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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into force on
30th September 1961, the Organisation for Economic Co-operation and Development (OECD) shall promote policies
designed:

— to achieve the highest sustainable economic growth and employment and a rising standard of living in
Member countries, while maintaining financial stability, and thus to contribute to the development of the
world economy;

— to contribute to sound economic expansion in Member as well as non-member countries in the process of
economic development; and

— to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in accordance with
international obligations.

The original Member countries of the OECD are Austria, Belgium, Canada, Denmark, France, Germany, Greece,
Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the United
Kingdom and the United States. The following countries became Members subsequently through accession at the dates
indicated hereafter: Japan (28th April 1964), Finland (28th January 1969), Australia (7th June 1971), New Zealand (29th
May 1973), Mexico (18th May 1994), the Czech Republic (21st December 1995), Hungary (7th May 1996), Poland (22nd
November 1996) and the Republic of Korea (12th December 1996). The Commission of the European Communities takes
part in the work of the OECD (Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the OEEC
European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan became its first
non-European full Member. NEA membership today consists of 27 OECD Member countries: Australia, Austria, Belgium,
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Mexico, the Netherlands, Norway, Portugal, Republic of Korea, Spain, Sweden, Switzerland, Turkey, the United Kingdom
and the United States. The Commission of the European Communities also takes part in the work of the Agency.

The mission of the NEA is:

—  to assist its Member countries in maintaining and further developing, through international co-operation, the
scientific, technological and legal bases required for a safe, environmentally friendly and economical use of
nuclear energy for peaceful purposes, as well as

— to provide authoritative assessments and to forge common understandings on key issues, as input to
government decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy
and sustainable development.

Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive waste
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law
and liability, and public information. The NEA Data Bank provides nuclear data and computer program services for
participating countries.

In these and related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in
Vienna, with which it has a Co-operation Agreement, as well as with other international organisations in the nuclear field.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up of
scientists and engineers. It was set up in 1973 to develop and co-ordinate the activities of the Nuclear Energy
Agency concerning the technical aspects of the design, construction and operation of nuclear installations insofar
as they affect the safety of such installations. The Committee’s purpose is to foster international co-operation in
nuclear safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of technical information and for collaboration between organisations
which can contribute, from their respective backgrounds in research, development, engineering or regulation, to
these activities and to the definition of its programme of work. It also reviews the state of knowledge on selected
topics of nuclear safety technology and safety assessment, including operating experience. It initiates and
conducts programmes identified by these reviews and assessments in order to overcome discrepancies, develop
improvements and reach international consensus in different projects and International Standard Problems, and
assists in the feedback of the results to participating organisations. Full use is also made of traditional methods
of co-operation, such as information exchanges, establishment of working groups and organisation of
conferences and specialist meeting.

The greater part of CSNI’s current programme of work is concerned with safety technology of water reactors.
The principal areas covered are operating experience and the human factor, reactor coolant system behaviour,
various aspects of reactor component integrity, the phenomenology of radioactive releases in reactor accidents
and their confinement, containment performance, risk assessment and severe accidents. The Committee also
studies the safety of the fuel cycle, conducts periodic surveys of reactor safety research programmes and operates
an international mechanism for exchanging reports on nuclear power plant incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s Committee on Nuclear
Regulatory Activities (CNRA), responsible for the activities of the Agency concerning the regulation, licensing
and inspection of nuclear installations with regard to safety. It also co-operates with NEA’s Committee on
Radiation Protection and Public Health and NEA’s Radioactive Waste Management Committee on matters of
common interest.
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FOREWORD

This document is intended to provide regulators, their technical support organizations and
industry with a concise review of existing fuel experimental data at RIA and LOCA conditions and
considerations on how these data affect fuel safety criteria at increasing burn-up. It mostly addresses
experimental results relevant to BWR and PWR fuel and it encompasses several contributions from
the various experts that participated in the CSNI SEGFSM activities. It also covers the information
presented at the joint CSNI/CNRA Topical Discussion on high burn-up fuel issues that took place on
this subject in December 2004.

