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INTRODUCTION 

Design by analysis of pressure vessels is not complete 
without an appraisal of failure by progressive distorsion or 
stress ratchet. Pressure vessels codes include rules for that 
purpose like NB 3222-5 in Section III of ASME Code or T 132C in 
Code Case N47 (1592). 

Unfortunately the basis of the current rules are rather 
of a speculative nature. More precisely, they are obtained from 
analytical computations on simple structures, using over simpli
fied assumptions on material constitutive equation like perfect 
plasticity. This is especially true for austenitic steels which 
do not exhibe a well defined yield strength. On the ether hand, 
the few experimental tests that: have been carried out, have been 
made on complex structures with complex loading, and the practi
cal application of their results is very difficult. 

Therefore there is a need for experimental results on 
simple structural elements subjected to well known loading. This 
is the better v/ay to progress in the knowledge of stress ratchet. 
When results of such experimental tests are available, it woiïïcf" 
be opportune to discuss them in order to propose a practical 
guidance to obtain a conservative evaluation of the ratchet elon
gation. The aim of this paper is to reach such a result. 
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PREVIOUS WORKS 

Among theoretical works, the first notable computa
tions were carried out by Miller (1) and Hill (2). Other inves
tigations were made by Edmunds and Beer (3), and by Burgreen (4). 
Ratcheting diagrams were drawn up by Bree (5) and O'Donnell-
Porowski (6). Ratcheting in pressure vessels has been studied 
by Townley (7). The state of the matter was reviewed by Leckie 
(8) and Roche (9). 

Thermal shocks tests on structures were performed by 
Kano and Inoue (10), and by Corum and others (11). Ratcheting 
on vessel elements was investigated experimentally by Moreton 
and Moffat (12) . More elementary tests were performed by Ains--
worth (13), and Conway and others (14). 

Basic tests on cylindrical specimens were performed 
by Ronay (15), Inoue and others (16), Reimann and V7ood (17). 
Flat bending specimens were used by Anderson (18). Tubular spe
cimens were investigated by Udoguchi and others (19) and by 
Boulais and others (20). 

PRINCIPLE OF TESTS - LOADING DEFINITION 

Easily interprétable tests results involve a good 
knowledge of loading actually applied to the specimens. For this 
purpose, thin tubes offer two advantages : 

- Stresses can be considered as constant throughout 
the whole cross-section of specimens, 

- Stresses are easily determined, as the torsion de
formation does not change the specimen geometry. "~ 

Accordingly, the tests were carried out with tubular 
specimen of which the sizes are : length 300 mm, outer diameter 
11 mm, thickness 0.5 mm. 

Specimens made of 304 L and 316 L were tested at room 
temperature, the materials being used "as received", without 
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normalizing treatment. Chemical analysis and mechanical proper
ties are given in Tables I and II. 

During the test, each specimen is subjected to an 
axial tensile load at which is added a cyclic shearing strain. 
The supporting upper end of the specimen is embedded in the ma
chine frame throughout two loading cells (torque measurement) ; 
the lower end can slide freely inside a turning plate, at which 
it is keyed. The tensile load is achieved by means cf dead
weights attached at the lower end. The rotation speed is equal 
to 24° per minute, inducing a shear strain rate equal to 0.73 % 
per minute. 

The two loads are (see fig.l) 
- an axial tensile stress aa = M/A 
- a shearing strain y, due to the twist motion, with 

AV - r A , * , 

The constant stress aa (or primary stress) will be called P. 

According to the ASME Code (Section III), the current practice is to 
replace the cyclic shearing strain &r by the intensity cf fie secondary stress 
range A Q. It is to say that A Q = 2 G Ay, where G is the transverse modulus of 
elasticity, and 2 is needed by the conversion of the shear stress into the 
equivalent normal stress, in respect with the Tresca criterion (In case of choice of 
the Von Mises criterion, the factor would be equal to VT). 

In presenting the results, P and AQ will be related 
to the proof stress ay 0.2 of the material. 

TESTS PROCEDURE AND RESULTS 

Loadings were applied as follows (in sequence) for each 
test : 
a ) £§Qëi-!§._i.2âd.in.9 : Positioning of weights up to the required 

stress level P, with recording of the cold-creep curve during 
a time compatible with a reasonable test duration. 
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b) torsion_loading : Application of an alternate twisting no
tion + 0/2 (0 being the torsion range). A full .ycle consists 
of 4 successive 0/2 twisting angles ; at every half-cycle end, 
a hold time is imposed, the stop duration being adjustable ; 
so, the total duration of a cycle can be set at will. Torque 
and elongation values are recorded during these pauses. 

