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ABSTRACT

Some difficulties arise in the risk analysis of initiation and growth of
cracks by ductile tearing based on the resistance curve concept
(J-Aa). An alternative method consists in modelling the damage
occurring at the crack tip by means of constitutive relations impaired
by the ductile fracture damage.

An experimental programme has been completed in order to validate this
method for A 508 cl. 3 steel. Firstly the predictions of the model have
been compared with void growth measurements. Secondly the constitutive
relations have been introduced in a finite element programme (TITUS)
and the simulationof tensile tests has been performed.

The numerical simulation of notched axisymmetric specimen rupture
proved successful and the technique presented here can be considered as
an engineering tool to predict crack initiation, stable crack growth
and final instability. The simulation of cracked specimens is in the

making in order to complete the calibration and the validation of this
method.
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INTRODUCTION

The risk analysis of initiation and growth of cracks by ductile tearing
in PWR components is currently based on the resistance curve concept.
Two difficulties arise :

- the resistance curve J-Aa is not an intrinsic property of materials

(Marandet and co-workers, 1982) ;

- the J-integral calculation is sometimes problematic (3D and therma!
loads).
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Our method consists, within the field of continuum mechanics, in modelling
the damage occurring at crack tip ; the restrictions quoted above are no
longer effective. The constitutive relations which have been developed take
into account the void growth occurring during ductile fracture damage ; their
detailed formulation is given by Rousselier (1978, 1981) and we will merely
recallitsmain featureshereafter.

The validation of the model is based on the void growth measurements
performed by Mudry (Beremin, 19381) and on the numerical simulation of
experiments on circumferentially notched tensile specimens (Rousselier,
Phan Ngoc and Mottet, 1983). The numerical simulation is performed by
running a finite element programme (TITUS) using an updated lagrangian
formulation and involving the void growth.

CONSTITUTIVE RELATIONS

The plastic potential contains an extra term related to the damage and depen-—
ding on the hydrostatic stress Op =0z /3 :

Flo7p, po )= Gop/p = R(A) + B(p).f(b;,l/e) W

In equation (1) g is the equivalent von Mises stress, the density
(()(0\ = 1), f the cumulated plastic strain ( = é;\ ), and és rhe damage
variable ; [3 is a scalar since the damage is assumed to be isotropic.

The normality rule is assumed for the plastic strain rate and the internal
variable rate , as proposed by Nguyen (1973) :

5= 9F/9(0§'/€) @
p =4 OF/oB =/;/(0;/e) e}

The combination of equations (2) and (3) into the mass conservation law

g+e€f = 0, with @ PIP/4B s gives
f’(%/ﬁ)/f (am/p) = —de(p) /e BPAp )

Therefore the two sides of equation (4) are constant of dimension 1/05 say
1/07. The integration of the left-hand side gives the exponential
dependence on hydrostatic stress o, (D is the constant of integration):

lom/p) = Dexp(on/¢7) ()

This result is in agreement with both theoretical studies (McClintock, 1968 ;

Rice and Tracey, 1969 ; Gurson, 1977) and experimental results (Hancock and
Brown, 1983 ; Beremin, 1981).

1]

VOID NUCLEATION AND GROWTH

Since the initiation of void growth does not coincide with the beginning of

plastic deformation, the void nucleation criterion proposed by Beremin (1981)
is used :

Zﬂ. = &(0;7\"‘05)::0: (6)

Zd_is the maximum principal stress, J; the yield stress of the material,
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k and Oc are constants. When the criterion (6) is not met, equation (3) is
replaced by p = = 0.

As for the void growth, let us consider spherical voids of radius R in an
incompressible matrix. The functions 6(/3) and B(f3), related by
equation (4), are assumed to be :

ep)=41/(4fo +fcar/l/3) B(3)= o;faeéy.(,g)e(/;) 7
where /g is the initial void volume fraction. This choice yields the simple
relation /S = 3R/R, hence :

R/R = (D/3) éL} exp (G /POT) (8)

If the variation of is neglected, and if 'D/3‘ = 0.283 af‘ld 0_1 = 2 CE'/3,
equation (8) is identical to the high triaxiality approximation of Rice
and Tracey (1969) for a single void in a non-hardening matrixX.

The relations (7) will be retained hereafter. Still equation (8) has go
be experimentally validated, and the constants D and O ; have to be
determined for a given strain-hardening material. For that purpose we
used the measurements of void growth performed. by Mudry (Beremin, 1981)
on circumferentially notched tensile specimens taken from nozzle
dropouts of PWR nuclear vessels.

The stresses and strains at a given location in the minimum section are known

through finite element analyses of the specimens. Equa;ion (8),hwith = _1,
i i i 1 strain , where q 1is
is integrated from & 4 to the flna' S .

the decohesion strain resulting from the criterion 6) ; ?:)'r A 508 cl.3 steel

the constants of equation (6) are (Beremin, 1981 b) :

- longitudinal direction k =1.6 o = 1120 MPa (9)
_ short transverse direction k = 0.6 O. = 810 MPa (10

c

Actually the integration of equation (8) is app::oximate : as G, /Cap is almost
constant during the loading of the specimens, it is assumed that
O~ = constant x EM™, where n is the best fit hardening exponent of the mate-—
rTal between £ g and & . The resulting form is :

énL &L(R/Ro)/a)&vl = bn(D/3) + U/ox)om SRR

The decohesion strain aizd the stress history are taken into account through
the corrective factor& .

