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SYNTHESE :

Les méthodes d'ingénieurs développées en mécanique de la rupture pour
prédire le comportement des structures fissurées sont généralement basées sur le
concept d'intégrale J. Ces méthodes ont montré qu'il est possible de prédire la
résistance à la déchirure de structures connaissant celui d'éprouvettes de dimensions
réduites, sous réserve que les effets de triaxialité des contraintes ne jouent pas de rôle
prédominant. C'est pourtant le cas des assemblages soudés, où les effets
d'hétérogénéité des propriétés mécaniques des matériaux amplifient l'influence de la
triaxialité. D a été montré que les méthodes usuelles de détermination de la ténacité ne
sont plus directement applicables aux configurations de mismatch important. Il en est
de même pour les méthodes d'ingénieur. Les conditions d'application de ces analyses
mécaniques dépendent du rapport de mismatching (rapport des limites d'élasticité du
métal de base et du métal déposé) et de la géométrie du joint soudé (le paramètre
géométrique prédominant est le rapport largeur de la soudure/taille du ligament).

Afin de progresser dans ce domaine, le CEA, FRAMATOME et EDF ont
engagé un programme de recherche et développement sur la ténacité des assemblages
soudés de l'industrie nucléaire. Dans ce cadre, une nouvelle méthode d'analyse a été
développée pour rendre compte des effets de mismatch sur la résistance à la rupture
des structures. Cet outil, dénommé ARAMIS "Aide à la Résolution d'Analyse
Mécanique de l'Intégrité des Soudures" a été validé par comparaison avec les résultats
de calculs aux éléments finis élastoplastiques d'éprouvettes CCP. Ainsi, l'utilisation
des méthodes classiques dans des configurations où la taille du ligament est petite
devant celle du cordon de soudure s'est avérée très conservative. Au contraire, la
nouvelle méthode proposée fournit une estimation raisonnable. Elle permet en outre de
prévoir l'influence de paramètres géométriques comme la taille de la fissure, la
dimension des éprouvettes ou celle du cordon de soudure sur le chargement limite, et
par voie de conséquence, sur l'évolution du paramètre J.
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EXECUTIVE SUMMARY :

The J-based criteria give reasonable predictions of the failure behaviour of
ductile cracked metallic structures, even if the material characterization may be
sensitive to tfie size of the specimens. However in cracked welds, this phenomenon due
to stress triaxiality effects could be enhanced. Furthermore, the application of
conventional methods of toughness measurement (ESIS or ASTM standard) have
evidenced a strong influence of the portion of the weld metal in the specimen. Several
authors have shown the inadequacy of the simplified J-estimation methods developed
for homogeneous materials. These heterogeneity effects are mainly related to the
mismatch ratio (ratio of weld metal yield strength upon base metal yield strength) as
well as to the geometrical parameter h/W-a (weld width upon ligament size).

In order to make decisive progress in this field, the Atomic Energy Commission
(CEA), the PWR manufacturer FRAMATOME, and the French utility (EDF) have
launched a large research program on cracked piping welds behaviour. As part of this
program, a new J-estimation sheme, so called ARAMIS, has been developed to
account for the influence of both materials, i.e. base metal and weld metal, on the
structural resistance of cracked welds. It has been shown that, when the mismatch is
high, and when the ligament size is small compared to the weld width, a classical
J-based method using the softer material properties is very conservative. On the
opposite, the ARAMIS method provides a good estimate of J, because it predicts pretty
well the shift of the cracked weld limit load, due to the presence of the weld. The
influence of geometrical parameters such as crack size, weld width, or specimen length
is property accounted for.
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NOMENCLATURE

a : half crack length.

a : Rawberg-Osgood parameter.

B : half width of the panel.

b : subscript denoting base metal quantities.

C : uncracked ligament length. (C - B - a)

c : subscript denoting quantities due to the crack.

d : half joint width.

E : Young's modulus.

e : superscript denoting elastic quantities.

cR : reference strain at reference stress level.

H(mat, geom) : dimensionless function depending on geometry and strain
hardening properties of the two materials.

r * i
hx n, : dimensionless function tabulated in the

[ B J GE-EPRI handbook.

i : subscript denoting quantities accounting for the mismatch.

J : crack driving force.