The loading fields investigated are bounded by the 
following values : 

0.35 < P/ay 0.2 < 0.9 
304 L : 

1.98 < AQ/oy 0.2 $ 7.22 

0.25 < P/ay 0.2 < 1.07 
316 L : 

1 $ AQ/oy 0.2 $ 4 

The number of cycles per test ranged from 60 to 1890 for 304 L 
steel, and from 160 to 2060 for 316 L steel. Measurements made 
during the tests give the values of the incremental elongation 
per cycle Ae%, and of the cumulative elongation e% at a given 
number of cycles. 

From these values, plastic incremental and cumulative 
elongations are known by subtraction of the tensile elastic com
ponent P/E. 

The first results are cold creep values due to the 
application of the tensile load alone. Relating to 304 L steel, 
the cold creep plastic elongations observed during the test time 
are slight, the maximum value being 0.08 % when P = 0.9 ay 0.2. 
For 316 L steel, noticeable cold creep appears for P values~~"""~ 
greater than 0.7 ay 0.2 ; these values are given in Table III 
and figure 2. 

Total plastic elongations for all investigated cases 
of loading combinations are given at 10 and 100 cycles in Tables 
IV and V, for 304 L, and at 10 and 500 cycles in Tables VI and VII 
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for 3l6 L. From these tables, additional values of elongations 
can be obtained by graphical interpolations involving two sets 
of curves : 

F/Oy 0.2 = f U%p?-, AQ/ay 0.2) 

AQ/ay 0.2 = f (e%p£, P/oy 0.2) 

With this increased number of values, it is possible to plot a 
set of plastic cumulative iso~deformation curves in the field 
of the two loadings (Bree's type diagrams). Such curves with 
deformations ranging from 0.1 % to 2.5 % are given Fig. 3 and 4 
for 304 L steel (at 10 and 100 cycles) and Fig. 5 and 6 for 316L 
steel (at 10 and 500 cycles). 

A more practical way for the evaluation of ratcheting 
values consists in using an effective primary stress P pf f. It is 
the value of a primary stress which would have caused the same 
elongation as the one observed during the ratchet test, the du
ration of the Pe'£-f action being the one of the ratchet test. 
P ££ is given on a set of curves (see fig. 7) drawn from cold 
creep curves. When plotting the experimental results in tne field 
V = P/P f f , U - AQ/P (see Fig. 8) it appears that P e f f is a 
function of the primary street» and of the secondary stress range 
(for a large number of cycles). It is also a low effect of oy0.2 
value on P e f f For practical use, it can be convenient to neglect 
this last effect and to choose only one curve giving a conserva
tive estimation of the value of P , f. As shown on Fig. 8,such a 
curve can be drawn below all the experimental data. This curve is 
connected with the curve of the BREE's diagram, which is based on 
the assumption of the perfect plasticity of the material. If P __ 
< ay 0.2 no ratchet occurs, but if P f i£ f > 0y 0.2, there is an 
incremental elongation a each cycle, leading to an infinite de^_ 
formation. Therefore, it is possible to assume that P e f f = oy 0.2 
on the curve which bounds the ratchet area. It is to say : 

P.AQ = oy0.2 2 (for P<0.5 Oy0.2) 
Peff = a v °*2 i f 

' AO 
P + X = °y°' 2 * f o r p > 0 « 5 Oy0.2) 
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Or, v/ritten in a different v/ay : 

( for P < -Zp- ) 

Peff ( for P > -Ci ) 

That is to say : 

UV 2 = 1 ( for V < 0.5 ) 

V(l + j) = 1 ( for V > 0.5 ) 

At the present time, this relation is a simple way to get a con
servative value of PGff in practical cases. From P f f value, a 
conservative value of elongation can be estimated with the help 
of strain-stress curves of the material. 

INFLUENCE OF FREQUENCY AND OF MODE OF APPLICATION OF LOADING. 

All results mentioned above relate to test performed 
with, in the first stage, a period of P action alone, before to 
begin to apply AQ. A set of tests has been made in order to know 
the effect of the simultaneous application of the two loadings 
from the very beginning of the test. The effect of the cyclic 
motion frequency has also been observed by modifying the hold 
time at each reversal of motion. 

