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RESUME 

L'influence d'un fluage ou d'une fatigue préalable sur la résistance 

à la fatigue ou au fluage de l'acier inoxydable austénitique type 316 L - SPH a 

été étudiée. Les résultats obtenus sont u t i l i s é s pour examiner la règle de 

cumul des dommages de fatigue et de fluage et dans un sens plus global , l ' e f fe t 

du temps de maintien très long sur les caractéristiques de fatigue o l i 

gocyclique, ainsi que pour simuler les ef fets des chargements transitoires qui 

se produisent au cours du fonctionnement normal à des températures élevées. 

Les essais expérimentaux sont réalisés à 600 °C dans des conditions 

aboutissant à des contraintes de saturation de fatigue et de fluage équi

valentes. L'endommageaient préalable de fluage introduit varie entre celui de 

fin de fluage primaire et celui du fluage tertiaire, tandis que l'endommageaient 

préalable de fatigue couvre de 20 à 70 % de la durée de v ie . 

Les résultats obtenus montrent qu'en l'absence d'un endommageaient 

permanent préalable (cavitation ou fissuration), la résistance postérieure de 

l 'acier 316 L - SPH à la fatigue ou au fluage n'est pas modifiée. Des lames 

minces préparées des échantillons examinés confirment l e s observations faites 

et montrent que la sous-structure de dislocation qui se développe au cours du 

premier mode de sol l ic i tat ion est rapidement modifiée pour adopter celui du 

deuxième. Des observations identiques sont faites même après fluage préalable 

au-delà de la fin du fluags secondaire. 
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La raison de ce comportement est trouvée d'être l i é e à l'absence des 

cavitations intergranulaires dans l e 316 L - SPH après ce qui apparait être une 

transition pseudo-tertiaire. 

De plus, nous avons constaté que malgré la précipitation inter

granulaire qui se produit dans l 'acier lors des essais de fluage préalable de 

longue durée, la vitesse de propagation de fatigue n'est pas modifiée. 

Inversement, des fissurations importantes se développent en surface des 

échantillons préalablement fatigués au-delà de 50 % de v ie . Dans ce cas 

1»endommageaient postérieur du fluage est en général local isé à l'avant de la 

fissure la plus importante de fatigue, mais la durée de vie résiduelle de 

l'échantillon reste sensiblement proportionnelle à la section du ligament 

restant. 

En nous basant sur ces observations nous avons conclu que dans les 

conditions examinées l e s dommages de fluage et de fatigue ne sont pas cumulatifs 

et qu' i ls sont moins sévères que ceux de fatigue-fluage cyclique. 



ABSTRACT 

Influence of a prior creep or fatigue exposure on subsequent 
fatigue or creep properties of stainless steel type 316 L SPH has been 
investigated. The results obtained are used to verify the validity of 
time and cycle fraction rule, and in a broader term, to obtain information 
on the effect of very long intermittent hold times on low cycle fatigue 
properties, as well as on transitory loads occurring during normal service 
of some structural components operating at elevated temperatures. 

For this purpose creep and fatigue tests have been carried out 
at 600 *C and under conditions yielding equal or different fatigue saturation 
and creep stresses. Prior creep damage levels introduced range from primary 
to tertiary creep, whilst those of fatigue span from 20 pet to 70 pet of 
fatigue life. 

The results obtained 6how that in both creep-fatigue and fatigue-
creep sequences in the absence of a permanent prior damage (cavitation or 
cracking) the subsequent resistance of 316 L-SPH to fatigue or creep is 
unchanged, if not improved. Thin foils prepared from the specimens confirmed 
these observations and showed that the dislocation substructure developed 
during the first mode of testing is quickly replaced by that of the second mode. 

It is noticed that grain boundary cavitation does not occur in 
316 L-SPH during creep exposures to well beyond the apparent end of secondary 
stage and as a result prior creep exposures up to *v 80 pet of r- "«re life do 

not affect fatigue properties. 

Conversely, significant surface cracks were found in the prior 
fatigue tested specimens after above about 50 pet life. In the presence of 
such cracks the subsequent creep damage was localized at the tip of the main 
crack and the remaining creep life was found to be usually proportional to 
the effective specimen cross section. 

Based on the these observations it is concluded that creep and 
fatigue sequential damage are not necessarily additive and that this type 
of loadings are in general less severe than the repeated creep-fatigue cycling. 

