A Variant Selection Model for Predicting the Transformation

Texture of Deformed Austenite

M.P. BUTRON-GUILLEN, C.S. DA COSTA VIANA, and J.J. JONAS

The occurrence of variant selection during the transformation of deformed austenite is examined,
together with its effect on the product texture. A new prediction method is proposed based on the
morphology of the austenite grains, on slip activity, and on the residual stresses remaining in the
material after rolling. The aspect ratio of pancaked grains is demonstrated to play an important role
in favoring selection of the transformed copper ({311}{011) and {211}(011)) components. The extent
of shear on active slip planes during prior rolling is shown to promote the formation of the trans-
formed brass ({332}(113) and {211}(113)) components. Finally, the residual stresses remaining in
the material after rolling play an essential part by preventing growth of the {110}(110) and
{100}(uvw) orientations selected by the grain shape and slip activity rules. With the aid of these
three variant selection criteria combined, it is possible to reproduce all the features of the transfor-
mation textures observed experimentally. The criteria also explain why the intensities of the trans-
formed copper components are sensitive to the pancaking strain, while those of the transformed brass
are a function of the cooling rate employed after hot rolling.

I. INTRODUCTION

THE inheritance of preferred orientations during the y-
to-a transformation has been under investigation for a con-
siderable time. Comprehensive reviews of transformation
textures have been published recently by Inagaki,'! Yutori
and Ogawa,'”) Ray and Jonas,?®! and Ray et al.™¥ covering
broad aspects of this topic. These surveys have shown that
the transformation of austenite to ferrite, martensite, and
bainite frequently involves only a restricted set of the 24
possible Kurdjumov—Sachs (K-S) variants. This phenom-
enon is known as variant selection and its origins have
been investigated by many authors.

Several different methods have been used to predict the
product textures resulting from the y-to-a transformation.
The texture of the y phase has either been expressed as a
discrete set of ideal orientations™®! or as a continuous ori-
entation distribution function (ODF). The ODF-based meth-
ods require analytical operators to transform the parent
texture as a whole; these can be rotation operators, as sug-
gested by Roel”? and used by Davies et al.,l® or generalized
correspondence functions, such as the misorientation dis-
tribution function (MODF) proposed by Sargent™ and used
by Bateman and Davies!'” and Davies and Bateman.['!]

While mathematically more efficient, the latter meth-
ods are unable to deal with the physical nature of the
phase transformation on an individual crystal basis. The
discrete orientation methods, on the other hand, allow
variant selection mechanisms to be introduced on the
level of individual parent orientations, making it possible
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to investigate the peculiarities of texture transformation
in different systems. Of particular interest is the predic-
tion of the transformation textures formed from deformed
austenite, especially pancaked grains. This is because
variant selection observations are generally associated
with the deformed microstructures present in microal-
loyed steels.['>13) Texture prediction using the K-S rela-
tion without variant selection leads to textures that differ
qualitatively and quantitatively from those observed ex-
perimentally, thus leading to the firm conclusion that
some form of variant selection must be taken into ac-
count.

Although many variant selection rules have been pro-
posed in a series of attempts to account for the observa-
tions, none of these has turned out to be wholly
satisfactory.®'4151 It was therefore the aim of this inves-
tigation to consider some of the selection criteria that have
been put forward and, in particular, to suggest that a com-
bination of three sets of rules is required in order to re-
move the discrepancies between predictions and
observations.

The three sets of rules are the following: (1) a slip ac-
tivity-based selection rule; (2) a growth rule based on
grain aspect ratio; and (3) a residual stress-based growth
condition. Preliminary versions of this model were out-
lined in the Hu Memorial Issue of Textures and Micro-
structures,!') as well as in ICOTOM 11 conference
presentations.l'7-!81°1 The earlier treatment was based on
the behavior of four of the ideal orientations that charac-
terize the fcc rolling fiber (i.e., the Goss, brass, S, and
copper). Here, three further orientations are taken into
consideration (i.e., the Goss-brass, brass-S, and S-copper,
which are defined in greater detail subsequently), and the
model is demonstrated to apply to all seven of the char-
acteristic rolling fiber components. In the sections that fol-
low, the model is described and shown to be capable of
predicting the transformation textures that result from the
fce-to-bee transformation.
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Table I. Principal Characteristics of the Bain, K-S, and
N-W Relations

