
power incrtaw 

3. Adiabatic Traniitnt rapid instrtian of 
txcttt rtactivity 

*> 1 ain i tnthalpy 
at ptak LHGR 

• 10"2-101 ain dtptndt on thapt 
of trantitnt 

«10"' ' ain * dtpotittd energy*) 
* initial tnthalpy 

•) Mans proapt energy dtpoiition during trantitnt overpower 

2. Conclusions froa Eaporiaontal Data and (berating Experience 

• There art 4 distinct stages of futl rod 7«w»» to power trantitntt or fait raapi: 
clad strain, incipiant cracks, through-wall crack, activity rt l tatt . Oesign/burnup-
doptndind threshold valuti in ttra* af tht radially averaged ptak futl enthalpy 
versus tiat can be established for the three latter stages. 

• '"• Wl Haiti as obtained free ran testing cannot bo applied in the transient re
giae, since the enthalpy thresholds are incroasim with decreasing duration ef the 
rasp/transient. This aay aean that the failure aede shifts froa stress corrosion 
cracking (PCI-SCC) towards a atchanical failure atdt (PCNI). 

• Incipient cracks are undesirable but no safety concern, since 
(1) continued operation at noraal power levels U.eTeelee the PCI-SCC failure 

threshold) it possible without early activity release 
(2) real transienti/raapt in a core produce none or only a liaited nuaber of 

rods with incipient crackt, but not an txctssive nuteer ef any concern. 
The threshold for Incipient cracks aay be used, however, to define desired 
operating liaits. 

• * PCI failure criterion should be defined by the threshold for the appearance of a 
through-wall crack, as continued operation at noraal peer Itvtlt aay initiate 
early activity release. 



3. fMlialt EllWliHitii 
• Convert steady state LH6R values (q') into radially averaged fuel enthalpy (E). e.g. 

PCI-SCC critical pouer Q'crit, ain — E cri t , oin 
PCI-SCC critical power step A q ' ^ — » 4 E ^ 
preconditioned power *C&n — * Eeon 

• k»U BSST foraaliaa te dotaraine tha actual critical enthalpy far PCI-SCC, E ^ (-) 
which dapands on burnup and previous oparation 

E f f i l W - Itai-un value of { ! „ . « , ^ , t^ • ^ j , J 

• j * * * * oyeriaontaUy determined "Ti—"-critarion for tha transient PCI failurt 
threshold. Eg.^ ( T f f f ) , where T t f f characterises tha duration of tha transient 

Tha limiting values art 
tc-,1 M - E .̂,4 ( T , n » tttin) . steady state PCI-SCC failurt threshold 

Ecrit (0) - Ecrjt ( T aff * * " 2 •»"> - "diabetic PCMI failurt thrtshold 

• Define a corresponding transitnt operating l iait , Epgi (T (f{) , 
which includes safety margins far operational fluctuations 
and far preventing incipient cracks 
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5. hypothesis of an Energy Criterion 

for PCI Units in the Transient Heafo 

• An adequate assueption for a PCI failure criterion in the 
transient regie* could bt a constant demited energy 4* 
bwowd the PCI-SCC threshold 

A € « constant . E^CO) - lvi\ W 

If T(|f characterizes the duration of transient over
power, and 

U T . l f ) . wcrease in peak enthalpy i s C J l c u U t t d 

• • " deposited energy 
for the considered fuel tint constant and 
shape of transient (0«f, « 1, f«(0>-»1, f«M-»0), 

the transient failure threshold is given by 
Ecrit < W - W " * * [ Ecrit«» - W " > J - V W 

• The energy criterion is 
- the tiaplest for* of interpolation beteoon the failure 

thresholds in the steady state and adiabatic ranges 
respectively, 

- conservative compared to presently available oxperiaontal 

- nest convenient for Practical applications, since it is 
•uch easier to calculate deposited energy than peak 
enthalpy froa povec-tiee curves. 

• Caution: The energy criterion is potentially over-conservative, 
since it neglects several favourable nechanistic effects. 
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Abstract 

The Office of Nuclear Regulatory Research, USNRC, Is chairing a task force 
to take a fresh look at pellet-cladding Interaction (PCI). The task force 
1s interested In PC I-related fuel rod cladding failures which may occur as 
a result of reactor overpower events like those addressed In Chapter IS of 
the USNRC Standard Review Plan and In Chapter 15 of the responsive facility 
Safety Analysis Reports (SAR's). The task force Is particularly interested 
in those events which might produce PC I-related fuel rod cladding failures 
without the occurrence of fuel rod departure from nucleate boiling (ONB) or 
dryout on the failed rod. 

