Fracture ToughnessPrediction for a L ow-alloy Sted
in the DBBT range

P. Haugld*?, C. Berdin®, P. Bompard?, C. Prioul®, A. Parr ot®

! Ecole Centrale Paris, Laboratoire MSSMat, Grande Voie des Vignes,
92 295Chétenay-Malabry, France

2 CTU Prague, Faaulty of Nucl. Sci. & Phys. Engng, Dept. of Materials,
Trojanova 13, 120 OCPraha 2, Czech Repuldic

% EdF, DER/EMA Renardiéres, 77 818Moret sur Loing, France

ABSTRACT: The aim of this paper is the determination d the fracture toughressfrom
the Charpy impact test results in the ductile to brittle transition temperature range \via the
local approach to fracture.

Fractographic andyses siowed that cleavage aack initiationis preceded by ductile aack
growth. Furthermore, thereis an ewlution o cleavage fracture micromechansms when the
testing temperature increases. at low temperature, cleavage is triggered by second phae
particle dacking, whereas at higher temperature anaher micromecharnism induced by
plastic deformation takes place

Ductile fracture is modeled by the “ Gurson Tvergaard Needleman” model, and lrittle
fracture is accourted for with Weibull type model. Finite dement method was used to
provide the local mechanical field nealed for the local approach. Weibull parameters were
found to vary with increasing temperature, which is consistent with fractographic
observation. Howeve, taking into acoourt the ewlution d cleavage micromedchansmsin a
phenomenological way, i.e. ewlution o Weibull parameters with temperature is not
sufficient to predict the fracture toughressfrom the Charpy impact tests. The influence of
strain rate on the fracture aiterionis discussed.

INTRODUCTION

Materid's ductile-to-brittle transition temperature (DBTT) can be ealy
charaderised using the Charpy impad test. However, Charpy impad energy
canna be immediately used for safety assesament, since fradure toughness
is required. Some empirica formulas have been developed, bu they have a
limited validity domain, and haveto be established for different materias.
Another way is to use the locd approadh, which aims to predict the
fradure of any structural comporent using locd criteria, providing that the
medhanicd fields in the structure ae known. Ductile damage modd, i.e.
Gurson Tvergaad Needleman model [1,2] or Roussdier's model [3] can be



applied in order to acourt for the ductile aadk growth preceading cleavage
in the DBTT range [4]. Cleavage fradure induced scdter in fradure energy
can be modelled by Beremin model [5], which is based onWeibull statistics
[6]. Previous works [7,8] using this approach showed that Beremin model
failsto predict fradure energy in the ductile to bxittl e temperature transition
range & it can be seen in figure 1. Therefore, considering only the
temperature deaease of the yield stress is not sufficient to predict the
increase of the mean value and the standard deviation d fradure toughness
in the transition damain, even if the ductile fradure precaling cleavage is
taken into acourt. In particular Ros2ll et a. [7,9] pointed ou that the
hypothesis of temperature independence of Weibull parameters is probably
the most questionable asaumption d Beremin model. These aithors
proposed to rebuilt the fradure aiterion onthe ad¢ua micro-medanisms of
brittl e fracture.
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Figure 1. Fradure toughness prediction wsing the Weibull
parameters identified from Charpy impad tests at low

temperature (-90°C) compared to experimental fradure
toughnessvalues.

In this paper, an extensive fradographic analysisis performed in order to
determine the defeds indwing cleavage fradure. Fradure surfaces of
Charpy V-notch (CVN) and compad tensile (CT) spedmens loaded at
different temperatures in the DBTT range ae observed. Consequently, the
probability of cleavage fradure in the DBTT range is modelled by Weibull



statistics based onfradographic results. For that purpose, locd medanicd
fields are computed by finite dement method. The ductile aadk propagation
in Charpy and CT spedmens is modelled using the Gurson-Tvergaad-
Nealleman (GTN) model. Weibull parameters are identified on Charpy
impad tests and wed for fradure toughness prediction. Findly, the
numerica results are mmpared to experimental values.