Lattice Number Total
Orientation Correspondence of Number of
Relationship Relation Alternatives  Variants
Bain {001} || {001} 3 3
(100) || (110) 1
K-S {111} || {011} 4
O11) || (111) 3 24
(twin-related variants) 2
N-W {111} | {011} 4
(112) || (011) 3 12

Q Starting Orientation (1)
A Bain Variant (3)
O K-S Variant (24)

Fig. 1—Schematic representation of the parent cube orientation, the three
Bain product variants, and the 24 corresponding K-S variants.

II. ORIENTATION RELATIONSHIPS BETWEEN
v AND a: TEXTURE INHERITANCE

When austenite transforms to ferrite, martensite, acicular
ferrite, or bainite, similar textures are produced, despite the
fact that ferrite is formed by diffusion, martensite by a shear
mechanism, and acicular ferrite and bainite by a mixed
mode. Several orientation relationships have been proposed
for this type of transformation, including the ones suggested
by Bain,?” Kurdjumov and Sachs,?"! and Nishiyamal??! and
Wassermann?®! (N—W). Experimental evidence indicates
that the K-S relation is generally followed in these cases,
although the validity of the N-W relation has also been
demonstrated.®?¥ The principal characteristics of the Bain,
K-S, and N-W relations are given in Table 1.

When austenite is rolled at high temperatures, i.e., above
the austenite no-recrystallization temperature, T, a recrys-

nrs

tallization texture is formed, the strongest component of
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which is the cube orientation {001}{100).i" This transforms
to the rotated cube {100}(011), Goss {110}¢001), and ro-
tated Goss {110}(110).0'4 If, however, the austenite is un-
able to recrystallize before transformation, it retains the
relatively sharp deformation texture that forms during roll-
ing; the latter contains the brass {110}(112), copper
{1123(111), and S {123}(634) as main components, with
the Goss {110}(001) as a minor component. The major
orientations of the resulting product texture are the
{332}(113) and {113}(110), which originate from the brass
and copper components, respectively.*2!]

The presence of rotated cube, Goss, and rotated Goss in
the ferrite formed from recrystallized austenite can be read-
ily explained in terms of the geometries of the Bain and
K-S relationships. The most important single texture
component in recrystallized austenite is the cube
{100}{001). A rotation of 45 deg about either the ND, RD,
or TD (100) axis (i.e., the (100) axis which is parallel to
the normal, rolling, or transverse direction, respectively), as
called for by the Bain transformation, leads directly to the
rotated cube, Goss, and rotated Goss orientations, respec-
tively.121 A similar result is obtained from the K-S trans-
formation, except that each of the three Bain variants is
replaced by eight K-S variants, distributed symmetrically
at a distance of 11.06 deg about each Bain variant.[*2>!

The relations between the parent cube orientation, the
three Bain product variants, and the 24 K-S product vari-
ants are depicted in Figure 1.1#231 The predictions of the two
sets (Bain and K-S) of transformation relations (as well as
those of the N—W relationship) are in fairly good agreement
with experimental observations for recrystallized austenite,
and so will not be considered further here.

III. THE MODEL
A. Rotation Axes for Variant Selection

In the present model, it is assumed that the material is
elastic/ideally plastic and that all the austenite grains are in
the deformed condition, i.e., unrecrystallized, immediately
prior to transformation. It is considered that the orientation
relationship between the two phases is described by the
K—S21 relation, and that this can be represented by a plus
or minus 90 deg rotation about a (112) axis common to
both lattices.

According to the model, the K-S correspondence rela-
tions that define the orientations of the nuclei are expressed
in terms of the {111} slip planes and (110) slip directions
of the parent fcc material using the geometry described by
Bishop and Hill.?%) Each correspondence plane and direc-
tion is in turn linked to the particular (112) rotation axis
that relates the parent and product grains. The indices of
this axis are obtained from the cross-product of the plane
normal and slip direction that make up the fcc slip system.