L : half length of the panel.

1R : reference length.

n : strain hardening exponent.

nc : subscript denoting non crack quantities.

v : Poisson's ratio.

p : superscript denoting plastic quantities.



Q : load.

q : displacement.

QOi : limit load of the inhomogeneous cracked plate.

Qob : limit load of the uncracked base metal parent plate

a : yield strength.

aR : reference stress.

t : subscript denoting total quantities (sum of crack and non-crack type
quantities).

w : subscript denoting weld metal quantities.



1. INTRODUCTION

The J-based criteria give reasonable predictions of the failure behaviour
of ductile cracked metallic structures, even if the material
characterization may be sensitive to the size of the specimens. In cracked
welds this phenomenon due to stress triaxiality effects could be enhanced.
Furthermore the application of conventional methods of toughness
measurement (Wilkowski, G.M. & al., 1985) have evidenced a strong influence
of the portion of the weld metal in the specimen. Several authors have
shown (Devaux &al., 1987, Kirk &al., 1992, Eripret & al., 1992) the
inadequacy of the simplified J-estimation methods developed for homogeneous
materials.

As an engineering approach, it is usually recommended to consider the
tensile properties of the weaker metal and the fracture properties of the
weld metal for the evaluation of integrity. Nevertheless, if the yield
strength ratio of weld to base metal (mismatch parameter) is important, as
in stainless steel pfpes of PWR systems (300 % overmatch), such an approach
may lead to very conservative predictions.

Aiming to make decisive progress on these questions, the PWR manufacturer
FRAMATOME, the french Utility (E.D.F.) and the Atomic Energy Commission
(C.E.A.) have launched a large research program on the cracked weld
behaviour. The first phase of this program which consits only in numerical
investigations has been presented in a previous paper (Taupin & al., 1991).
As a part of this research program (F.C.W.R.P. : French Cracked Weld
Research Program), the present study presents an application of a new J-
estimation scheme, named the A.R.A.M.I.S. method (french abbreviation
denoting : "Aide à la Réalisation d'Analyse Mécanique de l'Intégrité des
Soudures" -Assitance to the development of mechanical integrity analysis of
welds), for cracks in mismatching welds.
The A.R.A.M.I.S. method, developed using the frame of weld to base the GE-
EPRI approach, takes into account the influence of the two materials
involved (Gilles & Franco, 1993). From comparisons with Finite Element
analyses, it is shown that J depends essentially on the material's
properties of weld metal and on the limit load of the bimetallic structure.
This value is obviously quite different from those relative to an
homogeneous structure, the differences raising mainly from the mismatch
influence as well as from the shape and width of the joint.

The present paper applies the A.R.A.M.I.S. method to analyze Finite Element
results of overmatched C.C.P. under tension obtained in the F.C.W.R.
program. The crack is located in the middle of the joint and the influence
of the crack length as well as of the weld width are investigated.
The paper is splitted in three parts. The first part presents Finite
Element analyses. The second part describes the main features of the new J-
estimation scheme and the third part focuses on the comparisons with Finite
Element results.



2. FINITE ELEMENT ANALYSES

Geometrical data

Two sets of Center Cracked Panels have been considered in the present
study. The panels of the first set have a width 2 B of 2419 mm. This value
is close to the perimeter of a FUR primary pipe whose mean radius is 385
mm. The length 2 L of the panel is chosen such as the length over width
ratio L/B equals 2. This condition minimizes the influence of the length on
the behaviour of any of the cracked panels. The weld joint has a width 2 d
of 40 mm which is a standard value in large diameter PWR pipings. Three
crack length ratios a/B of 0.125, 0.25 and 0.5 values have been selected.
For these configurations the half joint width over the ligament length
ratio d/c is very low compared to unity (in the range of 0.02 thru 0.03 for
the selected crack lengths).

In order to investigate the case of d/c ratio more representative of
specimens, a second set of C.C.P. has been defined. These Center Cracked
Panels have a width and a length of respective values 2 B - 200 mm and 2 L
- 500 mm. The weld width 2 d equals 40 mm as previously. Four crack length
ratios a/B of 0.036, 0.125, 0.25 and 0.5 values have been considered. In
this case, the d/c ratios cover a range of values much greater than the
previous one (range of 0.2 thru 0.4).

