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1. INTRODUCTION.
To prove inmoculty of flaws 1n PWR wessel, particularly at the
end-of-1life because of the radiation embrittlement of the vessel
material |, EDF has engaged a programme Including both experimental
tests on large size mockups and numerical analyses. The objective of
our communication is to present 3D numerical results for different
cracked mockups configurations, t©o compare them with experimental
results and to show the favourable effect of c¢ladding.

2. EXPERIVENTAL PROGEAMME.

Large size mockups, containing artificial defects, ares submitted to
mechanical tests. The mockup chosen te simulate the vessel is &

four-point hend bar specimen shown schematically in figure 1. The
material of central part of each mockup iz A508 C13 fervitic steel.
The mockups of approximately 120 mm thickness, 1700 mm length and 150
mn width are layered on top surface with stainless steel, and they
receive a stress relief heat treatment. BFach mockup contains an
artificial defect made by machining and fatigue. Many configurations
are tested in the programme. We analyze here three configuratiocns

- specimen DSR4 containing small underclad semi-elliptical
crack In the Heat Affacted Zone of the base metal, of 5 mm

depth and 50 mm width, with a cladding of 7.5 mm thickness.

- specimen DSR3 with underclad semi-elliptical crack of 13 mm
depth and 39 mm width, with a cladding of 4.5 wm thickness.

- specimen DD1’ with an emerging through clad thickness
semi-circular crack of 34 mm depth.
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The wmockups are loaded in four-point bending (cf. fig. 1) until crack
instability by cleavage fracture. Testings ave performed at very low
temperature to obtain a cleavage fracture toughness Ky, of the base
metal wepresentative of the vessel material toughness at the end of
the 1lifetime. Cooling is obtained with liquid nitrogen and during
testing, the specimen is insulated to aveid reheating.

Data collected during tests are: load, load-peint displacement,
crack-mouth opening displacement in case of emerging crack, and
strains measured with strain gauges placed on the top (cladding) and
bottom surfaces. Thermccouplas are placed on surface and ingide the
specimens to determine the temperature during the test.

The fracture toughness s measured on small GT 25 specimens (20%

side-groved) and is given in figure 2.

3. MECHANTCAL ANALYSES.

Each  test  is interpretated with  linear elastic  analysis,
elastic-plastic analysis and local approach of fracture [17].

For each configuration presented above, we point out in this paper the
3D numerical resulis obtained with Iinear elastic analysis and witch

non linear analysis (HENCKY law).

2.1. Modelization of the mockups.

We wuse 30 F.E.M., to analyze each test. Taking account of symmetries,
only a guarter of specimen is meshed as sghown in figure 3. The mesh is
composed with 20 mnodes bricks and 15 nodes wedges. In spite of the
sharpness of this wmesh 2ll around the crack front, the larger model
has 1less of 800 elements and 3000 nodes. For the elastic-plastic
calculation, we assume that the Deformation Theory of Plasticity is
valid [2] for this kind of structure, For each calculation, we use

the general finite element code PERMAS [3] on a CRAY VMP.

3.2. The enerpv release rate formulstion using the theta method,

To perform fracture analysis, SIF (stress Intensity factors) ¥y and K,
are calculated all along the crack front. The criterion of instability
by cleavage fracture is the classieal: KI( or KJ) = Ky, where ¥y is
the material toughness. In fact, we calculate the energy release rate
¢, using a Lagrangian methoed called THETA method which leads to an
exact derivative of the potential energy W with respect of the domain
variation. This method, introduced by DESTUYNDER [4], consists, in a
virtual cinematic of the crack (modelized by a vector field 9 within
the domain ©? of the structure), to solve the elastic problem (linear

or non linear) in the Lagrangian configuration.
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The expression of G is:
G(O) = jﬁ[—w(e)div@ + o (W3] a0

where w{c) 1s the elastic potential, ¢ and € the sztressg and the strain
field, u the displacement field. The quantity G(U) depends only en the
€ field values on the crack front. This method was already used with
success for 3D non linear elastic law by Y.WADIER [5].

