
T\\ ? zozz l t 

IL-
(COMMISSARIAT A L'ENER6IE ATOMIQUE 

CENTRE D'ETUDES NUCLEAIRES DE SACLAY CEA-CONF - . 6024 
Service de Documentation 

F91191 GIF SUR YVETTE CEDEX 

CUMULATIVE FATIGUE AND CKEEP-FATIGUE DAMAGE AT 350°C 
ON RECRYSTALLIZED ZIRCALOY 4 

G. BRUN1 , J . PELOTAT1 , J . C . FLOZE2 , M. GALIMBERTJ3 

CE.A. Division de Métal lurgie e t d'Etudes des Combustibles 
Nucléaires 
FRAGEMA Département, Performance du Combustible, LYON, FRANCE 
E.D.F. S.E.P.T.E.N., LYON, FRANCE 

Communication présentée à : 
7 . Internat ional conference on z irconiue in 
the nuclear industry 
Strasbourg irxanc*) 
24-27 Jun 1985 



CUMULATIVE FATIGUE AND CREEP-FATIGUE DAMAGE AT 350°C 
ON RECRYSTALLIZED ZIRCALOY 4 

G. BRUN1 , J. PELCHAT1 , J.C. FLOZE2 , M. GALIMBERTI3 

ABSTRACT 

An experimental programme undertaken by C.E.A.,E.D.F. and 
FRAGEMA with the aim of characterizing the fatigue and creep fatigue 
behaviour of zircaloy-4 following different annealing treatments (recrys-
tallized, stress-delived) is in progress. The results given below concern 
only recrystallized material. 

Cyclic properties, low-cycle fatigue curves and creep behaviour 
laws under high stresses have been established. 

Sequential tests of pure fatigue and creep-fatigue were performed. 

The cumulative'life fractions at fracture depend on the sequence 
of loading, stress history and number of cycles of prestressing. The MINER'S 
rule appears to be conservative with regard to a low-high loading sequence 
whereas it is not for the reverse high-low loading sequences. Fatigue and 
creep damage are not interchangeable. Pre-creep improves the fatigue resistance. 
Pre-fatigue improves the creep strength as long as the beneficial effect of 
cyclic hardening overcomes the damaging effect of surface cracking. The 
introduction of a tension hold time into the fatigue cycle slightly increases 
cyclic hardening and reduces the number of cycles to failure. For hold times 
of less than one hour, the sum of fatigue and creep life fractions is closed 
to one. 
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Nomenclature 

T temperature, *C 

T length of hold time, s 
M 

t time, h 

t_ time to rupture in creep, h 

e strain, m/m 

e strain rate, m/m/s 
Ae 
-—- elastic strain amplitude, Z 

2 

Ae 
_ E 
2 

*'R 

Jl_ 
NR 

_t_ 
t„ 

total strain amplitude, Z 

plastic strain amplitude Z 

-=- a stress amplitude, MPa 

a rational stress, MPa 

R 0,2 Z yield strength, MFa 
0t002 

R ultimate tensile stress, MPa 
Œ 

A_ uniform elongation, Z 

Am total elongation, Z 

Z effective reduction in area at fracture in a tensile test, Z 

E Young's modulus, MPa 

number of cycles to failure, in continuous cycling 

life fraction in fatigue 

life fraction in creep. 
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- INTRODUCTION 

The increasing proportion of electricity of nuclear origin used 
in France has necessitated the adaptation of PWR plants to the requirements 
of the national grid and in particular to load follow and frequency control. 
In order to assess the consequences of these new types of operation and in 
particular of the stresses that could be imposed on the fuel claddings 
during the power cyclic operations CEA, EDF and FRAGEMA have undertaken 
a major qualification programme including : 

- theoretical studies to demonstrate the capability of the fuel to operate 
under stresses with the same reliability as under base load operation, 

- experimental programmes including a full-scale qualification test on 
a significant amount of fuel rods together with various analytical tests, 

- monitoring of the fuel in power reactors in order to assess the effect 
of grid load follow on the occurrence of defects in fuel rods under real 
operating conditions, 

- acquisition of experimental data for the determination of an endurance 
curve and the qualification of a cumulative function representative of the 
cladding damage under the effects of plastic fatigue and creep. 