In each case, the crack is located in the plane of symmetry of the joint,
far enough from the interface. For symmetry reasons, only a quarter part of
the structure has been modelized. On the panel end an uniform tensile
displacement is applied (see figure 1).

Material's properties

The true stress-strain curves of base and weld metal, introduced as a set
of numerical data, have been obtained from tensile tests of F.C.W.R.
program (see figure 2). The tested materials are characteristic of PWR
primary welded pipes with a weld metal yield strength three times higher
than the base metal one, whose respective values are given below :

ffyb - 133 MPa

a - 412 MPa.yw

For strain levels low up to 5 % the Ramberg-Osgood fit gives parameters
indicated below :

i^ - 8.07 ab - 2.66 for the base metal

nw - 15.91 Q M - 1.05 for the weld metal.

This Ramberg-Osgood fit is used in our investigations on the J prediction
method (§3).
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Computations

The computations have been performed with three Finite Element codes :
ALIBABA developed by EdF (Devesa & al., 1986), the C.E.A.'s code
CASTEM 2000 (see Millard, 1987) and the FRAMATOME's code SYSTUS (FRAMASOFT
+CSI, 1990). Each of the participants to the F.C.W.R.P., analyzed a
different case. The capability of these Finite Element codes to model th«*
fracture behaviour has been validated in a benchmark on computation"»,
simulation of CT fracture experiments, details of which are presented in
(Franco & al., 1991). The comparisons between experiments and Finite
Element analyses have given a satisfactory agreement for load displacement
curves as well as for the crack driving force evolution. This benchmark has
also shown that the quality of the mesh is of a great importance. That's
the reason why severe meshing requirements have been defined for the
present study. Eight noded isoparametric elements were selected with a
reduced integration order. Four rows of twelve cells with 0.2 mm size are
located in front at the crack tip in order to reproduce properly the large
strain and stress gradients and the crack tip blunting. The selected model
surrounding the crack is described in figure 1.

For each configuration, the computations are performed using an incremental
Von-Mises rule, with an updated Lagrangian procedure. The algorithm of
equilibrium compensation is based on Newton-Raphson methods currently used
to solve such non linear problems.

Numerical results

The first important point is the spread of the plastic zone with increasing
load. For all the crack lengths investigated, the plastic zone appears
first at the crack tip due to the stress singularity. During this stage,
plasticity is contained near the crack tip and the fracture behaviour is
properly described by LEFM (Linear Elastic Fracture Mechanics).

At an higher loading level, a second plastic zone arises in the base metal.
Due to the strong overmatching, its evolution is much faster than the one
of the first plastic zone. Two different failure behaviours are observed.
At first, let us consider the configurations of the second set of panels,
with the crack length ratios a/B equal to 0.036, 0.125 and 0.25. In those
three cases, the base metal plastic zone is initiated at the intersection
of the interface and the free surface opposite to the crack. Its initiation
and extension are not connected with the presence of the crack (i.e. the
same phenomenon would appear in an uncracked bimaterial panel). The stress
and strain concentrations in the base metal are related to mismatching
effects rather than with the stress singularity at the crack tip. Then,
this plastic zone spreads through base metal as shown in figure 3a, whereas
the crack tip plastic zone is contained in the weld. Such type of
configurations constitute what we call the base family.

11



Secondly, let us consider the a/B - 0.5 panel of the second set and all the
panels of the first set. In those cases, the base metal plastic zone is
initiated at the interface right above the crack (see figure 3b). Its
trajectory follows a straight line whose slope depends on the crack length
and on the d/c ratio. During this stage, the crâ .k tip plastic zone spreads
through the weld metal. This zone, initially oriented almost normally to
the crack deviates gradually from this direction with increasing load and
reaches the interface with a slope close to the one of the mean line of the
base metal plastic zone. These configurations belong to the weld family.

The second important point is the variation of J with the applied load. J
values were calculated using either the J integral (Rice, 1968) or the G-0
method (Destuynder, 1981; Suo & al., 1989). Let us consider for example the
Finite Element results relative to the 0.5 B crack length selected from the
second set of geometry (see figure 5). The J variations are very different
from those observed in the parent homogeneous panels. This shows that the
limit load Q01 which controls the plastic J value is quite different from
the limit loads relative to the parent homogeneous panels. This difference
is less important if the uncracked ligament is large compared to the weld
width as shown in figure 6 for the B/8 crack of the first set of panels.