To date the task force has worked to collect best estimates for total core 
power, relative nodal power distribution, and other pertinent parameters as 
a function of time for several Chapter 15-type transients, e.g., Turbine 
Trip without Bypass (TTw/oB). The task force 1s also collecting data on 
PCI reactor tests with similar power transients, so that comparisons can be 
drawn where possible between estimated reactor power-time profiles and 
experimental data. 



1 . Introduction 

I t has been recognized since at least the early 1970's (Refs. 1 and 2) that 
cracks in the Zircaloy cladding of water reactor fuel rods can occur during 
increases in reactor power. The related type of fuel rod cladding fa i lure, 
which is now commonly known as pellet/cladding interaction (PCI), Is gen
eral ly throught to result fron the tensile (hoop) stresses Induced In the 
cladding by the thermal expansion of the UO. pellets during power ramps. 
The mechanical interaction may be combined with a chemical attack or embrlt-
tler-r>t of the cladding by aggressive fission products released from the 
fuel before or during the ramps, and is perhaps aggravated by Irradiation 
damage in the Zircaloy. Although there has been considerable research in 
the metallurgical and mechanistic aspects of PCI ( i . e . , the associated 
physical, chemical, mechanical, thermal and irradiation processes), the 
relative contributions and effects of the various phenomena Involved have 
been d i f f i cu l t to quantify. This has complicated the question of how to 
address PCI from the standpoint of reactor regulation, particularly since 
there is no concensus on the definition of cladding fai lures. Many reactor 
vendor representatives have defined cladding failure as occurlng when 
fission product leakage through the cladding Is f i r s t observed; other 
investigators have defined cladding failure as occurlng when through-wall 
cladding cracks f i r s t develop. The lat ter group of Investigators usually 
consider the development of moderately deep cladding cracks as representing 
a severe threat to continuing cladding Integrity and call these cracks a 
pre-failure cladding state. In any case, the safety Issue Is the untimely 
loss of integrity of an important fission product barrier. 

Fron a reactor safety or regulatory point of view, the PCI problem can be 
separated into two parts based on conditions of reactor operation. One 
part encompasses those PCI impacts that might result from overly rapid or 
large power increases during normal reactor power ascensions. The Inci
dence of PCI failures under such conditions has been kept within acceptable 
bounds within recent years primarily through the implementation of Improved, 
more PCI-reslstant fuel designs and the adoption of operational procedures 
designed to l imit the magnitude and rate of power Increases during normal 
reactor operation. These procedures, which have been In use for about 

10 years, are sometimes called Pre-Condltlonlng Interim Operating Manage
ment Recommendations (PCICMRs) (Ref. 3) . They are supplied by the vendors 
to their u t i l i t y customers and are generally considered proprietary. These 
procedures and fuel design improvements have been effective In reducing the 
number of PCI-related fuel failures that result from power changes during 
normal operation. The relatively low Incidence of normal operation PCI-
related failures and the abi l i ty of failure detection systems to provide 
time for mitigating action should such failures occur have brought this 
part of the PCI Issue Into the realm of a personnel exposure and economic 
concern rather than an of f -s i te , potential public hazard concern. 

Therefore, we are concerned here solely with the second portion of the PCI-
reactor operating condition Issue; v i z . , wil l PCI failures occur and should 
they be considered In the evaluation of the potential radiological conse
quences for off-normal reactor operating conditions? The type of off-
normal conditions that are of concern are those power-increasing events 
described In Chapter 15 of the NRC's Standard Review Plan (Ref. 4 ) . 

PCI 1s relevant to Chapter 15 reactor safety considerations for the following 
reasons. First , there Is a regulatory requirement to account for fuel 
failures originating from any source, for the common interpretation of 
General Design Criterion 10 (Ref. 5) Is that fuel rods must not undergo 
(significant) fai lure during normal operation, Including anticipated oper
ational occurrences. This means that for ce-taln power-Increasing events, 
such as a BUR turbine t r ip without bypass (see SRP Section 15.2.2) , there 
should be zero fuel failures from any causative mechanisms Including PCI. 
The second reason that PCI 1s relevant to Chapter 15 safety analyses stems 
from the fact that for accidents (events of potentially greater severity, 
but lower frequency than moderate frequency transients) I t Is necessary to 
estimate the corresponding potential radiological consequences so that they 
may be compared with reactor siting cri ter ia (2-hour and 30-day whole body 
and thyroid dose limits) provided 1n 10 CFR 100 (Ref. 6 ) . 