The notation employed to describe the {111}(110) slip
systems and the respective (112) rotation axes is presented
in Table II. One-half of the octahedron formed by the full
set of {111} planes is illustrated in Figure 2; the remaining
12 (110) and (112) directions are the negatives of the ones
presented in this diagram. It should be noted that a —90
deg rotation about the [112] axis, for example, is equivalent
to a +90 deg rotation about the [112] axis.

Embedded in the correspondence relation described pre-
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Table II. Slip Systems, as Defined by Bishop and Hill,’® and Their Associated (112) Axes
Plane Slip System and Corresponding (112) Rotation Axis
or a b c d
Axis (111) 11D (111) (111)
{111} I 11 11 I Il I I 11 I I 11 I
110y [011] [101] [110] [011] [101] [110] [011] [101] [110]  [011] [101] [110]
(112)  [211] [121] [112] [211] [121] [112] [211] [121] [112] [211] [121] [112]
\ [001] Table III. Locations in Euler Space of the Seven Selected
Parent Orientations
h Orientation 1oy P @,
- Copper 90.0 35.26 45.0
Copper—S 74.0 36.0 54.0
IS S 58.98 36.7 63.43
[100]« g S—Brass 46.12 34.5 75.96
Brass 35.26 45.0 90.0
5 Brass—Goss 15.79 45.0 90.0
Goss 0.0 45.0 90.0

100
(@ \orop - 100 (b)

Fig. 2—(a) One-half of the octahedron formed by the {111} planes
employed in the Bishop-Hill? notation. (b) The (110) and (112)

directions associated with plane “‘a

I

viously is an important basic assumption of the present
model: that the principal direction of product growth, i.e.,
the one along which the transformation interface propa-
gates, is an fcc (111) direction. This assumption finds sup-
port in the work of Kelly and Nutting??”? and of Altstetter
and Wayman,?® who have shown that low carbon marten-
sites (and even that formed from pure iron) display apparent
{111}-fcc habit planes and contain laths that are parallel to
the (110) directions lying in those planes.

As the model is concerned with nucleation in deformed
materials, the effect on variant selection of the slip activities
involved in the final rolling deformation step is of particular
importance. The 12 slip systems that define the variants can
be classified as active or inactive; in the former case, it is
possible to calculate their respective shear rates. Thus, ta-
bles of relative slip activity can be drawn up, and these can
be used in turn to select the most active, second most ac-
tive, etc., slip systems. The latter information can then be
used to identify the variants that are favored by slip activity
considerations.

Predictions of the K-S theory without variant selection,
comparison with experimental observations

The 24 K-S relations were first used to calculate the
transformation texture expected to form from deformed
austenite when variant selection is not taken into account.
To represent the texture of pancaked austenite, seven ori-
entations were selected from the orientation tube developed
in the plane strain rolling of fcc materials. These are the
Goss, Goss-brass, brass, brass-S, S, S-copper, and copper;
their respective locations in Euler space are listed in Table
III. The volume fraction assigned to each parent orientation
was based on the experimental intensities associated with
the texture tube determined on a 95 pct cold-reduced Ni-
30 wt pct Co alloy.

Each of these orientations was transformed on an indi-
vidual basis by rotating it by plus or minus 90 deg about
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the (112) axes listed in Table II. Since each parent orien-
tation generates 24 product nuclei, its initial volume frac-
tion was shared equally among the respective product
orientations. The latter were fitted with Gaussian functions
(6, = 8 deg), which were then superimposed and added to
a uniform ‘‘background’’ distribution of bcc orientations,
which represent the background in the parent austenite. For
the present purpose, volume fractions of 60 pct fiber com-
ponents and 40 pct background components were generally
used.