EXPERIMENTAL DETAILS

Materia chaosen for this gudy is French 1GBMMIND5 presaure vessl sted
considered as equivalent to the American standard A508Cl.3. The chemicd
composition is given in Table 1. Materiad had undergone a thermal
tredment consisting of 2 austenitisations at 880°C followed by water-
guenching, recovery anneding at 640°C and final stressrelief treament at
61C°C.

The standard CT 25 and CVN spedmens were taken from a nozzle aut-
out of a presaure vessl (at ¥ thicknessfrom the inner wall). The spedmens
were sampled in the T-S (long transverse-short transverse) orientation.

The tests were caried ou at various temperatures ranging from -196 °C
to room temperature. Threetemperatures (-90 °C, -60 °C and -30 °C) were
more detailed studied. Abou thirty CVN spedmens were tested at eat
temperature for the statisticd treament of the deavage fradure probability.
The upper shelf impad energy readties 160 J. The ductile-to-brittle
transition temperature (defined as the temperature for which the mean
fradure energy is haf the sum of upper shelf energy and lower shelf energy)
is—20°C.

TABLE 1: Chemicd composition of A508Cl.3 sted (wt.%)

C S P Mn Si Ni Cr Mo Cu Al
0.159 0.008 0.005 1.37 024 070 017 0.50 0.06 0.023

FRACTOGRAPHY OF CLEAVAGE FRACTURE

Thirty among fradured CT and CVN spedamens, in which the final falure
was brittle (by clearage), were caefully examined with scanning eledron
microscope.



Figure 2: Clearage initiation at low temperature (-90 ) — (a). Cleavage
was triggered by cradked MnSinclusion (b).

Transgranular cleavage facds display more or less pronourced river
pattern. Tradng bad the river pattern, the most probable deavage initiation
sites could be found (Figs. 2 and 3. It shoud be emphasized that this
fradographic analysis is considerably difficult. In most cases an area of
several facas must be considered as a deavage initiation site due to the ladk
of fractographic feaures.

At low temperatures, small broken inclusions (mainly composed of MnS)
can be foundin the centre of the initiating cleavage facds (Fig. 2a). These
broken inclusions (Fig. 2b) creae microcraks and the aiticd event in this
case, isthe growth of clearage aadk into the surroundng matrix.

At higher temperatures (nea DBTT), the inclusions are rather deboncded
than cradked and even if they are dadked they participate in dictile fracture
by cavity growth. Clearage aad initiation is consequently precealed by

Figure 3: Clearage initiation at higher temperature (20 ) — (a). Signs of
significant plastic deformation oncleavage facds (b).



ductile crack growth. The ductile area situated next to the notch root is
nearly correlated with the values of CVN impact energy even for the low
vaues (<20J) [10]. The cleavage is then initiated by some plastic
deformation induced mechanism (Fig. 3a) since no other remarkable
fractographic features than signs of the significant plastic deformation can
be found on initiating facets (Fig. 3b).

DUCTILE FRACTURE MODELLING

For ductile crack growth modelling, a user-material subroutine
incorporating the modified GTN model of porous metal plasticity was
introduced into the ABAQUSL] software package. The initial void volume
fraction was taken as the volume fraction of MnS inclusions given by
Franklin formula [4]. The parameters of the critica void volume fraction
inducing void coalescence, f., and the acceleration of the void volume
fraction, 6, were chasen in ader to fulfil the load drop in the load vs.
reduction d diameter diagram of notched tensile spedmens NT2 and NT4
tested a 0°C (fc=0.04 and 6=4). The temperature dange caised by
adiabatic heaing during Charpy impad tests was taken into acourt. Other
detail s on the medhanica behaviour can be foundin Refs. [4,9,1(Q.

Linea elements with seledive integration were employed in the finite
element analysis. The mesh size & the aadk tip and/or notch root was
(100x 100) um? in sedion. The mmputations were performed in the
framework of finite strains, with an updited-Lagrangian formulation. The
ductile dadk growth duing fradure toughness and Charpy tests was
modelled in a 3D quasi-static formulation.

