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Abstract : In order to model the fracture behaviour of pressure vessel steels in the transition regime, a new model
has been developped in 1991 at EDF R&D Division in the framework of local approach to fracture. This approach
couples the damage mechanics model developped by Rousselier which is accounting for ductile propagation of a
crack, and the Beremin's model based on Weibull's statistics which stands for cleavage. It is possible to predict, by
this coupled approach, safe lower bound transition curves for a temperature range up to RTNDT+50°C. It has been
shown that the predictions of the model agree well with the experimental data, both in terms of fracture toughness at
cleavage instability and the amount of pre-cleavage tearing. Those predicted curves have also been compared to the
ASME design curve, and substantial safety margins have been exhibited.

1. INTRODUCTION

Modelling the fracture behaviour of pressure vessel steels is of major importance for related structural
integrity assessments. It is essential to understand how fracture micromechanisms control the transition
between ductile tearing and cleavage for preventing unstable fracture. Moreover, it is known that the
transition temperature ferritic steels is dependent on geometry effects. Cleavage fracture toughness is
affected by size effects, and ductile tearing resistance is influenced by local stress triaxiality. Then, it is
necessary to investigate how local stress state, local strains et ductile tearing may affect the so-called
critical cleavage fracture stress, which has been commonly considered as an intrinsic property of the
material, independent on temperature.

Firstly, the effect of prior stable crack growth on cleavage fracture onset has to be clarified. Prior crack tip
blunting or ductile tearing may result in modifying the material resistance to brittle fracture because of
prestrain effects. Secondly, the consequences of specimen size effects on both cleavage and ductile tearing
must be taken into account : the relative part of ductile crack growth and brittle fracture that can be
observed on fracture surfaces depends on thickness of specimens and related volume of the plastic zone,
as shown by the statistical model developped by Beremin [1]. More recently, other works [2] also
introduced the size effect through the relation : K, B = constant. Lastly, the validity limits of toughness
testing procedures should be accurately defined to include properly the combined effects of ductile crack
growth, plasticity development, and possibility to get brittle fracture even after stable crack growth of few
millimeters. Some proposals have been made over the last ten years [3][4].

Numerous works have tried to clarify those points by performing tests on A533B or AS508 steels,

involving toughness tests on different types of specimens from 0.5 T to 10 T CT or SENB, including
fractographic observations, ductile crack growth measurement, identification of cleavage initiation sites

197


User
Rettangolo


[UR Eripret et al.

and the role played by inclusions (MnS for instance), finite element analyses and statistics. Among thosc
attempts, local approach to fracture has been used in order to investigate more precisely the size effects
and the scatter of toughness tests results that could be obtained on CT specimens or large-scale pressure
vessels. However, it turned out that this approach, i.e. the so-called Weibull statistical model, proved to be
able to predict the fracture behaviour of RPV steels in the lower part of the transition regime, but failed in
the middle and upper part when an important amount of stable crack growth occurs prior that cleavage
takes place.

In order to improve the predictions of those models in the middle part of the transition regime, a new
model has been developped in 1991 at EDF R&D Division in the framework of local approach to fracture
[5]. This approach couples the damage mechanics model developped by Rousselier which is accounting
for ductile propagation of a crack, and the Beremin’s model based on Weibull’s statistics which stands for
cleavage.

2. DEVELOPMENT OF THE MODEL

Local approach to fracture methodology involves failure criteria that are established on the basis of
microscopical observations of damage and fracture mechanisms. These criteria are calculated from
stresses and strains fields that are computed in the vicinity of cracks or geometrical singularities through
finite element analyses. Criteria are determined from microscopical observations of damage and fracture
mechanisms (SEM observations on fracture surfaces, on cuts of specimens after interrupted tests, or even
on small and thin specimens directly tested in the SEM), compared with the microscopical and
macroscopical mechanical fields.

Following those guidelines, the fractographies carried out on CT specimen fracture surfaces have shown,
in the transition region, that :

- when cleavage occurs, it leads to unstable and total failure of the specimen. Therefore, we do not
consider in this work any pop-in or crack arrest event,

- ductile fracture may occur before cleavage, but not after. No significant zone of ductile tearing
exhibiting dimples for instance was observed on the specimens fracture surfaces ‘after that unstable
cleavage failure had occured. g

The solution that has been adopted consists in coupling two existing models accounting respectively for
ductile tearing and cleavage fracture. The first model is the damage model developed by Rousselier [6],
which predicts ductile tearing initiation but also simulates crack propagation. The second model, which is

accounting for cleavage fracture, is the statistical model developed by Beremin [1]. This model provides
the Jower and upper bounds of the experimental scatter which is associated with cleavage toughness tests.

