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ABSTRACT : The influence of temperature and fast neutron flux on irradiation creep and growth of

stress relieved zircaloy-4 pressurized tubes has been derived from experimental irradiations in NaK,

performed up to 2.5 lO2^ n.nr2 in the temperature range [280, 350]°C. A significant influence of

temperature on axial growth has been observed : at 280°C the elongation can no longer be expressed

as a linear function effluence as for the 350°C irradiation temperature ; diametral growth, on the other

hand, always appears negligible. Irradiation creep obviously depends on temperature too ; the

diametral strain (including thermal part) has been modelled as a sum of primary and secondary terms,

the former being independent of fluence. For the tubing considered it is observed that the ranking of

the different batches, with respect to diametral creep resistance, is the same before and under

irradiation. Concerning axial creep strain the stress relieved material behaves as does an isotropic

tube. This is not the case of recrystallized zircaloy-4 F, which shows a non negligible axial

deformation, related to the diametral creep one, even though this diametral irradiation creep strain is

strongly reduced comparatively to that of the stress relieved material. The comparison of the two

materials growth rates is more complex since their dependence on temperature and flux differs.

KEY WORDS : zircaloy-4, zircaloy-4 F, stress relieved, recrystallized, thermal creep, neutron

irradiation, growth, irradiation creep, flux, fluence, temperature, texture, anisotropy
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Introduction

Geometrical evolution of the fuel cladding under irradiation is an important part of the prediction

of the fuel rod general behaviour in a PWR environment. That is the reason why the French designer

FRAGEMA has planned out an important analytical program of growth and creep rate determination

together with the French Atomic Energy Conunission (CEA) laboratories. Irradiation is performed in

an experimental pile device, which allows both isothermal and constant stress conditions as well as

avoiding parasitic phenomena, specifically corrosion ones (inner and outer oxide scales, hydriding

induced embrittlement...).

The material of primary concern consists of stress relieved zircaloy-4 batches (17x17 geometry),

characterized by their standard creep test results. The aim of this work is first to derive mean

irradiation creep and growth laws, with realistic confidence intervals, and to relate the out-of-pile

creep tests results to the in-pile creep measurements of the different batches. A second incentive is to

precisely compare the creep resistance and growth of the standard PWR cladding to those of a

recrystallized zircaloy-4 F cladding already developed for its excellent creep resistance.

Apart from the materials characteristics the experimental parameters investigated are the

irradiation temperature : [280V 350]°C, the neutron flux (E >1 MeV) : [0.3, l.gJlO^n.nrV1 and the

hoop stress level : [0, ISOjMPa. Later on, the materials investigation will be enlarged and the

irradiation time (here maximum 3500 hours) will be increased.

Experimental Procedure

Materials

Four different batches issued from three different manufacturers of stress relieved zircaloy-4

tubes have been tested. They can be indexed by means of their relative standard creep test (400°C,

130 MPa, 240 hours) diametral strains feet), which are repented in table 1.



ASTM/KOBE/1990/Lansiart et ai/Irradiation Creep and Growth of Zy~4 tubes/page 4

esctMat.X/esctMat.2

Material 1

0.8

Material 2

1

Material 3

1.1

Material 4

1.7

Table 1 - Stress relieved zircaloy-4 tubes standard creep test characterization

The mean laws will be established from the material 2 results. This material has undergone a

460°C stress-relief anneal, subsequent to the 80% cold work process ; its exact composition is given

in table 2, together with the zircaloy-4 F composition range.

Material 2

Zircaloy-4 F

Zr(%)

Balance

Balance

Sn (%)

1.4

1.5-1.9

Fe (%)

0.21

0.18 - 0.24

Cr(%)

0.11

0.07-0.13

0(%)

0.12

0.14-0.18

Table 2 - Materials chemical composition

As shown in table 2 the zircaloy-4 F recrystallized material, to be compared to the French PWR

standard one, differs slightly in composition from typical zircaloy-4 : oxygen content ( = l,600ppm)

and tin content ( = 1.7%) are increased so as to improve the mechanical out-of-pile tensile or burst

characteristics of such an annealed material. The typical standard creep test diametral elongation is

lowered, compared to that of standard zircaloy-4 tubes : it is around 20% of the material 2 correspon-

ding value.

