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ABSTRACT

Electricite de France has conducted during these last years
some experimental and numerical research programmes in order
to evaluate fracture mechanics analyses used in nuclear reactor
pressure vessels structural integrity assessment, regarding the
risk of brittle fracture. These programmes included cleavage
fracture tests on large scale cladded specimens containing
subclad flaws with their interpretations by 2D and 3D
numerical computations, and validation of finite element codes
for pressurised thermal shocks analyses.

Four cladded specimens made of ferritic steel A508 C13 with
stainless steel cladding, and containing shallow subclad flaws,
have been tested in four point bending at very low temperature
in order to obtain cleavage failure. The specimen failure was
obtained in each case in base metal by cleavage fracture. These
tests have been interpreted by two-dimensional and three-
dimensional finite element computations using different fracture
mechanics approches (elastic analysis with specific plasticity
corrections, elastic-plastic analysis, local approach to cleavage
fracture). The failure of specimens are conservatively predicted
by different analyses. The comparison between the elastic
analyses and elastic-plastic analyses shows the conservatism of
specific plasticity corrections used in French RPV elastic
analyses.

Numerous finite element calculations have also been performed
between EDF, CEA and Framatome in order to compare and
validate several fracture mechanics post processors implemented
in finite element programmes used in pressurised thermal shock
analyses. This work includes two-dimensional numerical
computations on specimens with different geometries and
loadings. The comparisons show a rather good agreement on
main results, allowing to validate the finite element codes and
their post-processors.

1. INTRODUCTION

Electricite de France has conducted during these last years
some experimental and numerical research programmes in order
to evaluate fracture mechanics analyses used in nuclear reactor
pressure vessels structural integrity assessment, regarding the
risk of brittle fracture. Cleavage fracture tests have been

performed on large scale cladded specimens containing subclad
flaws with their interpretations by 2D and 3D numerical
computations (1)(2). Numerous two-dimensional finite element
calculations on specimens with different geometries and
loadings have also been performed in collaboration with CEA
and Framatome in order to compare and validate several fracture
mechanics post processors implemented in finite element
programmes used in pressurised thermal shock analyses
(3X4X5).

2. EDF CLEAVAGE FRACTURE TESTS ON CLADDED
SPECIMENS WITH SUBCLAD FLAWS

2.1 Description of specimens

Four cladded specimens (DSR4, DSR1, DSR3 and DD2)
containing each a shallow subclad flaw have been submitted to
a four point bending mechanical loading (1). The specimens
geometry is described shortly on figure 1. The central part of
each specimen is extracted from a vessel shell ring of A508 C13
ferritic steel. The size of specimens is approximately 120 mm
thickness, 1700 mm length and 150 mm width. The cladding
is layered on the top surface using an automatic submerged arc
welding process. A stress relief heat treatment is applied after
cladding, at 600 °C during 8 hours. The artificial subclad flaw
is made by fatigue before cladding.

2.2 Testing conditions

The four cladded specimens are loaded in four-point bending,
as shown on figure 1. The tests are performed at very low
temperature (-170 °C) in order to obtain brittle fracture in base
metal. The instrumentation includes thermocouples (placed on
surface and inside the specimen to control the temperature
during the test), strain gauges on upper and lower surfaces, load
and load line displacement transducers.

2.3 Materials data

Characterization of stainless steel cladding, base metal and heat
affected zone (HAZ) has been conducted including chemical
analyses, Charpy impact and tensile tests, crack growth
resistance and fracture toughness. The chemical composition of
base metal is given in table 1. The base metal fracture
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toughness Kic, measured on 20 % side grooved CTJ25
specimens (net thickness 20 mm), is presented on figure 2. The
base metal RTNDT is -40 °C. The material characterization
specific to local approach to fracture will be described later (3).