The document was assembled by C. Vitanza and M. Hrehor upon suggestion from the CSNI
chair. It was presented at the SEGFSM meeting in April 2005. Comments made by the SEGFSM
members have been incorporated in the final version of the document. The document content does not
necessarily embody the opinion of the organizations to which each Group member belongs.
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1. INTRODUCTION AND MAIN CONCLUSIONS

This paper follows a discussion that took place in a joint CSNI-CNRA session in December
2004. The objective was to review the database gathered through testing in RIA and LOCA conditions
and to assess the status of development of new criteria taking into account the effect of burn-up.
During the discussion, which was moderated and led by Mr. J.M. Conde of the Spanish CSN,
presentations were made by the following authors:

o K. Valtonen of STUK, Finland, on the outcome of typical RIA enthalpy depositions and LOCA
cladding temperature transients at high burn-up for BWR and PWR cores

o J. Papin of IRSN, France, on the database, main results and plans of the Cabri test programme
on RIA

. T. Fuketa of JAERI, Japan, on the database, results and plans of the NSRR RIA programme and
on the outcome and plans of the LOCA quench tests at JAERI

. F. Eltawila of the USNRC on the status, main results and plans of the LOCA programme
conducted at the US Argonne National Laboratory

An overview of the correlations published in the literature for the RIA failure threshold vs. burn-
up was presented by C. Vitanza of the NEA secretariat. On LOCA he presented a provisional LOCA
criterion based on ductility tests done with pre-hydrided, non-irradiated cladding specimens. The
above presentations are available at the NEA secretariat.

In preparing this paper, it was decided to organise and present the database from various
laboratories in a consistent manner, in order to facilitate the comparison of data from different sources.
While recognising that valuable results have been obtained also by other laboratories, the focus of this
paper is on those tests carried out in NEA member countries which are directly applicable to PWR and
BWR fuels. For what concerns PWRs, most of the current data concern Zr-4 cladding. The limited
available data for Zirlo, M5 and E110 cladding are also presented here.

After the CSNI-CNRA discussion of December 2004, new results have been generated
especially in the LOCA area. These refer in particular to the ductility tests carried out at Argonne on
high burn-up cladding — the first high burn-up ductility data produced so far. Because of these recent
results, the conclusion of this paper on LOCA is slightly different from the conclusion of the CSNI-
CNRA discussion.

The conclusions are as follows:

. On RIA, there is a well-established testing method and a significant and relatively consistent
database from NSRR and Cabri tests, especially on high burn-up Zr-2 and Zr-4 cladding. It is
encouraging that several correlations have been proposed for the RIA fuel failure threshold.
Their predictions are compared and discussed in this paper for a representative PWR case.

. On LOCA, there are two different test methods, one based on ductility determinations and the
other based on “integral” quench tests. The LOCA database at high burn-up is limited to both
testing methods. Ductility tests carried out with pre-hydrided non-irradiated cladding show a
pronounced hydrogen effect. Data for actual high burn-up specimens are being gathered in
various laboratories and will form the basis for a burn-up dependent LOCA limit. A provisional
burn-up dependent criterion is discussed in the paper.

11
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2. THE CABRI RIA DATABASE

The CABRI database consists of 14 tests, which were carried out in the decade 1993-2002. The
test conditions and range of most important parameters and fuel variants are given in the following
table:

Coolant Liquid sodium

Coolant initial temperature 280°C

Coolant flow rate 4 m/s

Coolant pressure ~3 bar

Test fuel Re-fabricated segments, ~56 cm active length

Fuel origin PWR reactors

Fuel type UO, (10 tests) and MOX (4 rods)

Cladding type Zr-4 (11 tests), M5 (2 tests), ZIRLO (1 test)