For both transient and accident conditions, the commonly used fuel failure 
cr i ter ia are overheating cr i te r ia , such as the departure from nucleate 
boiling ratio (0NBR) for PWRs and the minimum cri t ical power ration (MCPK) 



for MRs. It has been generally regarded by the NRC staff that I f the 
DNBR/NCPft criteria are satisfied, I .e . , I f the ratios Mere calculated to 
remain above the acceptable values for a given event, then no fuel failures 
Mould be assumed for dose calculation purposes, while the DNBR/MCPR criteria 
Mere violated, the number of fuel rods calculated to He below the accep
tance criteria values Mould be considered failed. As a corollary to these 
assumptions, I t has been understood (assumed) that the DNBR/NCPR fuel 
failure criteria provide bounding estimates for the dose calculation Inputs 
for the Chaoter-15 overpower events even though the ultimate failure mechanl 
nay be more mechanical (PCI) than overheating In nature. 

The NRC formed a task force consisting of senior reactor fuel performance 
experts within the agency and contractor laboratories to address the ques
tion of whether PCI should be considered In the evaluation of SRP Chapter-
15 overpower events. Because most of the 1n-reactor PCI-related cladding 
failure tests have been conducted at European facilities, three task force 
members visited several European facilities In January 1983 on a fact
finding mission to acquire data that could be used to address the PCI 
safety issue. The information obtained from that trip together with other 
relevant information will be discussed In the final task force report. 
Brief descriptions of the BUR and PWR SRP Chapter-15 overpower events of 
interest follow. 

2. Chapter 15 Postulated PCI Events 

Chapter 15 of the NRC's Standard Review Plan (Ref. 4) and Standard Format 
(Ref. 7) provide guidance regarding the type of Information that should be 
supplied in plant safety analysis reports (SARs) dealing with postulated 
transients and accidents. The postulated Chapter-15 events are categorized 
and grouped on the basis of systems effects and core thermal-hydraulic or 
physics consequences. From the standpoint of potential fuel pellet/cladding 
Interaction (PCI) effects, any overpower ( I . e . , power-increasing) event 
could conceivably have a PCI impact. However, for the purposes of the PCI 
task force Investigation i t was possible to single out certain types of 
events that could be considered bounding In terms of PCI potential. 

In general, the events selected for primary consideration by the PCI task 
force were chosen because they tended to exhibit the largest power Increases 
and holdtlmes ( i .e . , time at elevated power). It cannot be overemphasized 
that the particular values of the parameters associated with each event, 
such as the change In power (AP) and time at elevated power, were not, and 
were never Intended or represented to be, "bounding," "average," "realistic," 
etc. They are merely representative of values provided either 1n plant 
safety analysis reports or 1n generic study reports, and as such the para
metric values served the purpose Intended} viz., to enable order of magni
tude estimates to be made of PCI Impact for the Chapter-15 events In 
question. 

2.1 Water Reactor Control Withdrawal Errors 

Whether at subcritlcal, low power startup, or rated power conditions, 
control rod withdrawal errors and misoperations trt classified as 
Condition I I , moderate frequency transients for which fuel rod fai l 
ures are unacceptable. In addition to the usual thermal-hydraulic 
acceptance criteria (for example, ONBR <1.3, HCPR <_ 1.06) Standard 
Review Plan sections 15.4.1, 15.4.2, and 15.4.3 list LHGR limits that 
are related to U0« melting. For PWRs, UO. melting must be avoided 
altogether. (Note: In the case of BWR fuel rods, the U02 melting 
limit is tied to a IX cladding strain limit; that 1s, U0? melting must 
be limited to the amount that would cause I t strain due to the volu
metric change Involved 1n going from solid to liquid U02. The H 
strain and U0« centerllne melt criteria are the only PCI failure 
criteria currently In use in LWR licensing and are obviously of very 
limited usefulness.) 

Control rod withdrawals Involve power increases and this could have a 
PCI Impact beyond the special case related to I t strain or U02 

centerllne melting. 



