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ABSTRACT

A cladding corrosion test (IFA-638) is being conducted at the Halden Project with the main

objective to investigate the corrosion behaviour of modern PWR cladding materials at

increasing burnup/neutron fluence under PWR conditions.  There are two parts to the

experiment. one using fuelled cladding sections and the other using unfuelled coupons made

from quarter and one-third sectors of cladding.  The materials being studied as fuelled sections

are low tin Zr-2 and Zr-4, high tin Zr-4, ZIRLO, M4 and M5 and Alloy A and E635.  Thirty-

six (36) cladding coupons have been prepared from the cladding materials provided by ABB-

Atom, Framatome and Mitsubishi Heavy Industries. This report summarizes the operating

conditions during the second irradiation period and the results of the first and second interim

inspections.  Interim inspections were carried to assess the oxide growth of both the fuel

cladding and the coupons during the shutdown.  The eddy current technique was used on the

fuel rods and the coupons were weighed and visually examined.

1.  INTRODUCTION

Zircaloy corrosion was formerly not considered a limiting factor for commercial PWR reactor

operation.  However, the operational conditions for advanced nuclear power reactors , both

PWR and BWR, have become more demanding (higher burnup and power density levels) in

order to increase uranium utilization and to minimize the amount of spent fuel storage.  The

waterside corrosion and hydriding of Zircaloy cladding is considerably accelerated at increased



discharge burnup levels beyond 50-60 MWd/kg U, and has become a possible life-limiting

factor which has resulted in a need for improved Zircaloy cladding materials.  Therefore.

several different zirconium based alloys were developed with the intention of improving

cladding corrosion resistance.  Design criteria must also make allowance for loss of ductility

with time (fluence) and the degradation of heat transfer conditions owing to the buildup of

corrosion film and crud.  Work is also underway to investigate corrosion (irradiation damage,

H2  pickup) enhancement factors due to irradiation.

The need for improved Zircaloy cladding materials has been addressed by two parallel

approaches, improvements to Zirealoy-4 and the development of new alloy compositions.  The

new PWR cladding corrosion rig, IFA 638 was loaded in late June 1998 with the aim of

studying the corrosion behaviour of different modern Zircaloy cladding materials at increased

discharge burnup levels.  The materials were provided by the four organisations: ABB-Atom,

ENUSA, Framatome and Mitsubishi Heavy Industries.  There are two parts to the experiment,

one using fuelled cladding sections and the other using unfuelled coupons made from quarter or

third sectors of cladding.  The materials being studied as fuelled sections are low tin Zr-2 and

Zr-4, high tin Zr-4, ZIRLO, M4 and M5 and Alloy A and E635.  A combination of fresh and

pre-irradiated cladding is being used which will allow the effect of fluence on the corrosion

behaviour to be studied.  Thirty-six (36) cladding coupons have been prepared from cladding

materials supplied by ABB-Atom, Framatome and Mitsubishi Heavy Industries.

This report presents the experimental conditions for the test rig IFA-638, and the first and

second interim inspection results and the oxide growth data of the different materials are

discussed.

2, DESCRIPTION OF THE EXPERIMENT

2.1  Rig and loop

A schematic representation of the test rig is shown in Figure 1. The rig is of the fuelled flask

assembly design with three test rods (section 2.2) contained within the pressure flask.

Attached to the top of each fuel rod is a coupon holder, which can hold up to a total of 7-8

coupons in an upper and lower position.  There is also a central coupon holder that runs along

the length of the fuel rods, which has 15 positions of which 13 were used in the first irradiation

cycle.  Thirty-six (36) unfuelled cladding coupons (section 2.3) were contained in the test rig.

Thermocouples are placed at the inlet and outlet of the test section to monitor the coolant

conditions.  Three vanadium neutron detectors are distributed vertically within the pressure

flask in order to determine the axial flux and power distribution.  Representative fast neutron



flux conditions are created by the booster rods which have a relatively high enrichment of 13-

wt%, and are cooled by heavy water under forced circulation and HBWR conditions (24 bar,

2400C and 0.9 m/s).  They span from 700 to 1500 mm above the reactor core plate, thus

covering both the test rods and the coupons.