PREDICTION OF CLEAVAGE FRACTURE PROBABILITY

The stressstrain fields aheal of the aad tip of the CT speamens and/or the
notch root of the CVN spedmens computed duing the ductile aadk
propagation serve to the prediction d fradure probability, P;, using the
Beremin model based on two-parameter Weibull’ s distribution:

P =1-exp 5— ., (%)mfi'/—\!% )

where mand oV, are the Weibull parameters, V,=(100 um)3, Vi isthe



plastic volume, and g; is the pasitive maximum principal stress

The Weibul’s parameters identified on CVN spedmen are used for
prediction d fradure probability as a function d fradure toughness
computed by finite dement method.

As has been said in introduction, wsing the Weibul’'s parameters
identified onCVN speamen at low temperature leads to underestimation o
the fradure toughnessat temperatures nea DBTT. Hencethe first attempt is
to develop the g, parameter as an increasing function d temperature, m
being kept constant. The plasticity-based mechanisms induwcing cleavage ae
probably associated with some thermally adivated process ® that it can
justify an evolution d cleavage stress (and ag,) with temperature. Thus the
increase of the mean value of fradure toughness can be predicted. On the
other hand, this approach fails to predict the increase of the standard
deviation in the transition range. In fad, this approach suppases only an
increase of the aiticd cleavage stress with temperature, bu the fradure
medanism, i.e. the defed popdation remains unchanged, which is in
contradiction with fradographic observations presented in the previous
sedion.

For that purpose, the Weibull’s parameters were identified at different
temperatures (on CVN spedmens) in order to acourt for the temperature
evolution d cleavage fradure mechanism. So that identified Weibull’'s
parameters are reviewed in Fig. 4. The temperature evolution d these
parameters is chasen as an exporential function d temperature.
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Figure 4: Weibull’s parameters g, and midentified onCVN spedmens, and
their temperature dependencelaws used for fradure toughnessprediction.



Applying this approad, the increasing scater of fradure toughness can
be more or less stisfadorily modelled up to temperatures nea the DBTT
(Fig. 5). However, there ae still some problems. The extrapoated Weibull’s
parameters dill yield to inadequate predictions of fradure toughnessat the
DBTT. This could be eplained in dfferent ways. The eporentid
extrapalation can lead to low values of scater parameter m, even thouwgh the
red value becomes cetainly nealy constant in the aherma domain,
similarly astheyield stress

Furthermore, the influence of strain rate on cleavage fradure
medhanisms is not taken into acourt in this approad, even thowh the
influence of strain rate on mohility of dislocaions at low temperatures is
well known. In aher words, at the same temperature, the fradure
medhanisms are suppcsed to be the same in dynamicdly loaded CVN
spedmens as well as in quesi-staticdly loaded CT spedmens. This could
explain the overestimation d the 90% confidence boundat -60°C and -
30°C (seeFig. 5). However, the number of fradure toughnesstests is small
for agoodstatistica evaluation.

Finally, the dearage fradure medhanisms, which are goparently diff erent
for low and hgh values of fradure toughness i.e. a lower and hgher
temperatures, can coexist in the transition damain. In this case, a multi-
modal fradure model shoud be used.
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Figure 5: Fradure toughness prediction using temperature dependent
Weibull parametersidentified onCVN speamens.



CONCLUSION

There is an evolution d cleavage fradure micromechanisms in A508
presaure vessl sted when the testing temperature increases. At low
temperatures, clearage aad initiates from seand plase particles, whereas
at higher temperatures (nea DBTT), the size of craded particles is not
sufficient to provoke deavage and another micromechanism induced by
plastic deformation takes place

Using the locd approad, the Welbull parameters were found to vary
with temperature. Varying the Weibull parameters with temperature, this
approadh can acount for the increasing scater of fradure toughnessin the
restricted damain. However, the fradure toughness canna be rredly
predicted with these extrapolated parameters.
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