Out-of-pile materials characterization

Texture

Because of the straight link between texture and growth the Kearns factors and pole figures (00.2

planes) have been determined. Table 3 shows the Kearns factors fj (i=R for radial, T for tangential

and A for axial) values, together with the l-3fi values indicating the growth susceptibility in the i

direction, for material 2 on the one hand and for a typical Zy-4 F recrystallized tube on the other hand.
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Material 2

Zircaloy-4 F

fR

0.611

0.672

fr

0.294

0.264

fA

0.095

0.064

l-3fR

- 0.833

- 1.016

l-3fT

0.118

0.208

l-3fA

0.715

0.808

Table 3 - Materials texture characteristics

The pole figures are drawn on figures la and Ib. The zircaloy-4 F tube texture appears to be

somewhat more radial than the standard tube one, but, for both types of materials, axial growth is

expected to be much more significant than tangential growth. We will see further the experimental

confirmation that diametral growth may be neglected.

Mechanical characteristics

The yield strength RpO,2» the ultimate strength Rm and the uniform elongation Ar are reported in

table 4 for the two classes of materials here considered, both for tensile and burst tests performed at

400°C.

Material 2

Zircaloy-4 F

400°C

Tensile Tests

Rn0.2(MPa)

370

155

Rm(MPa)

455

245

A,(%)

2.7

17.5

Burst Tests

Rrf).2(MPa)

345

235

Rm(MPa)

450

295

Ar(%)

2

10

Table 4 - Materials mechanical characteristics

Thermal creep

Prior to the irradiation effect study, long term out-of-pile creep tests have been performed on the

four stress-relieved zircaloy-4 batches. They were going on up to 5,000 hours and extended from
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280°C to 380°C for temperature and from SOMPa to 330MPa for hoop stress. Figure 2 gives an

example, at 380°C and for different stress levels, of the creep curves which have been obtained for

material 2.

The scattering of the four batches was determined essentially for two precise experimental condi-

tions : 310°C, 260MPa on the one hand and 350°C, 1 SOMPa on the other hand. The results are given

in table 5, in terms of strain (e) ratios for constant creep time t ; these ratios appeared independent of

time.

^material X / ^material 2

Material 1

0.85 - 0.9

Material 2

1

Material 3

1.1-1.3

Material 4

1.8-2.1

Zy-4 F

= 0.2

Table 5 - Relative long time diametral creep strains

It can be noticed that the relative long term creep strains are very close to the relative standard

creep test strains (Cf. table 1 or 6).

Table 5 also shows the comparative long term thermal creep behaviour of the recrystallized

zircaloy-4 F ; the strain ratio is still of the same order of magnitude for the two types of creep tests:

standard and long term.

Samples for in-pile tests

The specimens are tube portions, with 90mm for useful length ( = 105mm for total length),

8.36mm for inner diameter and 9.50mm for outer diameter. They are closed at the two ends by plugs;

after the pressurization process one end is welded by the electron beam technique.

The filling gas is helium ; it is introduced at room temperature at a pressure calculated as a

function of the desired hoop stress at the planned irradiation temperature and taking into account the

external NaK pressure (2bars) in the experimental device. Thus six different stress levels were

investigated in order to model the stress dependence of the in-pile strain : 0 (for growth study), 60,

90,120,150 and 1 SOMPa.
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This technique is very similar to that used for the out-of-pile tests, which are also performed on

prepressurized tube portions, periodically pulled out of the furnace for dimensional measurements.

Irradiation conditions

The neutron flux is provided by the CEA experimental reactor SILOE, set up in the Nuclear

Research Center of Grenoble (France).

Figure 3 shows a schematic of the sample holder. Six specimens can be irradiated simultaneously

at the same flux and temperature levels. A constant temperature is achieved for all the six samples by

means of six different heating components, complementary to the nuclear heating, associated to

twelve Cr-Al thermocouples all in contact with the specimens (except the upper one located in the

NaK blanket). We obtain thus the desired temperature (Tin-), within the range (Tiir10°C, Tirri-5
0C),

with an accuracy of 2.5°C. As for the flux level, it is determined by means of three pairs of (copper)

flux detectors, each pair being mounted at mid-sample length. This allows us to say that the mid-

sample flux level extends from the desired value (<X>) to more than 0.85*.