Pulse width Variable, typically 9, 30 and 75 ms

Fuel enthalpy (at peak position) ~200 cal/g at 30 MWd/kg, ~100 cal/g at 60
MWd/kg for UO,

Axial power shape Peaked at mid height, peak factor=~1.2-1.3

Burn-up range 30-75 MWd/kg

Oxide thickness 10-130 pm

Fuel cladding failure occurred in four tests, whereas no failure was registered in the remaining
ten tests. Of the four tests that resulted in fuel failure, three had UO, fuel and one MOX fuel. All
failures were with Zr-4 cladding, whereas no failure occurred in the three tests with M5 or ZIRLO
cladding.The three UO, failures occurred at enthalpy below 80cal/g and on fuel that had a burn-up of
~60 MWd/kg and significant corrosion (80 to 130um). However, several other CABRI tests were run
at comparable burn-up and level of corrosion, without producing failure. Oxide spalling appears to be
the distinctive element that separates the failed and non-failed fuel in CABRI UQ, tests, in that all
three UO, fuel rods that failed had spalling, whereas the rods that didn’t fail had uniform non-spalled
oxide.

One MOX test out of four resulted in fuel failure. The failure occurred on a fuel rod that had
burn-up of 55 MWd/kg and moderate corrosion, S0um (without oxide spalling). This is the only
CABRI failure that took place on a non-spalled cladding. However, failure in this case occurred at
113cal/g, which is a rather high enthalpy level, where a failure may not be surprising, considering that
this level is near the upper envelope of all CABRI data.

Failures were not associated to a particular pulse width. The three UO, fuel rod failures occurred
at all three pulse widths that have been used in CABRI, i.e. 9, 30 and 75 ms.

A summary of the main parameters and outcome of the CABRI tests are listed in Table 1. The

achieved enthalpy — or the failure enthalpy for the test fuel rods that failed — is plotted as a function of
burn-up in Fig. 1.

12
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3. THE NSRR DATABASE

The NSRR database consists of 26 tests of PWR fuel, 16 tests of BWR fuel and 28 additional
tests with non-commercial or ATR (MOX) fuel. The tests were carried out in the period 1989-2003.
The test conditions and the range of most important parameters is given in the following table:

Coolant Water

Coolant initial temperature 20-85°C

Coolant flow rate Stagnant

Coolant pressure 1 bar

Test fuel Re-fabricated segments, ~10 cm active length

Fuel origin PWRs, BWRs, ATR and JMTR (test reactor)

Fuel type UO,, MOX in 6 cases

Cladding type Zr-4, MDA (1 test), ZIRLO (1 test) for PWR, Zr-2
for BWR fuel

Pulse width 4-5 ms in most cases

Fuel enthalpy (at peak position) ~200 cal/g at 30 MWd/kg, ~120 cal/g at 60 MWd/kg

Axial power shape Uniform

Burn-up range 0-65 MWd/kg

Oxide thickness 0-60 pm

Failure was registered in 5 out of 26 tests with PWR fuel and in 5 out of 16 tests with BWR fuel.
The five BWR failures belong to one specific set of fuel. Seven failures were registered in the other 28
tests. Failures appear to start at the cladding outer surface and propagate in a brittle mode up to ~40%
of the wall thickness and then continue to propagate in a ductile manner [1].

There is currently no clear-cut explanation as to why some fuel rods failed and others didn’t at
apparently similar conditions. In particular, there is one set of BWR rods that failed at 61 MWd/kg - 5
out of 5 for enthalpy between 70 and 86 cal/g [2] -, whereas the same fuel in the 40-56 MWd/kg range
did not fail even at 130-145 cal/g.

The NSRR failures occurred at moderate enthalpy both for Zr-2 and Zr-4, at enthalpy typically
in the range 60-80 cal/g. Failures occurred also for cladding that had low corrosion and hydrogen pick-
up and that had no spalling, suggesting that at low coolant temperature as in the NSRR, the cladding
may become brittle even for a small amount of absorbed hydrogen. None of the MOX fuel rods tested
in NSRR failed, but burn-up was low in these cases [3]. A ZIRLO cladding with UO, fuel failed, but
enthalpy was very high for the burn-up level of that test (120 cal/g at 58 MWd/kg) [4].

