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Abstract :

Since nuclear electricity has a predominant share in French generating capacity, PWR's are
required to fit grid load following and frequency control operating conditions. Consequently
cyclic stresses appear in the fuel element cladding. In order to characterize the possible
resulting clad damage, fatigue tests were performed at 350 °C on unirradiated material or
irradiated stress relieved Zircaloy-4 tube portions, using a special device for tube fatigue by
repeated pressurization.

It appears that, for high stress levels, the material fatigue life is not affected by irradiation.
But the endurance fatigue limit undergoes a decrease from the 350 MPa value for unirradiated
material to the 210 MPa value for the material irradiated for four cycles in a PV/R. However,
this effect seems to saturate with irradiation dose : no difference could be detected between the
two cycles results and the corresponding four cycles results. The corrosion effect and the load
following influence were also investigated : they do not appear to modify the fatigue behavior
in our experimental conditions.
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Abstract :

Since nuclear electricity has a predominant share in French generating capacity, PWR's are

required to fit grid load following and frequency control operating conditions. Consequently

cyclic stresses appear in the fuel element cladding. In order to characterize the possible

resulting clad damage, fatigue tests were performed at 350 0C on unirradiated material or

irradiated stress relieved Zircaloy-4 tube portions, using a special device for tube fatigue by

repeated pressurization.

It appears that, for high stress levels, the material fatigue life is not affected by irradiation.

But the endurance fatigue limit undergoes a decrease from the 350 MPa value for iinirradiated

material to the 210 MPa value for the material irradiated for four cycles in a PWR. However,

this effect seems to saturate with irradiation dose : no difference could be detected between the

two cycles results and the corresponding four cycles results. The corrosion effect and the load

following influence were also investigated : they do not appear to modify the fatigue behavior

in our experimental conditions.
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1. INTRODUCTION

Since nuclear electricity has a predominant share (75 %) in French generating capacity,

PWR's are required to fit grid load following and frequency control operating conditions.

Consequently cyclic stresses appear in the fuel element cladding. In order to evaluate the

possible resulting clad damage, CEA, FRAMATOME and EDF have jointly undertaken a large

scale fatigue resistance investigation program concerning both unirradiated and irradiated

materials.

The first aim of this program is to determine the pure fatigue behaviour of stress-relieved

ZircaIoy-4 tubes under internal pressure and to give separately the orders of magnitude of

different cumulative effects, namely the irradiation dose effect, the load following and

frequency control effect and the corrosion effect.

This paper shows the results obtained on irradiated material compared to previous ones

[1,2] obtained on unirradiated material. The tube portions have been cut from FRAGEMA fuel

standard clad irradiated in EDF power plants or in an experimental CEA reactor called CAP. A

special device for tube fatigue testing by repeated pressurization has been introduced in a hot

cell : wich is quite similar to the one designed for the unirradiated material experiments.

2. MATERIAL CHARACTERISTICS

2.1. Metallurgical characteristics

The samples were taken from stress-relieved Zircaloy-4 cladding tubes. The chemical

composition (wt %) is as follows :

1.20<Sn<l,70 0.18<Fe<0,24 0.07<Cr<0.13 0.09<O2 <0,16

The impurity contents are within the ranges given in the classical Zircaloy-4 specification.

The initial microstructure and texture are fully typical of the FRAGEMA specification. The

effect of irradiation on microstructure is studied in [3].
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2.2. Irradiation conditions

2.2.1. PWR

Some of the tested clads come from rods which have been irradiated during 2 or 4 cycles in

EDF nuclear plants without load following. The studied rod local burnups are around 26000

MWd/tU and 52000 MWdAU respectively.

Other standard clads have been irradiated during 2, 3 or 5 cycles in EDF nuclear plants

operating on load following and frequency control (50 to 60 % of irradiation time for the ones

irradiated 2 or 3 cycles). The average rods local burnups reached around 24000 MWd/tU and

41000 MWdAU for clads irradiated 2 or 3 cycles respectively.

The inlet and outlet coolant temperatures range from 285 0C to 325 0C.