In order to achieve this, four consecutive series of tests were 
carried out, initially on recrystallized material, and later on tubular 
specimens of irradiated and non irradiated FRAGEMA claddings, i.e : 

a) fatigue damage under strain or stress control leading to the definition 
of a fatigue curve, 

b) cumulative fatigue damage, by combining load cycles of different amplitude, 

c) pure creep damage, 

d) cumulative creep-fatigue damage by combining the damage resulting from 
, pure creep and pure fatigue and fatigue-relaxation tests by introducing 
a tension hold time into the cycle. 

The results given in this paper concern the study of the fatigue 
and creep behaviours and creep-fatigue interaction at 350°C on recrystallized 
zircaloy-4. 

- MATERIAL AND EXPERIMENTAL METHODS 

Material used in this study is zircaloy-4 bar which has undergone 
a «crystallization treatment of 1 hour at 700eC. Its chemical composition 
is given in table 1. 

0. Sn Fe Cr 
(wt %) 

I&purities (ppm) 

0.127 1.43 0.23 0.11 Al B C Cd CI Co Cu Hf Mn Mo 
35 <0.5 117 <0.5 <10 <10 45 52 <10 <20 

Mg Pb Si Ti U V W H N 
<10 <20 44 22 <0.5 <20 <50 7 33 

TABLE 1 - Chemical analysis of Zircaloy 4 bar 
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The average grain size measured by optical microscopy is 10 Mm. 
The crystallographic texture is characterized by a KEARN's number in the 
radial direction, f « 0.63. The creep tests were carried out on dead load 
creep machines with a strain amplification of 100 and the push-pull cyclic 
tests on an electrohydraulic closed loop machine. All tests were performed 
at 350 ± 3°C, in air, on samples taken from bars. 

In the fatigue tests the deformations were measured using a 
collar type extensoneter secured to the shoulders of the specimen and a 
blade extensometer secured to the calibrated part in order to establish 
the cyclic hardening law and calibration of the collar extensometer. 

The specimens used are shown in Figure 1. 

- BASIC MECHANICAL PROPERTIES 

- Tensile properties 

The tensile properties at room temperature and at 350°C are shown 
in table 2. 

T 
•c 

R 
0,002 

MPa 
«m MPa 

AR 
Z 

A T 

z 
Z 
1 

20 377 532 11 22 55 
350 138 225 14 30 70 

TABLE 2 - Tensile properties of the material studied 

These values represent the average of three tests carried out 
at a strain rate £ - 10 3.s l . 

At any temperature the flow stress in compression is higher than in 
tension. At 350*C for example the difference which is observed on R 
may vary between 15 and 30 MPa. o»oo2 

At this temperature the tensile and compressive stress-strain 
curves show a yield point and a plateau (figure 2). Above 1 % plastic 
strain, the rational tensile stress curve is described satisfactorily using 
the following relationship (1) : 

a - 377 e °* 1 9 (1) 

At room temperature the monotonie hardening law is given by the formula (2) 

o - 795 e °' 1 3 (2) 

- Low Cycle Fatigue 

Push-pull strain controlled tests were carried out at 350°C 
under the following conditions : 
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- environment : ambient air 
- shape of cycle : triangular 
- strain rate : ê » 2 x IQ'ls l 

- cumber of tests per 
strain level : generally 5 

- surface condition 
of samples : fine mechanically polishing. 

The monotonie and cyclic "hardening curves are shown in figure 3. 
Tneir equation obtained by analysis of the values at 1/4 cycle and at N_/2 
is given by the equations (3) and (4) respectively 

0 - 197 e ° ' 0 4 (3) 

* I - 3 3 3 x ^ 
2 " J 2 

0.1 
(4) 

In both cases the correlation coefficient of these average laws 
deduced by experience is only 0.8. This relatively poor correlation can be 
explained by the presence of a plateau on the yield durves. 