2.2  Fuelled cladding sections

Three fuelled test rods were installed in IFA-638.  Each test rod of fuelled cladding is

composed of four segments prepared from a combination of fresh and pre-irradiated materials

provided by ABB-Atom, ENUSA and Framatome, as shown in Figure 2 and summarised in

Table 1.  Each segment comprises approximately 120 mm of cladding material with an O.D. of

9.5 mm and I.D. of either 8.36, 8.30 or 8.25 mm.  The six segments of the pre-irradiated

materials were mechanically defuelled, and filled with 8 wt% U-235 enriched UO2 pellets to an

active fuel stack length of 90 mm.  For each test rod the bottom two segments are fresh

cladding material while the upper two are pre-irradiated claddings (see Figure 2).

2.3  Unfuelled coupons

The test rig includes thirty-six (36) unfuelled cladding coupons.  The cladding coupons have

been prepared from cladding materials provided by ABB-Atom, Framatome and Mitsubishi

Heavy Industries.  The test matrix and individual positioning of each coupon in the test rig are

outlined in Table 2.

2.4  Operating conditions

This rig has been operated from the start-up in June 1998 until the end of Setember 1999.

During the course of irradiation a total of 263 FPD was accumulated and an assembly burnup of

11.9 MWd/kgUO2 was achieved.  Examples of the measured neutron flux levels and the axial

neutron flux profiles in the in-core section of the rig are shown in Figures 3.  The relative

positions of the fuelled cladding rods and the booster rods in the core are also presented in the

figures.  Figure 4 shows the history of inlet and outlet temperature and pressure for the entire

irradiation cycle.  The coolant outlet and inlet temperature and the pressure in the rig were kept

at about 317 ℃, 310 ℃, and 159 bar, respectively, while the inlet flow rate was maintained at

1.8 m/s.  The average linear heat rate (A.LHR) for the test assembly was about 32 kW/m in

IFA-638.1 and between 27 and 21 kW/m during operation of IFA-628.2 and 3 (see Figure 5).

The main operating conditions for IFA-638.1 to 3 are summarised in Table 3.  Fast neutron

flux also shown in Table 3 are the calculated average fast neutron flux within the fuel rod region

and immediately above each of the test rods.  During irradiation, the concentration of boron

and lithium were monitored frequently and maintained at about 1000 and 3 ppm, respectively,



corresponding to a calculated pH300-value of between 7.08 and 7.16.  The concentration of

hydrogen was maintained in the range of 2-4 ppm, as specified.

2.5  Interim inspections

During the end-of-year shutdown (December 1998 - December 1999), interim inspections were

carried out to assess the oxide growth of both the fuel cladding and the coupons.  Following

visual examination, the eddy current technique was used to measure the oxide thickness on the

fuel rods, and the coupons were weighed.

2.5.1  Fuelled cladding sections

Axial oxide thickness profiles were measured on the fuelled cladding sections.  The rods were

unloaded from the rig and transferred to the handling compartment where they were mounted in

a special inspection rig allowing an axial movement of the rod while registering the layer

thickness by means of an Eddy Current (EC) proximity probe.  According to the manufacturer

of the EC equipment, the accuracy of the measurements is empirically estimated to be within 2

gm.

Measurements of the oxide thickness along the pre-irradiated fuelled cladding sections were

also carried out prior to loading of the rig in the reactor.  Seven axial traces were obtained for

the pre-irradiated segments at six angular orientations (0°/ 360°, 60°, 120°, 180°, 240°,

300°) where the orientation 0°faces to the centre of the rig and 180° to the outside,

respectively.  After irradiation period, EC-measurements were performed for all rods at the

same angular orientations.  Moreover, the fresh cladding material sections were brushed to

remove possible traces of crud.  After brushing, the oxide layer thickness of the fresh cladding

material sections was measured at two angular orientations (0°/360°, 180°).

Since the test materials comprise several different zirconium based alloys, individual calibration

of the EC-proximity probe was undertaken for each alloy using, as reference, unirradiated

segments of the respective canning materials.

2.5.2  Unfuelled coupons

All the coupons were weighed before irradiation.  After irradiation, the coupons were removed

from the coupon holders, washed and weighed in the compartment on a five point balance.

