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INTERPHASE BOUNDARY CHARACTERIZATION IN DUPLEX STEEL AND IRON METEORITES USING EBSD TECHNIQUE

CHARAKTERYSTYKI GRANIC MIEDZYFAZOWYCH OTRZYMANE TECHNIKA EBSD W STALI DUPLEX I W ZELAZNYCH

The determination of the phase boundary character

METEORYTACH

The properties of materials are mainly described by the orientation distribution of the crystalline phases in a material.
Beside the so considered anisotropy also the grain as well as phase boundaries are of extreme importance for a whole string of
properties, e.g. the strength of a material. On the example of the interface between fce and bec iron the discovered and derived
models are discussed. Although the common models are based on the crystal lattice description, the atomic configuration on
the interface is analysed. Since experimentally a wide spread of orientations data appears the consideration of the frequency
distribution is proposed to find at least the main orientation relationship between fcc and bee. High-indexed pole figures as
well as the Euler subspace are introduced in order to increase the accuracy and to compare different measurements. For the
sake of simplicity EBSD measurements on iron meteorites are used since they commonly consist of large fcc single crystals
which transformed to a low and very specific number of bee grains. In special cases the described procedure could also be
used for steels.
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Opis wlasciwo$ci materialéw mozna oprze¢ o rozklady orientacji krystalikéw réznych faz w przestrzeni prébki. Z rozkla-
d6w orientacji mozna uzyska¢ informacje o granicach ziarn oraz granicach miedzyfazowych, ktére majg istotny wplyw na szereg
wlasciwo$ci materiatu (np. wytrzymato$¢) Opracowane modele sg dyskutowane na przykfadzie granic miedzyfazowych migdzy
zelazem e i y. Analizowane sg konfiguracje atoméw w obszarze granicy migdzyfazowej. Dla znalezienia gléwnej zaleznosci
krystalograficznej migdzy @ i y analizowano rozklady czgstosci orientacji. Aby poprawié doktadno$é pomiaru, a takze, aby
méc poréwnywaé wyniki z réznych pomiar6w wykorzystywano wysoko-indeksowane figury biegunowe oraz przestrzen katéw
Euler’a. Do badan Zelaznych meteorytéw, ktére skladajg si¢ zwykle z duzych krysztaléw y i malej liczby ziarn @, zastosowano
pomiary EBSD. Podobna procedura pozostata uzyta do badan stali duplex.

1. Introduction last years for two important phase transformations prob-
lems this have been discussed several times and contin-

uously improved: the fcc/bce® and the hep/bec® trans-

in multi-component materials is a very important work
since phase boundaries or boundaries in general may in-
fluence the properties of materials considerably. In order
to evaluate the existing interfaces the misorientation be-
tween neighbouring grains can be investigated. For grain
boundaries this is usually a comparatively simple proce-
dure since the crystal parameter of the compared grains
are identical. In case of two or more phases with dissim-
ilar symmetries it is much more complicated to develop
a generally applicable procedure. However, during the

*

formation. As the most important metals and alloys pass
through this high-low temperature transformation. It has
constantly been a recurrent problem since the beginning
of metallography. Therefore, it is not surprising that with
the development of EBSD this statistically highly rele-
vant technique is used for the explanation of new or the
confirmation of already existing models.