2.1.1 8WR Control Blade Withdrawal Events 

The abnormal control rod (blade) withdrawal event for the BUR 
Involves only one control rod (and cruciform blade), and only a 
Mtry limited amount of fue l , in the immediate vicinity of that 
control rod. The event is divided into two categories: (1) low 
("zero") power in i t ia l conditions during reactor startup and (2) 
operating poewr range In i t ia l conditions. The characteristics 
and analysis methods for these two categories are quite different. 

2.1.1.1 8WR Control Blade Withdrawal at Zero Power 

The zero power event, as currently analyzed, is basically 
similar to the corresponding PWR event except that i t Involves 
a single control rod rather than a control bank withdrawal. 

In the BUR, the zero power event cannot occur unless an 
incorrect rod is selected and withdrawn, otherwise the 
withdrawal is normal. In normal operation, Incorrect with
drawal is prevented by rod monitoring systems. However, 
since these systems are not considered to have ful l protec
tion grade characteristics, the event is assumed to occur 
and is analyzed with a maximum worth error rod. This analysis 
is described in the La Salle FSAR. The analysis method used 
is simplified and conservative, neglecting important feed
back and power distribution detai ls. The event proceeds 
with the rod being withdrawn a few feet, the excess reac
t i v i t y reaches prompt c r i t i c a l , the power level rises very 
rapidly and scram occurs, quickly shutting down the power. 
There is very l i t t l e energy increase in the average core 
f u e l , the order of 1 cal/gm. There is a large peaking 
factor In the (4) assemblies surrounding the withdrawn rod, 
but only over a few (-\<2) feet axial ly in these assemblies. 

This region is at an appreciable power density level for 
less than 2 seconds and the maximum energy content (by this 

conservative calculation) is less than 60 cal/gm { in i t ia l 
content 1s 16 cal/gm). The presently required l imit for 
this event, 170 cal/gm, which corresponds approxlamtely to 
where NCPR limits would be exceeded. Is not approached. 

2.1.1.2 BUR Control Rod Withdrawal at Power 

The power range rod withdrawal event is quite different in 
I ts characteristics and analysis methodology. No scram is 
involved, but rather a rod block protection system (safety 
grade) is called upon (in BWR3-5s: BWR6s use a limited rod 
movement system). The rod block system senses local power 
Increases around a rod being withdrawn and stops rod move
ment on high level. The sensitivity of the block is set via 
(SAR) calculations which ( a r t i f i c i a l l y ) put the region 
surrounding a ful ly inserted rod on thermal limits (Technical 
Specification Limiting Conditions of Operation, LCO) and 
then provide event termination before MCPR and MLHGR limits 
are reached. A typical event then proceeds (via this calcu-
latlonal process) with the in i t i a l l y fu l ly Inserted rod 
withdrawn about 4 or 5 feet when blocked. The core power 
rise Is vtry snai l , a few percent, and no scram occurs. The 
reactor will stay at the new condition indefinitely, until 
operater action, which Is eventually required since the 
reactor, while not exceeding safety l imits , is (via this 
analysis) above the LCO boundary. The peak LHGR (linear 
heat generation rate) wi l l usually change very l i t t ' e (see 
Figure 15.1.11-2 In 
the Shoreham FSAR) although its axial location may 
change via axial distribution changes. However, locally 
there may be big shifts (the order of a factor of two Increase) 
as controlled regions of a fuel assembly are uncovered 
(uncontrolled) by the rod movement. For example, power in a 
segment of some fuel pins may rise from an in i t ia l 4-6 kU/ft 
to a final 10-14 kU/f t . This would occur in at most a few 



assemblies and over an axial length of a few feet. The 
general transient events would occur over about 15 seconds 
(for a 4 foot withdrawal) with the power rise in a given 
axial segment (6 inches) in a few seconds, then the new 
distribution would exist indefinitely, depending on operator 
response. 

2 PWR Control Panel Withdrawal Errors 

2.1.2.1 PWR Control Bank Withdrawal Errors at Power 

To provide some input data that could be used to gain insight 
into the potential magnitude of the PCI impact of control 
rod withdrawal, Brookhaven National Laboratory reviewed data 
for the case of a Westinghouse PWR undergoing a bank with
drawal error. S-lient points are summarized below. The 
main portion of the BNL review was performed for a PUR at 
hot fu l l power, assuming that the steady-state relative 
power distribution in the reactor core persists unchanged 
during the transient and using core power distributions 
taken from a safety analysis report (Ref. 14) for a typical 
westinghouse 3250 MW(t) PWR. 

