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Abstract

RCC-MR proposes Design rules for creep and creep-fatigue damage evaluation in zones
with no geometrical discontinuities. Rules have been developed, based on the o d concept, in
order to consider zones with geometrical discontinuities. Rules for Weld are proposed in the
paragraph relative to shell design rules and reduction coefficient due to material properties are
given in Appendix A9. For fatigue analysis, last version of RCC-MR (1993) has proposed a
reduction factor on fatigue curves (Jf value), derived from preliminary tests performed within
European program. Studies have been carried out in order to have a better understanding of
the phenomena involved in these fatigue reduction factors.

Tests have been performed on large plates, with varying applied displacements, weld
geometry, plate thickness, weld direction,...

It appears that material effect is not the only purpose to be considered but that it is
necessary to think about the geometrical effect, linked to the welded zone dimensions, and the
elastic follow-up effect between the two materials: base metal and weld metal. As a first
approach, simplified calculations have been achieved with precise material characterization.
Roche's method and Zarka method's give conservative result in comparison to tests results.

1. INTRODUCTION

RCC-MR [1] proposes Design rules for creep and creep-fatigue damage evaluation in
zones with no geometrical discontinuities. Rules have been developed, based on the a d

concept, in order to consider zones with geometrical discontinuities.

Rules for Weld are proposed in the paragraph relative to shell design rules and
reduction coefficient due to material properties are given in Appendix A9. For fatigue analysis,
last version of RCC-MR (1993) has proposed a reduction factor on fatigue curves (Jf value),
derived from preliminary tests performed within European program. Studies have been carried
out both experimental and analytical, in order to have a better understanding of the phenomena
involved in these fatigue life reduction factors.

2. TESTS PRESENTATION

Tests have been performed in AEA/Risley on butt welded large plates in 316L (N), with
varying applied displacements (As: 0.3 a 1%), weld geometry (simple V or double V), plate
thickness (10 mm, 25 mm), and weld direction (longitudinal or transverse). Test temperature
is 550°C.
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AEA has carried out a first tests campaign of 17 tests1 :

9 tests on 10 mm thick plates:
5 fatigue tests
3 creep-fatigue tests, with 1 hour hold period
1 creep-fatigue tests, with 5 hours hold period
8 tests on 25 mm thick plates:
4 fatigue tests
4 creep-fatigue tests, with 1 hour hold period

An additional testing matrix has been defined with CEA, in order to be performed by
AEA ("SOUFFLE program). The weld considered in this second campaign are non dressed
one:

4 tests on 10 mm thick plates:
2 fatigue tests
2 creep-fatigue tests, with 1 hour hold period
6 tests on 25 mm thick plates:
2 fatigue tests
3 creep-fatigue tests, with 1 hour hold period
(including one test with capacitance strain gauges)
1 creep-fatigue tests, with 5 hour hold period

The experimental device imposes a cyclic displacement (Ad) in circular bending. Ae is
derived from Ad measurements. Ad / As has been adjusted on plates without welds, at 20°C.

The number of cycles to rupture (plate separation into 2 parts) is given as a result of the
tests, as well as the cyclic variation of the applied load.

SOUFFLE program fatigue tests results are given in the following table:

Plate

(mm)

590x125x10

590x125x10

1600x220x25

1600x220x25

Orientation

Transverse

Transverse

Transverse

Longitudinal

Weld

Type

Single Vee

Single Vee

Double Vee

Double Vee

MMA + TIG

MMA + TIG

MMA
MMA

strain

(%)

0.983

0.6

0.3

0.6

Rupture

N (cycles)

1295

3932

114670
8480

Location

Weld toe
Weld toe

P&W

A accompanying characterization program has been performed in CEA in order to
evaluate the cyclic and fatigue behaviour of the base metal and MMA weld metal. It has been
found that MMA metal shows a very slight cyclic hardening. As a consequence the over-
matching between weld and base metal on the first cycle becomes an under-matching after
some cycling, especially for high strain levels. Fatigue tests have shown that fatigue life is very
similar between 316L(N) steel and MMA steel.

3. TESTS INTERPRETATION

RCC-MR RB3361 provide rules for weld, based on a fatigue strength reduction factor f
and a coefficient of weld fatigue characteristics Jr.

1 Work performed within the framework of the EFR programm.
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f depends on the type of welding joint and the examination performed. It is a multiplying
factor of the elastic strain range, that is used for the calculation of the elasto-plastic strain
range enhancement (Neuber*s rule).

AG => f x Aa

f is set to 1 for butt welding, fully examined.