We may conclude from the Finite Element results that the fracture behaviour
of a mismatching weld in C.C.P. is controlled by the crack size over panel
width ratio a/B, the half joint width over the ligament length ratio d/C
ant the mismatch ratio. Obviously the most important problem in computing J
is to derive an estimation formulae for QOi accounting for all these
effects :

\ a d

Qoi - Q<H — • — >
I B C ayb

12



3. THE A.R.A.M.I.S. METHOD

3.1. Introduction

In welded structures, the joint represents a small volume of inhomogeneity
and in many cases considering only a body with base metal properties may be
a good approximation. If the body is highly stressed in the welded zone due
to the proximity of a crack, then the differences of material properties
plays a significant role as shown previously (see figure 4). In small
specimens the effect may be very important, the proportion of welded
material being usually high. In cracked welded structures geometrical
parameters like the distance of the crack tip to the interface, the size of
the weld are of the same importance as differences in material properties.

In our attempt to develop a J-estimation scheme we classify the bimaterial
cracked structures in four categories : the interface crack problem, the
case of the crack reaching the interface, the case of a weld parallel to
the direction of the most severe loading and the case of a weld normal to
such a direction. Our approach considers bidimensional cases of welded
structures belonging to this last category.

The bases of the A.R.A.M.I.S. method are fully described in (Gilles &
Franco, 1993), only the main features are presented in this paper.

3.2. Fundamental assumptions

The main basic assumptions are those of the GE-EPRI method (Kumar & Shih,
1980). That is : the deformation theory of plasticity holds, the material
behaviour is described by a Ramberg-Osgood model, the displacement field
is approximated by the sum of the elastic and the fully plastic
displacement fields.
Under these assumptions, the following general expression of J may be
derived :

J - Je + Jp (1)

Je or Jp - H (mat, geom) . 1R . aR . (2)

where aR and cR are reference stress and strain related to each
other by the tensile behaviour law, that is :

H - ,) +
E

(3)

1R is a reference length

H is a function of the geometry and, for Jp, of the
strain hardening coefficient n in (3)
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In the case of a Center Cracked Panel, the GE-EFRI formula (Kumar & al.,
1981) for Jp may be written as :

Jp -
c

B
a o9 c\ (4)

'R " R

Our approach is only valid if the problem is of two dimensional nature. In
the present configuration, the plane strain state is assumed.

3.3. Mean features of f.he A.R.A.M.I.S. method

a) Determination of the load-displacement relationship

As shown on figure 4 the load-displacement curve of the inhomogeneous plate
is very different from the homogeneous cases. Under fixed displacement the
determination of this curve is essential. Since the loading is applied in a
direction normal to the weld, we have modelled the bimaterial plate as non
linear springs in series. From the total displacement q , the load Q is
obtained by solving the following equations based on the GE-EFRI formulae

(5')

Since the elastic properties are the same for the two materials, the
equation (5') is the same as for an homogeneous elastic material. On the
opposite, in the (5n) equation base and weld material properties are
considered (respectively distinguished by the subscripts b and w).
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b) Definition of the material characteristics

Using the line or domain integral representation of J shows that the
stress-strain relationship of eq. (3) is the weld metal one. As a matter of
fact, if the domain is inside the welded joint, there is no need to account
for stress discontinuities in the integral, and the only stress-strain law
to consider is the local one. Thus the material characteristic involved in
J are those of the weld metal, e.g.

a * % ' a0 " ff0w ' n - nw

c) Derivation of the plastic component of J

The derivation of Jp requires the determination of the function H, and the
reference stress CTR.

In the Jp formula the reference stress. is as in GE-EPRI or R6 approach
(Milne & al., 1986), given by the ratio :

where Q01 is the limit load of the bimaterial C.C.P.

This limit load is obtained by using the slip line theory (see among
others Kachanov, 1971) and the recent results obtained by Ewing (1982).
Very recently Drs. Joch & Ainsworth (to be published) have used this theory
to determine the limit load and J by an ij factor analysis. We made several
attempts to obtain a solution giving the lowest value of the upper bound
and matching with the yielding pattern, and found a slightly different
solution as the one proposed by these researchers (see Appendix A).

