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ABSTRACT 

At first is given a definition of what is ratchetting 
in the creep range : it is the magnification of primary stress 
effects caused by cyclic straining -generally by the straining 
due to thermal transients-. 

A short discussion shows that computation results do 
not agree with experimental results. This is attributed to the 
complexity of the real material behavior. Hence, validity of 
rules based on computation results is questionable. These consi
derations lead to try to build a design rule mainly based on 
the results of experimental tests. In order to get enough in
formation, a large experimental program is in progress at CEN-
Saclay. Using these results and the results available in open 
littérature, it was possible to propose such a rule. 

The proposed design rule is based on the concept of 
effective primary stress P f f . The effective primary stress is 
a fictitious primary stress giving the same effect that the 
real loading -it is to say the same effect that the combination 
of an applied primary stress P and a cyclic straining quoted 
by the range Q of secondary stress variation. Determination 
of an upper bound value of P _f is made with the help of an 
efficiency diagram. More precisely the efficiency diagram in
clude a curve giving a conservative value of an efficiency 
index V = P/P f f as a function of the secondarity quotient 
SQ = Q R/P. 

Finally limitation of P f f intensity is discussed in 
regard with the current practice. 
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I - DEFINITION OF RATCHETTING IK THE CREEP RANGE 

Below the creep range, definition of ratchetting is 
easy to writte. For instance the definition included in 3213.33 
of [1] can be cited "Ratechetting is a progressive cyclic ine
lastic deformation. Total inelastic strain per cycle may vary 
from cycle to cycle in the most general situation. Stable rat
chetting occurs when the net inelastic strain from one 'jiven 
load cycle is constant for subsequent cycles". Such a defini
tion is not operational in the creep range where it is unlikely 
that where is not strain incremente during a loading cycle. A 
more aseful définition is needed. 

In order to obtain this definition, it is useful to 
consider the circumstances in which rauchetting can occurs. A 
general examination shows that ratchetting can occurs when 
there is combination of a primary effect of loading and a cyclic 
secondary effect. As elastic analysis can not make the distinc
tion between these two effects, the current practice is to 
distinguish between primary stress and secondary stress. There
fore it is possible to use the quotation of [ 1 ] "Progressive 
incremental inelastic deformation can occurs in a component 
that is subjected to cyclic variations of mechanical secondary 
itress, thermal secondary stress or bcth in the pr3sence of a 
primary stress". 

By a generalization of the foregoing comments, 
ratchetting is identified with the amplification of the effect 
of the primary stress by a cyclic secondary stress. In other 
words, the problem involved is one of estimating the effect of 
a cyclic strain (such as that corresponding to cyclic thermal 
stresses) on the deformation due to an imposed force (corres
ponding to the weight or pressure). Figure 1 shows this defini
tion schematically by comparing the effect of a primary stress 
P to that of the combination of the same primary stress P and 
a cyclic secondary stress with a range Q R (like cyclic thermal 
stress). 
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If the net inelastic strain (at the end of a cycle) 
obtained in the second case of loading is greater that the 
inelastic strain obtained after the same time in the first 
case, there is ratchetting. Ratchetting is the magnification 
of the effect of primary stress P by a cyclic secondary stress 
(range Q r ) . 

II - DISCUSSION OF RATCHETTING ANALYSIS METLODS 

Theoretical work 

The effect of fluctuating thermal stresses on an air
craft wing already supporting its normal load was investigated 
by Parkes [2]. In connection with pressure vessels and nuclear 
facilities, the first investigation was that of Miller [3J , who 
calculated the behavior of a pressure vessel subjected to 
variable thermal stresses in its thickness. The results provi
ded essentially apply to an elastic and perfectly plastic 
material. The linear and parabolic temperature distributions 
in the thichness are considered, as well as the problem of the 
three bars. These calculations were resumed by Bree [4, 5] for 
fuel element clads, which incur the same problem as pressure 
vessels, and the results were presented in a famous diagram. 
In addition, the effect of hardening and creep was examined. 
For materials exhibiting plastic hardening, a computation me
thod yielding a upper bound, was suggested by Zarka and Casier 

It is interesting to 
note that an unified method is used to take into account the 
effect of residual stresses and hardening parameters. 

But as far as elevated temperature effects are consi
dered the most famous work was perforrmed by O'Donnell and Po-
rowsky [7] [8] [9]. This work is theoretical and no experimen
tal validation is presented. It is only considered the Bree's 
case with an elastic and perfectly plastic material subject to 
creep. As a result it is obtained an upper bound of the membra
ne elongation. 
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A more complete review of the matter can be found in 
reports by different authors [10] [11] [12 1 . 