A summary of the main parameters and outcome of the NSRR PWR and BWR tests are

presented in Table 2. The achieved enthalpy — or failure enthalpy for fuel that failed — is plotted versus
burn-up in Fig. 2. (Additional NSRR tests were run after this note was written).

13
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4. OTHER DATABASES

RIA tests at cold coolant conditions were performed in the SPERT and PBF facilities (USA) in
the 1968-70 and 1978-80 time-periods respectively. RIA tests on VVER fuel were also carried out in
the Russian IGR, BIGR and Gidra reactors (1984-2000)".

There were six fuel failures in the SPERT tests, three of which occurred for burn-up of 1-4
MWd/kg and for enthalpy higher than 190cal/g, which is not surprising. However, a fourth low burn-
up failure occurred at a lower enthalpy, i.e. 147cal/g, a point that will be briefly commented below.
Only two SPERT tests were made at appreciable burn-up, i.e. 32 MWd/kg, resulting in fuel failures at
<143 cal/g and at 85 cal/g respectively.

Within the PBF experimental series there are only six tests which are relevant for fuel failure
threshold assessment. They were run with fuel having burn-up between 0 and 5 MWd/kg. No failure
was registered in five tests run at high enthalpy, i.e. 185 cal/g or higher, whereas failure occurred in
one test at 140 cal/g.

These databases can thus be summarised as follows:

° There were two failures, one in the SPERT and one in the PBF series, which occurred for
practically fresh fuel at enthalpies of 140 and 147cal/g. This contrasts with 11 other SPERT and
PBF tests, 18 NSRR tests and 2 CABRI tests — altogether 31 tests showing a higher failure level
than in the above two tests.

o More importantly, there was a SPERT failure at 85 cal/g for fuel burn-up of 32 MWd/kg, which
is a very low failure enthalpy compared with NSRR and CABRI data at similar burn-up. A
peculiarity of this test (and of the other SPERT tests at the same burn-up level that failed below
143cal/g) is that corrosion was as large as 65um, which is very high compared with modern
BWR fuel. The commercial BWR fuel tested in NSRR, for instance, had oxide thickness of 20-
30um at 60 MWd/kg.

The SPERT fuel was non-commercial, specially fabricated BWR fuel (with reduced cladding
wall thickness in some cases). The burn-up accumulation didn’t take place in a power plant but in a
test reactor. Details of the base irradiation, e.g. on water chemistry control, are not known. The fuel
was fabricated ~40 years ago, i.e. with the technology and quality available at that time, and as already
mentioned, the corrosion was abnormally high compared with current BWR fuel. Bearing in mind the
importance of corrosion for failure occurrence, consideration should be given to the above remarks
when using these data for assessing failure thresholds of modern fuel.

VVER fuel failures in the IGR and BIGR tests occurred at very high enthalpy, i.e. >~160 cal/g
in pressurised fuel rods at zero burn-up and in the burn-up range 47 - 499 MWd/kg. At 60 MWd/kg,
conservative failure thresholds of 130 and 140 cal/g have been derived for pressurised and respectively
un-pressurised rods.

In accordance with [38], there is no concern with reduced failure enthalpy vs. burn-up in VVER
fuel as long as the cladding corrosion and hydriding remain low. Further, the specific fuel pellet
design, e.g. the pellet central hole also has an effect on cladding strain and rupture threshold.

! See additional Russian references number [36, 37, 38]
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5. RIA FAILURE THRESHOLDS

Data renditions, correlations or models have been proposed by different authors for the RIA
failure threshold. They are illustrated in Fig.3 and briefly described below.