I t should be noted that the particular transient that was 
reviewed by BNL is a fast rod withdrawal event which is over 
in about 4 seconds. However, the calculated power increase 
is about the same as for a slow withdrawal that lasts about 
an order of magnitude longer (see Fig. 15.4-25 of Ref. 15, 
for a CEA withdrawal anlaysis for San On of re Units 2 and 3 ) . 
The longer, slower event is probably more germane than the 
fast withdrawal regarding potential PCI Impact for reasons 
that wil l be explained in the task force final report. 

2.1.2.2 PWR Control Rod Bank Withdrawal Errors From Subcritical 

For comparison purposes, BNL also provided some information 
about a PWR bank withdrawal from subcritical conditions. 
The core average LHGR for that case peaked at 73X of nominal 
vs. 120% for the hot full power core, but the rate of In
crease In LHGR M S much greater for the transient initiated 
from subcritical conditions. This would be Important 1f 
strain rates were a major factor in PCI cracking init iat ion 
or propagation (see the task force report, to be issued, for 
further discussion of this point). 

2.2 BWR Turbine Trip Without Bypass 

For BWRs there are postulated Chapter-15 "increase 1n reactor pressure" 
events such as turbine t r ip without bypass (TTw/oBP), main steamline 
isolation valve (MSIV) closure, and generator load rejection, which 
are a l l quite alike in the sense that the plant system and core changes 
are very similar. That is , a turbine t r ip signal Init iates closures 
of the turbine stop valves (TSVs), turbine control valves (TCVs) or 
HISV. The fast closure of these valves with the bypass valves in the 
closed position produces a rapid increase 1n system pressure that 
causes a significant compression of the steam voids. The positive 
reactivity derived from the void compression induces a sharp Increase 
in neutron flux. The rel ief valves t r ip open when the steamline 
pressure exceeds the valve opening setpolnts. This limits the extent 
of the pressure rise and, in conjunction with the scram reactivity, 
l imits the magnitude of the neutron flux peak. The duration of the 
transient (except for ATWS) is on the order of a few seconds or less. 

Turbine t r ip without bypass (TTw/oBP) is for many BWRs the limiting 
moderate-frequency transient because i t 1s associated with the largest 
change in cr i t ical power ra t io , CPR, and because i t has, therefore, 



the lowest minimum crit ical power ratio (MCPR). Since the MCPR is 
required to remain above the safety l imit CPR (usually about 1.07), 
TTw/oBP or i ts sister event, generator load rejection, determines the 
operating l imit CPR for ful l power operation. TTw/oBP has, therefore 
been extensively analyzed using various computer codes, which have 
been benchmarked with turbine t r ip experiments performed at Peach 
Bottom I I ( ref . 8 ) . Brookhaven National Laboratory performed an 
analysis of the Peach Bottom I I turbine t r ip tests in the late 1970's 
(Refs. 9 and 10) using the BNL-TUIGL code (Ref. 11). As part of an 
HRC technical assistance program, the calculated results were in good 
agreement with the test data (Ref. 10) . The task force, therefore, 
asked BNL for nodalized information on LHGR versus time for the type 
of analysis of TTw/oBP that had been performed earl ier . These results 
are described in complete detail in Reference 12, including the follow
ing salient points. 

In plots of peak LHGR vs. transient time, the TTw/oBP is characterized 
by a very sharp, but short, power spike. For a given core node or 
block, the LHGR may increase by over an order of magnitude in less 
than half a second (see, for example, Fig. 7, Ref. 12, where the LHGR 
at approximately 0.5 seconds is 7.0 kU/ft; at 0.92 seconds is 82.8 kW/ft 
and at 1.4 seocnds is back down to 7.2 kU/ f t ) . These calculations are 
consistent with GE predictions of neutron flux vs. time as provided in 
numerous BUR safety analysis reports and generic topicals. As wi l l be 
discussed in the task force final report, the crucial question relevant 
to the likelihood for PCI during this event is whether the transient 
is too short for PCI cracking conditions to develop. 