Results are given on Fig. 9 ; the more interesting 
fact is that transient effects due to frequency or mode of load
ing vanish provided that a sufficient time is observed. This ob
servation reinforces the interest of us'.ng an effective primary 
stress for the evaluation of ratcheting. ~~ 

CONCLUSIONS 

- Ratchet tests under constant axial stress associated 
with cyclic torsion deformation have been carried out on 304 L 

P ÛQ 
— x w = 1 
eff eff 

+ -i AQ 
reff 4 P eff 
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einci 316 L thin tubular specimens, at room temperature. 

- Results are given in the form of iso-deformation 
curves ranging from 0.1 % to 2.5 %, in the field definite by 
the primary and secondary stress intensities (Bree's diagram 
type). 

- The use of an effective primary stress is proposed, 
as a practical way, to assess the elongation due to the ratchet 
effect. 
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TABLE I - Chemical analysis of 304 L and 316 L steels. 

C Cr Ni Mn S i Mo 

304 L 0 .038 18.6 10 1.1 0 .44 0 .05 

316 L 0 .03 17.4 13.6 1.5 0 .52 2 .64 

TABLE II - Mechanical characteristics of 304 1 and 316 L steels. 

o y ( 0 . 2 ) 
hb 

a u 
hb 

E 
hb 

304 L 2 4 . 4 62 .5 18,700 

316 L 30 .9 68 19,700 

TABLE III - 316 L Steel - Cold-creep values. 

P/oy 0 .2 

0 .80 0 . 9 3 1 1.07 

P l a s t i c 
e l o n g a t i o n 0 .2 % 1.05 % 2 % 3 .25 % 

D u r a t i o n 
of t e s t 290 h 130 h 145 h 250 h 
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Table IV- 304 L Steel - Plastic-cumulative elongations at 10 cycles, 

P / a y ( 0 . 2 ) 

ÛQ/ay(0 .2) 0 .35 0 . 5 3 0 . 9 

1.98 0 .043 % 0 . 0 8 % 1.51 % 

5 .70 0 .28 % 0 . 9 % 3 .52 % 
3.74 % 

7 .22 0 . 4 3 % 1 .23 % 4 . 4 4 % 

Table V- 304 L Steel - Plastic-cumulative elongations at 100 cycles. 

P / o y ( 0 . 2 ) 

AQ/ay (0 .2 ) 0 . 35 0 . 5 3 0 . 9 

1.98 0.049 % 0 . 1 % 2 .42 % 

5 . 7 0 0 . 4 3 % 1.73 % 

7 .22 0 .74 % 2 . 3 3 % 8.12 % 

Table VI- 316 L Steel - Plastic-cumulative elongations atN= 10 cycles. 

P/ r ry (0 .2 ) 

AQ/ay (0 .2 ) 0 . 2 5 0 .37 0 . 5 1 0 . 6 6 0 . 8 0 . 9 3 1 1.07 

1 0.06% 0.48% 1.44% 2.6% 3.85% 
3.55% 

2 . 0 7 0.02% 0.05% 0.22% 0 .6 % 3 % 

4 0.11% 0 . 3 % 0.87% 1.9 % 

Table VII- 316 L Steel-Plastic-cumulative elongations at N =500 cycles. 

P / o y ( 0 . 2 ) 

AQ/oy(0 .2 ) 0 . 2 5 0 .37 0 . 5 1 0 .66 0 . 8 0 . 9 3 | 1 1.07 

1 0.15% 1.14% 2.48% 3.76% 4 . 8 6 % 

2 . 0 7 0.04% 0.09% 0.41% 1.25% 4 . 5 % 

4 0.16% 0.48% 1.61% 3.75% 
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Fig.l - Symbols for torsion calculations. 
Fig.2 - Cold-creep curves - 316 L steel. 
Fig.3 - 304 L steel. Plastic cumulative elongations at N = 10 cycles. 
Fig.4 - 304 L steel. Plastic cumulative elongations at N = 100 cycles. 
Fig.5 - 316 L steel. Plastic cumulative elongations at N = 10 cycles. 
Fig.6 - 316 L steel. Plastic cumulative elongations at N =500 cycles. 
Fig.7 - 316 L steel. Values of P e f f versus plastic elongation. 
Fig.8 - Use of an effective primary stress P e f f-
Fig.9 - Effect of variations of AQ frequency. 
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