The Japanese NSC threshold was introduced in 1998 [5] as a data rendition for the NSRR,
CABRI, SPERT and PBF failures plotted vs. burn-up. The threshold is placed below all fuel failure
data, except REPNa-1. No distinction is made between different fuels or between hot and cold RIA.
The NSC criteria also consider a fuel coolability limit, which is considerably higher than the failure
threshold (and which thus constitutes the actual RIA limit).

The fuel failure threshold proposed in [6] was developed primarily on the basis of CABRI data,
but it was well shown to also reproduce the NSRR data. It makes a distinction between ductile and
brittle cladding, with the latter having appreciably lower failure enthalpy. Oxide spalling (for Zr-4)
and low coolant temperature (for Zr-2 or Zr-4 cladding) are considered as important causes of
cladding brittleness. Burn-up and corrosion affect the threshold. There is no difference between UO,
and MOX fuel or between BWR and PWR fuel. The differences between hot and cold coolant
conditions are the lower initial enthalpy and the lower cladding ductility at cold conditions (for Zr-2 or
Zr-4 cladding).

The KAERI correlation given in [7] is a fit of the CABRI, NSRR and SPERT failure data (non-
failed data were not considered). Burn-up and corrosion are the most important parameters, whereas
there is only a weak dependency on pulse width.

The fuel failure threshold proposed by the Swiss HSK makes a distinction between hot and cold
coolant conditions and between UO, and MOX fuel [8]. The thresholds are based on the calculations
performed with the FALCON code. For the HZP PWR case, the HSK threshold is practically the same
as the one considered by EPRI. It is expressed vs. burn-up and is valid for corrosion up to 130pum. The
CZP (Cold Zero Power) BWR case and the MOX fuel case have significantly lower thresholds than
the HZP (Hot Zero Power) UO, case. The HSK criteria also have a fuel coolability limit, which is
appreciably higher than the failure threshold.

The threshold proposed by SKI and other Swedish organisations [9] is derived on the basis of
FRAPCON-SCANAIR calculations. The calculations give different thresholds depending on transient
conditions such as pulse width and coolant temperature. For PWR HZP transients, the threshold
depends on both burn-up and corrosion.

The Battelle threshold is based on calculations with the upgraded FRAPTRAN code [10]. As in
the previous case, the threshold depends on pulse and temperature conditions. Burn-up and especially
corrosion affect the threshold level.

The threshold proposed in the 2004 Research Information Letter (RIL) is expressed as a
function of the corrosion level [11]. The threshold constitutes the lower envelope of the fuel failures
from the NSRR, CABRI (except REPNa-1), PBF and SPERT data. The RIL threshold envisages a
slight difference between hot and cold RIA conditions.

IRSN note: For IRSN, the existing database (mai@lfBRI and NSRR tests) pointed out the
inadequacy of the existing (i.e. zero burn-up) criteria for high burn-up fuel. Waiting for the
establishment of suitable ones, the IRSN’s current approach to justify the safety of new fuel
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managements or cladding materials is based on a comparison of PWRs RIA transient and rod
characteristics, compared to the existing daése (including CABRI REP Na® temporary “safety
domain”, based on peak fuel d@alpy, pulse width, oxide thickness and oxide spalling (which is
considered as a major cause of cladding brittleness) has been used for safety assessment.

6. COMPARISON OF FAILURE THRESHOLDS FOR THE HZP CASE

The failure thresholds outlined above have been compared with each other for a PWR HZP case.
In order to have a common basis for the comparison, the same oxide thickness vs. burn-up is assumed
for all thresholds. The result of the comparison is shown in Fig.3. The oxide thickness considered is
plotted versus burn-up in the upper part of the same figure.

All correlations predict a decrease of failure threshold with burn-up. In most cases the decrease
is of roughly 100-150 cal/g, but in the HSK (EPRI) case the decrease is smaller, approximately 50
cal/g.