2.4 Experimental results

A cleavage fracture has been obtained in base metal in each test,
without crack arrest. Figure 3 shows the surface aspect of two
specimens after failure : the surface aspect is always typical of a
cleavage fracture, at least in the upper part of the section. Main
results are summarized in table 2. The flaw shape is practically
semi-elliptical in case of DSR4, DSR1 and DD2 tests and
approximately semi-circular in case of DSR3 test (1)(2).

3. MECHANICAL ANALYSES USED IN FRENCH RPV
STRUCTURAL INTEGRITY ASSESSMENT

3.1 Two-dimensional elastic analysis with plasticity
corrections

In the elastic analyses, two plasticity corrections are applied
after the computation of the stress intensity factor K\ to take
into account plasticity at the crack tips (Irwin correction) and
yielding in the cladding (a correction), according to the
approach proposed for the analysis of the French PWR vessels
(1):

Irwin correction : Kinvin = K l . ((2a+ra+rb)/(2a))0-5

with
2a: crack depth
r , r, : plastic zone radius at the crack tip in cladding (a) and

base metal (b) given by r = ((K|/ay)2)/6n where oy is
the yield strength of the corresponding material

a correction : K c p = a . Kj . ((2a+ra+rb)/(2a))0-5

a is a coefficient depending on the plastic zone radius r and the
remaining ligament value b between the crack tip and the
surface. This coefficient is determined by :

a = 1 if r < 0.05b

a = 1 + 0.15.((r - 0.05 b)/(0.035 b))2 if 0.05b < r < 0.085b

When the condition r = 0.085 b is exceeded, a is the lowest of
the value given by the above expression and the limiting value
1.6

3.2 Two-dimensional elastic-plastic analysis

In the elastic-plastic analyses, the stress intensity factors Kj are
deduced from the calculation of the G energy release rate (Kj =
(E.G/(l-v2))05).

3.3 Three-dimensional elastic and elastic-plastic analyses

Two tests (DSR3, DD2) are interpreted using three-
dimensional finite element analyses performed with EDF finite
element code Aster (6). The stress intensity factors (elastic K;

and elastic-plastic Kj) are calculated along the crack front in
base metal and compared to the base metal fracture toughness
K]c. The stress intensity factors Kj and Kj are deduced from the
calculation of the energy release rate G by the classical
expression : K = V (E.G / (1 - v2)) .
The energy release rate G is obtained using the Theta method
described in (7).

3.4 The local approach to cleavage fracture (Beremin
model)

The local approach to cleavage fracture (Beremin model or
Weibull model), developed by F. Mudry, is based on the
weakest link theory and the use of Weibull statistics (8)(9X10).
The model now well known, is based on the elastic - plastic
computation of a structure, without coupling between plasticity
and damage, and on the use of a damage criterion computed
from the stress - strain field at the crack tip.
The probability P of initiating cleavage fracture is expressed as

P = l -exp( - (o w /o u ) m )

a» is the " Weibull stress " and characterizes the mechanical
conditions exerted at the crack tip relevant to the risk of
initiating cleavage fracture :

o . is the value of maximum principal stress in the finite

element cell, number j , Vj is the volume of the mesh element
and Vo the volume of the material cell. The integration is made
on the plastic zone ahead of the crack tip.

The model is defined by two parameters m and ou . m is the
Weibull parameter and characterizes the scatter in cleavage
fracture. cu is defined as the intrinsic cleavage stress of the
material and characterizes the resistance to cleavage fracture.
Both parameters, which are assumed to be characteristics of the
material, are usually determined through tests on
axisymmetrical notched tensile specimens and numerical
calculations.