2.1 Presentation of Rousselier damage model

Many previous works have shown that predictions of the Rousselier damage model for ductile tearing of
pressure vessel steels at high temperatures (higher than RTNDT + 100°C) are very accurate [7][8][9] and
are relevant for investigating R-curves dependence on specimens geometry or higher toughness properties
of large-scaled structures compared to usual laboratory specimens (1T CT for instance). Transferability
problems have been solved by using damage models such as Rousselier or Gurson’s model, and toughness
properties estimations of pressure vessels have even been derived from damage model analysis from
simple tensile tests [10].

———
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The damage model developed by Rousselier [6], which predicts ductile tearing.initiati-or.l but al;o
simulates crack propagation by taking into account the softening clffccfts of g;lowmg c;ym;sstzgd;r :,1
i i ial. This model refers to the generalise:
d mechanical resistance of the damaged materi el ref . :
r»;lxzetl::(:i:fconstitutive relations, and enables to simulate crack propagat\llon ;\r;[ a finite e:im:,m c:;(li:t i»;/rlltshzlrlé
i i i h as node release. The classical Von Mises constitutive rel
MeEay e Rl tes with the material hardening of the
i i d softening term due to damage, that compf, g
muc:i‘st:l:gaiﬁ cl:?xf'\l/‘:: elexxis effect i§ described on figure 1 where the differences f’f behavnomj law between tl;z
Zlastic—plastic maierial and the damaged material are shown. More details about this model can

obtained in [6].
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Figure 1 : Stress-strain curve accounting for damage

The model used in this paper refers to the generalised standard material constimtiyzl n:]atkiﬁins [1513‘; }?na:
i i tion whithout using any numerical technique

enables to model material tearing and crack propagat 'y num : e
i i h is to assess the crack initiation and gro y g
node release. The main advantage of this approac! 1 > M

iteri i i d strain fields (local values), which control the m
criteria derived from the near crack tip stress an lo i ! o

i i tition of material hardening and softening.

. The evolution of the damage is govemed.by the competi ! ! .
('j[;at:?;ngfects are included in the constitutive relations by modifying the expression of the plastic potential

as follows :
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when the first element fails, the

Then, combining numerical results and J-contour i
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The constitutive relations are derived from F, and from the yield criterion F=0, through the help of the
normality rule. In this expression, D and G are constants,

variable. Material hardening is assumed to be isotro
represents the true stress - true strain curve of the materi

p is the hardening variable, and B the damage

pic, as well as damage. The second term R(p)
al, and function B(B) is equal to :

o,f,expf

B =
i 1-f,+f,expB

where fg is also a scalar that defines the initial volume fraction of cavities. Mat,
cavities growth is taken into account through the third term Fiamage:
part I:hardening-

erial softening caused by
which competes with the bardening

As loading is increasing, the plastification effects make the cavities growing,
When the damage becomes important, softening of the material takes place an
going down (figure 1). The material resistance becomes lower and lower, until

and damaging the material.
d the stress strain relation is
the failure occurs.
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Figure 2 : a) Stable crack growth modelling (damaged zone in grey), and b) evolution of opening stress at
the crack tip (the symbols correspond to the location in a))

, the second one occurs
third maximum defines the failure of the second element, an so on... [6].

ntegral calculation provides a numerical J-R curve

characteristic of the structure behaviour regarding to ductile tearing.

i
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i iour :
Using Rousselier's model, one needs to identify the three parameters that control the fracture behaviou

- the cavities initial volume fraction fg,

- the metallic matrix stiffness Gy,
- and the characteristic length Ic of the finite elements.

Usually, fg is estimated from the chemical composition of the material [6]. In fact, manganese sulfides
» 10

i i iti wth and we can directly relate the initial volume
inclusions play an essential role in the cavities gro o :
lfi'l:cltliscir?rz)f gav)ilties f,, with the percentage of Mn and S elements through the Franklin's formula

fq="f, =0.054 (S % - 0.001/ Mn %)

The second parameter G| may be estimated from the flow stress value but this gives a poor evaluation of
e

i i i it are
it. In practice, mechanical testing is necessary to calibrate Oy [7]. The basm'specllmcns used fzr 1d o
az'(isymmetric notched tension specimens, for which the calibration procedure is being to be standardi
[12].

in thi i rial
However, we couldn't follow the same procedure in this study, because we got nt?lther ffoupon§ of maéter i
in which’ machining the notched specimens, nor experimental resu.lts (provided from axisymm
notched specimen tension tests) to be compared to numerical computations.

i i i from Compact Tension specimens, and the
i was made with help of results provided ) :
Ilhol:él‘za;:::rt:xzzzrs were determined so that calculated J-R curve (determined from CT specimen test
simulation) fit the experimental one.