2.2.2. CAP

Tube portions from standard cladding irradiated in the CAP CEA experimental reactor have

also been tested. The CAP reactor enables load following and frequency control operating

conditions to be simulated in order to test the fuel rod behavior. The assemblies present

"17x 17" geometrical characteristics, except for rod length which is half that of PWR rods. The

mean irradiation temperature is also somewhat different in the CAP reactor in which it is about

30 0C below the commercial PWR's. Indeed, the inlet and outlet coolant temperatures are

equal to 267 0C and 287 0C respectively. The cyclic process consists essentially of the two

following successive periods (Figure 1) :

- during ten days, there are daily power cut backs to 70 %, 50 % and 30 % of the nominal

power, without frequency control ;

- during the ten following days, frequency control ranging within 5 % of the nominal power is

superposed on the load following conditions.

The rod local burnup is around 40000 MWdAU, in each case.
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2.3. Mechanical characteristics

The mechanical properties (conventional yield strength Rp0.2» ultimate tensile strength Rm ,

uniform elongation Ar, total elongation At) were determined from burst tests at 350 0C for a

strain rate of 2.5 10"4 s"1 for unirradiated and irradiated materials (Table 1).

Table 1. Burst mechanical properties at 350 0C of unirradiated and irradiated materials used in

this study.

Material

unirradiated

CAP

4 cycles in PWR

Rp0.2

(MPa)

423

615

612

^m

(MPa)

517

669

637

A r

(%)

2

1.15

0.49

At

(%)

3.4

—

Standard creep tests (400 0C, 130 MPa, 240 h) were also performed on several tubes. The

diametral strains induced by the internal pressure ranged from 1.24 % to 1.80 % for

unirradiated material and from 0.16 % to 0.21 % for tubes irradiated during 4 cycles in an EDF

nuclear plant.

Z. EXPERIMENTAL METHOD

Fatigue tests were performed at 350 0C using a device for tube fatigue testing by repeated

internal oil pressurization. The pressure variations obey a periodic triangular signal between a

very low pressure and a pre-defined maximum pressure.

The frequency influence in the range 0.5 to 1 Hz was first studied on unirradiated

specimens [2]. The frequency of 0.5 Hz was first chosen to minimize the influence of creep,

and thus to be as close as possible to pure fatigue conditions, while remaining compatible with

a correct strain recording. However some tests were performed subsequently at 1 Hz. It

appears that the influence of frequency on fatigue life does not occur for high stress levels. The
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most important effect which has been observed essentially concerns the rise of the endurance

fatigue limit with the frequency increase. As a result, to minimize the creep-fatigue interaction,

the 1 Hz frequency was chosen for all the irradiated specimens. The investigated life ranges

from 10 3 to 106 cycles.

It must be emphasized that the aim of this study was to characterize the pure fatigue

behaviour of ZircaIoy-4 cladding tubes under repeated pressurization. So the test conditions

were very different from the conditions undergone by the cladding during power cycling in an

EDF nuclear plant. In the case of load following, particularly, the period is much higher (1 day

rather than 1 second) and the stress level is much lower, because of rapid stress relaxation.

Samples were 120 mm in length, 9.5 mm in outer diameter and 0.S7 mm in thickness. They

were heated in a four zones furnace with four thermocouples for regulation and another one

for the sample temperature measurement.

The diametral strain was deduced by measuring the displacements of four LVDT sensors

scanning two perpendicular diameters. The average of the two diameters gives the mean strain

value.

4>.
The hoop stress a was calculated according to the following expression : a = P x — , with

NSx P the internal pressure, 4>i and e respectively the average internal diameter and the average wall

; thickness of the specimen.