Figure 4 shows a few typical examples of the change of stress 
amplitude in relation to the number of cycles. It can be seen that the 
material hardens cyclically and that the kinetics of this hardening can vary 
considerably depending on the strain -range. In the case of low plastic 
strains recrystallized Zircaloy 4 can give rise to transient cyclic softening. 
This phenomenon is typical of materials which_show a kink in the tensile 
stress curve. According to KLESNIL and LDKAS I'll]] it is attributed to the 
heterogeneous development of areas of plastic deformation in which the 
dislocations released from their interstitial atmospheres move more freely 
than in the matrix. Moreover, due to the higher hardening in tension than 
in compression a mean compressive stress appears during a significant part 
of the tests. 

The average fatigue strength curves are given in figure 5. They can 
be expressed by the BASOUIN and HANSON-COFFIN laws : 

BASQUIN law - -—• - 0.37 x 10" 2 x N R " ° '
0 5 (5) 

MANSON-COFFIN Ae 
law - " 5 E - 0.52 x N R "

0 - 5 8 (6) 

The experimental results can also be satisfactorily described by means 
of the formula (7) 

taking the experimental value for Z and a value of around 150 MPa for a . 
In this equation a is a pseudo-stress calculated from the total strain 
amplitude and the Young's modulus (E), a - 1/2 E.Ae and o is the endurance 
limit estimated at 10 6 cycles. 
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- Creep 

Creep tests to rupture under high stress (180 MPa <0 . < 210 MPa) 
at 350°C were carried out on solid samples of recrystallized 
Zircaloy-4. The average lifetimes are ranging between 12000 hours and 370 hours 
respectively. The experimental scatters on the secondary creep rates and the 
times to rupture are.considered as normal. These scatters correspond to a 
factor I.5 to 2 on e s and a factor 2.5 to 5 on tg. In the experimental 
field studied, total strain to rupture decreases by 35 to 25 Z as the stress 
is reduced. 

The relationships between minimum creep rate and stress or between 
stress and time to rupture can be expressed by power laws. Within the range 
of stresses studied the exponent of the NORTON'S law is closed to 18. 

G N 
The diagrams based on NORTON'S equation : ê » Or—) 

4 ' ° 
and DOBES-MlLICA's equation : -^ + m* to ê - C 

£ R 
are shown in figures 6 and 7. 

. Cumulâtivfc damage 

- Fatigue 

Cumulative damage was studied by means of tests at two imposed 
levels of deformation, two load sequences (high-low, low-high) and three 
life fractions (N/N R). 

Two series of experiments were carried out with total strain 
amplitudes equal to 

Le 
- ± - ± 0.94 Z then ± 0.47 Z ; ± 0.47 Z then 0.94 Z 

A £ t 

-j£- ± 1.13 Z then ± 0.26 Z ; ± 0.26 Z then 1.13 Z 

and mean life fraction respectively equal to 

- - 0.25, 0.5 and 0.75. 

All the experiments were duplicated. 

N 
Change in residual lifetime at the second level (——) with 

N N R 2 

respect to the life fraction consumed at the first level Orr~ ) is shown 
in Figure 8. N 

R1 
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It can be seen that : 

a) the cumulative damage is not linear 
b) the high-low sequence is more damaging than the low-high sequence 
c) deviation with respect to the linear cumulative law increases with 

increasing the difference between the imposed strains. 

Additional cumulative damage tests at three imposed strain levels 
confirmed the trends observed during the previous tests. 

- Creep and fatigue 

Creep-fatigue interaction was studied by means of sequential 
tests and fatigue-relaxation tests. All these experiments were duplicated. 
The points which are plotted on the creep-fatigue interaction diagrams 
correspond at the average value of the results. 

