
FRO301247DE01 9
25* _435,.......... ..... ..... ..

In-core Materials Testing Under LWR Conditions in the Halden Reactor

P. J. Bennett, E. Hauso, N-W Hogberg, T. M. Karlsen and M. A. McGrath

OECD HaIden Reactor Project
PO Box 173
1751-Halden

Norway

1. Introduction

As power plants age, data on the materials properties of in-core components with high irradiation doses are
required for assessments of plant lifetimes, which form the basis for licenses for further operation. Furthermore,
as reactor operators implement longer fuel cycles and power upratings, the corrosion behaviour of the alloys
used for in-core structures and fuel rod cladding must be studied under the new operating conditions. New
alloys offering improved performance are under constant development; while in conjunction, changes in water
chemistry conditions can be implemented to mitigate specific corrosion phenomena. An understanding of the
mechanisms that lead to material degradation can help to improve and optimise materials properties and to
define and qualify water chemistry changes. Studies should be performed under representative conditions to
ensure the validity of the data.

The Halden boiling water reactor (HBWR) has been in operation since 1958. It is a test reactor with a maximum
power of 18 MW and is cooled and moderated by boiling heavy water, with a normal operating temperature of

2300C and a pressure of 34 bar.

The reactor has been predominantly used for investigation of important fuel properties (temperature, pressure,
fuel pellet dimensional changes, etc), where the overall aim has been to assess the performance of current and
advanced fuel under.nbrmal, abnormal and accident conditions. The results are used for fuel behaviour model
development and-Verification, and in safety analyses 1].

In the past 15 years increasing emphasis has been placed on materials testing, both of in-core structural
materials and fuel cIaddingsJ2-,-3T. These tests require representative light water reactor (LWR) conditions,
which are achieved by housing the test rigs in pressure flasks that are positioned in fuel channels in the reactor
and connected to dedicated water loops, in which boiling water reactor (BWR) or pressurised water reactor
(PWR) conditions are simulated.

Understanding of the in-core behaviour of fuel or reactor materials can be greatly improved by on-line
measurements during power operation. The Halden Project has performed in-pile measurements for a period of
over 35 years, beginning with fuel temperature measurements using thermocouples and use of differential
transformers for measurement of fuel pellet or cladding dimensional changes and internal rod pressure II]`
Experience gained over this period has been applied to on-line instrumentation for use in materials tests 4]'.
This paper gives details of the systems used at Halden for materials testing under WR conditions. The
techniques used to provide on-line data are described and illustrative results are presented.

2. Description of LWR loop systems

Test rigs for material studies are installed in pressure flasks, which are constructed from stainless steel and/or
Zircaloy and connected to a loop system. The flasks are often surrounded by highly enriched (typically 13 - 15
% enrichment) booster fuel rods, for increasing the fast neutron flux to levels typical of those in commercial
LWRs.
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A simplified view of a loop system is shown in Figure 1. Specific BWR or PWR conditions can be simulated by
varying the pressure and the temperature of the coolant and the concentrations of dissolved additives and
gases. Each loop consists of three main sections: the loop itself, the purification system and the sampling
system. Other components include the main circulation pump, heaters/coolers and valves. Main operating
parameters, such as temperature, pressure and flow rate are automatically controlled within specified limits by
the use of Programmable Logic Control (PLC).

The loops are constructed from 316L Feed water tank
stainless steel and have a volume
(including the purification system) of
between 60 and 120 litres. The loop
circulation pumps have capacities
from 100 litres to 10 tons per hour,
and electric heating is used to
ensure that the desired temperature Water
can be maintained in the test analysis

section.

Chemistry conditions in the loop are Pressure 11

controlled by the purification plant. control
system Purification

Impurities are removed by lithium, Control system
boron or mixed bed ion exchange valve
units, or by cartridge filters. Under
normal operation the flow through
the purification plant is approximately
1 to 2 loop volumes per hour. In-core

test rig

The sampling system is used to

obtain representative water samples Figure 1. Schematic diagram of water loop system
from the loop, to monitor
continuously conductivity and
dissolved oxygen and hydrogen concentrations in the coolant and to provide a facility for the controlled injection
of impurities into the loop. The flowrate through the sample loop is normally in the range from 20 to 50 1 h-'. The
full loop pressure is maintained in the sampling line, however the coolant temperature is quickly reduced to

room temperature to ensure that the samples are representative.

