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Abstract

Models classically used to describe the probability of brittle fracture in nuclear
power plants are written on the macroscopic scale. Its is not easy to surely captur e
the physical phenomena in such a type of approach, so that the application of th e
models far from their identification domain (temperature history, loading path )
may become questionable . To improve the quality of the prediction of resistanc e
and life time, microstructural information, describing the heterogeneous characte r
of the material and its deformation mechanisms has to be taken into consideration.
This paper is devoted to 16MND5 bainitic steel . Bainitic packets grow in former
austenitic grains, and are not randomly oriented . Knowing the macroscopic stress i s
thus not sufficient to describe the stress–strain state in ferrite . An accurate model
must take into account the actual microstructure, in order to provide realistic loca l
stress and strain fields, to be used as inputs of a new class of cleavage model s
based on the local behavior . The paper shows the approach used to generate a
synthetic microstructure and demonstrates that the resulting morphologies presen t
a quantitative agreement with the experimental images .
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1 Introduction

A lot of studies have been made on 16MND5 (A508), the steel used for nuclear
reactor pressure vessels . This is a domain where the so called local approach has
been successfully applied to predict brittle and ductile failure, and the tran-

sition between different damage mechanisms. The first attempts were mad e
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twenty years ago [Mudry (1987)], and more recent studies are dealing wit h
complex loading paths [Tanguy et al . (2005a,b, 2006)] . Even if this approach
yields good results, it remains based on a phenomenological modeling of th e
various phenomena . It may be useful to introduce more physical aspects t o
perform the large time extrapolations needed to extend the life of the powe r
plants (dealing with deformation and fracture mechanisms) . This is why a
new class of models, based on the local behaviour at a microscale, has been
recently proposed [Mathieu et al . (2006)] . This new approach wants to write
the initiation criteria on a microscale, and is still under development . The
present study is a contribution to this new modeling type . It shows numerical
tools able to describe the actual microstructure and to perform finite element
computations using crystal plasticity to predict local stress and strain fields .
The paper consists then of the following sections :

• analysis of a reference bainitic microstructure (16MND5) .
• generation of microstructures of a "bainitic" type; this is obtained in two

stages, the first one allows us to obtain an austenitic microstructure b y
construction of Voronoi polyhedra, the second one consists in cutting th e
austenitic grains into a certain number of ferritic variants ;

• assignment of the crystal orientation on the various grains, trying to re-
spect the macroscopic texture and the local crystallographic relations . This
includes a quantitative analysis of the obtained results from both a geomet-
rical and a crystallographic point of view and their comparison with result s
of experimental observations ;

2 Analysis of a 16MND5 reference microstructur e

Figure 1 shows the Inverse Pole Figure of a typical microstructure of a
16MND5 bainitic steel . This figure was obtained by electron backscatter
diffraction (EBSD) at CEA . The former austenitic grain size is about 30-
40µm. Groups of ferritic laths, also called sheaves [Bhadeshia (2001)] (con-
toured by red lines), as well as fine cementite and retained austenite phase s
can be observed, so that the microstructure looks very complex . The plots
shown in Fig .2 provide a first analysis of the size and shape of bainitic packets .
As seen in Fig .2 (a), the investigated microstructure contains a large numbe r
of small grains with a size of about 10 µm 2 . Two peaks near to 0 and 1 in
Fig.2 (b) show that the microstructure includes a large number of elongated
as well as circular grains . The filtering procedure tells that these types of grain
have a very small size (a few pixels) : they are probably the result of indexing
errors made in EBSD measurements . They will not be considered in the res t
of the paper, since a filter is applied to suppress grains whose size is smaller
than 10 pixels .
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Fig . 1 . Inverse Pole Figure of a 16N1ND5 microstructur e
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Fig . 2 . Bainite packet size and shape analysis : (a) - area (square micrometers) : (b)
- aspect ratio

3 Numerical generation of synthetic bainitic microstructure s

3.1 Mesh generation of the former austenite grains

Bainite is the result of a phase transformation starting from an austeniti c
microstructure. This parent microstructure is modeled by an aggregate gen-
erated by means of aVoronoi polyhedral decomposition as shown in Fig .3 .
An assumption has been made that, due to the heat treatment applied to th e
material, there is neither crystal nor morphological texture in the austeniti c
phase Tanguy (2001) . The crystallographic orientations of austenite grain s
are then given by a random distribution. The mesh generation introduces
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Fig . 3 . Aggregate representing a former austenitic phase by 120 Voronoi cells an d
free mesh . Each color corresponds to one crystallographic orientatio n

tetrahedra which are made in two successive operations, skin constructio n
and meshing [Laug and Borouchaki (2003)] . then generation of the solid ele-
ments [George (1997)] . so that the grain boundaries are respected .