Computed elasto-plastic strain range is entered on fatigue curves. When the weld
material fatigue behaviour is unknown, the base material can be used and the strain range is
divided by Jf before entering the curves.

Last version of RCC-MR (1993) has proposed a reduction factor on fatigue curves:
J f= 1.25 for 316L(N) steel

Considering the fact that, in the SOUFFLE program, the experimentally determined
weld metal fatigue curve is similar to the base metal one, Jf should be taken as 1 in our case.
On the other end, butt welding are considered, with full radiographic examination, leading to a
f value of 1.

Nevertheless, tests have shown fatigue life reduction and a so-called (j f) factor can

be determined by:

p

where Aeap is the applied strain range, and Ae(Nr) is the strain range corresponding to
the experimental number of cycle to rupture N r and is derived from a base metal fatigue
curve.

It is to be noted that the experimental value (j f) is comparable to the Jf codified one,

in term of application purpose, but does not represent the same phenomena.

In order to interpret the SOUFFLE tests, we have considered the "best-fit" fatigue curve
from which the codified curve (RCC-MR A3.1S) has been deduced by using the 2 and 20
reduction coefficients.

, _ AeA 3 1 s(N r)
Ae

Experimental results are given in the following table:

Plate

(mm)

590x125x10

590x125x10

1600x220x25

1600x220x25

Orientation

Transverse

Transverse

Transverse

Longitudinal

Weld

Type

Single Vee

Single Vee
Double Vee

Double Vee

MMA + TIG

MMA + TIG

MMA

MMA

strain

(%)

0.983

0.6

0.3

0.6

Jr

1.14

1.34

1.39

1.10

Mean value obtained for Jf on these tests is very close to the RCC-MR codified one
(1.24). But this value cannot be attributed to a weld metal fatigue curve effect.
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Moreover, the value varies much from one test to another. As a matter of fact,
longitudinal weld endurance is much larger than the transverse weld one. But it is also to be
noticed that there is a non negligible influence of the strain amplitude as the (j f) factors

cxp
decreases for high strain ranges. We can so assume that the experimental (j f) factor should

not be linked to a reduction in endurance (reduction in the abscissa of the fatigue curve) but
represent a strain enhancement (co-ordinate of the fatigue curve). This enhancement can be

connected to the elastic follow-up effect that exist between the two different materials. Strain
cyclically accumulates in the weaker part of the structure.

From the experimental SOUFFLE program, we can so conclude that:

For MMA weld metal, the coefficient of weld fatigue characteristic should be taken as 1.
Even for butt welding, there is a strain concentration due to elastic follow-up effect
between the two materials of dissimilar characteristics.

In order to verify the latest assumption, we have carried out simplified elasto-plastic
calculations that allow to estimate strain enhancement in the weld. As there is a cyclic under-
matching of the weld metal in comparison to the base metal, strain effectively accumulates in
the weld zone.

4. LOCAL STRAIN EVALUATION

Elasto-plastic simulations have been achieved with precise material characterization: the
cyclic behaviour has been introduced by the consideration of the cyclic curve for the material.
As well, more simplified calculations have been performed, based on elastic computations and
analytical corrections, and allowing for parametric studies. Two procedure have been studied:

Roche's method
Zarka's method

Application has been made on the following case:

fatigue test
25 mm thick plate
dressed
transverse: simple V

TIG root MMA cap

4.1 Simplified methods presentation

4.1.1 Roche's method[2]

R. Roche has proposed to determine the elasto-plastic strain range using the results of

an elastic computation and the determination of an elastic follow-up factor. The amount of

elastic follow-up depends on the variation of loading and/or mechanical (or geometrical)

properties within the structure. Heterogeneity of mechanical properties in the plate, due to the

presence of the weld, imposes the accumulation of strains in the weld.
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The method proposes to take into account the effect of plasticity on the imposed strain

variation distribution. As shown on the figure below, an attempt is made to determine the co-

ordinates of point 3 (inelastic solution) when the results of the elastic calculation (point 0) are

known, regardless of geometry, loading and material.

To solve the problem, the author uses the Kachanov approximation. Plastic strain does

not alter the spatial stress distribution. If, at one point in a structure, the elastic stress is Aoe

the elastoplastic stress is Acjq, = ^Aoe, where O is a function independent of the point in

question. The stresses remain proportional, regardless of the plastic strain. The cyclical

behaviour of the material is represented by a Ramberg-Osgood's law :

(bo.
CD -y~»

h

with n = 1/m

K

With Kachanov's approximation, the elastoplastic strain variation is expressed as

follows:

As =
V K

It can be demonstrated with the principle of complementary works that 3> is the solution

of the equation:

fAae
2dV

(<D-1)T + On = 0 where T = ^

and
Ae.