Grab samples of the coolant are analysed using High Pressure Ion Chromatography (HPIC) to determine the
concentrations of soluble transition metal cations and anions. Dissolved oxygen and hydrogen gases are
monitored by Orbisphere detectors placed in series in the sampling system. Filter packs, mounted in parallel
before the gas analysers, are used to determine integrated concentrations in the coolant of both soluble and
insoluble corrosion products and radioactive transition metal species. Approximately 20 litres of coolant are

concentrated onto the packs, which contain a Millipore filter (to retain insoluble material) and an ion exchange
membrane (to retain soluble species). The filters are subsequently analysed using x-ray fluorescence

spectroscopy (XRF) and gamma spectrometry.

3. Irradiation assisted stress corrosion cracking (IASCC) studies

A combination of irradiation dose, material factors, chemical environment and residual stress renders reactor
components fabricated from stainless steel liable to undergo irradiation assisted stress corrosion cracking
(IASCC) [5]. For many plants, IASCC is potentially life determining. The IASCC program at Halden focuses on
generating long-term crack growth rate data in irradiated stainless steels 2]. Small samples, typically of 304,

316 or 347 grade stainless steels with fluences Up to 9 X 1021 n/CM2 , are taken from commercial plants and are

fabricated into compact tension (CT) specimens. Extension arms, prepared from unirradiated materials, are
electron beam welded to the samples for attachment of external wiring for measurement of crack growth by the
reversing dc potential drop method. Stress is applied to the CTs by means of individually calibrated loading

units fitted with bellows assemblies that are pressurised with helium gas through an outer system. A diagram of
the CT specimens is shown in Figure 2.

Crack length is determined by the reversing dc potential drop method. Direct current, applied through one of the
current wires, flows through the specimen and the resulting voltage drops are measured at the positions of the
potential wires. As the crack extends, the current path increases with a corresponding increase in the voltage
drops. The signal to crack length conversion factor is determined from a plot of voltage drop versus distance
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from the CT loading line. Measuring the voltage drop at two points on the specimen eliminates the influence of
temperature variations on crack length determination.

A typical IASCC test consists of four or more crack growth Current/potential wire-
specimens together with other instrumentation, including
coolant thermocouples, gamma thermometers and neutron
detectors (Figure 3 CT specimen

Hydrogen water chemistry (HWC) has been introduced in Ceramic pivot pin
BWRs to reduce stress corrosion cracking of sensitised
stainless steel components. Hydrogen gas is added to the
reactor feedwater and enters the downcomer region. The Ceramic loading pin
gamma radiation in the downcorner catalyses the reaction of
the H2 with radiolytic oxidising species (mainly 02 and H202,

formed by radiolysis of water) and thus decreases their Loading unit _
concentration 6].

One IASCC test performed under BWR conditions included
four CT samples: one prepared from 304 SS, two from 347 Bellows assembly-
SS and one from nuclear grade 316 SS, with fluences in the
range from 09 to x 102' n/cM2 . During most of the test
period, the rig was operated with high ( - 6 pprn) oxygen Gas line
concentrations at the inlet to the test section, and the
specimens were subjected to both constant and cyclic (R =
0.7) load conditions. (For experimental reasons, these Figure 2 Irradiated CT specimen
conditions were designated as normal water chemistry (NWC) with loading unit
even though such oxygen concentrations are much higher
than those found in operating BWRs). Some periods of the
test were operated under simulated HWC conditions, with 2 ppm H2 at the test section inlet, in order to
determine the effect of hydrogen addition on crack growth rate.

Figure 4 shows the response to hydrogen addition of a 316 SS specimen. This specimen had accumu ate a
relatively low fluence before testing in the HBWR, and a clear reduction in crack growth rate was observed.