At low burn-up, i.e. up to ~30 MWd/kg, most thresholds are in the range of 170-200 cal/g. The
RIL and NSC thresholds are however appreciably lower than that, typically from 100 to 150 cal/g
between 0 and 30 MWd/kg. The NSC correlation threshold [5] is a data rendition that also includes the
old SPERT data, particularly the failure data point at 32 MWd/kg and AH=85 cal/g (i.e. H=103 cal/g
for a HZP transient). None of the other correlations, except the RIL threshold, accounts for this
particular data point.

At high burn-up, the thresholds range from 60 to 100 cal/g in most cases. For the correlations
that acknowledge the oxide thickness dependence, a lower corrosion would result in a higher failure
threshold. The HSK correlation is the one that gives, for large corrosion at high burn-up, the highest
threshold for HZP RIA. However, no HZP tests have been carried out so far beyond enthalpy of 100
cal/g with highly corroded fuel (>80 pum) at high burn-up. This is partly because it is difficult to
achieve a high enthalpy at high burn-up due to fissile depletion in the fuel. The CIPO-1 test in CABRI,
for instance, achieved 92cal/g at 7SMWd/kg. (A NSRR test with 78MWd/kg fuel and 81pum corrosion
was carried out while this report was being completed. The fuel failed at 61cal/g). As a final remark on
predicted thresholds, no correlation accounts for the reported REPNa-1 failure enthalpy.

The failure thresholds are generally above the calculated enthalpies for RIA cases in actual
LWR cores. The shaded areas shown in Fig.4 give the conservative upper envelope of enthalpy
calculated for HZP RIA in PWRs [12] at low and high burn-up. As seen, there is a generally good
margin at low burn-up, whereas at high burn-up, the calculated enthalpies are very close or slightly
exceed the lower failure thresholds. Since the failure threshold is expected to increase for ductile and
low corroded claddings, limiting corrosion and retaining ductility (i.e. avoiding spalling) are important
measures to maintain a sufficiently large failure margin at high burn-up.
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Hobson’s data, non-irradiated Zr-4
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In most countries, the current LOCA safety limits are based on ductility tests. The most relevant
results were produced by Hobson and Rittenhouse [13a, b] using test specimens cut from Zircaloy-4
cladding tubes. Prior to cutting, the open tubes were subjected to two-side steam oxidation at various
temperature levels and for a varied amount of time. Two-side oxidation was used in order to be
representative of ballooned and burst tubes. After the high temperature oxidation phase, the sample
residual ductility was determined by ring compression tests. The ring compression results were
separated into two categories, i.e. those showing some residual ductility and those showing brittle
behaviour. As expected, the “brittle” category consisted of those specimens that experienced longer
exposures and/or higher temperature in the steam oxidation phase. The Hobson and Rittenhouse test

conditions and specimen characteristics were as follows:

Test type Slow compression of ring specimens

Crosshead speed 2.5 mm/min

Maximum deflection 3.8 mm

Test temperature 23 -1500C

Criterion for "failure" Zero ductility

Specimen type Un-irradiated Zircaloy-4 rings cut from oxidised tubes
Ring length 6.35 mm (1/4 in.)

Ring outer diameter 10.72 mm

Ring thickness 0.686 mm

Specimen conditions Tubes oxidised in high temperature and steam environment
Oxidation temperature Constant, in the range 900 - 13000C

Oxidation time From 120 to 3600 s

Steam pressure Atmospheric

Surface conditions Two-side oxidation

The outcome of the Hobson-Rittenhouse tests
and evaluations was that zero-ductility at 135°C is
reached when the fractional thickness of combined
[oxide +a -phase] layers relative to the wall thickness
attains the value of 0.44. As said earlier, this occurs
when the temperature is sufficiently high and the
time-duration is sufficiently long. It was found that
the temperature-time limit for zero-ductility could be
expressed by the Baker-Just correlation for oxidation,
where the Equivalent Cladding Reacted (ECRg;) was
set equal to 17%. This limit is thus given by’

| 20°Cc

0.3%Is

- If brittle at
-—— Bmm_— | <17% ECR

Retest at
100-135°C
0.3-3.3%/s

Maximum
Hoop Tensile [
Stresses

Schematic of the ring compression test set
(courtesy of F. Eltawila, USNRC)

