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Many aspects of the crystallographic texture which develops when austenite transforms into

martensite or bainite are well established because the process by which the parent lattice is

transformed into that of the product is mathematically defined. This is not the case when the ferrite

forms by a reconstructive mechanism. The allotriomorphic ferrite nucleates heterogeneously at

austenite grain boundaries, and although a reproducible, low energy orientation relationship is

expected to exist between the ferrite and one of the austenite grains with which it is in contact, there

are reports that the ferrite can simultaneously adopt this orientation with more than one austenite grain.

The authors examine this possibility using crystallographic theory in order to assess the probability of

such events as a function of the strength of the texture within the austenite before its transformation.
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Introduction
With the advent and popularity of electron backscattered
diffraction and orientation imaging microscopy,1–3 there
has been renewed interest in the concept of crystal-
lographic grain size as opposed to the metallographic
grain size. The latter is a measure of the amount of grain
surface per unit volume, irrespective of the misorienta-
tions between adjacent grains as long as the boundaries
can be detected by the metallographic method used. The
former on the other hand, indicates distances over which
there is little variation in crystallographic orientation in
spite of intervening grain boundaries. The crystallo-
graphic grain size is particularly relevant in under-
standing the toughness of steels because it determines
the percolation and roughness of cracks through the
structure.4–9 Whereas a great deal is known about the
control of the metallographic grain size, work on
crystallographic grain size control is in its infancy. The
mathematical framework needed to perform this would
rely on the ability to calculate transformation textures.

In the case of displacive transformations such as
bainite and martensite, the set consisting of the
orientation relationship, shape deformation and habit
plane is uniquely defined by the phenomenological
theory of martensite.10–12 It follows that given the
orientation distribution of the austenite grains, that of
each martensite plate can be calculated relative to the
sample reference frame in order to estimate the crystal-
lographic texture, including the effects of variant
selection due to an externally imposed system of
stresses.13–16 An interesting simplification is that because

martensite plates are confined to the grains in which they
grow, it is not necessary to identify the relative physical
locations of individual austenite grains in order to
calculate the texture; the calculations can be conducted
independently for each austenite grain and then summed
to give the overall texture.

The situation is rather different for transformations
which involve the diffusion of all atoms (allotriomorphic
ferrite, pearlite), because the transformation products are
then able to traverse austenite grain boundaries,17–19 as
illustrated in Fig. 1a. The conventional wisdom is that
an allotriomorph a will nucleate at an austenite grain
boundary with a low energy orientation relationship with
one of the austenite a/c2 grains and a random orientation
with the other grain a/c1 with which it has contact. One side
of the allotriomorph will then have a facetted appearance
and the other should exhibit a curved boundary.

There is, however, longstanding evidence to suggest
that an allotriomorph may have a low energy orientation
with both the adjacent austenite grains.20–23 These
conclusions naturally depend on the degree of deviation
from the low energy orientation. The purpose of the
present work was to examine theoretically the chances of
an allotriomorph simultaneously achieving a low energy
orientation with both the adjacent austenite grains, as a
function of the texture of the original austenite and the
precision with which a low energy orientation is defined.
Unlike martensite, it is necessary in such a model to define
the neighbours and orientations of each austenite grain.

Austenite grain structure
Austenite grains are conveniently represented as a stack
of identical, space filling Kelvin tetrakaidecahedra,24–28

each of which consists of eight hexagonal and six square
faces, with 36 equal edges, as illustrated in Fig. 1b. For
ferrite nucleation at austenite grain surfaces, there are
therefore 14 face sites per grain.
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The computer algorithm was constructed so that for
each grain orientation relative to the sample frame of
reference, it was possible to access the orientations of the 14
neighbouring grains. A total of 1700 austenite grains were
created in this way, with one of the grains having its
crystallographic axes exactly parallel to those of the sample.

The relationship between the sample and austenite
crystal axes can be described using Euler angles w1, w
and w2. These are the three angles by which the sample
reference frame must be rotated in order to coincide with
that of the crystal. The rotation matrix relating the
frames is given by
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To generate a random set of austenite grain orientations,
the Euler angles w1 and w2 (ranging from 0 to 2p) and the
value of cos w (between ¡1) were selected using a
random number generator.15,29 Non-random austenite
textures were generated relative to the sample axes by
setting the first austenite grain to the exact required
texture, and then choosing relative to this grain, random
rotation axes but with the right handed rotation angle
limited to the range h50 to 45uC;13 the Goss, cube and
copper textures were generated in this way and the effect
of the limiting value of h is illustrated in Fig. 2.