Currently, an additional method of measuring Thermocouples
crack growth rates on-line, Crack Mouth Pressure
Opening Displacement (CMOD), is being flask

developed for use in-core. CMOD has the Reference
major advantage that no signal or instrument electrodes
cables are attached to the specimen. CMOD Booster rod

measurements are thus considered suitable
Gamma

for screening studies as test specimens can thermometer
be removed or replaced when required [ASCC
thereby enabling re-use of test rigs and specimen

increasing the number of specimens that can
be used in any given investigation. CMOD ReferenceNeutron

electrodecan also be used as a back up in case of detector
cable failure on specimens instrumented for

dcpd measurements.

The instrument (Figure 5) operates on the Thermocouples
Linear Voltage Differential Transformer
(LVDT) principle, which is a well-known and
proven technology at Halden. An VDT
consists of a ferritic core surrounded by two
wire coils. Movement of the core disturbs
the electrical balance and produces a signal
proportional to the core offset from the
central, neutral position. As the crack Figure 3. Diagram of 1ASCC test rig

advances, horizontal movement is monitored
directly at the CT load line, in accordance with ASTM specifications for CMOD measurements.
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Figure 4 Effect of HWC on crack growth rate in a low fluence, 316 SS specimen

4. ECP measurements

The electrochemical corrosion potential (ECP) of a corroding metal -
is defined as the potential difference, referred to the standard X XI-- LVDT

hydrogen electrode (SHE) scale, between the metal and a X X Magnetic core
reference electrode. The ECIP is one of the most important X X
measures of a corrosive environment, and is determined by a
combination of the surface conditions of the specimen and
concentrations of dissolved oxidants. The ECP is a key
measurement when the performance of reactor structural materials
is to be assessed or measures taken to optimise their integrity -
many BWRs now inject hydrogen in order to maintain the ECIP of
in-core stainless steel components below the "IASCC threshold" of
-230MVSHE 6,7].

A reference electrode is a half-cell that produces a stable and
reproducible potential. For in-core measurements of ECP,
reference electrodes must be capable of withstanding the high 777�

temperatures and pressures, and neutron and gamma fluxes within
the reactor core. Several in-core reference electrodes are b
available commercially, however their lifetimes can often be as lo Displacement gauge

w assembly

as a few weeks. The reliability of these electrodes can be affected
by dissolution of sapphire components and corrosion of metal-to- CT specimen

ceramic braze materials [8]. Other electrodes undergo chemical F
reactions in certain environments, which shift the potentials away
from their reference values 7]. Figure 5. Diagram of CMOD gauge

In-core ECP measurements have been made in the Halden reactor since 1992. Approximately 40 reference
electrodes have been employed in a total of 10 in-core tests. Mainly, the measurements have been of the ECP
of stainless steel under BWR conditions, although measurements have also been performed under PWR
conditions.

The majority of the electrodes has been purchased from external suppliers. These have included platinum (Pt),
iron/iron oxide (Fe/Fe3O4)and silverlsilver chloride (Ag/AgCl) sensors. Only a limited number of the latter have
been used, as the failure of an electrode would result in release of corrosive chloride ions and radioactive silver
nuclides to the loop water.

4



The failure rate of these electrodes has been approximately 50 per cent, with some sensors having lifetimes of
less than one week. This, together with the cost of the sensors, has led to development of in-core reference
electrodes in-house. A prominent feature of the HaIden electrodes is the use of mechanical seals to allow
contact to be made between the potential-determining sections of the electrode and the signal cable, instead of
the metal-to-ceramic brazes used in many commercial sensors. In addition, the electrodes do not contain
sapphire components. Pt, Fe/Fe3O4 and palladium (Pd) sensors have been developed to date, the latter in
conjunction with VTT, Finland.

A drawing of the HaIden Pt electrode is shown in Figure 6 The potential sensing element consists of a Pt
cylinder supported by nconel. The measurement signals are brought across the pressure boundary using
mineral insulated (MI) cables that are used extensively in operational power plants. The seal is constructed
from two metal nconel) sub-units connected by a ceramic tube and has main dimensions of length 8 - 00
mm and diameter 12 mm. The seal has been shown to be leaktight during testing both in an autoclave at 130
bar and 3250C, and in-pile. The ceramic tube provides the electrical insulation (up to 6000C) needed to insulate
the measuring tip from the surrounding metal structure in the rig or reactor internals.