I t can readily be seen that the PUR slow ( i . e . , lasting about 1 minute) 
rod withdrawal at power is considerably different from the BUR TTw, oBP, 
both in terms of the magnitude of power increase (20 to 40% for the 
rod withdrawal vs. 1000% for TTw/oBP) and time (M minute vs. 1 second, 
respectively). In this connection, a BUR control blade withdrawal 
event would be expected to be a more localized event than the PWR 
uncontrolled bank withdrawal event. 

2.3 PUR Steam Line Breaks 

Steam system piping failures are evaluated in accordance with procedures 
and cri ter ia established In Section 15.1.5 of the NRC's Standard 
Review Plan. As indicated therein, the increased flow resulting from 
rupture of a steam pip*- 1n the main steam system will cause an increased 
energy removal from the reactor coolant system and results in a reduc
tion of the reactor coolant temperature and pressure. In the presence 
of a negative moderator temperature coefficient (which Is most nega
tive at end-of-cycle (EOC) due to the reduction In primary coolant 
boron concentration), this cool down causes an increase Incore reac
t i v i t y . The core reactivity Increases causes an Increase 1n power. 
The transient is sensitive to the discharge rate, so several break 
locations must be evaluated. 

Steam line breaks (SLBs) are classified as "limiting faults" (Condition IV 
events). Since these are accidents, not moderate frequency transients, 
some fuel failure is acceptable as long as radiological consequences 
remain within 10 CFR 100 guidelines. As a general rule of thumb, the 
NRC has traditionally required the steam line break calculated dose 
consequences to remain "well within" 10 CFR 100 guidelines; I . e . , 
< 255 of the 10 CFR 100 dose l imits. The source term consequences of 
steam line breaks are greater 1n the event of the preceding or coin
cident or shortly subsequent occurrence of steam generator tube rup
tures because these shorten the release path and time of f l ight for 
fission products released as a result of PCI related cladding failures. 

The steam line break analyses are very plant specific because of 
differences in steam generator designs and other factors. In most 
cases, DNB is not predicted and, thus, fuel failures are assumed not 
to occur. There have been a few exceptions to this general rule, 
however, an example is discussed 1n Ref. I f (portions are attached as 
Appendix E). Regardless of whether DNB is involved, there 1s a ques
tion regarding the possibility of PCI during the power-Increasing 
portion of the event. 



As indicated in SRP Section 15.1.5, the reactor power level and number 
of operating loops assumed at the init iat ion of the transient should 
correspond to the operating condition Which maximizes the consequences 
of the accident. Thus, the assumed In i t ia l conditions will vary with 
the nuclear steam supply system (NSSS) design, and sensitivity studies 
may be required to determine the most conservative combination of 
power level and plant operating model. Steam line break analyses are, 
therefore, performed for both ful l power and hot shutdown conditions 
and for a number of combinations of parameters. In most cases, the 
potential PC! impact for breaks occurIng at power (assuming reactor 
t r ip ) has appeared to be small because the power Increases are small 
(MOX) and last for only a short time (seconds). Some consideration 
has, therefore, been given to the possibility that the PCI failure 
potential may actually be greater for an SIB occurring from a hot 
standby condition because, even though the associated power Increases 
may not be large, the fuel may be sufficiently deconditloned to be 
rendered susceptible. 

Because the SLB event scenario is so varied and complex, the task 
force has not attempted to address every facet of i t here. For the 
purpose of this PCI study, the task force chose one example of an SLB 
analysis provided in a plant FSAR (for St. Lucie 2) . The event's 
analytical assumptions and results are discussed in detail in Reference 16 

The most important features of the St. Lucie 2 SLB analysis from a PCI 
standpoint are il lustrated In Fig. 15.1.5.3-2 (Ref. 16). As shown, 
the core power increases by about 40% during the f i rs t 40 to 50 seconds. 
For this particular C-E analysis, the nlnlmun DM3R Is 0.603, which 
corresponds to 7.6X of the fuel rods In DNB, according to a statement 
on p.15.1-84 of the St. Luc<« ? FSAR (Ref. 16). I t Is assumed that 
the "•-iber of fuel rods with DNBR values less than the 95/95 value 1s 
considerably higher than 7.6t , but that number has not been provided 
by C-E. 