3.5 Identification of m, c Beremin model parameters
(local approach)

The identification of Beremin model parameters, m and a u , is
performed on axisymmetrically notched tensile specimens AE2
(notch radius 2 mm). The procedure used for this has been
previously described in reference (3). This identification is
conducted in the frame of an extensive cooperative research
program between EDF, CEA, Framatome and AEA
Technology (3). The material is taken from the same forging
vessel ring of A508 C13 ferritic steel, as for the cladded
specimens previously described. Fourty tests on axisymmetric
notched specimens were performed at -170 °C in the pure
cleavage regime, conducted by two laboratories. Two sets cf
parameters are finally identified, according to the number cf
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notched specimens taken into account in the identification
procedure :

. m = 27, ou= 2657 MPa (20 specimens)
. m = 24, ou = 2696 MPa (40 specimens)

4. MAIN INTERPRETATIONS OF THE CLEAVAGE
FRACTURE TESTS

4.1 Two-dimensional analyses

Main results obtained at the crack tip in the base metal,
deduced from the two-dimensional numerical calculations (1),
are presented on figure 4. The elastic stress intensity factors Kcp

(including the two specific plasticity corrections) and the
elastic-plastic stress intensity factors Kj are compared to the
base metal fracture toughness KIC determined on conventional
fracture mechanics CT25 specimens (a/W : 0.55).
The elastic stress intensity factors Kcp deduced from the elastic
analyses are always greater than the base metal fracture
toughness. Compared to the fracture toughness, the margins are
important as soon as the a correction is significant (case of
DSR1, DSR3 and DD2 tests). The two-dimensional analysis
of DSR3 test (crack depth : 13 mm) appears too conservative to
a three-dimensional analysis.
The comparison of the elastic-plastic stress intensity factors Kj
with the base metal fracture toughness KJC shows reasonable
margins. These margins are smaller than in the elastic analyses
except for the DSR4 test for which the a correction is not
significant (a < 1.1).

4.2 Comparison between the two-dimensional elastic and
elastic-plastic analyses

The comparisons between the stress intensity factors deduced
from the elastic analyses (Kcp) and the elastic-plastic analyses
(Kj) show that the elastic analyses are conservative as soon as
the plastic deformation in the cladding is not negligible (figure
5)(1). This conservatism is due to the a correction proposed in
the French RCC-M code which takes into account the yielding
of the cladding during the loading. This correction is important
as soon as the plastic zone at the cladding side crack tip reaches
a notable proportion of the remaining ligament. This correction
is however necessary because the elastic analyses can greatly
underestimate the crack opening in base metal when plastic
straining of the cladding occurs (figure 6).

4.3 Three-dimensional interpretation of DSR3 and DD2
tests

Complementary interpretation of DD2 and DSR3 tests have
been more recently performed using three-dimensional elastic
and elastic-plastic computations performed with the EDF finite
element code Aster (6). The stress intensity factors (elastic Ki
and elastic-plastic Kj) are calculated along the crack front in
base metal and compared to the base metal fracture toughness
Kic . The stress intensity factors Ki and Kj are deduced from the
calculation of the energy release rate G by the classical
expression : K = V (E.G / (1 - v2)). The energy release rate G
is obtained using the Theta method described in (7).

In order to apply later the local approach to cleavage fracture
(Beremin model), the use of very refined mesh (at the crack tip
along the crack front) is required (3). Both three-dimensional
meshes (DSR3 and DD2) are presented on figures 7 and 8.
These meshes, made using the GIBI mesh generating tool.
contain approximately 2000 elements and 9000 nodes in the
first case (DSR3) and 3000 elements and 12000 nodes in the
second case (DD2). The refinement at the crack tip is very
important in both cases, the size of first elements at the tip is
60 \xm for DSR3 mesh and 50 (im for DD2 mesh.
The main mechanical properties of both materials are given in
the table 3.

DSR3 test
Main results of the three-dimensional elastic-plastic analysis of
DSR3 test are presented on figure 9 (stress intensity factor K;
along the crack front in base metal) and 10 (stress intensity
factor Kj versus load at the deepest point of the crackX6).
Figure 9 shows a variation of the elastic-plastic stress intensity
factor Kj along the crack front. The maximum value of K; is
reached at the deepest point of the crack in base metal (<() = 90
°). At the critical load (F = 695 kN), we obtain K, = 54
MPa.Vm for the deepest point of the crack. This value can be
compared to the base metal fracture toughness K|C previously
presented on figure 2 (at the DSR3 test temperature T = -170
°C, 40 MPa.Vm < Klc < 48 MPa.Vm). This comparison
clearly shows that the maximum value of the stress intensity
factor along the crack front Kj is greater than the base metal
fracture toughness Kic determined on classical CT25 specimen.