Experimental work 

A number of structures were tested under the action 
of cyclic loadings. These include tests of piping bends under 
cyclic thermal stresses [13] thermal shocks in pipes due to 
wide variations in the temperature of the sodium flowing 
through the pipes [14]. Also worth mentioning are the tests of 
cylindrical vessels under the effect of axial temperature steps 
moving along the generating lines [15] [16]. 

Other experimental studies dealt with simple structu
ral elements, in order to allow easier interpretation. The 
geometries corresponding to the Bree diagram (band stretched 
by a force and curved cyclically) were tested by Anderson [17, 
18 ] up to the creep region, and also by Goodall [19] . Three-bar 
systems were tested by Uga [20, 21] Ainsworth [22] and Swaroop 
[23]. 

Other tests dealt with the progressive elongation of 
a stretched tubular bar also subjected to cyclic torsion at an 
imposed angle. These investigations were conducted by Inoué 
[24] Udoguchi [25] Nozué [26] Reimann [27] , and also by the 
Centre d'Etudes Nucléaires de SACLAY. 

All these experimental results are employed for the 
validation of the design rule proposed here. 

Critical examination of methods 

In order to appraise theoretical methods, it seems 
necessai/ to make t comparison between experimental results and 
results of computations. The general conclusion of such a com
parison is there is not a good correlation between the two 
types of results [28] . An example of this discrepency is given 
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on the figure 2 where a curve of equal elongation are given on 
a diagram X = P/ay, Y = QD/oy (like Bree Diagram) for tensile 
twist on 316L steel. It can be seen that experimental curves 
are very different of curves obtained by computation based on 
bilinear kinematic hardening mcdel [29] . 

It is easy to find the origin of this discrepency 
between theory and experiment. In order to perform computation, 
material modeling is needed. As real material behavior is very 
complicated, simplified constitutive equations are used. Such a 
practice can be admissible for monotonie loading, but lead to 
error increasing with the number of cycles when cyclic loading 
is considered. It must be recalled that cyclic hardening, dis
torsion of yied surface, creep-plasticaty interaction are 
essential phenomena in ratchetting analysis, but are not knov/n 
enough to use proper constitutive equations in ratchetting 
analysis. As a consequence, usefulness and validity of puzzling 
and costly computations is questionable. 

Unfortunatly, current rules for ratchetting analysis 
are based on computations using over simplified constitutive 
equations (like elastic, perfectly plastic and viscous mate
rials) . Therefore, validity and conservatism of these rules 
are really questionable. 

As a conclusion, it seems that rules based on experi
mental results would be safer than rules based on over simpli
fied computations. This paper is intended to discuss the bases, 
justifications and conditions of application of such a method. 
As experimental results available in open littérature were not 
sufficient, an experimental program was undertaken at Saclay 
Nuclear Research Center. 
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III - EXPERIMENTAL WORK 

Experimental work made at Saclay on ratchetting is 
exposed in many reports and papers [30] [31] [321 [33] [34] 
[35] [36] [37] [38] [44]. Only a brief presentation is made 
here. The tests presented here are those for which the results 
are available, in other words tensile/twist tests. Figure 3 
illustrates the principle of these tests. The test samples are 
thin tubular specimens subjected to a constant axial tensile 
stress P. In addition, the tube is subjected to cyclic twist, 
so that one end section display a cyclic rotation of which the 
range is an angle A8. This rotation gives rise to cyclic secon
dary stresses. 

One advantage of this choice is that a uniform stress 
and strain field is obtained. The state of stress and strain at 
a given point is sufficient to characterize the mechanism. The 
state of stress only has two components, one normal a = P, and 
one shear component T. If the latter is unknown, the correspon
ding shear strain is imposed by the mechanism. In accordance 
with routine practice, it is represented by the corresponding 
elastic stress. By adopting Tresca's criterion, the range of 
this cyclic secondary stress is : 

Q R = G I A6 

where : 
G = shear modulus, 
D = diameter of the thin tube, 
L = length of the thin tube. 

The material considered were austenitic steels of 
type 304L and 316L at ambient temperature, 300 and 650°C, as 
well as ferritic steels at ambient temperature. In each case, 
the mechanical properties of the material used were carefully 
measured. These included tensile curves for the ferritic steels 
and austenitic steels at 300°C, creep curves for austenitic 
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steels at ambient temperature at 650°C. Recently tests were 
performed on samples of commercialy pure copper at 250°C in 
order to investigate if creep rupture is enhenced by ratchet-
ting. 