The texture of the parent material is illustrated in Figure
3(a), while that of the product resulting from the preceding
“‘no-variant’’ calculation is presented in Figure 3(b). Here,
¢, = 45 deg diagrams are employed, and the ideal orien-
tations located in this cross section are identified in Figure
3(c). The parent texture is both qualitatively and quantita-
tively similar to that determined on a 90 pct cold-rolled Fe-
30 wt pct Ni alloy by Bateman and Davies.'” Their
experimental martensite texture is therefore reproduced
here as Figure 4(a) for comparison with the simulated prod-
uct texture of Figure 3(b). Also of interest is a texture that
typifies the behavior of the pancaked Nb steels that trans-
form to ferrite and pearlite on air cooling; an example of
such a texture is reproduced here as Figure 4(b).['*! When
higher cooling rates are employed in Nb-containing steels,
either bainitic?”? or martensitic®? microstructures are
formed. Examples of the textures associated with these two
additional types of steel products are presented in Figures
4(c) and (d).

Several detailed conclusions can be drawn from these
figures by identifying the main components that are absent,
as well as those that are present, together with their relative
intensities.

The (110)|TD component (that which has a (110) direc-
tion parallel to the transverse direction) located along the
lower right-hand side of the ODF is the {332}(113), which
is usually referred to as the transformed brass compo-
nent.?’] (This has also been indexed as an approximate
{111}(112) orientation.*'*) By comparing the K-S predic-
tions (Figure 3(b)) with the experimental data (Figure 4), it
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Fig. 3—(a) Texture of the parent (fcc) material. (b) Product (bcc) texture, after no-variant calculation. (¢) Ideal orientations in the ¢, = 45 deg ODF
section.
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Fig. 4—(a) Experimental martensite texture of Bateman and Davies.['”! (b) Ferrite/pearlite transformation texture of a pancaked Nb steel.l'3 (¢) Bainite
transformation texture of a pancaked Nb steel.? (d) Martensite transformation texture of a pancaked Nb steel.l*"!
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is readily evident that the observed transformed brass com-
ponent intensities are nearly twice as high as in the simu-
lations. This generalization remains valid when the
background volume fraction is reduced progressively from
40 (Figure 3(b)) to 30 pct and even 15 pct. (The latter two
simulations are not presented here.)

We turn now to the intensities of the {211}-{311}(011)
or transformed copper components, located on the left side
of the ODF and forming part of the (110)|[RD fiber (ori-
entations with a (110) axis parallel to the rolling direction).
Here, the experimental peak intensities are more than twice
the maximum displayed in the predicted texture (Figure
3(b)). These two components are observed in the presence
of pancaked grains (i.e., grains with high aspect ratios) and
therefore when finish rolling is completed below the T,,.
(A similar observation was made by Inagakil'l in 1978.)
Another important difference between Figures 4 and 3(b)
concerns the {110}(110) orientation (lower left corner).
This is generally absent, or almost absent, in experimental
textures.

It is therefore clear that some form of variant selection
must be employed in texture prediction if the transforma-
tion is to be simulated properly. Similar conclusions were
drawn recently by Briickner et al.3!

B. Effect of Slip Activity

Here, the seven orientations mentioned previously, i.e.,
the Goss, Goss-brass, brass, brass-S, S, S-copper, and cop-
per, were again chosen to represent the austenite texture.l"!
As mentioned earlier, the slip systems that define the var-
iants can be classified according to their relative activities.
For this purpose, the rate-sensitive slip analysis of Zhou et
al.B? was employed. Plane strain compression was consid-
ered to take place and the shears occurring on the active
systems were calculated, based on a von Mises incremental
strain of 0.025. The results obtained in this way can be used
to rank the various nucleus orientations in the order of their
slip activities.

To this end, the normalized shears were divided into four
categories. The first three categories are all associated with
the active planes: these are referred to here as (1) most
active, (2) second most active, and (3) low or nil activity.
Nil corresponds to an inactive direction on an active plane.
The fourth category corresponds to the variants associated
with slip directions that lie in planes that are not activated
at all. The preceding classification is the basis of a selection
rule that assigns weights (or probabilities) to products as
functions of the slip activities observable in the parent
phase.