DD2 test
Main results deduced from three-dimensional elastic and
elastic-plastic analyses of DD2 test are presented on figure 11
(stress intensity factor Kj along the crack front in base metal)
and 12 (stress intensity factor Kj versus load at the deepest
point of the crack), including a comparison between elastic and
elastic-plastic calculations (6). Figure 11 shows a strong
variation of the elastic-plastic stress intensity factor Kj along
the crack front (stronger than in DSR3 analysis). As in the case
of DSR3 interpretation, the maximum value of Kj is reached at
the deepest point of the crack in base metal (<(> = 90 °Jl. For the
critical load (F = 890 kN), we obtain Kj = 51 MPa.Vm for the
deepest point of the crack. This value can be compared to the
base metal fracture toughness Kic previously presented on figure
2 (at the DD2 test temperature T = -170°C, 40 MPa.Vm <
Kic < 48 MPa.Vm). This comparison clearly shows that the
maximum value of the stress intensity factor along the crack
front Kj is greater than the base metal fracture toughness K,c
determined on classical CT25 specimen, as in the case of
DSR3 test.
The elastic and elastic-plastic analyses can be compared
between themselves on the same figures 11 and 12. This
comparison clearly shows that the elastic analysis for a subclad
flaw, without specific plasticity corrections, is non conservative
compared to an elastic-plastic analysis even if the global
behavior of the specimen remains linear (the load versus
displacement remains linear during all the test). For a subclad
flaw, the elastic analysis can greatly underestimate the crack
opening in base metal when plastic straining of the stainless
steel cladding occurs (by comparison with an elastic-plastic
analysis).
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4.4 Conclusion about interpretation with classical
approach

Four mechanical tests have been performed in four-point
bending by EDF on large size mock-ups containing an
underclad crack made by fatigue before cladding. A cleavage
fracture initiated in base metal has been obtained on each mock-
up at a temperature of about - 170°C.
The cleavage fracture of each mock-up is always conservatively
predicted by an elastic analysis including plasticity corrections
(Irwin correction and a correction) and by an elastic-plastic
analysis : the stress intensity factors KCp or Kj are always
greater than the base metal toughness Kj c . The comparison
between the elastic analysis and the elastic-plastic analysis
shows that the first one is often more conservative ; it is due to
the fact that the a correction proposed in French RCC-M code
is important as soon as the plastic zone at the crack tip reaches
a notable proportion of the remaining ligament. However, the
comparison between KCp (elastic analysis) and Kj (elastic-
plastic analysis) shows that the a correction is necessary
because the elastic analysis underestimates the crack opening in
base metal when yielding of the cladding occurs.

Two tests, DSR3 and DD2, have been analysed with a three-
dimensional classical approach involving the calculation of the
stress intensity factor Kj along the crack front in base metal. A
variation of this stress intensity factor is noticed along the crack
front in both cases, more or less strong. For both
interpretations, the maximum value of the stress intensity factor
Kj is obtained at the deepest point of the crack (<t> = 90 °). This
maximum value is always greater than the base metal fracture
toughness Kk determined on small classical CT25 specimens
(20% side grooved specimens corresponding to a 20 mm net
thickness).

The DD2 elastic and elastic-plastic analyses have been also
compared. In case of a subclad flaw, the elastic analysis is non
conservative compared to the elastic-plastic analysis (K[ < Kj)
as soon as plasticity occurs in cladding, even if the global
behavior of the specimen remains linear. The crack opening can
be strongly underestimated by an elastic approach for subclad
flaws due to cladding yielding. It confirms previous results
deduced from two-dimensional finite element computations of
cladded structures under thermal or mechanical loadings.