Each test performed on one tubular sample is charac
terized by the values of primary stress P (due to dead weight) 
and range of cyclic secondary stress Q (due to cyclic twist). 
During each test, axial elongation is recorded as a function of 
number of cycles (or time) and torsional torque is recorded on 
a XY recorder as a function of twist-angle. Fac similies of 
these records can be found in preceeding publication [33] [36] 
[37] [44] . 

Based on these recordings, results of each test is 
summarized on two curves, giving the axial elongation e and its 
increment per cycle Ae as a function of the number of cycles N. 

Below the creep range, stabilization is fairly fre
quent. [Stabilization occurs when NAe is decreasing when N 
increases, leading e going to a limit]. But this is not always 
the case and progressive distorsion occurs frequently, it is 
to say that elongation is growing till rupture (see figure 4). 
Those facts are in opposition with theoretical assertions based 
on bilinear kinematic hardening models. Once more, it must be 
pointed out discrepencies between reality and computations. 

In the creep range, real stabilization is not possi
ble, because there is always a creep effect during a cycle. 
Axial elongation increment is always greater that creep elon
gation during a cycle. This can be seen on figure 5. 
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IV - THE CONCEPT OF EFFECTIVE PRIMARY STRESS 

Definition of effective primary stress 

As mentionned before, ratchetting in the creep range 
can be considered as the magnification of primary stress effect 
by cyclic secondary stress (like thermal stress) . In most of 
the experiments, the effect of primary stress is the strain 
obtained owing to the cyclic secondary stress, the strain is 
greater than that which would be caused by the primary stress 
acting alone. The first impression is that everything occurs as 
if the value of the primary stress was increased by cycling. 
Hence it is tempting to introduce the concept of effective pri
mary stress which would cause the same strain as the combina
tion of the primary stress really applied and the cycling of a 
secondary stress. 

The concept of effective primary stress results from 
a translation of strain into stress, and may be defined as 
follows : 

- it is a fictitious primary stress P f f , like the primary 
stress P really applied ; 

- for the same time of application, it gives the same strain 
as the load really applied, consisting of a primary stress P 
and a cyclic secondary stress (range Q ). 

Figure 6 gives the diagram of the definition of the 
effective primary stress. It is somewhat similar to the 
"effective creep stress" introduced by O'Donnell and Porowsky 
[7], but in this case it is the means of interpreting the 
experimental results, and not the result of a simplified ana
lysis concerning the elastic core. 

It should be noted that the strain obtained depends 
on time when creep occurs. The above definition of effective 
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primary stress hence leads to the determination of its value 
at every instant during loading. It is obvious that the concept 
of effective primary stress is only useful if its value is 
clearly determined for a given loading, namely if this value 
does not vary with the time of application of the load. 

Hence it is important to check that the effective 
primary stress only depends on the load applied. Special atten
tion has been paid to this aspect in the experimental study. 
Figure 7 illustrates the results obtained. This figure concerns 
creep ratchetting of a 316L austenitic steel at 650°C. Based on 
the strain obtained, the effective primary stress is calculated 
at each instant by means of creep curves. It is easy to note 
that its value becomes constant after a few cycles of applica
tion. 

As a rule, the experimental studies show that after 
a few cycles, the value of the effective primary stress remains 
constant and only depends on the load applied, and not on its 
time of application. Consequently, the concept of effective 
primary stress may be considered as experimentally proved. 

Efficiency diagram 

It is now important to associate the value of the 
effective primary stress with those defining the loading. In 
other words, to associate the value of P -.- to those of P and 

ef f 
QR-

A thorough analysis of the experimental results 
available shows that this relationship hardly depends on the 
material itself. The experiment thus tends to justify a rela
tionship that only involves dimensionless ratios between P e ff/ 
P and Q R 

S-^— = function of ^ 
*eff v 
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This method was adopted for use of the experimental 
results and it was ploted the efficiency index V = P/P f as 
a function of : the secondarity quotient SQ = Qp/p-

The figure thus obtained is called the efficiency 
diagram. 

Figure 8 shows the experimental results obtained at 
Saclay and dealing with the following : various stainless steels 
(304, 316L) at different temperatures (ambient temperature, 
300°C and 650°C), ferritic steels (XC18 according to French 
Standard NFA.35.551). It can be seen that the points are fairly 
well clustered together and allow the plotting of a curve 
yielding a conservative value of V (upper approximation of P f J , 
namely of the decrease in resistance of the material to the 
primary stress, when a cyclic secondary stress is added to it. 