(1762/W)- exp (-Q/Tx)- Nt =17 where 7 is time in sec. and T is temperature in°K. 1/

* The Baker-Just equation for two-side oxidation is: ECR= (1762/W)-exp (-Q/Tx)- V1, where ECR is the
percentage of metal wall thickness that has oxidized, W is clad thickness (mm), 1 is the oxidation time (s) and
Tk is the oxidation temperature in°K. Q =11450°K, although the value 11500 has also been used.

17



NEA/CSNI/R(2006)5

The additional database from ductility tests is presented in the following.

Hungarian data (AEKI), non irradiated Zr-4 and E-110

Ring compression tests have been carried out in VVER countries, including comparative
assessments of the Zr-4 and VVER E110 alloy. Hungarian data include approximately 50 ring
compression tests performed on Zr-4 and E-110 specimens oxidised at temperatures between 900 and
1200°C for time intervals ranging from 10 to 10000 seconds [14, 15]. The results are presented in
Table 3. By setting the zero-ductility limit in correspondence with a crosshead displacement limit at a
rupture of Al/d<8%, and by plotting the brittle and ductile data on a time — temperature diagram (i.e.
Logt vs. 1/Tx), one obtains the plot shown in Fig. 5a and 5b. As one can observe; the Zr-4 data are
reasonably well separated by the 17% Baker-Just (BJ) limit, whereas for the E110 data; the limit is
~100°C lower and corresponds to a ECRgy of 8%.

Czech data (UJP), non irradiated Zr-4 and E-110, including pre-hydriding

Similar experiments were made in the Czech Republic [16, 17]. Also in this case there was a
comparison between Zr-4 and E-110, but including a simulation of base irradiation corrosion made by
pre-oxidising some of the specimens in autoclave. The data are shown in Table 4. With a ductile-
brittle transition set at displacement Al/d< 8%, the results plotted in Fig. 6 are obtained (for as-
received samples). One can again observe that the Zr-4 brittle and ductile data are delimited by the
17% BJ line, whereas for E-110 the limit is ~8%. Specimen pre-oxidation resulted in a considerable
drop of the ductility limit. This is clearly shown by the data in Table 4. According to the received
information, however, pre-oxidizing in autoclave led to much higher hydrogen uptake than in actual
reactor conditions.

US data (ANL) for non-irradiated Z; ZIRLO and M5 (including pre-hydriding)

The ring compression tests performed at the Argonne National Laboratory (ANL) include non-
irradiated Zr-4, ZIRLO and M5 cladding [18-21]. A total of ~60 tests were made at temperatures of
1000, 1100 and 1200°C. The results are listed in Table 5. Ductility was measured using the so-called
“offset strain” as an indicator. Specimens with <2% offset strain were classified as brittle. The
outcome of the ANL test is depicted in Fig.7a, b, c¢. The data show practically no difference between
the three alloy types in terms of zero-ductility limit °.

One can observe from Fig.7 that the ECRg/=17% remains a valid and actually conservative limit
at 1000 and 1100°C, whereas there is evidence that brittleness (at RT) can occur somewhat below that
limit for the 1200°C case. At 1200°C, in fact, the ANL data show a ductile-brittle transition after ~100
seconds (ECRg;=12%). However, further ANL tests - as well as Hobson’s tests - showed that ductility
increases significantly when ring compression is carried out at 100°C or 135°C instead of RT, even for
ECRg; >17% at 1200°C [31].