. Fatigue then creep sequence 

Pre-damaging by fatigue was achieved by cycling the specimens 
with imposed strain amplitudes of Act/2 - ± 0.94 Z and ± 0.47 Z and life 
fractions of 0.25 <_ N/ÏÏ. < 0.9, and using results from Table 3 

f̂ OD Number of 
tests 

Number of cycles to rupture f̂ OD Number of 
tests Minimum Average Maximum 

0.94 5 1545 1633 2050 

0.47 7 9100 12208 15430 

TABLE 3 : Continuous fatigue results 

The specimens were then tested in creep at a nominal stress of 
210 MPa. The residual creep lifetimes were standardized using the 
equation (8) : t_ - (a/Ao)" . Figure (9) shows the cyclic hardening 

envelope curves and the stresses achieved at the end of pre-daroaging by 
fatigue. We notice that there is a major difference in the consolidation 
kinetics : At Let/2 - ± 0.94 Z the saturation of stress is achieved at 
N/Ng less than 0.2, whereas at Aet/2 - t 0.47 Z hardening continues until 

N/ÏÏg - 0.9. As it can be seen in figure 10, the residual creep lifetime 

after pre-damaging at Aet/2 • ± 0.47 Z depends very little on the fatigue 
life fraction. On the contrary after fatigue pre-damaging at Aet/2 - ± 0.94 Z 
this same residual creep lifetime falls off continuously from N/NR > 0.2 
onwards. This behaviour which is typical of most recrystallized simple 
materials is explained by the fact that the damage resulting from surface 
cracking gradually consumes the gain in creep resistance accumulated during 
the hardening phase. 

In order to explain these trends creep experiments were carried out 
on specimens pre-fatigued in the same conditions then remachined from a diameter 
of 8 mm to 4 mm. 
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These experiments show that : 

1. In the case of specimens pre-fatigued under a strain amplitude 
of : AEt/2 - ± 0.94 X and fully cyclically hardened the time to rupture is 
five times that of Virgin material exposed to the same true stress and is 
indépendant of the fatigue life fraction. 

2. In the case of specimens pre-fatigued under a strain amplitude 
of Aet/2 » ± 0.47 Z and which cyclically harden until the ultimate phase 
of their life, the creep life time increases with increasing the cycle 
ratio, up to a factor close to 5. 

These results illustrate fairly well the role of the change in 
the dislocations microstructure due to cyclic hardening and also the role 
of the consolidation rate achieved during fatigue, on the creep behaviour. 
The beneficial effect of the dislocations microstructure is also observed 
in the tensile mechanical properties. At 350"C for example, the ultimate 
tensile strength of a material consolidated up to 210 MPa is 330 MPa i.e 
a relative increase of 50 Z. Finally, it should be noted that the cumulative 
linear law is not verified and that with a few exceptions its estimates 
are conservative with respect to the expérimental results. However, a certain 
caution should be exercised as, on the one hand the standardization of creep 
lifetimes following pre-fatigue is not very precise when the NORTON exponent 
is very high and on the other hand the creep lifetime measured on standard 
specimens is likely to be different from that measured on fatigue specimens. 

. Creep then fatigue sequence 

Pre-damaging by creep was carried out at a nominal stress of 
210 MPa and for 96, 240 and 330 hours. Under this stress the average 
lifetime defined from the test results is 373 hours. Scatter of times 
to rupture is around a factor of 5. After creep the specimens are fatigue 
cycled at an imposed strain of Aet/2 » ± 0.94 Z. After creep the specimens 
suffer plastic deformation varying between 6 and 10 Z depending on the 
duration of the test. This strain hardening increases the tensile properties 
and gives to the material a differential mechanical strength which is on 
occasion very high and which is the inverse of that of its initial state. 
This difference in the tension and compression yield properties produces a 
mean tensile stress at the start of the fatigue test. Tnis mean stress 
decreases gradually during an adaptation stage and becomes zero at the 
stabilized cycle. At this stage the saturation stress is close to that of the 
virgin material. As it can be seen in figure 11 the adaptation phase is 
characterized by a considerable decrease in tensile stress ar.J a slight 
increase in compression stress all of which result in an overall softening. 
The diagram of cumulative creep and fatigue damage are shown in figure 12. We 
can see that pre-creep improves resistance to fatigue and that the sua of 
the creep and fatigue life-fractions is always greater than one. 