4.5 Three-dimensional interpretation of DD2 and DSR3
tests with local approach to cleavage fracture

DSR3 test
The probability of cleavage failure in base metal is evaluated
with local approach to cleavage fracture (Beremin model) using
m, GU Beremin model parameters previously given (two sets of
parameters : m = 27, Gu = 2657 MPa and m = 24, cu = 2696
MPaX3). The evolution of the failure probability during the
DSR3 test is presented on figure 13. The failure probability is
in good agreement with the experimental specimen failure
(critical load : 695 kN). This probability is very similar as for
taking m, Gu parameters identified on 20 (m = 27, au = 2657
MPa) or 40 specimens (m = 24, GU = 2696 MPa).

DD2 test

The evolution of the failure probability during the DD2 test is
presented on figure 14. As in the case of the DSR3 analysis,
the failure probability is in good agreement with the
experimental specimen failure (critical load : 890 kN). This
probability is also very similar as for taking m, Gu parameters
identified on 20 (m = 27, ou = 2657 MPa) or 40 specimens (m
= 24, Gu = 2696 MPa).

Effective stress intensity factor Ki along the crack front
An « effective » stress intensity factor Kw along the crack front
1 in base metal can be evaluated by the following expression
derived from local approach to cleavage fracture in small scale
yielding and size effect (11)

Kw =[ 1/IR JKj 4 ( l ) .d l ] l / 4

where Kj(l) is the stress intensity factor along the crack front at
the position 1, and 1R the length of the crack.

Results obtained for the critical load by this expression are
summarized in the table 3 (6). For both experiments, the
«effective» stress intensity factor Kw derived from local
approach to cleavage fracture and size effect is in agreement with
the failure of the specimens DSR3 and DD2. Kw is indeed in
the scatter band of base metal fracture toughness determined on
CT25 CT specimens at -170 °C (40 MPa.Vm < Kk < 48
MPa.Vm).

4.6 Conclusion about 3D application of local approach to
cleavage fracture

DSR3 and DD2 experiments have been analysed by local
approach to cleavage fracture (Beremin model) using m, cu

Beremin model parameters identified at -170 °C on the same
material. The failure probabilites evaluated with this model are
in both cases in agreement with the experimental results (failure
of specimens). The local approach to cleavage fracture in small
scale yielding with size effect has also been used to evaluate an
« effective » stress intensity factor Kw along the crack front in
base metal. In both experiments, the « effective » value Kw is
in agreement with the failure of the specimen and with base
metal properties. At the fracture, Kw is either in the scatter band
of the base metal fracture toughness Kic or greater than the
maximum value of K|C.

5. VALIDATION OF FINITE ELEMENT CODES USED
IN PRESSURISED THERMAL SHOCK ANALYSES

A research cooperative programme between EDF, CEA,
Framatome and AEA Technology is in progress, focused more
precisely on the application of the local approach to fracture to
reactor pressure vessels (3). Within the framework of this
programme, numerous two-dimensional finite element
computations have been conducted by partners on specimens
and structures in order to compare and validate the fracture
mechanics post processors implemented in finite element
programmes used by the partners (4)(5).
In the frame of this collaboration, a benchmark on the
computational simulation of a cladded vessel with a 6.2 mm
deep subclad flaw submitted to a thermal transient has been
conducted by four partners including two-dimensional elastic
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and elastic-plastic finite element analyses (4). The comparison
on several parameters between the different finite elements
programmes is presented on this application. One
complementary numerical computation performed on a cladded
vessel with a 12.2 mm subclad flaw is also presented (4)(5).