Various ideas have been developed in order to de-
scribe the orientation relationship (OR) between the fcc
(or ) and the bce (or @) lattices (see Table 1).
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Nevertheless, in the majority of publications it is dis-
tinguished only between Kurdjumov-Sachs® (K-S) [1],
Nishiyama-Wassermann (N-W) since there the concept
of parallel close-packed planes has been utilized. In the
last few years Greninger-Trojano (G-T) [3]-[5] became
more popular{5], whereas Bain [6] and Pitsch [7] for
bee/fee interfaces are comparatively rarely discovered.
The tendency to apply G-T is not surprising since the
experimentally collected data very often showed a devi-
ation from the exact K-S or N-W which is bigger than the
accuracy of the applied technique. Numerous transmis-
sion electron microscopy (TEM) investigations proved
this, e.g. [8], but the statistic of these measurements
did not allow a general statement. Here EBSD offers
in comparison to TEM an unbeatably fast technique for
the evaluation of phase boundaries [9]-[24], although the
local resolution in scanning electron microscopy (SEM)
is appreciably worse. Therefore one must point out that
in principle EBSD is not able to investigate the phase
boundary. This can be done only by high resolution
TEM. It is rather an investigation of the volume on both
sides of the phase boundary under the assumption that
the orientation will not change up to the interface.

2. Crystallographic description

The common way to characterize a phase boundary
consists in the identification of parallel lattice planes and
directions for phase A and phase B, as given in Table
1. One of the reasons is that on this way grain bound-
aries, i.e. interfaces in single phase materials, have been
successfully described. The whole coincident site lattice
(CSL) theory is based on this fundamental approach.
This is reasonable since the lattice, the crystal parameters
and the symmetry of neighbouring grains are identical.
In case of phase boundaries this would be an extreme
exception. May be, that the lattice type is the same (as for
fcc and bec lattices), perhaps the crystal symmetry™ as
well, but the lattice parameters are usually quiet different.
From this follows, that one has to presuppose a lattice
misfit on the interface of two different phases. In order to
keep up the applied concept of CSL, the near coincident
site lattice (NCSL) model has been introduced for two
dimensions [25] and later for three dimensions, e.g. [26]
and [27]. Also molecular dynamics ({28],[29]) as well
as interfacial energy calculations [30] have been carried
out in order to find a better approach for a prediction of
the phase boundaries as result of phase transformation
or precipitation.

The present paper will give a current snapshot what
can be done by the use of EBSD, i.e. simply by the mea-
surement of local orientations, in order to characterize
the orientation relationship (OR) along the fcc/bec phase
boundary. To this end common tools available in each
EBSD software shall be applied: pole figures as well as
the Euler space.

3. Comparison of the models

The crystallographic description of the individual
models in Table 1 suggests a quiet different arrangement
of grains so that the interphase interfaces should show
clear differences. However, if one analyses the arrange-
ment of the unit cells for fcc and bec — cf. Fig. 1, it
becomes obvious, that the models are very close to each
other in spite of their extremely different crystallograph-
ic description. They only show a small but distinctly
different tilt against each other but the position of the
dark-grey bcc cube is in general very similar. This is
amazing since it assumes that the atomic movements
during transformation are not so different from the ex-
pected, because they are fixed by the lattice description.
Moreover, the apparent 45° rotations of both cubes in
Fig. 1 are again caused by the crystallographic redefini-
tion of the same atomic arrangement, firstly described as
face-centred lattice and secondly as body-centred lattice.
The necessary lattice distortions which are required to
transform an fcc in a bee lattice are the reason for the
visible tilt angles which are assumed in the respective
models.

TABLE 1

Overview about the most-frequently referred orientation relationship

models in order to describe fcc/bee interfaces. To this end parallel
lattice planes and lattice directions are used

Orientation =
relationship plane direction
Bain {001 }¢ec {001 }pce (010)sec [K110)pee
K-S {111 }gec IH110)pec (110 gee IK1T D pee
N-W {111 }ec [1{110}bcc 01 g [1(001)pec
GT {111}ge 1° to {110} | <12D)ge 2° t0 {110)pee
Pitsch {100}scs [1{110}pec (01 1)gec K111 )4

Therefore one can follow that the atomic movements
during phase transformation from fcc to bee are at first
not very big, and at second comparatively similar. How-
ever, for the model-specific interface planes the appear-
ance of the atomic layers must be different, if they are
related to completely different planar symmetries — see
Fig. 2. Sofor Bain and Pitsch a four-fold symme-

4 From the point of view of some scientists, actually Young [2] is the first discoverer of the K-S model, so that they propose to call it

Y-K-S model.