Under reducing conditions, an electrode constructed from
palladium behaves in a similar manner to a platinum
electrode. The ability of palladium to absorb hydrogen into its
lattice allows it, with some additional electrical charging, to Shielded signal cable
also be used as a reference electrode in oxidising conditions.
The principle of operation of the palladium reference
electrode is that the composition of the water layer around the
palladium surface is artificially made to contain an excess of
hydrogen gas and hydrogen ions so that the palladium can
function as a hydrogen electrode.

A schematic drawing of the electrode is shown in Figure 7 Primary seal
The electrode consists of a palladium rod placed inside a
chamber constructed from an oxidised zirconia tube fitted
with a sintered high-purity platinum end disc. This chamber
fulfils two purposes. Firstly, tests performed with an electrode Ceramic tube
consisting of an unshielded palladium wire showed that
variations in the water flowrate caused large changes in the
potential of the Pd wire. Hence, in the Halden/VTT electrode
the water enters the environment surrounding the Pd wire Pt cylinder (supported
through the sintered Pt disc and exits through a small hole at by secondary
the top of the chamber. The flowrate of the water over the Pd (Inconel) seal inside)
wire is thus low. The second function of the chamber is to
reduce the content of oxidising species (such as 02) in the Figure 6 Drawing of Halden Pt electrode
water, which could react on the Pd surface and result in the
observed potential being a mixed potential. The sintered
platinum disc presents a large surface area on which oxygen in the solution can recombine with hydrogen from
the chamber (see below) to form water.

In an oxidising environment, the electrode is operated as follows. Firstly, the wire is charged (polarised) with a
cathodic current. This produces hydrogen on the palladium surface by reduction of hydrogen ions in the water.
The absorbed hydrogen has a high mobility within the lattice and diffuses rapidly through the metal:

H + + e - Hd, (surface) -> Hab, (bulk)

If the polarisation is long enough, the absorption efficiency is decreased and hydrogen atoms recombine,
leading to a high H2 concentration on the electrode surface:

2H 2 (sur
,,d, (surface) -> H face) -- > H2 (liquid)

Some of these hydrogen molecules will diffuse through the sintered Pt disc, on which they can recombine with
oxygen in the bulk water.

A brief period of anodic polarisation is then applied which results in desorption of hydrogen from the electrode
surface:

H,,ds -> H + e
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The anodic polarisation has two further effects. Firstly, it brings hydrogen from the bulk of the palladium to the
surface in high concentrations. Hence, any oxygen reaching the electrode from the bulk solution will recombine
with hydrogen without changing significantly the potential of the sensor. Secondly, it re-oxidises any metal
impurities that may have deposited during the cathodic polarisation.

The effect of the polarisation sequence is therefore to create an environment surrounding the electrode
containing both dissolved H2 and W ions, with low levels of dissolved oxidising species.

After polarisation, the electrode is left on open
circuit. Hydrogen continues to desorb from the
palladium, accompanied by a concurrent Shielded signal cable
decay in the potential of the electrode. After a
certain time, the dissolved H2 and H' ions in
the water surrounding the electrode will be in
equilibrium: i.e. the reversible hydrogen
exchange reaction is established and the Primary sea]
potential can be related to the SHE scale. The
ECP of the sample is measured at this point,
after which the polarisation process is
repeated for the next measurement. The Ceramic tube
uncertainty in the ECP is ± 40 mV.

-tly the Hole for SeconclarysealIt is not possible to determine direc water outlet
duration of the time period between the
polarisation and the potential measurement. Oxidised rO2
Hence, the palladium electrode must be
calibrated using another reference electrode. Water inlet
Calibration of the electrode has been Pt disc Pd wire
performed in an out-of-core test loop using
Ag/AgCI electrodes 9]. Figure 7 Drawing of HaldenlVTT Pd electrode

ECP measurements from an IASCC test
carried out under BWR conditions are shown in Figure 8. Three electrodes were included: one commercial and
one Halden platinum sensor and one commercial Fe/Fe3O4 electrode. Two periods operated under HWC
conditions are shown; in both, the two Pt sensors recorded ECP values in the range from 560 to -580 MVSHE,

which is of the order expected under these conditions. In the first period, the Fe/Fe3O4 electrode recorded a
similar ECP, however the sensor failed before the second period. A rapid decrease in the ECP followed
addition of hydrogen. Under NWC conditions 7000 ppb 02), the Fe/Fe3O4 electrode recorded an ECP value of
between and 50 MVSHE before it failed. There is significant scatter in the ECP values reported under NWC
conditions; however this value is within the range reported 10].