4. FATIGUE RESULTS

4.1. Irradiation effect

A low cycle fatigue curve in the range 10^ to 10*> cycles was plotted for unirradiated

specimens at 1 Hz [2]. These data and those obtained on cladding tubes irradiated in the CEA

CAP experimental reactor and on cladding tubes irradiated 2 and 4 cycles in an EDF nuclear

plant are reported in Figure 2. It appears that, on one hand, for high stresses (* SOO MPa), the

material fatigue life is not affected by irradiation On the other hand, the endurance fatigue limit



undergoes a decrease from the 350 MPa value for unirradiated material to 100 MPa for the

' specimens irradiated in the CAP reactor and to 140 MPa for specimens irradiated 4 cycles in

I an EDF nuclear plant.

^ The irradiation effect seems to saturate with irradiation dose because the number of cycles

to rupture for cladding tubes irradiated 2 or 4 cycles is approximately equal for a stress of 265

MPa. It is considered that this stress level is a clear indication of the different fatigue behaviors

of specimens irradiated in various conditions, while keeping high accuracy on the number of

cycles to rupture.

^ It was shown in [2] for unirradiated specimens that the Wôhler curve, where the maximum

stress is reported as a function of the number of cycles to rupture, can be rationalized by a

Langer formulation : a = — ? = Log + Gn where E is the mean elastic modulus
4 ^ N ^ 6 I O O - R A °

measured at the first cycle while RA and OQ are fitted parameters. This formulation cannot be

^ « used for irradiated samples because of the form of the curve. Stress versus the number of

cycles to rupture can be rationalized by a Palmgren formulation : o = A + with the n

coefficient of about 1.13. This formulation suggests endurance fatigue limits of 250 and 210

MPa for specimens irradiated in the CAP reactor or in an EDF nuclear plant respectively and is

consistent with the large sensitivity of irradiated specimens to maximum stress. The

investigated ratio CTmax/Rpo.2 is however smaller for irradiated than for unirradiated material.

In addition, the differences observed in the fatigue behavior of specimens irradiated

respectively in the CAP reactor or in an EDF nuclear plant may be attributed to differences in

the irradiation conditions (temperature...) for tests all performed in the same conditions

(temperature and frequency).



4.2. Environment effect

To highlight a possible environment effect, that is the influence of the zirconia layer

thickness and/or hydride contents, specimens were taken from different levels of cladding tubes

irradiated 4 cycles in an EDF nuclear plant. The maximum hoop stress Is reported as a function

of the number of cycles to rupture in Figure 3 for specimens taken at 2-3, 5-6 and 6-7 grid

spans. At spans 5-6 an 6-7 the irradiation temperature is higher and consequently the

specimens are more oxidized and hydrided (Table 2).

1

Table 2. Zirconia layer thickness and hydride contents of irradiated cladding tubes.

CAP

PWR 4 cycles span 2-3

PWR 4 cycles span 5-6

PWR 4 cycles span 6-7

zirconia layer thickness

(urn)

12

29

54

65

hydride contents

(ppm)

60

280

520

600

In this table we have reported zirconia layer thickness and hydride contents for the CAP

specimens; the values are somewhat smaller than the ones observed on cladding tubes

irradiated in an EDF nuclear plant because of the lower irradiation temperature.

No differences in terms of number of cycles to rupture can be seen between the different

levels in spite of differences in zirconia layer thickness and hydride contents (Figure 3).
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4.3. Power cycling efFect

4.3.1, PWR

I Some fatigue tests were done for a stress of 265 MPa on cladding tubes irradiated 2, 3 or S

• cycles in an EDF PWR with operating on load following and frequency control. The results

thus achieved are reported on the Wôhler curve of Figure 4. The fatigue lives of these }

specimens are identical or even slightly higher than those obtained previously. So the load 1

following and frequency control do not seem to modify the fatigue behavior of irradiated j

cladding tubes.