5.1 Benchmark of a cladded vessel with a 6.2 mm subclad
flaw

Cladded vessel geometry
The specimen chosen in this study is a cladded vessel
submitted to a thermal transient. The base metal is an A508
C13 forging steel and the cladding is a A309L - A3O8L
stainless steel. The main dimensions are the following :

. internal radius

. external radius

. cladding thickness

. base metal thickness

. subclad flaw

Ri : 2000 mm
Re : 2207 mm
7 mm
200 mm
6.2 mm

The crack taken into account is a 6.2 mm deep
axisymmetrically subclad flaw (including a 0.2 mm tip in
cladding in order to calculate the stress intensity factor at the
crack tip in cladding).

Materials properties
The materials properties taken into account in this work are
presented in papers (4)(5). The thermal properties and the
thermal expansion coefficients are temperature dependent, the
other mechanical properties are not temperature dependent
(Young's modulus, yield strength, Poisson ratio and stress -
strain curve).
The stress - strain curve used for the A508 CI3 ferritic steel
corresponds to the end of life material properties, including the
effect of irradiation.

Loading and boundary conditions
The vessel is submitted to a thermal transient applied on the
inner surface, without pressure. This transient is described in
papers (4)(5)(thermal from 280°C to 20°C in 20 seconds) . The
heat transfer coefficient is fixed at 5000 W /m:.°C on the inner
cladded surface and is equal to zero on the other surfaces.

Mesh requirements andjlnite element model
The cladded vessel is modelled with eight noded reduced
integration elements. The refined zone at each crack tip (base
metal and cladding) is constituted of at least 8 x 8 square
elements, each of side 50 ^m. The same mesh refinement at
crack tips was used by four partners. One example of mesh is
presented in figure 15, with details of the refinement at the
crack tip (AEA mesh generated by IDEAS for code with
ABAQUS).

Finite element programmes
The thermal and mechanical analyses were conducted by
different partners with four finite element programmes (4):

. ASTER for Electricite de France

. CASTEM 2000 for CEA

. SYSTUS for Framatome

. ABAQUS for AEA Technology

5.2 Main results of the benchmark

Main results of this benchmark are gathered in paper (4):

Thermal calculation
The results of the thermal calculation are presented in figure 16.
The agreement between the results of the partners is very good.

Elastic analysis
The "stress - free" temperature is taken at the initial temperature
of the vessel (280 °C), neglecting thus residual stress. Main
result of the elastic analysis is presented in figure 17 (stress
intensity factor Ki in cladding and base metal). The agreement
is also quite good.

Elastic-plastic analysis
Small strain elastic-plastic analyses have been conducted in all
cases. As in the case of the elastic analysis, the "stress - free"
temperature is taken at the initial temperature of the vessel (280
°C). The stress intensity factor Kj is deduced from the elastic-
plastic calculation of J integral (or G energy release rate), Kj = (
E.J/ l-v :)0 5 .
Main results are presented in figures 18 (opening of the mid
point of the crack and 19 (stress intensity factor Kj during the
transient in cladding and base metal). The agreement between
respective results from EDF, CEA, Framatome and AEA is
generally very satisfactory. Some differences can be noticed in
the stress intensity factor Kj both on cladding and base metal
during the decreasing part of the transient, contrary to the
increasing part of the transient where the agreement is still
good.
A comparison between the elastic and elastic-plastic
computations is made on the stress intensity factor in cladding
and base metal (figure 20)(4). Higher values of the stress
intensity factor are obtained in the elastic-plastic analysis, due
to yielding of cladding. The elastic analysis underestimates the
crack opening and the stress intensity factor in case of shallow
subclad flaw.