One HaIden Pd and one Halden Pt electrode have been included in a test being conducted under PWR water
chemistry conditions 3 ppm UH, 1000 ppm as boric acid, 24 ppm H2 and conductivity 25-30 gS/cm). ECP
values determined by both electrodes at a water temperature of approximately 3100C and a hydrogen
concentration of 3200 ± 000 ppb are shown in Figure 9 ECP values of approximately 750 to 800 MVSHE

were recorded, as would be expected under these conditions.

Testing in-core of the Pd electrode under oxidising conditions is planned for the first half of 2002.

5. Fuel cladding performance: corrosion/hydriding and creep

PWR operation at increased discharge burn-up levels has created a need for improved Zircaloy cladding
materials with better resistance to waterside corrosion and hydriding. Data are required on the corrosion
performance of these alloys under representative conditions.

Creep deformation of WR fuel cladding during in-reactor service is driven by the net pressure differential
across the fuel rod wall, which depends on rod internal pressure (affected by fuel swelling and fission gas
release, (FGR)) and the coolant pressure. When fuel is first loaded, rod internal pressure is exceeded by
coolant pressure and the clad starts to creep down onto the fuel. Eventually, with fuel-clad gap closure, the
creep response of the clad is dictated by the behaviour of the fuel and clad creep-out (tensile creep) occurs as
the fuel swells due to formation of fission products. With variations in reactor power, both tensile stress
increments and stress reversals can occur, due to the induced thermal expansion/contraction of the fuel.
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Eventually at high burn-up, FGR will start to play a role with the possibility that excessive FGR may cause the
cladding to lift-off the fuel, re-opening the fuel-clad gap at power. This is undesirable for both fuel thermal
performance and safety considerations. The situation is further complicated by concurrent fast neutron
irradiation leading to accumulation of radiation damage in clad material, thereby influencing creep behaviour.
Creep data on WR fuel cladding are required in fuel performance modelling; in-pile data are particularly
needed from modern cladding materials exposed to high fast fluence and tested under well defined conditions
representative of those within commercial reactors.
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Figure 8. ECP measurements in BWR test Figure 9 ECP measurements in PWR test

Complementary testing of the corrosion/hydriding and creep behaviour of fuel clad materials is performed at
Halden, using composite fuel rods with up to four different clad segments made from either fresh material or
cladding retrieved from commercial plants.

A schematic diagram of a cladding
corrosion/hydriding test rig is shown in
Figure 1 0. The rig contains three fuel rods, Outlet thermocouples

comprising a total of 12 fuelled cladding
segments prepared from both fresh and
pre-irradiated materials, including low Sn A A coup ns above test rod region
Zr-2, high Sn-Zr-4, an early version of
ZIRLO, M4 and M5. The pre-irradiated

Fuelled cladding
segments, taken from fuel rods with burn-

F-2
ups in the range from 20 to 35 MWd/kg U, HMd. C

were re-fuelled with 8% enriched U02
Also included are unfue

pellets. Iled
coupons, installed either axially in a 3Pressure 4
coupon holder alongside the fuel rods or in flask

a holder located above the fuel rods. The Booster rods
E

coupons are prepared from materials with "-JOE
Shroud

different heat treatments, chemical
composition, pre-filming and/or pre- R..* r..*.

C-p.. H.1,101 Om. UM rft
hydriding. This arrangement allows the View A-A
effects of heat flux and neutron flux on

Coupons In test rod region
cladding corrosion to be investigated.

Inlet thermocouples

During irradiation, the test assembly is Cable Couponsin
exposed to PWR chemistry conditions 3 test rod regiontube
ppm Li, 1000 pprn and 2 - 4 ppm 1-12),

coolant temperatures in the range from 310 Down comer

to 3170C and average linear heat rates of Shroud
17 - 24 kW/m. Typically, the upper three ssure flask
segments of each fuel rod experience
nucleate boiling, with void fractions of 025
to 044 per cent. Interim inspections are Test S Booster rodr,

performed after every 150 to 200 full power Mew R-R

days (FPD), and include photography, Figure 0. Cladding corrosion1hydriding test rig



oxide thickness measurements using the eddy current technique, and weight measurements.