This curve can therefore serve as a basis for a prac
tical method for evaluating the ratchetting effect. 

Extensions of the concept 

When creep is concerned, perhaps elongation obtained 
is not the more important effect for design. Creep rupture must 
be also considered. In order words, ratchetting in the creep 
range could enhance the risk of creep rupture, and reduce creep 
life. 

In order to assess ratchetting effect on creep ruptu
re, experimental tests were performed on samples made out of 
commercial pure copper at 250°C. In these conditions, creep 
rupture can occurs with small elongations (2 %) avoiding to 
consider instability problems. Experiments shows that time to 
rupture is greatly reduced by ratchetting process. 

Those results are also presented on figure 8 with 
this definition of the effective primary stress. It is a 
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fictitious primary stress leading to the same rupture titre 
that the real loading (P and Q n ) . This definition agrees with 
the general principle : giving the sane effect as real loading. 

It can be seen that the results related to creep 
rupture agree very well with preceeding ones. It can be infé
rée1 that effective primary stress is a more significant concept 
that a trick to compute elongation. 

Recently a new extension has been proposed concerning 
ratchetting effect when instability can occurs 139 1 1401 . If 
applied primary load is able to cause buckling (like compressi
ve load), cyclic secondary stress (like thermal stress) can 
cause progressive buckling. Experiments show that progressive 
buckling exists and that instability occurs at lower primary 
load when ratchetting occurs. Effective primary stress can be 
defined as the primary stress causing buckling in the absence 
cyclic secondary stress. Using that definition, experimental 
results can also be plotted on the efficienty diagram. 

V - METHOD OF RATCHETTING ANALYSIS 

Validation of the method 

The use of the efficienty diagram as a practical 
analytical method requires maximum broadening of its experi
mental validation. To achieve -chis, it is advisable to use 
the available expérimentai results already mentioned. This 
major and difficult work was carried out (41] and the results 
are plotted in figure 9 (to which have been added those 
already available by their authors 142|. 

The results used are concerned with very different 
geometries and loading methods, such as tube tensile/twist, 
three-bar assemblies, pressure tubes with thermal shock, 
stretched bands subjected to cyclic curvatures, stretched 
tubes subjected to variable axial thermal gradientr etc 
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They are concerned with temperatures below and in the creep 
range. In short, many cases of ratchettinq are considered in 
this diagram. 

The results are a little more scattered than above, 
and this may be attributed partly to experimental problems 
(friction in the test apparatus that reduces the action of the 
primary stress), and also to the frequent inadequacy of the 
characterization of the material used. Nevertheless, they serve 
to confirm that the curve plotted above is conservative and can 
be a sound basis for a practical rule. 

Evaluation of effective primary stress intensity 

In this practical method twc points must be conside
red : 

- evaluation of the value and intensity of the effective prima
ry stress P e f f , 

- comparison of this value with an allowable value. 

The evaluation of the intensity of the effective 
primary stress P f f is carried out in five steps. 

Step n° 1 

Carry out an elastic analysis of the structure consi
dered for the different loading states considered. 

Step n° 2 

Distinguish the primary stress from the secondary 
stress. More precisely, determine the maximum value of the 
intensity of the primary stress P and the intensity range of 
the secondary stress variation Q R. 
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Step n° 3 

Calculate the secondarity quotient : SQ = AQ/P. 

Step n° 4 

Use the design curve in the efficiency diagram (see 
figures 8 and 9) to determine the efficiency index V of the 
value of SQ. 

Step n° 5 

Calculate the intensity of the effective primary 
stress : 

P = i-eff V 

The two first steps are conventional in elastic 
analysis and it is necessary to carry them out, even if the 
rule presented here is not considered , However, these two steps 
are the more difficult to perform. Distinction between primary 
and secondary stresses is not always easy, especially when 
elastic follow up could occurs [43]. 

On the other hand, Steps 3, 4 and 5, which are speci
fic to the method presented here, are easy to carry out. 

Allowable values for effective primary stress 

To complete the description of the method suggested, 
it is now necessary to specify the limits that must be imposed 
on the value of the effective primary stress. At first glance, 
it appears reasonable to select for this value the same maximum 
stresses as for ordinary primary stresses. However, despite its 
logical and rational aspect, this identification of the limits 
of conventional primary stress and effective primary stress 
imply choosing the same safety margins with respect to the 
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effects of monotonie loadings and those of cyclic loadings. In 
actual fact, the choice of safety margins belongs to the realm 
of practice, so that it is now necessary to discuss just what 
is routine practice in this area. 