Two temperature levels : 280°C and 350°C and three flux levels : 0.3,1.0 and 1.8 lO^rn-V1 have

thus been achieved, making it possible to investigate these parameters influence on irradiation creep

and growth.

Length and diameter measurements

Precise length and diameter measurements are needed, in order to get a good strain evolution

determination from the lowest irradiation doses. With this objective, a special measurement device has

been designed, which consists essentially of two pairs of differential displacement sensors : one pair

for the length, the other one for the diameter measurements.

These diameter measurements are performed at mid-sample and at 20mm symetrically from it ; at

each level 400 points are recorded all around the tubes, so that their possible ovalization evolution can

be detected. The length measurements are carried out between the two parallel faces of the two end

plugs. All these measurements are performed in water, within the reactor pool. The specified accura-

cies of the obtained values are respectively : ± HUH for diameters and ± 2um for lengths.
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Results and Discussion

Growth

Figure 4 shows the axial growth results derived from the length measurements of the unloaded

samples, for the stress-relieved standard material as well as for the recrystaîlized Zy-4 F. It is

interesting to notice that, in the range of flux, fluence and temperature studied, the stress-relieved

material growth is temperature dependent while the recrystaîlized material growth is flux dependent

A simple correlation between the axial growth strain eg (without unit) and fluence *t (1025n,nr2)

could be deduced for the standard material, at the two temperatures of 280°C and 350°C. This

correlation, which must be considered as perfectly valid in the range of flux * [1. to 2.]1018n.nr2.s*1

(E > IMeV) here investigated, is of the following form :

eg = A (*t)a

with A and a having been determined for each of the two temperatures 280°C and 350°C.

The diametral growth strain, precisely the outer diameter evolution of the zero-stress samples,

could be considered as negligible for the standard material, according to the texture determination

discussion : it was exactly 0 for the 350°C experiments and no more than 2 10"4 (in the direction of

contraction) for the 280°C experiment.

In-pile creep

The irradiation creep results and modelling presented here concern the total in-pile creep defor-

mation, including thus the two types of deformation mechanisms : thermal creep and irradiation creep.

The experimental values are derived from the rough outer diameter measurements for the diametral

creep and from the difference between the sample length change and the growth strain for the axial

creep.
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Figure 5 shows an example (material 2) of the influence of the neutron flux on the creep

diametral strain, for the standard material at different flux levels and the two temperatures of 280°C

and 350°C. The irradiation enhancement factor is, of course, much higher for the lower temperature.

The best fit has been obtained with a two terms law, describing separately the primary and

secondary creep regimes. The diametral strain EQ (without unit) can be expressed as a function of the

hoop stress a (MPa), the irradiation temperature T (K), the time t (hours) and flux * (lO^n.m^.s-1,

E > IMeV) :

ee = BI asl exp(-Cl/T) t* + B2 a
s2 exp(-C2/T) *f t

Once again the strict validity range of this law, available for the standard material with mean out-of-

pile creep rate, must be pointed out : it extends from 280°C to 350°C for irradiation temperature, from

0.3 to 2. lO^n.m-Z.S"1 for flux and up to 200MPa for hoop stress. We may notice that the fluence

dependence of the primary creep could be neglected, that the stress dependence is not very far from a

linear one and that the fluence dependence of the secondary creep term is not quite linear. Figure 6

gives an example of computed curves, to be compared to the corresponding experimental points.

Good fit can be observed.

The relation between out-of-pile and in-pile creep rates has been also investigated for the four

zircaloy-4 studied batches and for different irradiation conditions (two temperatures, three flux levels

and two stress levels). The results are reported in table 6.