Some results obtained from segments of an early version of ZIRLO are shown in Figure 1. The oxide
thickness measured on initially fresh segments (exposed in the Halden reactor only) and on segments that were
pre-irradiated in commercial plants are plotted as a function of burn-up. The continuity between data from the
initially fresh and the pre-irradiated segments serves to illustrate that the Haiden test conditions simulate well
those of commercial power plants. The oxide thickness measured on the initially fresh segment is similar to
those measured on segments irradiated to similar burn-up levels in commercial plants.

A schematic diagram of a
cladding creep test rig is shown 60
in Figure 12. Stress is applied Pre-irradiated ZRLO segment

by internal gas pressurisation of 50 - Pre-irradiatedZIRLOsegment
- A Initially fresh ZIRLO

the fuel rods and diameter
changes are measured on-line E

=L40 -using contact diameter gauges.
A wide range of compressive W

C:
and tensile stresses can be 30 --

applied to the specimens and ;5
CDchanges in stress level can be :2

effected both rapidly and 20
repeatedly. On-line monitoring 0 A LOxide thickness from INIPP

of the clad diameter can be 10
carried out as often as every 1 0 A Oxide thickness from NPP

minutes and to an accuracy ofFl 0 I i I

approximately 2 m. 0 10 20 30 40 50 60
Segment burnup, MVVd/kgU

Fuel rods for creep testing
normally contain two clad Figure I . In-reactor corrosion of segments of an early version of ZIRLO
segments each. End-plugs, with
gas line connections, are TIG
welded to each segment, which are
then joined by a mid-plug. The mid-
plugs can either be hollow such that Outlet thermocouples

both segments in a given test rod Outer shroud

are equally affected by internal gas Hydraulic drive unit

pressurisation, or solid so that + position indicator

pressure within each segment can Thermal shield

be varied independently. The end Pressure flask

and mid-plugs are made from
Gas line for pressure control

Zircaloy and have 50 gm calibration
steps machined on them for on-line
calibration of the diameter gauges. Diameter gauge

The segments contain either hollow,
fresh U02 pellets or Zircaloy filler
pellets, depending on the clad
temperature required. Fuelled
samples are required for testing
under PWR conditions, whereas the Inlet
coolant in a PWR loop gives clad thermocouples

temperatures representative of
BWRs if the segments are unfuelled.
Clad-fuel diametral gaps are
normally 400 gm - large enough to Pressure flask

coolant valve
allow for appreciable clad
creepdown without pellet-cladding
mechanical interaction (PCMI).

Figure 12. Test rig for creep testing of fuel claddings
Clad diametral changes throughout
the test are measured with scanning
3-point contact diameter gauges, one for each rod, positioned around the test rods as shown in Figure 12. The
positions of the gauges are controlled by a hydraulic piston, which is operated using water from the loop system.
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Diameter traces are obtained by moving the gauges axially along the rods, including the end plugs. This
generates a complete profile, in arbitrary units, of each rod diameter. A sinusoidal position indicator attached to
the piston records the axial location of each diannetral measurement.

Each diameter trace is
analysed with a specially -2000 . . . . . .

written FORTRAN reference diameter tace (upwards) diameter trace to be analysed

program, by comparing it
-2500with a reference trace

taken on the same rod near
the beginning of the -3000

experiment (Figure 13). 50 $Am calibration steps

The calibration steps on S
-35W

the end plugs are lined up
between the two traces, me
and then the diarnetral I 4000

difference between them is V
E

averaged over the axial
-4500

length of the cladding and
a mean value of the total
diameter change obtained. -5000

This value can be
converted from arbitrary -5500

50 tz 1165 U� 250 300 35Dunits to m from the known 0 1
magnitude of the Posifion (MM)

calibration steps. Figure 13. Diameter trace from entire length of a test rod, compared with a