? When the offset strain is plotted as a function of time for each of the three temperature levels, one can actually
infer that ZIRLO and MS5 behave generally better than Zr-4 in that they retain more ductility — on the
assumption that offset strain is a reliable indicator of ductility. This has been shown for instance in [22].
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Ring compression tests (at 135°C) of pre-hydrided, non-irradiated samples were also carried out
at ANL. The main outcome was that [31]:

—Ductile-brittle transition occurs at ECRg; = 6.5% for H>600ppm (15x15 Zr-4)
—Ductile-brittle transition occurs at ECRg; = 9.5% for H>400ppm (15x15 Zr-4)
—For 17x17 Zr-4, ductile-brittle transition occurs at ECRg; <13% for H> 300ppm

French data (CEA) for non-irradiated Zr&nd M5 cladding, including pre-hydriding

In addition to the Czech and ANL data described above, the French CEA has also carried out
experiments with non-irradiated, pre-hydrided cladding [23]. Both Zr-4 and M5 cladding were tested
using various methods to deduct the post-oxidation residual ductility, including the ring compression
method. Hydrogen concentration was 600ppm in Zr-4 and 200ppm in M5, reflecting the different level
of corrosion expected for these two alloys at high burn-up. The outcome of the CEA tests is shown in
Fig. 8. As-received, Zr-4 and M5 exhibited similar behaviour. Hydrogen addition had a marked effect
on Zr-4 and a more moderate effect on M5 due to the lower H-content. Zero-ductility occurred at
ECRg; between 5 and 10% for Zr-4 with 600ppm hydrogen* and between 10-15% for M5 with
200ppm hydrogen. One can infer from this that the zero-ductility ECR drops roughly by a factor of 2.5
at 600 ppm (17 ->~7%) and by a factor of ~1.3 (17—>13%) at 200ppm hydrogen. This can be
expressed as follows:

ECRgj(zero-ductility)= 17% -[1-H/1000] (from pre-hydrided Zr-4 and M5 samples, H<600ppm). /2/

US data (ANL) for high burn-up Zr-4 cladding

While this note was being compiled, the NRC published new ring compression results for high
burn-up Zr-4 cladding [24]. These are the first ductility data obtained from actual fuel cladding
material. Ring compression was performed at 135°C. The fuel was retrieved from the H.B. Robinson
reactor at high burn-up (~64 MWd/kg) and had a base-irradiation oxide layer of ~70um and H-content
of ~700ppm. The cladding was de-fuelled and subjected to two-side oxidation, according to the time-
temperature scheme shown in the upper left diagram of Fig. 9°. The corresponding effective
temperature and time® are given in the table on the same figure, together with the residual ductility
results. The data, plotted on the usual time-temperature diagram as shown at the bottom-right part of
Fig. 9, indicate that the ductile-brittle transition is somewhat below the 17% line, i.e. at about 11% BJ,
which in terms of temperature means a ~80°C lower claddind temperature limit at high burn-up. It
should be noticed that these first ANL tests do not account for oxide cracking occurring in the
ballooning region, which might reduce the oxide protective effect. Future ANL tests intend to address
this point. Based on these data the LOCA limit decrease would be:

ECRgj(zero-ductility)= 17% -[1-0.5-H/1000]  (Based on H.B. Robinson cladding, H=~700ppm) /2/

* Fig 8 plots the results in term of measured ECR and not the conventional Baker-Just ECR. Further, the time-
duration of the transient is not provided.

> The upper right diagram shows that the burn-up effect is comparable with the ductility change from 135°C to
RT for non-irradiated specimens.

% The effective temperature and time correspond to a constant temperature transient, equivalent to the actual
transient in terms of final ECR.
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Russian data for Zr1%Nb cladding (fresh and high burr-up)

Studies such as those conducted at the Russian Kurchatov Institute on the understanding of high
temperature oxidation of Zr-Nb alloys have given important contributions to the understanding of the
VVER E-110 alloy as compared to other Zr-1%Nb alloys [32]. As stated in [33]; the following general
observations may be made on the basis of Russian experimental data:

. The irradiation inhibits the breakaway oxidation tendency on the outer surface 