3 for bee and fec the point-group symmetry is identically but the space-group symmetry it is not
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Bain Pitsch

Fig. 1. Intersection of the fcc unit cell (light-grey) and the bee unit cell (dark-grey) for different OR models

Fig. 2. Schematic interfaces between an fcc layer (light-grey) and an bee layer (dark-grey), given for the models in Fig. 1. Despite the very
similar lattice arrangement the atomic configurations on the interface are quiet different
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try of the fcc plane is used whereas for K-S and N-W a
three-fold symmetry is reflected by the use of a {111},
— plane. The planar atomic arrangement of the bcc-layer
is for Pitsch and K-S exactly the same, and for N-W
only rotated by — 54.74° around the normal direction of
the layer which is parallel to the {011}ycc.

If one looks at the atomic layers in Fig. 2 it becomes
obvious that the ratio of the lattice parameters apc/as.
should have a considerable influence on the interface
misfit. This is clearly visible for the Bain model, which
only describes a lattice dilatation or contraction along
the interface. Calculations in [30] based on the Morse
potential showed that ay../as.. correlates with the surface
energy and can therefore be used to predict the interface
characteristic. Close to a value of 0.92 K-S is preferred
whereas close to 1.06 N-W preferably appears. In be-
tween these values, both of them may appear. However,
a element segregation may shift the ratio of the lattice
parameters so that such intermediate states as described
in the G-T model become understandable. This is proba-
bly the reason why virtually never the exact K-S or N-W
model has been found, cf. [23].

4. Pole figure representation

The representation of orientation measurements col-
lected with EBSD is usually done by orientation maps
or pole figures. The first shows the local orientation de-
scription of a sample reference direction, the second rep-
resents the totality of all orientation measurements in a
pole figure. Whereas orientation maps based on the in-
verse pole figure colouring are not able to reflect the real
orientations detected, in pole figures the local assign-
ment of the measurements are “lost”. Since the orienta-
tion relationships are crystallographically well defined,
the resulting pole figure can be calculated. However, the
given description in Table 1 reflects only one of a definite
number of possible lattice alignments called variants.
The number of variants is dependent on the crystallo-
graphic description as well as on the symmetry of the
participated crystals. For the models listed in Table 1 one
derives 3 independent but symmetry-equivalent variants
for Bain, 12 for N-W and Pitsch respectively, and
24 for K-S as well as for G-T. On the example of K-S
and N-W in Fig. 3 all variants are given for a single
{111} plane.

In order to generate the respective pole figures, for
each variant the pole distribution must be inserted. Fi-
nally, the required pole figures are a superimposition of
3, 12 or 24 single pole figures. Commonly standard pole
figures as in Fig. 4 are published. They show several
specifics. First of all the occupation of poles in the same
region of the pole figure are remarkable, but on the other

hand this must be expected since by the use of Fig. 1 the
small orientation variations has been already pointed out.
Secondly, the different number of poles are a result of
the different number of variants for each model. Thirdly,
the blackness of dots reflects the number of hidden poles
occupying the respective position in the pole figure, what
means that multiple occupations exist in dependence on
the existing model.

Therefore, in [31] the use of high-indexed pole fig-
ures are proposed to exclude the effect of multiple oc-
cupations with the aim of the accuracy improvement of
detected ORs.