This rule was applied to the seven ideal orientations
listed earlier. The full list of bce product orientations is
displayed in Table IV, together with the 24 rotation axes
and corresponding slip systems. The products are identified
by sets of low integer Miller indices lying within 11 deg
of the exact orientations. In the present case, the maximum
shear activity is 1.66, all values having been normalized
with respect to the 0.025 incremental strain mentioned pre-
viously. In the case of the ‘nil’ category, the symbol ‘0’
refers to an inactive direction lying in an active plane. The
symbol ‘‘000’" represents an inactive system lying on a
totally inactive plane. (The orientations associated with the
latter systems are analyzed in greater detail subsequently.)
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The orientations of the variants associated with the slip
systems that lie in active planes in each of the seven fcc
rolling texture components are illustrated in Figure 5. Here,
only the ¢, = 45 deg section of Euler space is used, and
the letters refer to the slip system notation employed in
Table II. The product orientations lying outside this cross
section are not included in these diagrams but are listed in
Table IV. Also indicated on the diagrams are the variants
that are eliminated from consideration by the residual stress
rule (as discussed later). Finally, the symbols employed on
the diagrams enable distinctions to be drawn between the
systems carrying the largest amount of slip (full symbols),
the second largest amount of slip (gray symbols), and light
slip or no slip at all (open symbols). These diagrams are
presented here so that they can be used to deduce the
sources (in the austenite) of prominent orientations in ex-
perimental (bce) textures.

C. Effect of Grain Aspect Ratio and Crystal Growth
Direction

When an equiaxed microstructure is deformed under
plane strain rolling conditions, the grains become elongated
along the rolling direction and reduced in thickness, while
their transverse dimensions remain unchanged. Thus, the
microstructure becomes pancaked to an extent that depends
on the reduction applied. For example, elongation ratios //1,
of 3, 4, 5, and 10 correspond to rolling reductions of 67,
75, 80, and 90 pct, respectively. Similarly, the grain heights
h are reduced by the inverse values of these ratios. The
aspect ratios //h in the longitudinal cross section therefore
increase from 1.0 when the grains are equiaxed to 32 = 9,
42 = 16, 52 = 25, and 10> = 100 for the four reductions,
respectively.

The effect of grain shape on variant selection has been
investigated in the past without success. For instance, Da-
vies and Bateman!'! considered the possibility that marten-
site plates could grow longer when parallel to the rolling
plane. However, this idea was applied to a// the 24 variants
of the K-S transformation, so that the texture predicted in
this way was exceptionally weak.

When the grain shape is highly directional, as in the case
of the present pancaked grains, and the transformation is
directional as well, there are appreciable consequences. It
is clear, for example, that there is one or even two orders
of magnitude more scope for growth along the RD than in
the ND (vertical) direction. For similar reasons, growth
along the RD will be favored over TD growth by factors
of 3, 4, 5, and 10 for the four reductions considered pre-
viously. Thus, orientations associated with RD growth can
be expected to be favored over the equivalent TD orienta-
tions, while both of these will be enormously favored over
the ND orientations.

The favored (and retarded) orientations can be readily
deduced from the K-S correspondence relations and the
general observation that the favored growth direction is re-
lated to the (111) direction normal to the {111}-fcc plane
involved in the correspondence relation.!**!

In order to determine the favored product orientations, it
must first be noted that the ideal orientations forming the
fce rolling fiber have a (111) direction lying in the rolling
(i.e., ND) plane. For example, a (111) direction lies parallel
to RD in the case of the {112}(111) (or copper) component,
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Fig. 5—Product orientations associated with the slip systems lying in active planes for each of the seven parent components. All variants in the range 35
deg < ¢, < 55 deg are included. For clarity, the brass-Goss products are separated into two distinct diagrams. The slip system notation corresponds to that

of Table II.

while a (111) direction is aligned with TD in the case of
the {110}(112) (or brass) component. For the Goss
({1103€001)), S ({123}(634)), and S-copper components,
there is a (111) vector once again lying in the horizontal
plane, but it is inclined at angles of 54.7, 16.0, and 8.6 deg
to the RD. The {111} planes that are normal to these par-
ticular (111) vectors are thus all ‘‘vertical’’ planes and are
therefore unable to carry any slip during rolling. That is,
these correspond to the various inactive planes defined in
Section B. Each inactive plane when employed in the K-S
relationship leads in turn to up to six possible product ori-
entations, corresponding to the plus or minus 90 deg rota-
tions about the three (112) axes lying in that plane.

