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SUMMARY 
Load controlled stresses can damage nuclear components operating in the creep regis». 

Dead ««eight and internal pressure can lead to permanent distortion and at last to rupture. 
Rupture can be due either to distortion itself and final instability, or to loss of ductility 
(differs* rupture by creep). Because stress redistribution occurs, only a part of load con
trolled stress must be taken into account, this point is generally called prieary stress. 

It is well known that inelastic distortion can be widely increased by cyclic deformation 
controlled stresses like thermal stresses resulting from thermal transients. This phenomenon 
is the plastic ratcheting effect studied by MILLER in 1959. From this study it transpires 
that creep damage could be amplified by cyclic thermal stress. There ie a need for a practi
cal method of analysis providing the designer with a good appraisal of the amplification of 
the load controlled damage by cyclic thermal stresses. 

Several proposals have been made to assist adesigners with thermal ratcheting in the 
creep range, the more known has been made by O'DONNELL a POROWSKY. Unfortunately these me-

Y thods are not validated by experiments, and ".hoy take only inelastic distorsion into consi
deration as creep effects. The aim of the work presented here is to correct these deficien
cies 

- in providing an experimental basis to ratcheting analysis rules in the creep range, 
- in considering the effect of cyclic straining (like cyclic thermal stresses) on the 

time to rupture by creep. 
Experimental tests have been performed on austenltic stainless steel at 650*C for the 

first item. Results of these tests and results available in the open literature have been 
used to built a practical rule of ratcheting analysis. This rule giving a conservative value 
of the creep distortion, is based on the concept of effective primary strass which is an 
amplification of the primary stress really applied. 

Concerning the second point (time to rupture), it was necessary to obtain real creep 
rupture and not instability. According to the proposal of Pr LECKIE, tests were performed on 
specimens made out of copper, and of aluminium alloys at temperatures between 150'C and 300'C 
With such materials creep rupture is obtained without necking. Experimental teats show that 
cyclic spraining reduces the time to creep rupture under load controlled stress. Caution 
must be given to the designer i cyclic thermal stress can lead to premature creep rupture. 

The preceeding practical rule can be applied to appraise the real time to rupture when 
cyclic thermal stresses are applied (or generally speaking when cyclic straining is added to 
primary stress), Real time to rupture corresponds to a greater value of primary stress that 
the real one. This amplified primary stress, which is called effective primary stress. Is 
equal to the real one divided by the efficiency factor V. A conservative value of V Is given 
as a function of the ratio of the range of thermal stress to the value of the primary stress. 



1. Creeo Is a Cause ojf Déformation : it Hay also Result in Rupture tn Tim». Although 

LMFBR Structures Are not Heavily Loaded, they Are Subjected to large Thermal Transients. 

Can Structure Lifetime be Shortened by such Transients ? 

Many LMFBR structures operate at high temperature, and are therefore subject to creep. 

Resulting damage may be of two kinds. First, structures say eventually becooe distorted to 

the point of being unserviceable. More serious damage is the possibility of rupture after the 

load has been applied for some time (rupure in time). The deformation which occurs before 

this last type of damage may be small. 

Creep damages are well known in the case of constant or slowly fluctuating* loads. In 

LMFBR structures, loads of this type (due to weight or pressure effects) remain low enough. 

This is especially true of pool-type reactors. However, these structures are subjected to 

heavy thermal transients. Such transients generate differential expansion in the structures, 

causing cyclic distortion, (the stresses resulting from such deformation in the case of mate

rials operating in the elastic range are known as thermal stresses). It is well known that 

such thermal transients, or applied cyclic deformation, may lead to progressive distortion 

(thermal ratcheting) in the case of structures which are already loaded. In other terms, 

outside the creep regime, applied cyclic deformation (caused by thermal transients) will 

worsen the effect of applied loads. The purpose of this paper is to determine whether this 

also holds true under creep conditions, in particular, is creep damage magnified by thermal 

transients, i.e., is lifetime reduced ? 

2. In Cases where no Significant Creep Occurs, Thermal Transients Magnify the Effect of 

Applied Loads. An Analytical Method, Based on Experimental Data, Has Been Developed 

to Assess the Extent of this Magnification. 

"he rules given in tha various construction codes are based on'y on theoretical investi

gations by MILLER [l]), HILL [2], EDMUND and BEER [3] and BREE [4 J, £îj. 