The Hx function should be obtained fron Finite Element results. However,
since we have no idea of the accuracy of the GE-EPRI results (Kumar & al.,
1981) which is questionable at least in SENT and CCP specimens (Lee and
Bloom, 1992), we propose the following simple relationship between H and
h which ensures the consistency of the Je and Jp values in the elastic
case (nw - 1).

H, - Y,2 . \. (8)
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d) Plastic zone size correction

Irwin's plastic zone size correction r accounts for stress redistribution /
close to the crack tip in LEFM. This modification of the elastic field due /
to yielding is more important in the bimaterial than in the homogeneous /
weld metal structure. We took this into account by substituting a in

which enhances r .
y

Irwin's formula by a - Y. . a
y i l

y w

6 7T

tl-1

n+1

K
(9)

Instead of considering a reduction factor as in the GE-EPRI formula, the r
value is bounded to r (Q ) when the load Q exceeds Q

Oi "

In a lot of cases, such a correction is not enough as outlined by Shih
(1976), who introduces a magnification factor on Je increasing with the
relative crack length. In the same way we introduce a magnification factor
fi accounting for the enhancement of yielding due to the proximity of the
interface. This gives (Gilles & Franco, 1993) the following plasticity
correction to Je :

Jez - fi . Je (a.)

- a + r where r is given by (9)

max (1, fi)

where fi - 1 + p,
yi

for Q <

for py < 1

(10)

max (1, fi) with fi computed for

Pyi -
for py > 1.
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3.4. Final formula

J - J e z +

J " - p (nw, a d, Q) . Je (a e ) ( U )

where i s given by (10)

a
8 " a + r ( n , , a Q)

y »
. C .

knw+l

where hx i s the GE-EPRI function for the homogeneous C.C.P.
(Kumar & a l . , 1981)

QOi - Yi . QOw the inhomogeneous l i m i t load

(12)
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4. RESULTS AND DISCUSSION

Solving the set of equations (5), (5'). (5") gives the load Q for a given
value of applied displacement of qt. The agreement with the Finite Element
results is very good for all the cracked panels investigated as shown on
figure 7 for the 0.5 B crack with d/c ratio of 0.4.

Table 1 indicates the slopes of the slip lines and Y. factors calculated
from A.R.A.M.I.S. method for all the d/c ratios investigated. The smaller
is this ratio compared to unity, the closer is l/rii value to the mismatch
ratio. Such results agree perfectly with the Finite Element analyses as
shown in figures 5 and 6 (comparisons between computed J versus load curve
relative to homogeneous and welded panels, for two different geometries
respectively charaterized by d/c - 0.4 and d/c - 0.019).

Furthermore, the classification of the seven different panels in two
families may be explained by comparing the inhomogeneous limit load Q01 to
the limit load of the uncracked base metal panel Q . . In the base family
the yielding takes place mainly in the base metal which means that Q . is
reached before Q01. Therefore, another non-dimensional parameter has to be
introduced which is the ratio of these two limit loads :

Q O i f • 1
X - — M . Y . I - (13)

Qob I B J
The x values tabulated in table 1 are lower than unity for all the panels
of the weld family.

In figures 8a and 8b are plotted the computed and approximate J versus
applied load curves. The crack length is 0.5 B in both cases, but the
respective d/c ratios are 0.033 and 0.4. The shape of the J-load curves are
in most all the cases well described. However there is some tendancy to
overstimate Jp when the load is much greater than the limit load Q01 . In
our overmatched weld panels, the base metal hardens much more than the weld
metal. The influence on the effective mismatch is significant when the
applied load is greater than 1.2 Qol • This means that the mismatch
decreases with increasing load and has to be updated. Thus Y1 becomes
closer to unity and Jp is lowered. Such a variation of mismatch is very
difficult to predict, we decided therefore to maintain the mismatch
constant and equal to M , which gives overestimated J values in overmatched
cracked welds.