3.2 Generation of the bainitic packet s

In this study only bainitic packets are considered for modeling . hence sec-
ondary phases such as cementite and residual austenite are not taken int o
account . The process of definition of bainitic packets is still controversial . So-
phisticated methods of analysis such as EBSD provide the opportunity of a
better understanding of the morphology and crystallography of the microstruc-
ture . Using these observations . several cutting processes have been defined t o
generate the bainitic packets . Five cutting methods are presented here . They
are illustrated in Fig .4—8. As shown in Fig .4 . a type I consists in the definition
of a given number of packets as parallel slices of the parent grain which ar e
cut in the given direction . In type II. a volume decomposition (Fig .5) allow s
various subdomains to be considered . Type III (Fig.6) is a combination of th e
first and second types of cutting which change from one grain to the other in
a random manner . Analysis of the interrupted tests lets suggests that bainiti c
packets frequently originate from the parent grain boundaries . This idea i s
used in the type IV (Fig .7) . where the grains are decomposed into subgrain s
using a Voronoi tessellation with the subgrains nuclei situated in the middl e
of the grain boundary. As the size of the cleavage facets is close to the paren t
austenite grain size . it can be suggested that at least one packet per austenit e
grain was able to freely cross from one grain boundary to the other side of the
grain. This is taken into account by type V of cutting (Fig .8) . After selection
of one particular variant which will expand freely and go through the grai n
other variants can start to grow from the nuclei situated in the middle of th e
grain boundary with the equal rates and consequently will fill the retaine d
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volume of grain dividing it on subgrains following Voronoi tessellation. For all
cases . the procedure is introduced as a mesh update in the framework of th e
ZSeT/ZeBuLoN code . Starting from an aggregate formed of a series of grains ,
a new aggregate is obtained . The following parameters can be controlled :

• number of subgrains (types I,11 and III) ,
• direction of cutting .
• type of cutting (I to V) ,
• crystal orientations of former austenitic grains .
• orientation relationships between parent austenite and ferrite (Kurdjumov -

Sachs(KS) or Nishivarna-\Vassermann(N'\V)) .

(a)

	

(b)

	

(a)

	

(b)

Fig. 4. Type I of cutting . direction of cut- Fig. 5 . Type II of cutting . direction of
ting is (a) non-rotated . (b) rotated with cutting is (a) non-rotated . (b) rotated
respect to the global axes

	

with respect to the global axes

Fig . 6. Type III Fig . 7. Type IV Fig. 8. Type V

3.3 Bainite packet crystallography

The KS or NW (Fig. 9) orientation relationships is generally applied to cal-
culate the relative orientations between the packets and a former austenit e
in the case of bainitic 16MND5 steel . In the present study. relations of NW
type have been used for this purpose . The orientation for each packet in th e
parent grain is randomly selected among 12 possible variants, which gives a n
equiprobable possibility of presence for each variant .
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Fig. 9 . Relations FCC (austenite) - BCC (bainite) (plane (200)) : (a) -
Nishivama-Wassermann : (b) - Kurdjumov-Sach s

3.4 Methodology of the analysis

The current version of the mesher works with aggregates where grains ar e
described by a group of integration points . In order to avoid generation of
microstructures composed of laths or without laths at all, types I and II hav e
not been used in their pure definition . The mixture of these two types of
cutting was taken as a first example (type III) . The types IV and V will b e
also tested . Examples of application of these procedures to the whole austeniti c
microstructure as well as their detailed analysis are presented in the nex t
section . The analysis is performed according to the following steps :

• For all methods of cutting . the same parent microstructure is used
(Fig.10 (a) . This microstructure is made of 400 grains . A regular mesh o f
100 x 100 x 100 elements is used to have a good precision of the results an d
significant picture resolution .

• After applying the cutting procedure (Fig .10 (b)) . 9 cross-sections are de-
fined within the obtained microstructure .

• Knowing the positions of integration points in the regular mesh as well
as the crystallographic orientations assigned to each integration point . i t
becomes possible to generate the "EBSD like" synthetic maps (Fig .10 (e) )
where the integration point plays role of pixels . The information for thes e
cards is saved in the " .ang format which allows to treat them using "OIM
Analysis tools. It must also be noted that these "EBSD" cards can b e
generated only for regular meshes since it is simple in such a case to defin e
the cross-sections .

• For each cross-section the same characteristics are plotted .
• Curves of average value of each characteristic are compared with experi-

mental data .
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(a)

	

(b)

	

(c )

Fig . 10 . Type IV of cutting: (a) parent microstructure (400 grains) ; (b) resulting
microstructure (4700 bainitic packets) : (c) "synthetic EBSD" cards . The color keys
are the same as in Fig. 1 :

4 Modeling of synthetic bainitic microstructures

4.1 Morphology

A careful observation of the generated microstructures (Fig .11) shows that
type 5 gives a better result than the other types . The quantitative analysis
of the average values of the grain area and of the aspect ratio of the bainiti c
packets for different type of microstructures has been made . The result, shown
in Fig .12 (a) and (b) . demonstrates that the agreement is rather good .