In the creep range, it can be said that current prac
tice tends to use same safety margins for monotonie loading 
and cyclic loading. For instance under constant load, the allow
able stress S. is less than the stress giving an elongation of 
1 % during the same time. The same requirement is push in 
annexe T of [1] for membrane stress. Therefore it is recommen
ded for effective membrane primary stress to satisfy the fol
lowing requirement 

Pm eff « St 

This condition guarantee the generally accepted 
strain limitations, but merit a word on their more practical 
aspect. Current practice did not include the setting of strain 
conditions, but rather stress conditions. This is explained by 
the fact that strains vary widely as a function of stress tas 
soon as the material behavior is no longer elastic), and even 
more than for a fixed stress, strain can vary considerably 
from one heat to another. Any attempt to calculate strains is 
liable to be a risky matter, and necessitates considerable 
accuracy in the determination of stress values. This practice 
is probably inconvenient for industrial applications. Moreover 
the choice of a limitation on effective piimary stress gives a 
safety margin against creep rupture, which is equal to the 
conventional value (at least 1.5). 

Such a condition is not sufficient, and care must be 
taken about effect of larger loading during short times. Creep 
is not involved in that case and the current practice concer
ning membrane stress is that P < S giving a safety margin 

3 m m 
against rupture of about 3 which is larger than the margin 
concerning creep effect. This difference can be justified by 
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t h e f a c t t h a t S i s r e l a t e d t o instantaneous f a i l u r e , and S,. t o m t 
long time failure. 

As far as time indépendant condition is required for 
ratchetting, it seems that current practice is only to avoid 
ratchetting for perfectly plastic material. This condition can 
be written P ..,. ^ S . Some people adopt P ,, ̂  1,5 Sm for m eff y r r r m e f f 

austenitic steel» Hence a lower safety margin is accepted for 
cyclic loadings that for monotonie ones, the reason being alike 
the one for creep. 

Therefore it is recommended for effective membrane 
primary stress to satisfy the following requirement 

p
m û f f « (1 + a) Sm m err m 

with a lying between 0 and 0.5 (a value equal to 0.25 seems 
conveniant). 

VI - CONCLUSION 

The complex behavior of materials is a source of 
major difficulties and considerable uncertainties in ratchet
ting analysis. This situation led to the recommendation of a 
practical analytical rule making better use of the available 
experimental results. Based on the concept of effective primary 
stress, this rule allows simple, quick and conservative analy
sis. The rule presented here has been taken into consideration 
in French codes written for analysis of fast breeder components 
[43] [461. 
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RESULTS OF CEA DEMT TESTS 

1 
0.9 
0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

T — i — i l y j 1 1 1 — 

* % t 
KTx 

1 I 1 I 1 I I I | T 1 1 1 > I f I 

hv 

0.2 

10"1 

10"1 

V-+ 

\ o 
x + 

\â 
\ A 

\ 
\ 

A 
O x 

* A 
\ 6. 

+ CEA 316L 20° 
* CEA 316L 300° 
o CEA 316L 650° 
A CEA 304L 20° 
D CEA XC18 20° 
o CEA COPPER 250° (deferred rupture) 

\ o 

J I L.I I M i l J 1 » » I I I l l 
sa \ 

J 1—I t t m f, f 

10c 101 10̂  

Tiqure 8 



r 
RESULTS OF DIFFERENTS TESTS 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

1 N W ' I I I i i i u | 1 1 I I I M ! 

0.2 

10 r l 

w 
© 

© 
© 

® 
^ n o ^ ® © 

VA. 

+ CEA DEMT 316L 20° 
* CEA DEMT 316L 300° 
o CEA DEMT 316L 650° 
A CEA DEMT 304L 20° 
D CEA DEMT XC18 20° 
® CEA DEMT COPPER 250' 

(deferred rupture) 
e W.F. ANDERSON 
* T. UGA 
A |.W. GOODALL 

V TT1 J.M. CORUM 

O K. INOUE 

V Y. N0ZUE 

H.A.V.A. SWARDOP 
* INSA LYON 

J I 1 1 L t 1 1 1 

\ A" 
© 

+ x 

10 

OH 

\g* © 
A ^ 

© O 0 X 0 

eh 
^ A 

-® 

NO 

H 
i i 11111 

101 

sa \ 
i i p i i r 

Ptûure 9 
W 