Both internal and external reference trace for determining diameter change

rod pressure (pi and p,) are monitored on-line and the data used to calculate the applied circumferential or hoop
stress (,) in the clad segments, using the expression for a thick-walled tube:

or, =A+B

where: A (a'p, - b'po and = (pi - p. )a'b'
(b2 -a 2 [r 2(b2 -a 2

and a r b are the radii at the
inner clad surface, within the wall,
and at the outer surface of the Initial period
cladding respectively. Stresses slight tension Step
are calculated setting r = (a+b)/2
and using the initial clad increments+ +55 MPa
dimensions, thus yielding nominal

tensile creepvalues of mid-wall hoop stress. 0.
The generalised or equivalent
(von Mises) stress is calculated by
Cyg = 1732 B.

0 ........... ................... . . ............ ..........
A typical stress loading history is 0
shown in Figure 14. The first 0
phase consists of a creep-down Recovery from
period, followed by an increase in compression
internal pressure in order to
achieve zero stress and thereby -E
allow investigation of recovery
effects. The internal pressure is 75 MPa Recovery Stress
then increased such that a period Creepdown from tension reversal
of tensile creep follows before a
return to zero stress, to allow Figure 14. Typical stress loading history
recovery behaviour following
tensile creep to be investigated. A step increment in tensile stress and a stress reversal are also included.
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Some results showing the
creep behaviour of a Zircaloy-2
clad segment are shown in 6( Hp,#.,.MP.

Figure 15 [11]. The clad was -72.8 'M3 .159.4 -127.6 .64.4 23.7 .27.6 .83 5 03 6

retrieved from a test rod that 50

had been irradiated in a BWR
at a temperature of 285 - 40

2900C to a fast neutron fluence
102 CM-2 30of 6 x n The final

steps in the rod manufacture 20
consisted of a 70 per cent
reduction by cold work Vr
followed by a 5760C anneal for
three hours, which resulted in 0!
a fully recrystallised -10.
microstructure. The tube was
received with a 0 gm oxide -20-
layer on the outside, with a . .. .......... ..
hydrogen content of about 60 0 km 4000 6000 �Wo iODW 120M 14WO 16000

ppm. For creep testing in the Full power hours, (ph

HBWR, the rod was unfuelled.
The internal pressure of the Figure 15. Total diameter change of a Zircaloy-2 clad tube
rod was changed nine times
during the experiment, and the
total diameter change during
each stress period is shown in Figure 15. On changing the applied stress, there was an immediate step change
in measured diameter due to change in elastic deformation. The plot indicates subsequent primary creep
(creep rate decreasing with time), followed by secondary creep (constant creep rate).

Numerous creep models have
been published; all recognise
that in-reactor creep behaviour
depends on many external and 20 -72.8 .159 4 .127.6 .84 4 23 7 .27.6 '83 5 93.6

material variables, including
stress, temperature, neutron flux

15 A
and dose, alloy composition,
grain size and texture. One
model 12], derived from an 10
extensive set of in-reactor
measurements, fits measured
diameter changes by the 5
following expression:

AD
A-I'-0P-a'-exp( Q) Experimental data

D T
- Preclicted strain

where AD is the change in rod D �000 40M &DDD �ODD i 00-DD i 2OW i4OOO IWO

diameter at time t (hours� is
the neutron flux (n. CM 2.S, for E Full Power Hours. fph

> 1 MeV), c7e is the hoop stress Figure 16. Comparison of experimental and predicted inelastic creep
(MPa) and T is the temperature strain
(K). The fit constants take the
following values: A = 1. I 1X 1-13,

m = 0682, p = 0.550, n = 0579, Q 1173. Experimental and predicted values for inelastic creep strain using
this model are shown in Figure 16, using the average values of neutron flux, hoop stress and temperature over
the period of interest. The model generally follows the experimental data, although creep strain is over
predicted at longer times.
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6. Other techniques

Several techniques are currently under the early stages of development. Qualification and testing is underway.

Traditionally, corrosion of fuel rod cladding in reactor cores has been studied by taking measurements of oxide
thickness or sample weight during reactor shutdowns. The main limitation of this method is that only average
corrosion rates can be determined. The use of on-line measurements would deliver more information on
corrosion processes and would assist in the determination of corrosion mechanisms.