Introduction of ferrite
Any grain of ferrite will always have an orientation
relationship (a J c) with an austenite grain. (Throughout
the present paper, the authors use the vector and matrix
notation due to Bowles and MacKenzie which is
particularly good at avoiding confusion between frames

Refs. 10, 30 and 31.) However, some ferrite grains will
have a special orientation relationship which corre-
sponds to a low energy configuration; this is often
assumed to be that due to Kurdjumov–Sachs32 or
Nishiyama–Wassermann.33,34 However, the most coher-
ent relationships even in reconstructive transformations
are likely to be irrational because for usual lattice para-
meter ratios, the Kurdjumov–Sachs and Nishiyama–
Wasserman orientations do not lead to an invariant line
between a and c.35 The authors therefore adopt as the
low energy orientation, one predicted by the crystal-
lographic theory of martensite in order to ensure a
coherent line between a and c:31
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Here the subscript in JLE implies that this coordinate
transformation represents a low energy orientation.
Thus

(1 1 1)c~(0:012886 0:981915 0:978457)a
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This means that (1 1 1)c is 0?54u from (0 1 1)a and very
nearly parallel though not exactly parallel to (0 1 1)a and
[0 1 1]c is 6?91u from 1 1 1

� �
a
. This is close to the

Kurdjumov–Sachs orientation but is irrational and
allows for the existence of a coherent line between the
two lattices.

When ferrite was allowed to form on a face between
two austenite grains with relative orientation (c1 J c2)
(Fig. 1a), the corresponding orientations with the ferrite
are (c1 J a) and (c2 JLE a) where the latter is the low
energy variant. It follows that

(c1 J a)~(c1 J c2)(c2 JLE a) (3)

Both the matrices on the right hand side of this equation
are known because the austenite orientations are set
initially and (c2 JLE a) is given by equation (2).

Ferrite was allowed to nucleate on all 14 faces of each
austenite grain. The ferrite in all cases had a low energy
orientation with one austenite grain; since there are 24

2 Modelled austenite textures as function of limiting

value of h: ,100.c pole figures are all plotted relative

to sample axes ‘S’

1 a martensite plates are confined to austenite grain in

which they nucleate whereas allotriomorphs are not (a

and c2 are in low energy orientation whereas that

between a and c1 will in general be random) and b

space filling stack of tetrakaidecahedra with a few of

neighbours defined
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crystallographically equivalent such orientations for any
given austenite grain, the selection of the particular
variant was made at random from the 24 available.

The possibility that (c1 J a) is close to a low energy
orientation was investigated by studying its deviation
from all 24 variants of (c1 JLE a). This is performed by
calculating

(c1 DJ c1)~(c1 J a)(a JLE c1) (4)

where (a JLE c1) is the inverse of (c1 JLE a). The axis
angle pair corresponding to DJ was calculated; because
of the symmetry of the cubic system, for each axis angle
pair there are 23 crystallographically equivalent sets.
The particular set with the lowest angle of rotation D
was selected to assess the closeness of the orientation
(c1 J a) to the low energy case. The case where a ferrite
grain has an exact low energy orientation with one
austenite grain, and at the same time an approximately
low energy orientation (as defined by the maximum
permitted deviation D5Dmax) with the adjacent austenite
grain is henceforth referred to as a dual orientation for
convenience.

The procedure was repeated for every single ferrite
grain and the resulting transformation texture studied
alongside the probability of finding a dual orientation.

Calculated ferrite textures
It is important to note that the issue is to find the
probability of the dual orientation phenomenon. The
ferrite orientations are therefore studied relative to those
of the austenite grains. In contrast, the texture of the
austenite before transformation is defined relative to
the sample frame of reference. The orientation of the
austenite texture relative to the sample axes is not
relevant to the prediction of the transformation texture
relative to the austenite frame of reference. For this

reason, the results presented in Fig. 3 and Tables 1 and
2 are almost identical for all three varieties of austenite
texture (Goss, cube and copper), any differences arising
because of the stochastic process of generating the initial
austenite textures.

It is worth pointing out that in Table 1, the percentage
of dual orientation is exceptionally large when Dmax>h.
This is expected since the misorientations between
austenite grains are then smaller than the spread allowed
in the definition of the state of dual orientation.