Variants favored by the geometry of planar growth

The variants that satisfy the geometric requirements for
growth along the high aspect ratio directions of pancaked
grains are identified in Figure 6 for the seven exact parent
orientations. (Here, the Bishop and Hill slip system notation
is once again employed.) However, a few of these variants
are not free to grow because of the restrictions imposed by
the residual stress condition described subsequently. These
are identified as such in Figure 6. The variants that remain
can then be classified according to their growth directions,
where the RD is the most favoured and the TD the least
favored planar direction (Table V).

It is clear from the preceding analysis that a possible
reason for the prominence of the {311}{011) and
{211}(011) transformation texture components is that these
are the only ones that are perfectly aligned for growth along
the RD direction. Less favored are the approximate
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{111}(123) components that are expected to grow in the
TD direction (and which form from the fcc brass compo-
nent). The approximate {111}{011) components that arise
from the Goss parent orientation are also less favored, but
are expected to be of low intensity in the final texture be-
cause the Goss and Goss-brass components normally have
the lowest intensities in the rolling fiber.*3 The transformed
brass-S, S, and S-copper growth components in turn are
also expected to play less significant roles, because their
low symmetries do not lead to any variant overlap or mul-
tiplicity.

D. Effect of Residual Stress on Variant Selection

Several researchers have already shown that the presence
of an applied or existing stress has an effect on the trans-
formation texture components.**331 Of interest in the pres-
ent context is that residual stresses remain in deformed
materials after unloading; these are associated with the pre-
vious deformation path. Here, a growth condition is em-
ployed,!'®! based on the idea that, after rolling, each grain
embedded in the austenite matrix is subject to a residual
stress oy, that depends on the difference between (1) the
stress applied to the polycrystal during the last rolling pass
and (2) the stress required to cause the grain to yield, also
in the last rolling pass.

This subtraction is represented by the relation o}, = S,
— o,, where g, is the single crystal yield stress calculated
using the Bishop and Hill*®! analysis and S, is the stress
obtained from the upper bound random polycrystal yield
locus for the same strain path. No work hardening or strain
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Table V. Planar

0 COPPER (2) {>S (OBRASS (2) AGOSS (4)

(O COPPER-S Y{S-BRASS

by residual-stress criterion

tive planes for six of the seven parent orientations. All variants in the range
ons, each symbol represents two, two, and four variants, respectively.

Growth Variants

Growth Direction Source in Rolling Fiber

(Bishop and Hill Notation)

Variants
Approximate Miller Indices

RD (highly favored) copper bIl, —bl, {311} (011)
bIIL, —bIII (211} (011)

Diagonal (mildly favored) S —bl, bIL, bIII, —bIII {hkl} (012)
Goss bll, —bll, clI, —clI, {111} (011)

bl, cI, —bIII, —clII near {111} (011)

TD (least favored) brass bl, —blII, near {111} (123)
bII, —bII {111} (123)

history due to previous rolling passes is therefore taken into
account.

The rule can be stated as follows: ‘‘those variants are
favored which reduce the residual stress in the matrix sur-
rounding a given parent grain.”’ Conversely, those variants
are eliminated which increase the residual stress and there-
fore increase the energy stored in the matrix.

In order to simplify the analysis and to be able to select
the variants that will grow using a single parameter, the
work AW resulting from the action of the residual stress
o, on the transformation strain €, was calculated. Positive
values of the work were considered here to aid the trans-
formation, and therefore, the product orientations resulting
from the satisfaction of the following condition were the
ones selected:

AW =0} 20 [1]

Here, g is taken to be the Bain strain associated with fcc
and bcc lattice parameters of 0.361 and 0.286 nm, respec-
tively. This choice of parameters ensures that no volume
change takes place during transformation (in practice, it is
about 2 pct), an approach that again simplifies the analysis.