3.  EXPERIMIENTAL OBERVATIONS

The more demanding PWR fuel duties have necessitated improvements in the cladding



corrosion resistance particularly at burn-ups exceeding 40-50 MWd/kgU.  The test matrix and

configuration of IFA 638 has created an unique possibility to investigate and compare the

corrosion behaviour of different modern Zr based cladding materials simultaneously as

influenced by temperature, heat rate and fast neutron flux.

The use of unfuelled coupons, in addition to fuelled pre-irradiated and fresh cladding sections,

enables evaluation of effects of heat rate and neutron flux on the degradation of the cladding

materials at increasing burnup/neutron fluence.

A summary of the results and observations after the first and second interim inspection are

presented in the following two chapters.

3.1  Unfuelled coupons

Weight gain (mg/dm2) measurements for all the coupons were carried out to assess the oxide

growth of the coupons in the first interim inspection after 125 and 263 FPD of irradiation.

The weight gain [mg/dm2] for the coupons are summarised in Table 4.

3.2  Fuelled cladding sections

ABB Atom, Framatome and ENUSA have supplied the cladding materials for the three test rods

which were fuelled with fresh 8 wt% U-235 enrichment UO2 pellets.  The three fuel rods were

prepared from Zr-2 (low-Sn), Zr-4 (high-Sn), Zr-4 (low Sn), ZIRLO, Alloy E635, Alloy A, M4

and M5. as shown in Figure 2. Visual inspection of Alloy E635, Alloy A, M4 and M5 showed

uniform black cladding surfaces, while Zr-2 (low Sn), Zr-4 (high Sn) and the ZIRLO cladding

revealed an oxide surface with a more patchy appearance.

The results of the measurements on the materials are summarised in Table 5.

4.  SUMMARY

The test matrix and experimental configuration of IFA 638 enables the corrosion properties of

many materials to be studied simultaneously as influenced by temperature, heat flux and

neutron flux.  Some of the main observations were as follows

1. An increase in oxide thickness ranging from ~ 4 to ~ 8 ㎛ were determined on the pre-

irradiated fuelled cladding sections, while increases ranging from ~ 6 to ~ 9 ㎛ were

measured on the fuelled, initially fresh, cladding segments.  The results imply that the

corrosion rate of the different Zr based cladding materials may be less sensitive to irradiation

than conventional materials. (A greater influence of positive temperature feedback leading to



a self-acceleration of the corrosion. might have been expected).

2. The results of the weighing of the coupons showed values ranging from 15 to 44 gm after

second interim inspection.

3. The corrosion rates of the as-received M4 and M5 coupons, supplied by Framatome, it

appears that M4 and in particular M5 may have improved corrosion resistance.

4. It is once again pointed out that the data presented in this HWR report are based on only two

cycles of irradiation and observations must be considered preliminary, since long term

irradiation and further interim inspections are necessary to analyse trends in irradiation

sensitivity, possible enhancement factors at burn-ups exceeding 40-50 MWd/kg U, and to

obtain a consistent relative comparison of the different materials.

5. The intention of the IFA 638 corrosion test rig is to operate it over a long period of time (3-4

years) to a burnup of about 50 MWd/kg UO2. The progress of corrosion will be determined

during regular interim inspections, and the test rods and coupons can be exchanged such that

other materials can be introduced at any time, should this be desired.
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Figure 1.  Lay-out of the PWR cladding corrosion rig, IFA 638

Figure 2.  Schematic lay-out of the fuel rods used in the PWR cladding corrosion test, IFA-638.



Figure 3.  Axial positions of fuelled sections and coupons and neutron flux profile of IFA-638.

Figure 4.  Coolant inlet and outlet temperature of IFA-638.1–3.



Figure 5.  Power history of the fuelled section.

Table 1.  Test Matrix of Fuelled Cladding Section.



Table 2.  Test Matrix of Unfuelled Coupons in IFA-638.



Table 3.  Summary of Operational Conditions.

Table 4.  The Second Interim Inspection results of Unfuelled Coupons in IFA-638.



Table 5.  Average Oxide Thicknesses After Second Interim Inspection.

Segment no.Rod
no.

1 2 3 4

1 34.21 8.34 8.17 7.66

2 33.52 26.99 10.13 8.36

3 34.79 17.75 8.73 6.13
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