In summary, the most Important fact with respect to estimating the 
potential PCI Impact for this particular SLB event Is that the core 
power Increases about 40X from hot full power over a period of 40 to 
50 seconds before decreasing abruptly. I t cannot be overemphasized 
that , because of the uniqueness of the SLB analysis on a plant-by-
plant basis, the analysis and specific parameters discussed here for 
St. Lucie 2 are not necessarily representative for SLBs as a class of 
events. The St. Lucie 2 case 1s a useful one, however, to answer the 
auestlon of whether the radiological dose consequences for a Chapter 15-
type accident are underestimated by using DNBR/MCPR and Ignoring PCI. 

3. Estimates of Maximum Rod Power, Maximum Ramp Rate, and Excursion 
Duration for the Transients Listed In Section 2 

Table 1 Is a l ist ing of the predicted maximum rod power, maximum local rod 
power ramp rate and power excursion duration for the transients listed In 
Section 2. 

4. Data on Tests of Cladding Failure as a Consequence of Fuel Rod 
Power Excursions 

The PCI task force have collected Information on more than a dozen test 
programs, Including test conditions, e . g . , local rod power, local rod power 
ramp rates, the length of power excursions, and the observance or non-
observance of cladding fai lure. The test prog rare 5 and test conditions are 
listed 1n Table 2. 

5. Comparison; of Section 2 Transient Fuel Rod Power Conditions and 
Experiment Fuel Rod Power Conditions 

Figures 1 and 2 show the peak fuel rod powers and times at power for both 
experiments (Table 1) and predicted reactor transients (Table 2 ) . The task 
force Is now In the process of evaluating the sufficiency or Insufficiency 
of test data and their applicability to the "worst case" groups of fuel 
rods analyzed for the several reactor transients discussed 1n Section 2 of 
this report. 
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Table 1. Predicted Transient Behavior Table 2. Test Reactor Research on PCI 

Transient 
Maximum Rod 
Power (kW/m) 

BUR Turbine Trip 
without Bypass 

269 

Control Rod With
drawal at Power 

49 

Subcritical Control 
Rod Withdrawal 

75 

PUR Control Bank 
Withdrawal at Power 

59 

PUR Subcritical Control 184 
Bank Withdrawal 

PWR Steam Line Break 60 

Change in 
Rod Power Maximum Ramp Excursion 

(kW/H) Rate (kW/m/s) Duration (s) 

269 

18 

75 

184 

10 

1000 

0.6 

6.6 

5.4 

119 

1.5 

1 

50 

30 

40 

Maximum Rod Maximum Ramp Hold time at 
Facility Project Power (kW/m) 

30,000 h 

24.000° 

Rate (kW/m/s) 

2.0 x 10? 
1.8 x 10° 

Peak Power 

NSRRa 

Power (kW/m) 

30,000 h 

24.000° 

Rate (kW/m/s) 

2.0 x 10? 
1.8 x 10° 

0 
PBF RIA 1-2 

Power (kW/m) 

30,000 h 

24.000° 

Rate (kW/m/s) 

2.0 x 10? 
1.8 x 10° 0 

PBF 0PTRAN 1-1 (BWR) 270 600 0 
Studsvlk Inter-Ramp (BWR) 38-65 0.07 24 hr. 
Studsvlk Demo-Ramp I (8WR) 40-50 0.07 24 hr. 
Studsvik Demo-Ramp I I (BUR) 49 0.37 0-60 m1n. 
Studsvlk Over-Ramp (PWR) 38-53 0.17 24 hr. 
Studsvik Super-Ramp 

(BWR & PWR) 30-50 0.17 12 hr. 
Studsvik Trans-Ramp (BWR) 48-50 8.0. 

10" 4 
15-60S. 

R1s4 Fission Gas Rel. 32-46 
8.0. 
10" 4 24 hr. 

Petten Burnup Ramps (PWR) 
Tribulation (PWR)c

r 

38-46 0.17 10 m1n. to 52 hr 
Mol 

Burnup Ramps (PWR) 
Tribulation (PWR)c

r 25-30 2.0 1-10 mln. 
Hal den Numerous BWR & PWRC • 35-65 0.08 . 

1.4 x 10 * 
4-500 hr. 

PNL High Burnup Effects , 30-50 
0.08 . 

1.4 x 10 * 48 hr. 

Typical of many CDC, TREAT, and NSRR tests with radially-averaged maximum 
fuel enthalpies near 230 cal/g U0.. 

'Estimated for a radially-averaged maximum fuel enthalpy of 185 cal/g UO.. 

c I n progress. 
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