• 
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INTRODUCTION 

The previous I.A.E.A. specialists meeting held in November 1978 

on "Tine and Load Dependent Degradation of Pressure Boundary Materials" 

made several recommandations including the need for investigations related 

to the combined creep fatigue behaviour in a direction of larger term tests 

under conditions approaching more closely those of the service [1]. Since 

then a large number of experimental results has become available (see e.g. 2-5) 

which in essence support this recommendation. However these experiments also 

have demonstrated that in most cases due to technical and economical conside

rations the service conditions are not sufficiently approached to avoid 

the need for extrapolation of some results. This is in particular the case 

of those reactor structural components which operate under complex stress 

and temperature transients. Concurrently, it is for such components that the 

need to reproduce the service conditions is greater, as often more than one 

damaging mechanism with synergetic effects may be involved. 

The above problème is highlighted in structural components made 

of austenitic stainless steels which are subjected to creep-fatigue interaction 

in service. As a result, these steels have been extensively studied using in 

most cases strain controlled low cycle fatigue tests. In these tests the 

specimen is usually held at each maximum tensile strain for a given duration. 

However in order to avoid excessive experimental times these tests are 

generally carried out at relatively high strains (0.5 to 2 7.) and short hold 

times (less than 48 h) as compared with less than 0.5 TL and about 1.000 h, 

enco'i&tered in service,respectively. For this reason in pratice sacrotcecha-

nistic studies are usually coupled with microstructural investigations. The 

purpose of this union is twofold : 

a) to provide a better understanding of the damaging mechanism 

involved, 

b) to ensure that the data obtained are not extrapolated without 

adequate precautions to other domaines where the mechanisms are different. 
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In FRANCE creep-fatigue studies are in general coordinated by 

the "Groupement d'Intérêt Scientifique (G.I.S.)«Rupture à chaud" (Sponsored 

by Ministère de l'Industrie et de la Recherche) which include representa

tives from various organisations such as C.E.A., E.D.F., ENSMA and UNIREC. 

The work presented here is a programme (G.I.S. 2.4) undertaken by G.I.S. 

with the principal aim of verifying the validity of linear time and cycle 

fraction summation rule. For this purpose •"**» types of sequential tests have 

been employed : creep-fatigue and fatigue-creep. These tests can be considered 

as a particular type of low cycle fatigue testing where only one very long 

hold time after or before fatigue cycling is introduced. In all cases extentive 

microstructural examinations are made to achieve a fuller understanding of 

the phenomena involved. 

In service, sequential fatigue/creep/fatigue interactions are 

encountered following start-up (fatigue), continuous operation (creepX and 

shut-down (fatigue) of reactor under normal or accidental conditions. This 

type of testing has been used by several authors [6 40] to test the validity 

of time and cycle fraction rule and frequently with conflicting recommendations. 

For memory it is recalled that time and cycle fraction rule : 

Considers that fatigue and creep damage are two distinct processes contributing 

to degradation of a material, but that the damage from the two processes can 

be summed linearly. Failure is assumed to occur when the sum of the damage 

fractions (D) reaches unity. 

MATERIAL 

The material studied In this work (316 L-SPH) is a type 316 LN 

stainless steel specially developed for application in liquid metal fast 

breeder reactors but is has been finding increasing use in other nuclear and 

non nuclear installations. It is characterized by a relatively high nitrogen 

content which despite steel's very low carbon concentration, provokes high 

tensile and creep properties, comparable to those of the conventional type 

316 stainless steel. 
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The test material was received in form of two 25 mm thick coupons 
issue of the same heat (01.380) and plate (18.322) whose chemical compo
sition is given in Table 1. It had been annealed at 1100 *C followed by 
quench in water and contained small amount of ferrite stringers (less than 
0,5 X). 

EXPERIMENTAL PROCEDURES 

All tests were carried out at 600 *C on cylindrial specimens 
machined from the two coupons with the specimen axis parallel to the rolling 
direction. 

For static load creep and creep rupture testirg a variety of 
conventional and high precision creep testing machines were used. A few 
tests were also carried out directly on the fatigue machines. 

Fatigue tests were performed on electrohydraulic machines using 
fully reversible triangular strain (R « - 1) cycles. 

All tests were carried out in air except a few fatigue tests which 
were selectioned and made in argon. 