4.3.2. CAP

In order to examine a possible influence of power cycling on fatigue behavior of specimens

irradiated in the CAP experimental reactor, two different regions of the clad have been tested :

the bottom, which is very little influenced by the power variations and the top zone (located

around the level of the control rod lower end) which is much more influenced by these

variations. The maximum hoop stress is shown as a function of the number of cycles to rupture
• I

in Figure S. A small reduction of the number of cycles to rupture seems to appear for

specimens which were taken at the top of the claddings. The slight effect may be due to power

w v cycling but also to the influence of irradiation temperature on fatigue behavior. Indeed, the

upper zone has been irradiated at a somewhat higher temperature than the lower one and, thus,

* • at a temperature closer to the cladding irradiation temperature in the EDF nuclear plants. So it

is not surprising to find, at the top of the clad, fatigue life values which approach the

corresponding EDF nuclear plant results (Figure 2). Consequently, no pure power cycling

effect could be identified.



5. DISCUSSION

The stabilized plastic strain is defined as the total deformation of sample at rupture minus

the plastic strain at the first cycle divided by the total number of cycles to rupture. It has been

shown on unirradiated material in [2] that the stabilized plastic strains are very small in

comparison with the plastic strain observed at the first cycle. In fact, at the first cycle the

plastic strain is equal to the monotonie one corresponding to the equivalent burst test, but, in

the following cycles, the plastic strain becomes very small and rapid cyclic hardening can be

observed. For irradiated specimens, because of irradiation hardening, the plastic strain at the

first cycle is insignificant. In Figure 6 the maximum stress is reported as a function of stabilized

cyclic deformation. At higher stress levels (* 500 MPa) the number of cycles to rupture are

quite similar but the stabilized plastic strain is three times smaller for irradiated specimens than

for unirradiated ones.

In addition, the stabilized plastic strain is reported as a function of the number of cycles to

rupture in Figure 7 for cladding tubes unirradiated and irradiated 4 cycles in an EDF PWR. A

frequency indépendant relationship between the total number of cycles and the stabilized

plastic strain has been established on unirradiated cladding tubes in [2]. It appears that the

results obtained on irradiated specimens can be rationalized by a Manson-Coffin law e = A N n

where the n coefficient is the same as the one deduced on unirradiated specimens [2], at !east

for sufficiently high stresses that is when the cyclic plastic strain is strongly dependent on

fatigue life. However, for the same number of cycles to rupture Nr, the stabilized plastic strain

is smaller for irradiated material than for unirradiated material by a factor of 3 for

6000 < N r < 80000.



6. CONCLUSION

Pure fatigue tests were performed at 350 0C at 1 Hz for irradiated tube portions from

FRAGEMA fuel standard claddings, using a special device for tube fatigue by repeated internal ;

pressurization. The tube portions were irradiated in an EDF nuclear plant or in the CEA CAP

experimental reactor. ?!

It appears that, for high stress levels, the material fatigue life is not affected by irradiation. \

But the endurance fatigue limit undergoes a decrease from the 350 IvIPa value for '

uninadiated maten'ai to the 210 MPa value for four cycles power reactor irradiation. However,

this effect seems to saturate with irradiation dose.

Furthermore, the corrosion effect and the load following influence do not appear to modify

the fatigue behavior in our experimental conditions.
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Figure captions

Figure 1 : CAP operating diagram.

Figure 2 : Irradiation effect on the Wôhler curve (maximum hoop stress versus the number of

cycles to rupture) at 350 0C and I Hz.

Figure 3 : Environment effect on the Wôhler curve at 350 0C and 1 Hz for specimens irradiated

4 cycles in an EDF PWR.

Figure 4 : Power cycling effect on the Wôhler curve at 350 0C and 1 Hz for specimens

irradiated in EDF PWR.

Figure 5 : Power cycling effect on the Wôhler curve at 350 0C and 1 Hz for specimens

irradiated in the CAP CEA experimental reactor.

Figure 6 : Maximum stress as a function of cyclic plastic strain for cladding tubes unirradiated

and irradiated 4 cycles in an EDF PWR.

Figure 7 : Cyclic plastic strain versus the number of cycles to rupture for cladding tubes

unirradiated or irradiated 4 cycles in an EDF PWR.
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