The dc potential drop method, which has been developed and used to measure crack growth on-line in the
Halden IASCC programme, has been adapted for on-line measurement of cladding corrosion. Current and
potential wires are aached to the end plugs of the fuel rod, and potential drops caused by the passage of an
applied current are measured at different positions on the end plugs (Figure 17). The potential drops are related
to cladding thickness through out-of-pile calibration. With this technique, cladding thickness can be measured
to an accuracy of ± 2 pm.

A novel conductivity electrode has been constructed. The sensor is a modification of the Halden platinum ECP
electrode, in which the Pt sensing element is surrounded by a second Pt cylinder. An additional signal cable is
fitted through which a current is passed, and the conductivity of the coolant is determined from the measured
voltage difference between the two Pt cylinders. Use of the Halden leak-tight mechanical seal will enable the
monitoring of conductivity in-core.

7. References Signal current cables

[1] W. Wiesenack, OECD Halden Reactor Project
fuel testing capabilities and high burn-up data End plug
for modelling and safety analysis, IAEA
reseach coordination meeting on fuel
modelling at extended burnup (FUMEX),
Bombay, India, - April 1996.

[2] T. M. Karlsen and E. Hauso, Qualification and
application of instrumented specimens for in- Pl8nurn spring
core studies on cracking behaviour of
austenitic stainless steels, Proc 9th nt. Conf.
On Environmental Degradation of Materials in
Nuclear Power Systems - Water Reactors,
Newport Beach, California, USA, August 1999,
NACE, Houston, USA. Fuel pellets

[3] T. M. Karlsen, M. McGrath and E. Kolstad,
Halden research on Zircaloy cladding
corrosion, in Water chemistry and corrosion Cladding tube
control of cladding and primary circuit
components, Proceedings of a Technical
Committee meeting, Vtavou, Czech Republic,

Voltage drop28 September - 2 October 1998,
IAEA-TECDOC-1128. measuring points

[4] C. Vitanza, Development of in-core test End plug
capabilities for material characterisation, Current supply point
Second exchange meeting on basic studies in
the field of high temperature engineering, - Signal /current cables
Paris, 10 - 12 October 2001.

[5] P. L. Andresen, F. P. Ford, S. M. Murphy and Figure 17. On-line corrosion monitor
J. M. Perks, State of knowledge of radiation
effects on environmental cracking in light water reactor core materials, Proc 4th I nt. Conf On
Environmental Degradation of Materials in Nuclear Power Systems - Water Reactors, Jekyll island, GA,
USA, August 1989, NACE, Houston, USA.

[6] M. E. Indig, J. L. Nelson and G. P. Wozadlo, Investigation of the protection potential aginst IASCC, Proc
4th Int. Conf. On Environmental Degradation of Materials in Nuclear Power Systems - Water Reactors,
Jekyll island, GA, USA, August 1989, NACE, Houston, USA.

1 1



[7] Corrosion potential measurement sourcebook, Electric Power Research Institute Report EPRI NP-7142,
January 1991.

[8] R. L. Cowan, S. Hettiarachchi, D. H. Hale and R. J. Law, Electrochemical potential monitoring in boiling
waterreactors, 1998 JAIF International Conference on Water Chemistry in Nuclear Power Plants, 13-16
October 1998, Kashiwazaki, Japan, (JAIF, Tokyo, Japan, 1998).

[9] B. Beverskog, L. Lie, N. W. Hogberg and K. MAkeI6, Verification of the miniaturised In-core Pd reference
electrode at Halden, Water Chemistry of Nuclear Reactor Systems 8, 22-26 October 2000, Bournemouth,
UK, (BNES, London, UK, 2000).

[1 0] P. Lidar, Aspects of Crack Growth in Structural Materials in Light Water Reactors, PhD thesis, Royal
Institute of Technology, Stockholm, Sweden, 1997.

[11] M. A. McGrath, In reactor creep behaviour of Zircaloy fuel cladding, ANS meeting, Park City, Utah, USA,
April 1999.

[12] D. G. Franklin, G. E. Lucas and A. L. Bement, Creep of zirconium alloys in nuclear reactors, ASTM
STP-815, ASTM, Philadelphia, 1983.

12