Local approach to fracture
Beremin model (a* Weibull stress) and Rice-Tracey model
(R/Ro void growth rate) are applied as post-processors of the
elastic-analysis calculation of the cladded vessel (hardening and
damage are not coupled in this kind of approach).
The evolution of the Weibull stress and the probability' of
failure during the transient is presented in figure 21 (Weibull
parameters considered in this application are m = 22, au

 =

2560 MPa and Vo = (0.050 mm) X4). The agreement between
EDF, CEA and AEA computations is very good, even in the
decreasing part of the transient. The Framatome results, similar
to other results in the increasing part of the transient, are very
different in the decreasing part of the transient. It is due to the
fact that, in SYSTUS programme, the elements under
unloading are not considered for the calculation of the Weibull
stress o . (the stress is in this case fixed to zero).
The R/Ro parameter is calculated in this benchmark according
two methods, first using average stresses in 50 [im * 50 \im
square elements, second using average stresses in a 200 urn *
200 (im square element (this element is obtained using 16 50
\im * 50 u.m square elements).

The evolution of R/Ro void growth rate is shown in figure 22.
We notice an effect of the size of elements taken into account in
this application, whereby higher values of R/Ro are obtained
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with the smallest elements. The examination of results shows
that CEA results are a little different (higher values) from EDF
and Framatome results.

Conclusion on this benchmark
A benchmark with two-dimensional computations has been
conducted by EDF, CEA, Framatome and AEA Technology
on a cladded vessel under thermal loading. Several parameters
from the elastic analysis, the elastic-plastic analysis and the
local approach of cleavage and ductile fracture have been
compared. This comparison shows a rather good agreement in
almost all compared parameters. Some minor differences have
been noticed in the elastic-plastic evaluation of the stress
intensity factor Kj in cladding and base metal in the decreasing
part of the transient, and in the R/Ro void growth rate.

5.3 Complementary computation on a cladded vessel with
a 12.2 mm deep subclad flaw

Within framework of this cooperative research programme,
numerous two-dimensional computations have been performed
by different partners (4)(5). One additional analysis is shortly
presented in this part, related to a cladded vessel with a 12.2
mm deep subclad flaw.
This analysis has been conducted by EDF and CEA. The
vessel geometry (except the flaw depth. 12.2 mm instead of 6.2
mm with 0.2 mm in cladding), the material properties and
loading conditions are the same as in the previous study (see
previous section). The refinement at the crack tips is also
similar (50 (im * 50 um square elements).

Some of the EDF and CEA results are presented and compared
in figure 23 (elastic and elastic-plastic stress intensity factor in
cladding and base metal). The agreement between EDF and
CEA results is rather good. However, we always notice some
(minor) differences on the stress intensity factors (both cladding
and base metal), in the decreasing part of the transient. These
results confirm the fact that the elastic analysis is non
conservative in case of shallow subclad flaw, due to yielding of
cladding.

Figure 24 shows the evolution of Weibull stress and
probability of cleavage failure during the thermal transient.
Similar values are obtained by EDF and CEA. We can also
notice an increase of the Weibull stress, compared to the
cladded vessel with 6.2 mm deep subclad flaw.

5.4 Synthesis of numerical computations

Two-dimensional numerical finite element analyses have been
presented in this paper. The comparisons of results obtained by
different partners show generally a rather good agreement on
main parameters. Some minor differences have been noticed in
a few parameters (stress intensity factor in the decreasing part of
the transient, R/Ro void growth rate).

6. CONCLUSION

A short overview of the experimental and numerical work
conducted by Electricite de France has been exposed in this
paper related to RPV structural integrity assessment regarding

brittle fracture. Different fracture mechanics methods have been
evaluated and validated using cleavage fracture tests on large
scale cladded mock-ups containing subclad flaws.
Within the framework of a cooperative research programme
between EDF, CEA, Framatome and AEA, several numerical
benchmarks using two-dimensional computations have been
performed in order to compare and validate finite element
programmes regarding PTS analyses. Two benchmarks have
been presented related to cladded vessels submitted to a
thermal transient. Numerous parameters have been compared as
temperature field in the vessel, crack opening, opening stress at
crack tips, stress intensity factor in cladding and base metal.
Weibull stress o« and probability of failure in base metal, void
growth rate R/Rc in cladding. These comparisons show an
excellent agreement on main results. Some minor differences
are noticed on the stress intensity factor Kj in the decreasing
part of the transient and on the R/Ro void growth rate. These
results allow to validate these finite element programmes for
PTS analyses.
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Table 1 - Chemical composition of base metal (cladded specimens)