2.2 Presentation of Beremin statistical model

The BEREMIN model assumes that plasticity is necessary to get cleavage fracture. Wh:lh(;:, an)(; ,ﬂfjgﬁ
deformation at a microscopical scale, no cleavage microcracks can ap[ézar t1)rt1 chd mi;e;e(;ver s thc1 i
i t can obtained. .
i 1 r bound threshold below which no fracture even '
ep:/:,tﬁfessath:‘z:ack tip region loading through the computation of an effective cleavage stress, called the

L e
Weibull stress G,. Its expressio

- m
Cwm = Icl dVe,,

i i d o, is the maximum prinicpal stress in the
is the volume of the plastified material zone, and o i [ :
:/vcgil:le\;qzc;;em dV,,. This Weibull stress is computed by integration over the plastic zone, and is related
to the structural failure probability by the expression :

2
Pr=1-exp[-(0./0G, "] @

here o, has the same unit than a stress (MPa), and can be roughly considered as an intrinsic r;:]mstanc.e o:
3'1 erea\te“rial to cleavage fracture. The last parameter m is the Weibull shape parameter tha.t a;: araf,—t,er;z;
R i i i ize effects on material or struc
i i directly volume or size effec
resistance scatter. This model includes t ize effects on
lhe‘ nlla[zre]?o cleavage, through the calculation of the Weibull stress, wmch is indicating tpc k;,\;gl of crlz:cl(;
S; llso:i)ing The crack’ tip stress and strain fields are evaluated via a finite element analysis of the cracke:
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tudy, and @, as well as Pr are then calculated by a post-processing routine. Therefore, the ab
that gives o, is approximated by : ’

_[— " -Il/m
0'_@0‘” (V,-/VO)J , ®)

ove integral

Vhe.re o ;ls the valu.e of the maximum principal stress in the j th element plastified, and Vi is its volume
o 18 a characteristic cell volume, characteristic of the material itself, and represents a, characteristic.

volume of material that contains enou, i isti
gh microcracks to be statist i i i
volume can be related with the grain size. D

;I'r:e;l, using ‘lhe two mode!s ina couplerd approach is rather simple due to the different kind of numerical
; plementation tt'xcy require. The Weibull’s model is a post-processor that can be used after a finit
el ::hment computt_atlon with the damage model. So, a two-step finite element gives : i

- the amount of stable crack growth expectable during the toughne ' i
. . . t i
crack propagation is derived from the damage model cgmputatifn I o

- the corresponding probability of cleavage occurrence is calculated by the post

the previous computation. a0

All the results drawn f; thi
& rom this coupled approach can be gathered on the same figure, as shown on figure
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Figure 3 : Cleavage Failure Probability and ductile crack growth evolutions versus J
(Predictions of the model)
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3. EXPERIMENTAL VALIDATION OF THE MODEL

The experimental validation of the model has been achieved by analysing toughness tests performed by
AEA Technology for a pressure vessel steel (A 533 Grade B) in the transition regime. This important
database (about 250 SENB tests covering temperatures from -120°C up to room temperature, and
including 10 to 230 mm thick specimens) has evidenced the specimen thickness effects on toughness
properties of the material, as well as influence of prior ductile crack growth on the onset of cleavage

fracture.

The predictions of the size effect that are provided by the model are illustrated on figure 4. It can be
noticed that the global shape of the predicted transition curves K,=f(T) is in good agreement with the
design curve retained in both ASME and RCCM code. The size effect predicted by the model shows that
the calculated transition curves, for every specimen thickness, produces higher toughness properties than
those drawn from the design curve. Although the design curve proved to be conservative, it is shown that
the safety margins are decreasing when the specimen thickness is increasing.
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Figure 4 : Comparison of predicted transition curves with the ASME (RCC-M) design curve

The comparison between the predicted transition curve and the experimental results is presented on figure
5, for 25 mm thick SENB tests. It can be seen that the predicted lower bound is in good agreement with
the toughness test results. Moreover, the benefit of coupling the damage model and the statistical cleavage
model is directly evidenced on figure 5. The predictions of the coupled model are closer to the
experimental results than those predicted by the Weibull statistical model alone. The damage effect on
mechanical properties of the material and the simulated stable crack growth improve the material

resistance to cleavage.
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Figure 5 : Comparison of experimental results with predictions of the model

4. CONCLUSION

It has been s_hown that the predictions of the coupled
lower and middle transition temperature regime, both in terms of fracture toughness
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