The results are interesting because the chance of
obtaining a dual orientation when the austenite grains
are randomly disposed is found to be negligible. The
probability naturally increases as the polycrystalline
aggregate tends towards a stronger texture (lower h), i.e.
towards a single crystal.

It should be emphasised that a value of Dmax as large
as 15u is a substantial deviation from the low energy
orientation and in general cannot be capable of
sustaining an invariant line between the c and a. The
same applies to Dmax55u so the concept of dual
orientation should not be taken to imply that both sides
of the allotriomorph (i.e. a/c1 and a/c2) are capable of
developing into displacive transformation products
such as Widmansättten ferrite36,37 as is sometimes
implied.17,38 Displacive transformation requires the
existence of the invariant line.39 This means that any
observation of Widmansättten ferrite developing from
the deviant a/c1 side of the allotriomorph will have a low
misorientation boundary between the Widmansättten
ferrite and allotriomorphic ferrite. Such misorientations
should be detectable using electron backscattered
diffraction methods.

In order to decide on the significance of a particular
kind of dual orientation associated with a specific value
of Dmax, it is necessary to define a purpose for
calculating or measuring the probability of dual
orientations. For example, when considering the perco-
lation of cracks through the polycrystalline aggregate, it
is the parallelism of cleavage planes in different grains
along the crack path that matters. The angle through
which the cleavage plane must deviate in order to arrest
or significantly retard its propagation can be used to
decide on an appropriate value of Dmax.

Grain edge and corner nucleation
When ferrite nucleates at austenite grain edges it is in
contact with three austenite grains. Since the assumption
is that the ferrite has a low energy orientation with one
of these austenite grains, the chance of obtaining a dual

3 ,100.a pole figures showing calculated ferrite tex-

tures, plotted relative to austenite frame of reference,

as function of strength of texture as defined by angle h

Table 1 Calculated percentages of dual orientation as
function of strength of austenite texture (related
to angle h): dual orientation is here defined for
all orientations within Dmax515u of low energy
orientation

h

% dual orientation

Random Cube Goss Copper

5 37.6 37.9 37.2
15 31.3 30.2 30.6
25 0.8 17.9 20.9 20.5
35 12.2 12.2 12.2
45 8.5 7.6 9.2

Table 2 Calculated percentages of dual orientation as
function of strength of austenite texture (related
to angle h): dual orientation is here defined for
all orientations within Dmax55u of low energy
orientation

h

% dual orientation

Random Cube Goss Copper

5 6.3 7.1 6.6
15 2.8 2.8 2.7
25 0 1.27 1.54 1.42
35 0.73 0.83 0.75
45 0.50 0.67 0.50
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orientation with at least one of the remaining two
austenite grain doubles. Thus in Table 1 all of the
percentages can be doubled to represent edge nucleation.

In the case of corner nucleation, the ferrite grain is in
contact with four austenite grains so that the possibility
of dual orientation triples. This means that when
Dmax>h, the chance becomes 100%, although as
emphasised previously, the relevance of a dual orienta-
tion diminishes as Dmax increases relative to the strength
of the austenite texture.

Although the activation energy for heterogeneous
nucleation decreases in the order faceRedgeRcorner,
the number density of nucleation sites also decreases in
the same order. For this reason, corner nucleation
dominates at low undercoolings below the equilibrium
transformation temperature and grain face nucleation at
large undercoolings.40 It follows that the chances of
obtaining dual orientations are larger when transforma-
tions are carried out at low undercoolings or at very
slow cooling rates during continuous cooling.

Summary
If the concept of dual orientation is taken to imply that
exact variants of a strict low energy orientation relation-
ship exists between an allotriomorph and more than one
adjacent austenite grain, then the probability of this
happening is negligibly small even in strongly textured
austenite.

However, if the definition is less exacting with
deviations of 5u or more permitted, then there is a
detectable chance of finding such allotriomorphs. Care
must be exercised in setting the level of deviation by
identifying the purpose of the work so that the
interpretation of the outcome can be treated in context.

The calculations here do not allow for experimental
error in the determination of orientation relationships,
which must add to the chances of falsely detecting dual
orientations.

It is suggested therefore that any experimental study
of the dual orientation phenomenon should report the
parameters Dmax, h and the error of the experimental
method used.

The computer programs developed for the present
work are available freely on www.msm.cam.ac.uk/map/
mapmain.html
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