(a)

	

(b)

	

(c )

Fig . 11 . Inverse Pole Figure of the microstructures generated using different type s
of cutting (a) type III : (b) type IV; (c) type V. The color keys are the same as in
Fig . 1 :

4 .2 Crystallography

The resulting misorientation between two adjacent domains is shown in Fig .13.
It is compared with the real one . coming from the EBSD analysis of the imag e
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Fig . 12 . Comparison between real 16MND5 and synthetic microstructures: (a) grain
area distribution : (b) grain aspect ratio distribution .

of Fig.l . In the next version of the code, a more sophisticated selection of auto -
accommodating variants [Lambert-Perlade et al . (2004)] will be implemente d
to obtain a more realistic curve of the misorientation angle .

16MND5 microstructure -
synthetic microstruct{i(e ----'-'
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Fig . 13 . Comparison between real 16MND5 and synthetic microstructures : misori -
entation angle

In Fig .13 (dot-dashed line), it can be seen that the distribution of relative mis-
orientation in couples of neighboring grains presents a typical slope with a lot
of grains having the maximum misorientation related to cubic microstructur e
(about 60°) . The angles in the range 0 — 15° correspond to the misorientatio n
between the laths of ferrite within the bainitic packet whereas the angles from
40° to 62° correspond to the misorientation between the bainitic packets i n
the different grains . Peaks on the curve corresponding to the synthetic mi-
crostructure confirm the theoretical result that in microstructure where th e
crystallographic relations of only NW type are presented and chosen randoml y
between 12 variants . only 5 possible misorientations between the bainitic pack-
ets can appear in the same grain . The background curve between the peak s
perfectly corresponds to the typical curve of misorientations of grains with a
cubic lattice and random angle distribution between grains [Shtremel (1997)] .
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4 .3 Crystallography within the bainitic packet

A careful study of the Inverse Pole Figure maps of the reference microstruc-
ture (Fig.1) reveals that the distribution of the crystallographic orientation s
fluctuates within the bainitic packets . Sometimes this local misorientation ca n
reach several degrees . It can be explained by the presence of laths inside o f
each bainitic sheaf. Retained dislocations appearing during the cooling proces s
may also be the source of these misorientations . This inter-packet crystallo-
graphic inhomogeneity is now modeled by assuming that the orientation doe s
not change abruptly from one point of the material to another but follow s
some smooth function . As a first example . the periodic function of typ e

f (x . y . .:,-) = A x cos(2x ) x cos(2y7rü;) x cos(2z

	

)

is chosen . with A amplitude of fluctuation, w — number of periods per grain .
Its graphical representation . taking z = 0 is presented in Fig . 14 .

Fig . 14 . Fluctuation of orientation angle (z = 0 )

The effect of this perturbation applied to the bainitic microstructure is shown
in Fig. 15 where the reference microstructure is in Fig . 15 (a) and the final
one is in Fig . 15 (b) .

(a)

	

(b )

Fig . 15 . Stereographic projections of the orientations within bainitic packet of syn -
thetic microstructure : (a) crystallographically homogeneous : (b) crystallographi-
cally heterogeneous
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It is worth nothing that the fluctuation is computed in the local crystallo-
graphic coordinate system of bainitic packet . which means that it will differ
from one packet to the other . This can be observed in Fig . 16 . where two mor-
phologically identical but crvstallographically different microstructures are
presented. For this test . the chosen parameters defining the fluctuation ar e
A=1andw'=5 .

100 .0 pm = 100 steps IPF [001 ]

(a)

100 .0 pm = 100 steps IPF [001 ]

(b )

Fig. 16 . Inverse Pole Figure of synthetic microstructure with the packets : (a) crys-
tallographically homogeneous ; (b) crystallographically heterogeneous

Using of inhomogeneous distribution of crystallographic orientations has a
strong influence on the misorient .ation angle distribution .
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Fig . 17 . Influence of inhomogeneous distribution of crystallographic orientations on
misorientation angle distribution
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This effect is shown in Fig . 17 where the curve corresponding to the inhomo-
geneous distribution of crystallographic orientations has no longer any shar p
peaks like the initial one .

5 Free mesh

In the present study the microstructures with the regular meshes are use d
only for a further morphological and crystallographic analysis . In the Finit e
Element computations, the preference is given to the free meshes since the y
are able to respect the boundaries between the various grains of parent phase .
Example of microstructure obtained using the generation tools on a free mes h
for modeling of the parent austenitic microstructure which is followed by typ e
V of cutting is presented in Fig. 18. Both aggregates are composed of 12 0
grains . For bainitic microstructures (Fig. 18 (b)), each of these grains has
been divided into several subgrains that produces about 1200 bainitic packet s
in the whole microstructure .

(a)

	

(b )

Fig . 18 . Synthetic microstructures used in computations : (a) austenitic phase ; (b )
bainitic phase

6 Conclusion

Different problems have been tackled in the present paper, from a detaile d
analysis of a reference microstructure to the generation of microstructure s
ready for Finite Element Analysis, taking into account the characteristic mor-
phological and crystallographic properties of the studied material . A partic-
ular attention has been payed to the detailed description of the morphology
of the bainitic packets . Several synthetic microstructures have been proposed .
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The obtained results demonstrate a quite good agreement with experimenta l
observations .
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