We also tested this methed with the mesh of the mockups, changing the
boundaries conditions, toe simulate a crack In a 1afinite medium in
tension. For this configuration, the SIF was analytically determined
by SIH [6]. The differeunce between our numericel resulis and the exact

solution is 2% on an average.

N

v, NUMERICAL RESULTS AWND INTERPRETATION OF TESTS.
&.1. DSRI mockupn,

is mockup has a semi-ellipticel flaw with size 13 mm depth and 39
width. The crack instability by cleavage is reached with a load of 695

t a temparaturzs of about -170°C. The fracture surface is presented
n figure 4. We used a non linear law in calculus in spite of the
tle fracture of the mockup, because, as we see in figure 5,
ggeg in the cladding are very high { MISES stresses are beyond the
d strength of the stainless steel at -170°C, which is about 350
MPa), while the stresses in the ferritic steel never exceed the yield
strength ( about 50 MPa)., The maximum of SIF in the base metal, at
the t©ip of the crack is 53 MPa Jm , which is in the scatier band of
material toughness (between &40 and 35 MPa {m at the test temperature).
We also caleulated the same mockup, suppressing the cladding whese
mechanical effect is neglacted In the American rules., Three SIF curves
along the crack front (with respect to the parametric angle),are drawn
in the figure 6, They represent the non-linesr and the linear
calculus, taking account of cladding, and a linear calculus where
cladding is suppressed. We can notice the favourable effect of
cladding on the BSIF wvalues, which decrease. Of course, X, at the
interface base metal-cladding is very high (the maximum value iz about
82 MPa Ym ) but the coughness of stainless steel is more than 100 MPa
m , so that the fallure occurs without ductils fracture. In the other
hand, as we can see in figure &, comparing the resulis of the
non-linear and the Llinear calcuwlus, c¢he plasticitcy in the cladding

make SIF(with nc plastic correction) higher aleng the crack front.
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4,2, DSR4 mockup,

This mockup has a semi-elliptical flaw with sizs 5 mm depth and 50 mm

width. The crack inscability by cleavage is reached with 2 load of 640

i
XM at a temperature of about -170°C, -1B0°C. For this leoad, we find a
maximom SIF, at the crack tip of 50 MPa Im after a non-linear

iz 41 mMpaNm ). 2D

Fferent results because the flaw

K
calculation (a linear modelization Ileads to Ky
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iz mnearly a strip crack. The STF wvalues are in the band of toughness,
Figure 7 shows the SIF values along the crack fromt with and without
the cladding. This latter has a dropping effect on the ZIF values.
4.3, DD1® mockup.

For this mockup, a guasi semi-circular ecrack of 34 mm depth is
emsrging through the cladding. The collapse lead 1is 357 KN at a
temperature of about 70, -180°C. For this load, we find a maximum
SIF of 51 MPaNm near the free surface (with a linear model because mo
plasticlty cecurs). Thiz result iz in 2 gocd agreement with formula of
J.¢. WNEWMAN and I.8. RAJU [7] £for beuding Lleads ( for the same
geometry, this formula lead to K= 48 MPa\lm ). We can motice in the

figure 8 <that, contrary te the two above mockups, the SIF value

\“i
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increases from tip to emerging surf
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ace crack, Of course, just at the

frese surface the SIF value must be equal te zero, but it decreas
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a short boundary layer that we cannct discerme with classical Ffinite

elements.

5. COMCLUSION.

The main conclusions we can draw from this study are
8  The nature of fracture, fo

avery test, for conditions simulating end-of-life vessel, even 1f the

cladding czn be plastified,

~ e

@ The prediction of fracture by 3D wnon linear analysis is

correct despite of the residual stresses in cladding, which are not
included in our models.

3 The conservatism e the cladding is teo
much strong { for the criti iF is then outsids the band

of toughness).

At thie time, other tests are in progrsss with new conf
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Next numerical analyzes will take into account regidual stressss in
the cladding. At last, we will have to consider some theorical
problems about ingularity of stresses at the interface of two

s
different materials, which are not yet solved,
H J
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