RCCM

inner
surface

1/4
thickness

0
0

0

C

.22

.14

.18

0
0

0

S

.008

.004

.004

0
0

0

P

.008

.006

.006

Mn
1
1

1

1

15
.6
31

32

Si
0.10
0.30
0.19

0.19

Ni
0.5
0.8

0.72

0.73

Cr

0.25
0.17

0.17

Mo
0.43
0.57
0.51

0.51

__V_J

0.01

0.01

0.01

Cu

0.08
0.07

0.07

Co

0

0

0

03

01

01

Al

0.04
0.015

0.016

Table 2 - Main characteristics of DSR4, DSRK DSR3 and DD2 tests (cladded specimens)

specimen

DSR4
DSR1
DSR3
DD2

failure load
(kN)

640
804
695
890

flaw
depth
(mm)

5
4
13

4.5

geometry
width
(mm)

50
44
40
48

specimen
thickness

(mm)
127.5

125
124.5
125.2

^eometrv
width
(mm)

150
145
145
145

claddina
thickness

(mm)
8
5

4.5
6

Table 3 - Three-dimensional interpretation of DSR3 and DD2 tests (cladded specimens)

specimen
and critical load

DSR3 (695 kN)
DD2 (890 kN)

variation of Kj along
the crack front

(MPa.\m)
20 <K, <54
20 <K, <51

maximum value of Kj
along the crack front

(MPa.Vm)
54
51

Kw,
(MPa.Vm)

49
45
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Figu re 1 - Schematic of the test frame used in four-point bending fracture experiments
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Figure 2 - Fracture toughness of base metal (CTJ25 specimens)
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Figure 3 - Cross-section of specimens after fracture
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Figure 4 - Interpretation of cladded mock-ups tests with elastic and elastic-plastic analyses
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Figure 5 - Comparison between elastic and elastic-plastic analyses (cladded specimens)
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Figure 6 - Crack opening in base metal for DSR4 and DD2 specimens. Comparison between elastic and
elastic-plastic calculations
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Figure 7 - Mesh of DSR3 specimen

Figure 8 - Mesh of DD2 specimen
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Figure 9 - Evolution of the stress intensity factor Kj along the crack front in base metal (DSR3)
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Figure 10 - Stress intensity factor Kj versus load at the deepest point in base metal (DSR3)
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Figure 11 - Evolution of the stress intensity factor Kj along the crack front in base metal. Comparison
between elastic and elastic-plastic analyses (DD2)
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Figure 13 - Probability of failure versus load (DSR3)
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Figure 15 : Finite element model of the vessel (6.2 mm deep subclad flaw)
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Figurejj : Thermal calculation of the cladded vessel (6.2 mm deep subclad flaw)
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Figure 17 : Stress intensity factor Ki in cladding and base metal during the transient (elastic analysis, 6.2
mm deep subclad flaw)
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Figure 18 : Opening of the mid point of the crack (elastic and elastic-plastic analyses, 6.2 mm deep
subclad flaw)
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Figure 19 : Evolution of the stress intensity factor Kj during the transient (6.2 mm deep subclad flaw)
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Figure 20 : Evolution of the stress intensity factor during the transient. Comparison between elastic and
elastic-plastic analyses (6.2 mm deep subclad flaw)
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Figure 21 : Evolution of Weibull stress and probability of failure during transient (6.2 mm deep
subclad flaw)
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Figure 22 : Evolution of R/Ro void growth rate during the transient (6.2 mm deep subclad flaw)
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Figure 23 : Evolution of the stress intensity factor during the transient. Comparison between elastic and
elastic-plastic analyses (12.2 mm deep subclad flaw)
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Figure 24 : Evolution of Weibull stress and probability of failure during transient (12.2 mm deep
subclad flaw)
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