. ^ ^ e

Ae.
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where Aep is the plastic strain variation corresponding to Aae obtained from the cyclic

consolidation curve.

Some modifications of the procedure are necessary in the case of the welded plates

because the structure is composed of two different materials, so that the parameters n and K

are not the same in the two cases. In opposition to Ase, Aep is not calculated independently of

K and n. The t factor has to be calculated separately in the weld and in the base metal; then, t

will not be continuous at the limit between the two materials. To calculate the factor T on the

total structure, the equation (O - 1).T + <I>n = 0 is solved separately on the two materials and

the elastoplastic strain is deduced.

4.1.2 Zarka's method [3]

Zarka's method allows to determine the total strain range by performing two elastic

computations, considering a bilinear modelisation of the cyclic curve. The second

computation, for an homogenous material, can consider one or two fictitious areas, with or

without iterations (GATT modification). The two zones method with iterations has been

shown to be the more conservative, without being two expansive, and has been applied in the

present case.

The calculation with Zarka's method follows the recommendations of annexe A10,

RCC-MR, which requires some hypotheses .

The model of mathematical behaviour is based on the Von Mises's plasticity criterion, a

plastic flow law and a kinematic strain hardening law of bilinear type.

The plasticity criterion is f(S - a ) < o0
2 where o0 is the elastic limit.

S = a — tr(a) is the deviator of the total stress a, tr(a) is the trace of stress tensor.

a is the intern strain hardening parameter of the material: a = Cep
2

C is a strain hardening operator : C = — hi

h is the strain hardening modulus of the material and I the identity matrix.

The characteristics of the material required for the application of this model are :

- The cyclic curves, modified by dividing the co-ordinates by 2 (Ao72, Ae/2), so

that they are comparable with monotone curves. In the following, these curves will

be called reduced cyclic curves. This curve is bilinearized in order to applied the

method. A maximum strain is postulated in order to calculate the tangent modulus.

- The Young's modulus as a function of the temperature.
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The method is based on the introduction of modified parameters. The total stress c = cf

+ p is composed of the elastic stress and the residual stress. In term of deviator, we have S =

Sel + dev p. The modified parameter d is introduced in order to suppress the inelastic stresses

in the plasticity criterion : d = a - dev(p)

The criterion is then : f (Sel + dev(p) - a ) < o0
2 or f (Sel - a ) < o 0

2

The calculation is carried on in the modified parameters space and the local solution is built.

4.2 Results of the simplified methods

Results of the application of the simplified methods are given in the following table:

middle size weld
ROCHE'S METHOD maximum size weld

middle size weld,
AsTmax= 1%

ZARKA 'S METHOD maximum size weld,

middle size weld,
AeTmax = 0.8%
middle size weld,

AeTmax = 2%
middle size weld,

AeTmax = 8%

As maximum

1.648
1.611
0.829

0.847

0.770

0.968

1.273

As far from the weld
zone
0.674
0.675
0.620

0.620

0.613

0.646

0.694

Strain enhancement between the welded zone and the rest of the plate varies from 1.2 to
2.5. It depends on the method used, on the weld dimension and, for ZARKA's method, on the
postulated maximum strain.

Comparison between the simplified methods and the elasto plastic calculation is made on
the following table:

ROCHE'S METHOD
ZARKA 'S METHOD

Elasto-plastic
calculation

middle size weld
middle size weld,

AeTmax= 1%
middle size weld

As maximum
1.648
0.829

1.35

As point A4
0.674
0.620

0.63

The experimental strain enhancement is close to 1.2. All the numerical methods give
conservative results, Roche's method is closer to the elasto-plastic simulation.

The elasto-plastic calculation is simplified as it has been considered only the stabilized
behaviour of the material. A full cyclic elasto-plastic simulation should have given results
closer to the experimental ones. In particular, it seems necessary to simulate the fact that the
dissimilarity between the two materials varies with the number of applied cycles.
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4. CONCLUSION

Reduced fatigue life of welded structure is not related to a lower fatigue endurance of
weld metal but to a strain enhancement in cyclic plasticity due to dissimilar materials. This
elasto-plastic follow-up effect can be easily represented by simplified methods, used as post-
processors to elastic calculations. These methods (Roche's method, Zarka's method) allow for
parametric study on weld metal or weld geometry and give satisfactory results.

More precise analyses are now being performs in order to understand the redistribution
of strain, and especially the evolution of strain localization with varied applied number of
cycles.

Parameter analyses are also necessary in order to codified the approach in different
situations and to limit the applicability of each coefficient.
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