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The phenomenological theory of martensite
crystallography (PTMC) has been developed more than
fifty years ago and it helped in answering many
questions related martensite and bainitic
transformations. Recently researchers are trying to
develop models to explain transformation texture
under various conditions. It is known that
transformation texture is developed in martensite or
bainite for applied stress during transformation, which
leads to variant selection, or for the presence of prior
texture in austenite. However the recent literature
shows that there is a trend to avoid the basic
crystallographic theory in explaining the texture. In
this paper the basic theory is first described and then
used to develop models to explain the transformation
texture. The theory of variant selection given by Patel
and Cohen is also used for the model development.
The results obtained are very encouraging.

1. INTRODUCTION

The crystallography of martensite transformation has been
a story of exciting scientific development over the years.
First, the austenite to martensite transformation has been
described with the help of bain strain which is proved to
be insufficient to describe the crystallography of
transformation and the observed shape change together.
Later the phenomenological theory of martensite
crystallography (PTMC) has been developed [1, 2] which
can explain the experimentally observed shape change
as well as the crystallography of transformation together.
Martensite transformation is associated with a dilatational
strain and a shear strain. The shear strain is much bigger
in magnitude ( 0.22) than the dilatational one ( 0.03) but
the shear stress associated with each martensite variant,
which form randomly in the microstructure, cancel each
other. However it has been observed that if the martensite
is formed under external stress there is a preferred
direction along which the plates tend to be aligned. Under
this condition the martensite/bainite plates are not
randomly oriented but are textured. Recently some work
have been published on the prediction of martensite pole
figures formed with or without the influence of stress [3-
5]. But in most of these studies martensite transformation
theory has not been understood properly. In many cases
model has been developed considering only the bain strain
associated with the transformation, which is insufficient
to describe the crystallography of the transformation
completely. In some cases the K-S or N-W relationship
has been taken as the base to develop the crystallographic
relationship between austenite and martensite [5-10],
which is not entirely correct. The existence of an invariant
line is an essential requirement for martensitic
transformation to occur. It is not surprising therefore,
that Nolze [11] in his experimental study of several
hundred thousand y/o orientation relations, found
detailed deviations from assumed Kurdjumov-Sachs et
al. orientations.

The present authors have already shown that the
transformation texture and variant selection can be
explained using suitable mathematical models [12-14]
developed following the PTMC theory and the theory
outlined by Patel and Cohen [15]. In this paper a detailed
analysis of the experimental and simulation results will
be presented to understand the effect of external stress
on the variant selection, transformation texture and
microstructure. The theory and the results presented in
this article are applicable to any displacive transformation
in general, which includes both martensite and bainite
transformation (mentioned as o in this paper).

2. PHENOMENOLOGICAL THEORY OF
MARTENSITE CRYSTALLOGRAPHY

For the o' /y interface to be glissile, it must as a minimum
contain an invariant line. Such a line is one, which is
undistorted and unrotated by the invariant-line strain
can not be obtained by bain deformation only. Bain
deformation simply involves a compression along one of
the three axes of FCC austenite crystal and expansion
along other two axes.

Fig. 1: (a) and (b) represent the effect of the Bain strain
on austenite, shown initially as a sphere of diameter
ab. On deformation it takes the shape of an ellipsoid.
(c) Shows the invariant-line strain obtained by a
combined effect of Bain strain and the rigid body
rotation [16].

A sphere of austenite is deformed into an ellipsoid by the
Bain strain. It can be seen that the lines a’ b’ and c’d’
remain unextended due to the deformation. In fact, the
undistorted lines form a right circular cone along a3.
However, they are all rotated by an angle 6 so they are not
invariant. However if a rigid body rotation is now added
to the Bain strain, then Fig. 1c illustrates that the rotation
makes the initial and final cones of the unextended lines
touch along the line c’d’. If the overall deformation is
expressed as (F S F) = (F B F)(F J F) which is a combination
of the Bain strain and a rigid body rotation, then it leaves
a line both unrotated and and undeformed. However this
strain is no longer a pure strain as the principal axes are
rotated to new positions a’,.
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4. ORIENTATION RELATIONSHIP BETWEEN
MARTENSITE AND AUSTENITE

It is important to define the crystallographic relationship
(o J 7) between the parent austenite and the martensite.
If (y S v) is the matrix representing the total transformation
strain then it can be shown [16] that:

(@dVNySyY=(@Cy

where (0. C y) is the Bain correspondence matrix. It follows
that:

(0dy=(@CylySy!