In general, theoretical analysis is based on three equation types : 

- Equations of compatibility 

- Equations of equilibrium 

- Constitutive equations of Material. 

The first two types have a high confidence level, whereas the last are usually very rough 

approximations of actual material behaviour. 

Due to the shortcomings of the Constitutive equations of Material used in the calcula* 

tlons on which rules for determining deformation amplifying factors are based, the CEA has 

Initiated an extensive test program to investigate thermal ratcheting. 

The purpose of the program was two objects : 

- to obtain expérimental data for testing the validity of constitutive equations material 

proposed by various authors 1 

- to expand and supplement experimental data to permit developing a straightforward, reliable 

method for determining ratcheting. 

The main effort was directed at the development of a ratcheting determination method, 

especially with tensile/torsion tests. 

Tests for validating this method were performed under conditions Involving no significant 

creep, with 304 L steel at 20'C [6], 316 L steel at 300'C \ i \ and XC IB steel at 20'C [o}. 

The above tests have shown that applied cyclic deformation (such as those due to diffe

rential expansion resulting from thermal transients) amplify the effect of applied load 



(e.g., weight or pressure). Two cases should be considered. Rupture may occur after a number 

of cycles for a given applied load (primary stress P) lower than th* load which causes rupture 

in the absence of cyclic déformation (unstabilixed deformation). In the other case, rupture 

does not occur, but the deformation (in the direction of primary stress) stabilizes after a 

number of cycles at a value significantly higher than the deformation which occurs in the ab

sence of cyclic deformation. 

This is equivalent to the effect Of a primary stress Peff higher than the primary 

stress P actually applied. 

In the same way as the effect of the applied loading may be represented by primary 

stress P, that of cyclic strain is usually represented by the fluctuation ÇR of secondary 

stresses (see 3213-33 am. T1321 in [9]) which is the fluctuation of a fictitious stress com

puted on the assumption that the material Is elastic. 

The primary stress Peff characteristic of the result obtained following the application 

of a large number of cycles (rupture or permanent deformation is known as the effective pri

mary stress. 

Results of the above tests, and data found in the literature (figure 1) show that a very 

close correlation exists between : 

• - the efficiency index V « P/Peff 

- the secondary quotient sg » QR/P 

which permits plotting, on the SQ - V efficiency diagram, a curve giving a conservative value 

of V, therefore of Peff. This is the basis of the proposed method ; Peff is computed as a 

function of P and (QR) maximum from the efficiency diagram. Peff is limited to (1 * o)Sm and 

0> »»y be of the orde:- of 0,25. 

3. In the Creep Regime, Strain is Amplified by Cyclic Thermal Stress. Actual Strain can be 

Assessed through a Method Similar to the Above 

When a material is used in a temperature range where it is subject to creep, changes in 

structure shape and size always occur because of creep strain throughout a cycle. 

O'DONNEL end POROHSXI fio] have conducted theoretical investigations of creep, which, 

however, have not been validated by tests. 

The CEA experimental investigations have been continued under conditions involving signi

ficant creep in 316 L steel at 20*C [llj and 650'C £l2]. 

Qualitatively, the above tests and those reported In the literature show that, with 

applied cyclic strain (QR secondary stress range), deformation in the direction of the applied 

load (i.e., primary stress P) increases more rapidly than if the latter were applied alone.. 

To assess actual deformation, one might consider using the method discussed above. How

ever, although the definition of Peff is unambiguous when there is no significant creep, this 

no longer holds In the creep regime. Because deformation is time-dependent, the effective 

•J primary, evaluating the deformation at any point in time. In other words, in the absence of 

creep, a test result provides a single value of Peff (that leading to stable permanent defor

mation). In the creep regime, however, the Peff value may be different at every instant (Peff 

being the stress which would have caused the deformation If applied from the beginning of the 

test to the instant in question). 

fortunately, testing shows the values thus obtained to change very little, except during 



the first few cycles. (See figure 2). This observation demonstrates the effective prioury 
stress concept to be equally valid in the creep regis». It can also be seen (refer to figure 
3) that a close correlation still exists between V - F/Veff and SQ - QR/» ( Justifying the 
efficiency diagraa. 