For sequential tests two creep and two fatigue loading intensities 
were chosen (figure 1) , providing eight possible creep-fatigue and 
fatigue-creep combinations. For each combination a series of tests with 
varying levels of prior damage was carried out. In general the specimens 
were subjected to a predetermined number of cycles in fatigue or time in 
creep and then transferred after cooling and tested to rupture under the 
other process. However a few specimens were selected and examined for the 
extent of prior damage and evolution of dislocation substructure after the 
first process. For these examinations conventional techniques and means 
including a macroscope, an optical microscope, a scanning electron microscope 
(SEK) and a transmission electron microscope (TEM) were used. For the latter 
examinations thin foils were prepared from slices taken in both longitudinal 
and transverse directions. For more details the reader is requested to 
consult reference [11]. 
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CREEP PROPERTIES 

Typical creep curves obtained following tests at three stress 
levels (300, 250 and 200 MPa) are shown in figure 2. On each curve three 
regions are identified corresponding by definition to primary, secondary 
and tertiary creeps. The most noteworthy feature of these curves is that 
they show that more than 2/3 of the specimen life is expended in the third 
stage. This is obviously disturbing since the accelerated creep rate is 
usually associated with the appearance of cavities and in design a criterion 
based on the end of the secondary stage is introduced to avoid service 
within the tertiary domain. However in the present case metallographic exami
nations (including SEM) showed that grain boundary cavities are formed only 
towards the end of the specimen life and that consequently the true tertiary 
creep for this steel was much shorter than the periods shown in figure 2. In 
fact the true tertiary stage occupied less than 20 % of creep life. This 
observation invoke) that the secondary creep rate is variable and that the 
noted minimum creep rate is due to bottoming out of the strain rate variation 
versus time. 

These observations will be further developed later on in this 
paper when sequential test results are discussed. Here it is only remarked 
that the average creep, rupture times for the selected creep stress levels 
(300 and 250 MPa) are respectively 100 and 1000 h. 

FATIGUE PROPERTIES 

Figure 3 shows the typical evolution of maximum cyclic tensile 
stress versus the number of fatigue cycles. As In the case of creep curve, 
here also three distinct regions are identified. During the first stage 
which extends only over the first few cycles the specimen rapidly work 
hardens. The second stage occupies much of the specimen life and is charac
terized by a plateau during which stress remains relatively stable. This 
stage also known as saturation stage is followed by the third stage during 
which maximum cyclic stress drops sharply until rupture. 
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However, unlike the situation described earlier for creep damage, 
metallographic and fractographic observations showed that microcracks are 
formed on the surface of the specimens soon after the first stage and that 

u 
in general by half-way through the fatigue life (— « 0.5) they have become 

F 
well developed macrocracks (figure 4). In order to quantify these observations 
for the two strain ranges used for sequential tests an equation was derived 
for each given situation correlating the striation spacing with the number 
of fatigue cycles. These equations were then integrated to obtain an estimation 
of the average fatigue crack growth rate in each case, an example of which 
is plotted in figure 3. 

CREEP - FATIGUE SEQUENCE 

Some of the results obtained following this sequence of tests are 
given in figure 5 which also depicts the average fatigue resistance curve 
of the material without prior creep damage. It can be seen that the fatigue 
resistance of specimens is not significantly affected by the previous creep 
exposure. In a few cases however, in particular amongst the low stress-low 
strain combination results, the sum of the time and cycle fractions were less 
than unity, but not sufficiently outside the dispersion bands of creep rupture 
times or fatigue failure cycles to allow a definite conclusion to be drawn. 

Similar results were obtained following prior or post ageing of 
some creep exposed specimens and when test atmosphere was changed from air 
to argon. 

FATIGUE - CREEP SEQUENCE 

Contrary to the creep-fatigue sequence a prior fatigue damage 
appeared to have a net effect on the subsequent creep resistance of the 
material (figure 6 a). However a closer examination of Individual data points 
showed that the reduction in creep resistance of the specimens occurred only 
when the prior fatigue damage exceededabout -s- * 0.5. This level of fatigue 

R 
damage as stated earlier coincides with the developement of macroscopic 
fatigue cracks. Hence on the fracture surface of the specimens the areas occupie 
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by fatigue cracks were identified and then measured and subtracted from 
the total cross section (figure 7). The remaining effective cross sections 
were used to recalculate the corresponding initial creep stresses for each 
specimen. When the new stresses were plotted against rupture time it was 
noticed that the creep resistance of the material was unchanged by a prior 
fatigue exposure (figure 6 b). A few smaller specimens were also machined 
from the fatigue damaged test pieces and then creep tested. The results 
obtained from these test6 also confirmed the above conclusions. 