(y S y) can be determined as shown in [16]. The Bain
correspondence matrix can, for example be expressed in
the austenite reference frame as:

110
110
001

It is known that in the cubic crystal system there are 24
symmetry elements, each of which can be represented by
a matrix. So there are 24 (o. J y) matrices, determined by
multiplying (0. J y) with each of the symmetry matrices in
turn. Associated with each (o J ) will be a variant of the
habit plane and displacement vectors.

5. DATA

The transformation texture can in principle be calculated
from the knowledge of the initial texture of austenite, and
by taking into account variant selection due to the applied
stress. But in doing so, it is important to realise that the
shape deformation, habit plane and orientation
relationship of any particular plate of bainite are
mathematically connected by the crystallographic theory
[1, 21]. A complete set of crystallographic data is therefore
necessary before rigourous calculations can be attempted.
Unfortunately, such data are frequently not available.

In Table 1 refer to crystallographic data set used to model
the bainitic transformation texture in a high carbon steel
which has been calculated using methods described in
[16]. The lattice

Table 1 : Cryallographic data set for bainite in high C
steel.

Habit plane (-0.168640 - 0.760394 - 0.627185) y
Shape 0.992654 — 0.033124 —0.027321
deformation 0.026378 1.118936 0.098100 .
matrix (y P vy) -0.027321 -0.123190 0.898391
Coordinate 0.575191 0.542067 0.097283
transformation | -0.550660 0.568276 0.089338
matrix (y Jo) -0.008610 -0.131800 0.785302

parameters of interest in the present work, i.e., o, = 0.3619
nm and o = 0.2882 nm [22]. This results in a macroscopic
transformation-strain which is a shear of 0.2292 and a
dilatational strain of 0.01 normal to the habit plane. The
maximum fraction of bainite possible in the alloy system
studied, for a transformation temperature of 300°C, is
0.63 [22].
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6. RESULT AND DISCUSSIONS
6.1 Traces of habit plane

It is well known that if o’ forms under the influence of
stress plates tend to align themselves to a particular angle
with the direction in which stress is applied [15]. It is
understood that the applied stress helps to form those
variants of o’ in which the habit planes are aligned
favourably so that the energy supplied by the applied
stress favours the transformation. If the shear stress
associated with the transformation is taken to be 0.2292
and the dilatational component is 0.01 then the angle
the habit planes make with the stress axis is about 43.8.
[15]. However to model this phenomenon in the two
dimensional situation (like what one observes under
microscope) it is important to get the traces of the of the
habit planes on the plane of observation. The interaction
energy between the applied stress and the shear and
dilatational strain associated with the transformation has
been calculated following equation 4. It is understood that
for different variants of martensite value of oyand t would
be different because the applied stress makes different
angle with normal to the habit plane in each case. The
interaction energy is calculated for all variants of o’ after
finding out the values of oy and 1 in each case and it is
assumed that only the first 3 variants of o’ with highest
positive interaction energy can form under stress. For
calculating the pole figure of the habit planes in a
polycrystalline sample an aggregate of 500 grains have
been considered. The same calculation is repeated for all
the austenite grains present in the microstructure which
are randomly oriented and thus the crystallographic
orientation relationship between them are assumed to be
given by an arbitrary rotation matrix [23]. This way for all
the grains predominant variants are selected and the habit
planes associated to those variants are plotted in Fig. 3.

When this plot is compared with the pole figure of the
martensite habit planes formed without stress (Fig. 4)
the difference is apparent. It can be seen that the pole
figure under stress is heavily textured whether pole figure
without stress is fully random in nature.

Fig. 3 : Pole figure of habit plane under stress.

© Tata Search, 2009



228 Kundu et al., Crystallography of Stress-Affected Martensite and Bainite

Fig. 4 : Pole figure of habit plane without stress.