The experimental points are given in Fig. 8. A 1inf=.ar regressio.n analysi's
gives the constants 4n(D/3) and 1/oy (a few iterations are required, as
depends on O ;) :

- longitudinal direction Oy = 390 MPa D = 2.02 (12)

- longitudinal + short

transverse directions (o] 386 MPa D = 1.87 (13]

U Let a=0,/07, b =&4/Eep , N = (n + 1)/n. Then :

-4 y Ba)* ]
> @ L _ P [ _Ba 3 -
W= 1 -+ D ~NwrDED * bepad) L=+ NNFD
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Fig. 8 — Measured void growth in the longitudinal (L : > © O ) and short
transverse (ST : 0 A< ) directions. Regression lines L ( ——--— ,
0q=390MPa, D=2.02), L+ST( , 01 = 386 MPa,

D= 1.87) and line ( -- ~,0q=385MPa, D= 1.5).

Considering the large scatter of the measured void growths, the difference
between the two directions is not significant. Equation (8) gives a good
description of the void growth, and the constants D and O have
been roughly estimated for A 508 cl. 3 steel with a volume fraction of
inclusions fg = 10 to 1077 (for f, <€ 107 the void growth measure-
ments performed by Marini (Devaux and co-workers, 1982) and Sun Yao
Qing and co-workers (1983) suggest a dependence of D on fg).

NUMERICAL SIMULATION OF DUCTILE FRACTURE INITIATION

Two circumferentially notched tensile specimens (notch radius 2 mm) have
been taken in the longitudinal direction from a nozzle dropout of a PWR
nuclear vessel. The experiments have been conducted at 100°C.

The load-displacement curves (in terms of diameter contraction) of the

notched specimens are plotted in Fig. 1 ; in these specimens, the

ductile fracture initiates in the center and is accompanied by a marked
change in the slope of the load-displacement curve as shown by
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interrupted tests (Rousselier, 1978). The mean strain & = 2 én (Do /D)
in the minimum section of the specimens reaches 35 % and 36.4 % at
ductile fracture initiation and the ultimate fracture comes just after
the initiation.

The true stress-strain curve of the material has been measured on
unnotched specimens for strains up to 10 %Z ; the measured hardening
exponent is n = 0.1 and this value has been retained for larger strains :
O =constantx € . The volume fraction of inclusions used in the
model is deduced from the chemical composition and from the quantita-
tive analysis of the inclusioms :

po= 2524075 A der/d, =4.6x407* (14)

The corrective factor takes into account the mean dimensions of the
inclusions : dp = 8.3 €(m, dgp = 6.9 m, dy = 11.5 Mm ; it is based on
the assumption that the dimensions in the plane of fracture only are
significant for the void growth (Mudry, 1982). Anyway the correction 1is
small.

The nucleation criterion (6) is used with k = 1.6 and O, = 1120 MPa.
In the damage equation D = 1.5 is retained and three successive calcu-
lations have been carried out with & = 300, 380 and 400 MPa.

The calculations have been carried out with the eight-node element mesh
plotted in Fig. 2 ; a reduced integration scheme (2 x 2) has been
adopted in order to avoid the violation of incompressibility conditions
resulting from the (3 x 3) integration. The large changes in geometry
are taken into account by modifying the coordinates at each load step ;
the density changes are also mozflled in the computation of the
stiffness matrix : O = (QL) (& -&P), where L is the usual elastic
moduli tensor.

The calculated load-displacement curve is plotted in Fig. 3, in which
the experimental results have been indicated : the numerical simulation
proves quite satisfactory. The relation between the uniform displace-
ment Uy applied at the end of the specimen and the diametral
contraction is plotted in Fig. 4. The evolution of the 1longitudinal
stress o~ and of the damage parameter is plotted in Fig. 5 and 6 for
the firsgyintegration point of elements close to the center. The mecha-
nical state (stresses, strains, damage) is rather homogeneous in this
region and the damage zone stretches out in the minimum section (figure 7).

The noticeable drop in the longitudinal stress observed in Fig. 5 corresponds
to the last phase of void growth : the void coalescence results in the
initiation of a crack at the center of the specimen. The stable crack growth
simulation (which in our case could be rendered without releasing nodes) has
not been attempted in the present calculation.

Let d_ be the critical displacement at crack initiation ; the estimation of

d, in function of the constant O is plotted in Fig. 9, in which the experi-
mental results are indicated. The resulting constants are:

o-i=385 MPa D=1.5 (15>

This result is in good agreement with the constants (12) and (13) resulting
from the void growth measurements. fhe corresponding line is plotted in Fig.
8. A better agreement is not expected, for the following reasons :
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Fig. 9 — Comparison of experimental and numerical displacements at the
initiation of a ductile fracture crack. Calibration of the constant g,
(with D= 1.5).

- the large scatter in void growth measurements,
- the limited interval of O investigated (o, < 860 MPa),
- the approximate analysis of stress and strain history.

Thus it is demonstrated that constitutive relations, by means of which
ductile fracture occurs by strain localization, can give quite
realistic critical strains. Several authors (e.g. Yamamoto, 1978)
questionned this possibility and had to introduce some initial
inhomogeneity in the distribution of porosity. This complication is
obviously not necessary.

CONCLUS IONS

Elastic-plastic constitutive relations including ductile fracture damage have
been proposed. With these relations ductile fracture occurs by localization
of deformation in the most damaged part of the structure.

The model has been validated and calibrated both at the microscopic (void
growth measurements) and macroscopic levels (initiation of fracture in the
center of a tensile specimen).

The ability of the method to model crack initiation and stable crack growth
in a precracked specimen has already been demonstrated (Rousselier, 1981,
1983). A complete validation and calibration of the method is in progress on
circumferentially cracked tensile specimens. The method, implemented in a
finite element programme (TITUS), will then be available in order to assess
the ductile tearing risk in PWR components.
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