The proposed method nay thus be described as follows : 

a) determine (in • conventional way) the applied primary stress P 
and secondary stress range QR j 

b) coapute SQ • QR/P and use the efficiency diagraa, to determine V, 
i.e., Peff • F/V s 

e) Unit Peff to the permissible high-temperature value St . 

It should be noted that this is the true method, whereas the one discussed in Section 2 
is only a simplified version. Testing has shown that inelastic strain (even at ambient tempe
rature) is al ays time-dependent. The instantaneous plasticity concept is an abstract notion 
which has little experimental justification. 

4. In the Creep Regime, Time to Rupture is Shortened due to Cyclic Thermal Stress. It Is 
Hoped that Actual Lifetime Can Be Estimated Using a Method Similar to the Above 
As explained in Section 1, the effect of creep is not only the occurrence of time-depen

dent strain, but also potential rupture after the load has been applied for a certain length 
of time. The above two processes are always taken into consideration to determine permissible 
stress St. However, as regards thermal ratcheting, only maximum deformation (i l) is consi
dered. This is not satisfactory, since rupture in time is certainly more serious, as a poten
tial hazard, than excessive deformation. The authors fell that it is mandatory to consider 
potential rupture in time in the event of thermal ratcheting. 

Although earlier testing has sometimes ended in rupture, this was preceded by large de
formation and necking occurred at the same time. It was therefore an instability process. It 
is well known that rupture caused by the application of heavy stress for a fairly short dura
tion is ductile and shows the above characteristics. However, in a same material, the appli
cation of low stresses for an extended period may lead to brittle fracture with no significant 
deformation and without instability. This illustrates the danger of criteria based solely on 
thermal ratcheting strain. 

extrapolation of the above results is of no assistance in assessing the possibility of 
delayed brittle fracture. However, more representative testing of the same material would 
probably have required several decades. It was therefore decided to undertake new tests on 
materials showing potential creep-induced delayed brittle fracture following short-time load 
application. This type of approach has been proposed by D.R. HAYMUR5T and Professor LECKIE 
[ n ] , who suggested using pure copper and aluminium alloys. 

Tests similar to the above have been made on commercial grades of pure copper at 250*C 
and an aluminium alloy. These tests were supplemented by creep tests which showed delayed 
rupture, preceded by short elongation, va» brittle in character. 

The tests have shown the time to rupture to be significantly shortened. For example, in 
the case of copper at 250*C, rupture occurred after eight hours with primary stress of 31.6Mpa 
and secondary stress range of 582 Hpa, whereas rupture after eight hours would have required a 
primary stress of 90 Hpa. final elongation did not exceed 4 » and the number of load cyles 



was 230. It Bight be of interest to utilize such results in the same way as the former data. 

The effective prinary stress would then be the stress which, if applied alone (i.e., with no 

cyclic strain) would cause rupture in the saae time as in the test with application of pri

mary stress P supplemented by cyclic secondary stress QR. ror example, in the case above, 

effective primary stress would be 90 Mpa. Test results can be shown on the efficiencydiagrem 

(see figure 4). 

Although these results appear encouraging, there is as yet no assurance that they can be 

used as the base of a method for assessing the reduction in lifetime due to cyclic thermal 

stress in the creep regime. It should be borne in mind that cyclic thermal stress induces 

fatigue damage, and that the results incorporate, at least in part, the effects of fatigue-

creep interaction, especially for large numbers of cycles. Since no reliable method exists 

for juch an evaluation, it is difficult to consider it when interj reting test data. Hcwever, 

it seems that the results obtained cannot be explained by existing methods used for evaluat

ing the fatigue-creep interaction, and thermal ratcheting probably affects lifetime. Addi

tional testing is being planned to clarify this point without relying on poorly susbtantiated 

theories. Much attention will be given to recurrence and hold time of maximum strain. 

5. Conclusion t in the Creep Regime. Thermal Ratcheting Significantly Amplifies the Effect 

of Applied Loading by Increasing Déformation as well as Shortening Lifetime 

A practical method, based on the effective primary stress concept (Peff), permits assess

ing this amplification. The effect of primary stress on the fatigue-creep interaction can 

also be interpreted in a new way. It is expected that investigations currently scheduled 

will provide a better understanding of this effect. 
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TESTS RESULTS IN CREEP REGIHE 
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