. Fatigue with hold time 

Fatigue-relaxation tests were carried out with tensile hold times 
in tension between 1 and 53 minutes and a total imposed strain amplitude 
of Aet/2 -• x 0.94 Z. The results are shown in figure 13. This figure shows 
that the inclusion of an hold time in tension in the fatigue cycle reduces 
the number of cycles to rupture. It also increases the saturation stress. 
For the experimental- field studied the phenomena are well described by means 
of the following formulae : 
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ca « 197 t M
0 - 0 1 9 (9) 

- ~ - 9.7 doR " ° - 7 (10) 
NR 

N_ : number of cycles to rupture in fatigue stress relaxation 

doR - a(o)- o(t): relaxed stress in stabilized cycle (0 < t < O 

The kinetics of stress relaxation changes continuously during 
the consolidation phase. However, in the stabilized cycle it is quite 
independect of the number of cycles and duration of hold time if we exclude 
the very start of relaxation (figure 14). The decrease in stress can be 
described by means of the following relationship (10) : 

- 0.92 t" 0 , 0 1 4 (11) 

Creep damage Dc and fatigue damage DF have been calculated from 
N R ^ M dt 

- ROBINSON's law De- Z J n =rr-. (12) 0 1 

and the equations (8) and (11) 
N p 

- MINER'S law D- - -—• (13) 
F N R 

respectively. 

It emerges from these calculations that the sum of fatigue and 
creep damage is in all cases closed to one. This shows that for the 
experimental field studied creep-fatigue interaction is low and that the 
cumulation of these two types of damage can be described satisfactorily 
by means of the cumulative linear rule. 

- METALLOGRAPHIC EXAMINATIONS 

Examinations were carried out using an optical microscope 
on broken specimens taken from each of the types of test carried out. 

The main observations were as follows : 

Creep damage is characterized by cavities which start at the grain 
boundaries at the end of secondary stage and which increase and multiply 
during the tertiary phase. Rupture is ductile transgranular type and occurs 
after a considerable amount of necking. Owing to the texture and the 
limited capacity of the hexagonal system to glide, the meridian of the 
necked area often takes the shape of a very flat ellipse. Fatigue damage 
is characterized by cracks which start at the surface of the specimens 
and which spread transgranually. Their period of incubation, their multi
plication rate and their growth kinetics depend on the value of the 
imposed strain. Rupture occurs after spread of the main crack and it is 
traditional in appearance with fatigue striation. 
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The specimens from the creep-fatigue sequence and those from the 
fatigue stress relaxation tests did not contain any internal creep micro-
porosities and broke in accordance with a pure fatigue process , 
This, therefore, confirms that fatigue-creep interaction is small and only 
uses the internal microstructure of dislocations to produce and develop 
fatigue cracks. Specimens from the fatigue-creep sequence contained both 
types of damage and generally broke after a severe necking as in creep. 

- CONCLUSIONS 

This preliminary work on creep and fatigue damage at 3S0*C 
of «crystallised Zircaloy 4 leads to the following conclusions : 

. Cyclic hardening increases static properties and creep resistance in 
proportions which depend on the consolidation rate achieved. 

. The experimental results can be explained in terms of competition between 
the beneficial effect of strain hardening and the harmful effect of damage. 

. Cumulative fatigue damage is not linear. The difference with respect to 
the MINER's rule increases when the difference between the imposed strains 
increases. The sum of the life fractions in the high-low sequence is normally 
less than one, whereas on the contrary it is normally greater than one in 
the low-high sequence. 

. The sum of life fractions in the creep then fatigue sequence is always 
greater than one. The creep performed does not damage the material and the 
warm-working which is involved slightly increases fatigue lifetime. The 
sum of the life fractions in the fatigue-creep sequence is greater than 
one providing that there is no surface cracking or surface cracking causes 
only slight damage. It decreases gradually and may drop below one as 
cracking increases in intensity. 

The introduction of a hold period into the fatigue cycle slightly 
increases cyclic hardening and decreases the number of cycles to rupture. 
For hold times of up to one hour the relaxation law in the stabilized cycle 
is, at first approximation, independent of the hold time and of the number 
of cycles. The sum of fatigue and creep life fractions is around one. 
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