This aspect can be shown in a better way by plotting the
angle between the trace of habit plane (on the plane of
observation) with the direction of applied shear. To find
out the angle between the habit plane and the direction
of stress first the trace of habit plane on the plane of
observation is determined. It can be done by taking the
cross product between the unit plane normal of the habit
plane with the plane of observation. The resultant vector
gives the traces of the habit plane on the plane.of
observation. The dot product between the traces and the
direction of stress gives the angle required. Fig. 5a,b the
model predicted distribution of the trace angles associated
with various plates of o’ which forms under uniaxial tensile
stress. In Fig. 5a it is considered that only 2 out of 24
variants are forming (high level of variant selection) and
in Fig. 5b weaker variant selection (8 variants forming
out of 24) is considered. It is clear from Fig. 5a that in
most of the cases the habit plane makes an angle between
40°-50° with the direction of stress when o’ forms from
austenite under tensile stress with a high degree of variant
selection. However under the same condition if the variant
selection is less strong (8 variants form) then the
distribution of angles made by the traces of the habit
plane of the martensite plates with the stress direction is
random (Fig. 5b).

It is interesting to note how the distribution of angles
changes when martensite or bainite forms from textured
austenite. Fig. 6a,b show the distribution of angles with
respect to the stress axis when transformation takes place
from Goss textured austenite. Fig. 6b shows that even if
the variant selection is not very strong and 8 out of total
24 variants are forming most of the plates are aligned at
an angle of 60°-70° with the direction of applied stress.
There are two important observations to be made from
this result. First, most of the martensite/bainite plates
are aligned at an angle between 60°-70° with the stress
axis when variant selection is less strong, however the
angle at which most of the plates are oriented changes to
40°-50° when the variant selection is stronger (Fig. 6a).

© Tata Search, 2009

Secondly the orientation bias remains similar even if the
extent of variant selection changes. However for randomly
oriented austenite the martensit/bainite plates are biased
only when the variantt selection is very strong. These
factors will effect the transformation strain and thus the
mechanical properties like residual stress in welded joints
or elongation in TWIP or TRIP steels will be affected [23].

6.2 Pole figure prediction
Bainite was formed in a high carbon steel under uniaxial

compressive load in a thermo-mechanical simulator
(Thermecmaster Z) following the experimental procedure
described in [22]. The specimens were later studied
metallographically on their longitudinal sections, and
subjected to electron backscattered diffraction (EBSD) in
a Hitachi S-4300 and JEOL, JXA6400 scanning electron
microscope with a step size of 0.25 um. A favoured
crystallographic variant is one for which the interaction
energy with the applied stress is positive, i.e., its
macroscopic transformation strain complies with that
stress. The purpose here is to demonstrate that favoured
variants correspond to the highest observed intensities.
Fig. 7 shows the three grains from which EBSD data were
collected to produce the pole figures.

Table 2 lists the interaction energies between the bainite
variants and the applied stress, with a positive energy
denoting a favourable interaction. There are, therefore,
12 to 16 favoured variants in these three grains, within
which the first eight are in a class of high values of Uwith
the remainder with much smaller positive interaction
energies.

It has already been shown in a previous paper [14] by the
present authors that the mathematical models developed
follwing PTMC and theory of Patel and Cohen [15] can
explain the pole figures obtained from Grain A, B and C
(Fig. 7). Additional work has been done to clarify the plot
in Fig. 7. Although it has been argued in [14] that in grain
A (Fig. 7) 12 variants are favoured, it is not clear from
Fig. 7 that in grain A, there are indeed 12 variants, because
the All Euler photograph is not clear on that aspect.
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Fig. 5 : Distribution of angle made by the traces of
habit plane of martensite plates formed from austenite
under tensile stress with the stress axis. (a) 2 most
favourite variants are allowed to form, (b) 8 most
favourite variants are allowed to form.
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Fig. 6: Distribution of angle made by the traces of habit
plane with the stress axis. (a) 2 most favourite variants

are allowed to form, (b) 8 most favourite variants are
allowed to form.

Figs 8 and 9 show that it is not possible to explain all the
observed intensities without allowing all the twelve
favoured variants to form in grain A. Note that in the
EBSD analysis presented there, it is not possible to
distinguish closely oriented bainite variants. To further
analyse the data, the closely oriented variants (8 variants
in each group) are clubbed together in groups of similar
orientation for the purposes of variant-selection analysis.
The interaction energies for all 24 variants in the three
grains from Fig. 7 are given in Table 2.

Fig. 7: All Euler image. The colours represent different
crystallographic orientations.

Table 2

Interaction energy U (J mol™) for a uniaxial compressive
stress of magnitude 200 MPa, for each of the 24 possible
variants of bainite in three grains of austenite. The
energies are arranged in descending order, with positive
values corresponding to a favourable interaction with the
applied stress and vice versa. Rank 1 in this listing
corresponds to the most favoured variant.