5. A representative example

The use of pole figures has the advantage, that one
can define a main OR which considers the frequency of
detected orientations only by comparison with previous-
ly simulated pole distributions. Considering the frequen-
cy means, that of course single orientation events may
exist which are apart from the expected main positions,
but the number of these orientations are comparatively
small so that they show no or only a small effect in the
convoluted pole figure and therefore on the main OR.
The main OR is presently defined as the most important
influence of phase boundaries on the macroscopic prop-
erty of a material. As example the orientation data of a
EBSD measurement of a plessitic region in the Agpalilik
iron meteorite (Cape York) is given in Fig. 5. It contains
more than 200000 single orientation measurements. The
nice pole distribution is remarkable although there is a
much bigger spread of data in comparison to the the-
oretical pole distributions in Fig. 4 which considering
a spread of orientation data around the ideal orientation
described by a Gaussian distribution function (full width
at half maximum is 2°). However, a convolution applied
on the experimental data takes into account the frequen-
cy distribution of detected orientations and transforms
the spread of data into a spot-like arrangement which
is close to the simulations shown above. A more precise
comparison of the experimentally detected and the simu-
lated pole arrangements in Fig. 4 shows that neither K-S
nor all other models fulfil the pole distributions exactly.
This becomes especially clear for the {111}-pole figure
where the outer spots come close together whereas in the
simulation they are further apart from each other. It has
been shown in [22] that there is no chance to describe the
pole distribution on the base of the derived OR models.
The introduction of high-indexed lattice plains and di-
rections as described in [32] in order to be able to define
small deviations from these models are comparatively in-
convenient. Additionally, the required use of integers for
{hkl} and {uvw) limits the accuracy of this description.
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a) b)

Fig. 3. Possible arrangements of {001}y planes (dark-grey) on a single {111}s. plane (light-grey). For N-W (a) three equivalent
alignments are possible, for K-S (b) even six exist. Since four independent {111}fcc planes exist the final number results after
quadruplication of a) and b)
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Fig. 4. Simulations of standard pole figures for different OR models. It is obvious that despite the similar pole distribution for Pitsch, K-S
and N-W the characteristic of pole alignments allows to distinguish between them
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Fig. 5. Comparison of pole figures collected on a plessitic field in an iron meteorite. The raw data (upper row) show an amazingly wide
spread of orientations although the expected region is occupied. The consideration of the frequency distribution (middle row) reflects that
the wide spread is only caused by a comparatively small number of measurements. The lower row is a simulation describing the OR by a

set of Euler angles: ¢; = 4.8°, ¥ = 46.1°; ¢, = 4.8°

To this aim the use of E ule r angles has been proposed
{22]. By variation of the angles also slight orientation
changes can be generated and so a better fit between ex-
perimental and simulated distribution can be achieved.
Nevertheless, between the intensity maxima also intensi-
ty is still visible. This is in agreement with synchrotron
measurements of Bunge et al., who also investigated
an iron meteorite (Gibeon) [33]. They explained it as
transition path between non-coplanar orientation vari-
ants.

Comparing to the simulation the convoluted pole
figures appears not so homogeneous in the blackness
of the spots. This is related to the variant selection. If
a variant is not or rarely chosen during transformation,
e.g. caused by an accumulated stress field, it will appear
in the pole figure with a lower blackness.

TABLE 2
Euler angle description of the models listed in Table 1
Orientation
relationship ' v ¥2
Bain 0° 435° 0°
K-S 5.77° 48.19° 5.77°
N-w 0° 45° 9.73°
G-T 2.6° 46.6° 7.5°
Pitsch 9.73° 45° 0°

Because the differences between the defined models
are so-small the used Euler space can be reduced to
a very small subspace which contains at least one rep-
resentative variant of each model. One set of variants
is given in Table 2. The respective representation in a
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Fig. 6. The Euler-subspace describes the main models (big circles) as well as all experimentally detected OR in steel and meteorites (small
circle). Approximately in the middle of the path between N-W and K-S the model of G-T is described

cartesian coordinate system is shown in Fig. 6. There
are beside of the models (big circles) a whole string
of measurements are given as small circles. Until now
we only found some micro-structures in steel or in iron
meteorites which show an agreement with the G-T mod-
el. Representatives for the other models could not been
detected. It is rather so that the main ORs are better
described by an intermediate state of all models.
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