MICROSTRUCTURAL INVESTIGATIONS 

Dislocation substructures developed during low cycle fatigue 
and creep-fatigue tests have been reported elsewhere [11] and are beyond 
the scope of the present work. In brief it is recalled that following creep 
tests dislocations form mainly large irregular cells, whilst they appear as 
labyrinth and walls as well as some cells in fatigue tested specimens. In 
sequentially tested specimens only dislocation structures characterizing 
the last mode of testing were observed (figure 8) except when the remaining 
life following the first process was very short. These observations Indicated 
that dislocations generated during both creep and fatigue are highly mobile 
and can rapidly rearrange themselves to adopte the substructure of the second 
rode. Therefore it is believed that in the absence of a permanent damage, that 
is cavities or cracks, prior exposure to creep or fatigue has no significant 
effect on the subsequent fatigue or creep behaviour of 316 L-SPH as Indeed 
it is shown by mechanical tests results. Hence the linear addition of time 
and cycle fractions would yield conservative results. 
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DISCUSSION AND CONCLUSIONS 

Several investigators [12 15] have suggested that failure modes 
occurring during creep-fatigue cycling can be divided in three domaines : 

1) fatigue dominated 

2) creep - fat igue interact ion 

3) creep dominated 

At low strain ranges and long dwell times, [Z(n/N,)] - 0 and 
[Z(t/t )] - 1, the failure is creep dominated, whilst at high strain ranges 

K 
and short dwell times, [l(n/N_)3 - 1 and [l(t/t )] - 0, it is fatigue 
dominated. It is only at intermediate strain ranges and long dwell times 
that synergetic interaction between creep and fatigue may occur, that is 
when an advancing fatigue crack encounters and links up with preexisting 
grain boundary cavities. 

In the present study the observed failure modes are either trans-
granular (fatigue dominated) or intergranular (creep dominated). In 
fatigue/creep sequences where both modes are seen on the fracture surface, 
the two processes are distinctively separate. The only noticeable interaction 
between the two processes is the preferential formation of creep cavities 
in front of the macroscopic fatigue cracks (figure 9) in fatigue-creep 
sequence. A a result when experimental points are presented as linear summations 
of time and cycle fractions, most of the points fall on the conservative 
side (Figure 10). However when extending this conclusion to domaines outside 
those covered by the experimental points and in particular to other materials 
several considerations need to be taken into account. 

For instance, Van der Schaaf, de Vries and Elen 19] have observed 
intergranular cracks and cavities in typ* 304 steel following short creep 
exposures and hencefore a significant effect of prior creep on fatigue 
properties. Indeed their basic conclusion is different to the present findings 
and invokes that not only creep and fatigue damage are additive but also 
their linear summation is non-conservative. One of the reasons for this 
behaviour is that cavities formed during creep can serve as starters for 
fatigue cracks and lead to nucleation of numerous fatigue micro and macrocraks 
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in the bulk of the specimen. This difference of behaviour between the two 
types of steel demonstrates the need for precaution when extending the 
current conclusions to other steels and even probably to other 316 heats. 
Nevertheless it should be pointed out that in general the data reported in 
literature for fatigue-creep sequence [6-9] are in agreement with our 
conclusion that after fatigue exposures less then about n/N_ «0.5 creep 
properties are unchanged or even improved and that at above this level 
sharp deterioration of creep properties is observed mainly due to formation 
of macroscopic fatigue cracks. 

Other important considerations which need to be taken into account 
are testing parameters including temperature, stress, strain and strain Tate 
[16]. For instance the temperature used in the present work is 600 *C. This 
temperature and indeed most others, at which low cycle fatigue tests have 
been conducted are relevant to fast breeder reactors. For PWR structural 
components the operating temperature is less than about 340 *C. In this case 
the components fabricated from austenitic stainless steels are not expected 
to exhibit classical creep, although even at room temperature creep«deformation 
in 316 steel has been reported [17]. It is therefore at intermediate temperature, 
where the risk of creep cannot be ignored that the situation is less clear. 
In particular it remains to be seen if at such temperatures the dislocations 
are sufficiently mobile or not, to adopte rapidly the structure of the 
second process before a permanent damage to specimen occurs. 
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TABLE 1 - CHEMICAL COMPOSITION 

MATERIAL 
ELEMENTS wt. % 

Si Nn Ni Cr Mo Co Cu N, 

316 L - SPH 
SPECIFICATION 
RCC-MR 

0.035 
max. 

0.030 
max. 

0.040 
max. 

1.0 
max. 

2.0 
max. 

11.50 
to 
12.50 

17.00 
to 

18.20 

2.25 
to 
2.75 

1.0 
max. 

0.080 
max. 

< 
0.002( 

REAT 01 380 
Plate 18 322 0.020 0.001 0.023 0.32 1.66 11.92 17.72 2.26 0.17 0.12 0.073 0.000C 

* Boron content for welded products is less than 0.0015 X 
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