18



5. CONCLUSIONS

When the mismatch is high and the ligament small compared to the width of
the weld, using a J based method with the base metal properties is very
conservative. For the same reasons, using the 17 factor approach based on
formulae established for homogeneous base metal is not correct. However,
the derivation of an appropriate J estimation scheme for inhomogeneous
structure requires to overcome many difficulties. The present study is an
application of the A.R.A.M.I.S. method to overmatching welds in C.C.P.
under tension. A wide range of d/c ratios has been selected with a very
high mismatch ratio. For all the cracks investigated, the A.R.A.M.I.S.
scheme gives a reliable estimate of the load-displacement relationship,
accounts for the shift of the limit load, and predicts J reasonably well
without any other computational results than those of the GE-EPRI handbook
(Kumar & al., 1981).

All the developments involved in the present J-estimation scheme (load-
displacement relationship, characterization of the material constants,
estimate of the limit load, derivation of a plastic zone size correction,
analysis of the variations of mismatch due to strain hardening) are based
on physical observations relative to the mechanical behaviour of the
structure.

In the future work we will develop the A.R.A.M.I.S. method for other
loadings and geometry configurations.
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ayw

ffyb

3.1

a/B

d/c

*i

degree

X

1/8

0.019

45.28

3.01

0.90

1/4

0.022

45.33

3.

0.77

1/2

0.033

45.49

2.95

0.525

0.036

0.207

47.63

2.35

1.27

1/8

0.2286

47.85

2.29

1.18

1/4

0.266

48.23

2.20

1.06

1/2

0.4

49.44

1.92

0.81

TABLE 1
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APPENDIX

DERIVATION OF THE LIMIT LOAD FORMULA

The C.C.P. is under plane strain state.

We selected two types of slip line starting from the crack tip : a straight
line, like in the classical solution of homogeneous Center Cracked Panels
(Hodge, 1959), and a parabola connected to a straight line. This latter
solution allows to have a slip line normal to the crack surface, which is a
better approximation of the local crack tip velocity field. The
discontinuity of curvature is located it the interface where the tangential
stress are discontinuous. However, at that point the slope of the line is
assumed continuous, i.e. the straight line is tangent to the parabola.

Such type of slip line has already been presented for growing cracks
(Drugan, 1991) . In that case an elastic region develops behind the crack
tip like in the case of a highly mismatched cracked weld, which remains
almost elastic while the base metal yields.

The resultant load computed by considering 1^ and kw in the base and weld
metal is minimized which gives the lowest upper bound QOi of the limit
load. The angle xl>i at which the slip line reaches the outer surface and Y.
values for the two slip line solutions are compared in the table Al.

For the homogeneous weld metal the slip line is straight and oriented at
tf± - 45°. The limit load is :

QD- - 4 . k . (B - a) (A6)
«

In the inhomogeneous material the limit load is scaled to QQw by a
reduction factor Y

For the straight line, the Y± factor is a function of the mismatch M and
the weld width parameter d/c.

. This solution is valid if the slip line cross the base metal, that is if
tg Tf>i > d/C and if YL is an absolute minimum, that is Yi < 1. Otherwise
the slip line will be a 45 degree straight line and Y± equals
unity.

. For M «• 1 Y • 1 as expected.

. For d - 0 we get Yi - 1/M which corresponds to the b.ase metal limit load.
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The parabola straight line solution is given by the same type of equation.

. If tg i>i > d/2C and Yi < 1, then the solution is acceptable, otherwise
the slip line is in the base metal and Yi - 1.

. For d - 0 the expected result YA - 1/M as in the homogeneous base metal
case.

. However, for M - 1 this solution does not provide the correct result. The
lower is the mismatch, the higher is the extend of yielding in the base
metal and the slip line gets closer to the straight line. In order to
find the proper result, one has to take the minimum of the two values Y,
obtained by the above presented solutions. The validity limit of the
parabola formula is approximately given by

M >

Limit load results for the second set of panels (2B - 200 mm, 2d - 40 mm)

a/B

Line

Parabola

r/> limit value

*i

*i

0.036

52.29

0.446

47.63

0.426

5.9

0.125

52.75

0.457

47.85

0.436

6.5

0.25

53.51

0.477

48.23

0.455

7.59

0.5

55.68

0.545

49.44

0.520

11.31

Table Al : Slope of the slip line and limit load ratio

i/> is much greater than the limit value for the parabola solution.

In all four cases, the Y± values are lower for the parabola solution.
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