Ranking 1 2 3 4 5 6 7 8

Grain A 151.2 1442 1334 1246 1116 1111 957 939
356 267 244 157 -78 -78 -109 -12.2
-126.8 -131.7 -139.0 -1451 -147.3 -148.8 -152.8 -153.0

GrainB 1522 1518 1504 149.8 1435 1429 1414 1410
128 128 1091 07 105 103 84 8.4
-167.0 -167.3 -168.8 -169.3 -173.9 -1745 -1759 -176.3

GrainC 1396 1280 954 731 718 659 646 64.0
632 389 41 0.9 -48  -211  -400 -405
-641 -837 -96.1 -98.6 -110.1 -119.3 -119.8 -126.7
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[100] &
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Fig. 8: 100 , pole figure from grain A. Red circles are
model predictions. Comparisons with the experimental
pole figures is made allowing (a) 2, (b) 4 most-favoured
variants to form in the model.

Fig. 9 : 100, pole figure from grain A. Red circles
indicate model predictions. Comparisons with the
experimental pole figures is made allowing (a) 8 and
(b) 12 most-favoured variants to form in the model.

From Figs 10, 11 and 12, it is evident that the high
intensity regions of the experimental pole figures
consistently correspond to the variants with the greatest
interaction energies. The interaction energies plotted in
the bar charts therein represent the summed interaction
energy for that cluster of variants. The average interaction
energy for each cluster can be deduced from Table 2. For
example, in Fig. 10 the average interaction energy for the
cluster “X” orientations is 121 J mol-1, which is the
average of the interaction energies of the first 8 most
favoured orientations listed for grain A in Table 2.
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Fig. 10 : 100 , pole figure from grain A. There are total
24 variants, which includes both favoured and
unfavoured variants. (a) The poles are grouped into
three regions, X, Y and Z. The numbers indicate variant
rankings as listed in Table 2. The colours are indicative
of the intensities of poles. (b) Bar chart showing the
intensity as a function of region, and the average
interaction energy for that region (Table 2).
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Fig. 11 : 100 . pole figure from grain B. There are total
24 variants, which includes both favoured and
unfavoured variants. (a) The poles are grouped into
three regions, X, Y and Z. The numbers indicate variant
rankings as listed in Table 2. The colours are indicative
of the intensities of poles. (b) Bar chart showing the
intensity as a function of region, and the average
interaction energy for that region (Table 2).
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Fig. 12: 100 . pole figure from grain C. There are total
24 variants, which includes both favoured and
unfavoured variants. (a) The poles are grouped into
three regions, X, Y and Z. The numbers indicate variant
rankings as listed in Table 2. The colours are indicative
of the intensities of poles. (b) Bar chart showing the
intensity as a function of region, and the average
interaction energy for that region (Table 2).

In summary, whilst it has not been possible to isolate the
intensities corresponding to each individual
crystallographic variant within a given austenite grain,
the work does clearly establish that the largest observed
intensities do indeed correspond to the most favoured
variants. It must be mentioned here that to model the
variant selection the plastic strain theory of Patel and
Cohen has been utilised here [15]. Humbert et al. has
used infinitesimal deformation theory where the
transformation strain is treated as elastic [4]. It has
already been shown by Kundu and Bhadeshia [13] that,
because the strain during martensite transformation is
plastic it is always right to use the Patel and Cohen’s
theory to model variant selection.

7. CONCLUSION

(1)  Amodel has been developed from following the PTMC
theory to predict the transformation texture during
martensite/marteniste transformation.

(2) The model developed here clearly shows that the
Patel and Cohen'’s plastic strain theory is capable of
predicting the variant selection.
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(3

(4)

(5)
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It has been shown that there is no need to follow the
K-S or N-W type relationships to calculate the texture
formation during martensite transformation. The
basic limitations of this type of relationships have
also been pointed out.

It has been shown that the theory developed in the
present work can successfully predict the
distribution of angles the habit planes make with
the axis of applied stress. It has also been shown
that the pole figure of the habit plane of martensite/
bainite formed under stress has distinct texture
where as the same for martensite/bainite formed
without stress shows no distinct texture formation.

Excellent agreement have been observed between
the experimental and model predicted pole figures.
This shows the strength of model.
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