Material 1

Material 2

Material 3

Material 4

Out-of-pile thermal creep

standard test (e)

0.8

1

1.1

1.7

long time test (e)

0.85 - 0.9

1

1.1 - 1.3

1.8 - 2.1

In-pile creep

creep strain (e)

0.85 - 1.00

1

0.9

1.3-1.5

creep rate (de/dt)

0.8 - 0.9

1

0.9 - 1.1

1.25 - 1.35

Table 6 - Comparison between out-of-pile and in-pile relative creep strains
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The link between purely thermal and irradiation creep resistance of a given material is clear, but the

gap between the different batches tends towards a reduction for in-pile creep compared to out-of-pile

creep.

The axial creep of the stress-relieved zircaloy-4 is very low, as for an isotropic material. In the

case of the batches here investigated the axial in-pile creep strains extend from zero to 0.04 times the

diametral creep strains. Since the axial creep strains of unirradiated pressurized tubes are also very

low one may assume that the creep anisotropy is not modified under irradiation.

In the case of the recrystallized zircaloy-4 material the situation is quite different. First there is a

marked in-pile creep anisotropy, with the following relationship between axial (ez) and diametral (ee)

strains:

ez = - 0.3 ee

On the other hand the diametral strain is much lower than for the stress-relieved material. It could be

modelled (in the temperature range [330, 385]°C, flux range [0.5, 2.]lOl9n.ra:2.s-1 and hoop stress

range [40,100]MPa) in a way very similar to that for the standard material, though more complex for

the primary term which is flux dependent. This allowed a quantitative comparison of the in-pile creep

behaviours of the recrystallized and stress-relieved materials since the ratio of the two creep rates

could be precisely calculated : it is varying with the loading conditions but we may consider, on an

average, that the in-pile creep rate of the stress-relieved zircaloy-4 is four times that of the

recrystallized zircaloy-4 F. Thus, once again, the out-of-pile tendency is maintained.

Conclusion

This paper shows a very large set of experimental results concerning the irradiation creep and

growth of the standard stress-relieved zircaloy-4 used as cladding material. A special emphasis has

been given to the link between its out-of-pile creep resistance and its in-pile creep resistance, from the

investigation of four different batches. With this main objective of the comparison between out-of-pile
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and in-pile behaviours, the discussion has been extended to a cladding material with a much higher

thermal creep resistance : the fully recrystallized zircaloy-4 F.

The in-pile diametral creep strain could be modelled as a sum of two terms : one describing the

primary creep and the other describing the secondary creep. This law is given for standard zircaloy-4

with mean standard creep test strain. For the other materials tested, it is shown, generally speaking,

that the better is their out-of-pile creep resistance, the higher is their in-pile creep resistance, with a

slight tendency to a reduction of the differences under irradiation. The standard creep test, which has

been first checked to provide good ranking of the materials compared to long time out-of-pile creep

tests, thus proves to be a very good and easy means for the estimation of the in-pile creep resistance

of every stress-relieved zircaloy-4 batch ; this observation can be extended to recrystallized zircaloy-4

cladding, if restricted to diametral creep. For axial creep, the strains of the stress-relieved and

recrystallized materials cannot be compared because of the difference of in-pile creep anisotropy of the

two types of cladding : the stress-relieved tubes show a negligible anisotropy while the in-pile creep

axial strain is nearly one third (with the opposite sign) of the diametral strain for the recrystallized

zircaloy-4 F tubes.

The growth rate could be modelled too. It is of the same order for the stress-relieved and

recrystallized states, in the investigated experimental range, with different behaviours : the stress-

relieved material growth appears to be temperature dependent while the recrystallized growth is rather

flux dependent.

The results of this study allowed the French fuel designer FRAGEMA to reduce the uncertainties

of its standard clad evolution modelling and yielded interesting information for its further develop-

ment of new cladding materials. Some experiments, especially growth experiments, will be continued

in order to determine the high fluence behaviour. Moreover growth and irradiation creep experiments

are going on, just now, for stress-relieved and recrystallized zircaloy-4 with low tin content ; for these

grades we will study the creep anisotropy in full detail : in-pile creep experiments will be conducted

with different stress systems, in order to determine the creep anisotropy factors. Other zirconium base

alloys are also under investigation.
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