The term g; assumes three different tensor forms accord-
ing to the particular (100) parent axis that is aligned with
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its negative normal (i.e., contraction) component. Each of
the (100) axes is in turn related to eight of the 24 (112)
rotation axes shown in Table II and Figure 2(b). (In the
figure, only the positive axes are illustrated.) The use of the
work rule therefore leads to the elimination of the variants
that increase the stored energy in the matrix. Conversely,
the rule leads to the selection of the product orientations
that decrease the energy and are hence allowed to grow.
Table VI shows the residual stress work (in units of /67,)
calculated for each of the seven parent components using
Eq. [1], but with the Bain strain (0.24) reduced by an order
of magnitude (to 0.024). The eight variants that correspond
to each (100) contraction axis are numbered according to
the nomenclature used in the first column of Table IV.
There is a maximum of three different values of work per
parent orientation, since, as mentioned earlier, the residual
stress may be different for each possible contraction axis.
The contraction axes that are either selected (S) or elimi-
nated (E) in this way are also identified.

Also listed in Table VI are the differences between the
maximum and minimum work values, expressed in
kJ/mole. (Here, 7, was set equal to 100 MPa.) These range
from about 1 kJ/mole for the Goss orientation, which has
low “‘selectivity’” according to this criterion, to ~40 to 52
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Table VI. Selectivity Characteristics of the Seven Rolling Fiber Components*

Parent Contraction Product Residual Stress Selected or Selectivity
Orientation Axis Variant Number Work Eliminated + — (=) (kJ/mole)
(100) 1 through 8 +0.044 S
Copper (010) 9 through 16 +0.044 S 9
(001) 17 through 24 —0.085 E
(100) 1 through 8 +0.140 S
Copper-S (010) 9 through 16 —0.054 E 16
{001) 17 through 24 —0.085 E
(100) 1 through 8 +0.210 S
S (010) 9 through 16 —0.150 E 26
(001) 17 through 24 —0.061 E
(100) 1 through 8 +0.073 S
S-Brass (010) 9 through 16 —0.355 E 45
(001) 17 through 24 +0.281 S
(100) 1 through 8 +0.183 S
Brass (010) 9 through 16 —0.365 E 40
{001) 17 through 24 +0.183 S
(100) 1 through 8 +0.245 S
Brass-Goss (010) 9 through 16 —0.490 E 52
(001) 17 through 24 +0.245 S
(100) 1 through 8 +0.005 S
Goss (010) 9 through 16 -0.010 E 1
(001) 17 through 24 +0.005 S

*Here, the residual stress work is expressed in units of V6 7., and the selectivity was derived on the basis of 7, = 100 MPa.

kJ/mole in the vicinity of the brass and neighboring com-
ponents, which therefore have high selectivity. Finally, it
should be added that these energies are comparable with
the free energies that drive the y-to-a transformation in
iron-carbon alloys at about 100 °C to 200 °C below the 4.
The latter can be estimated to fall in the range —100 to
—300 kJ/mole in the present low C steels.’°! Thus, it ap-
pears that the free energy of transformation can be modified
sufficiently by relaxation of the internal stresses as de-
scribed previously (or by their increase when contraction is
attempted along a direction where the residual stress is ten-
sile) to affect the kinetics of formation of alternative vari-
ants.

It should be noted that the present criterion is based
solely on the orientation of the parent grain and not on that
of the nucleus. As a result, a product orientation that can
form from more than one parent orientation can be unable
to grow from the one but be encouraged to do so from
another.

The residual stress distributions pertaining to all seven
parent orientations are presented in Figure 7. Here, the
specimen axes are employed and only the normal compo-
nents of the stress tensor are represented. These values were
calculated by assuming that the hydrostatic stress is zero in
each case. The positions of the three (100) parent axes are
also shown. The (100) axes that are selected as the con-
traction axes are those that lie in the regions of lowest ab-
solute stress.

The preceding results are collected and displayed in Fig-
ure 8. In this diagram, both the permissible as well as the
unfavorable contraction axes are plotted. Additional points
have been added for all but the Goss orientation so as to
respect the requirements for orthorhombic symmetry. It is
evident from the figure that the unfavorable contraction
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axes lie within about 40 deg of the RD pole. Conversely,
the permissible contraction axes are located along the
TD-ND plane or within about 45 deg of the two TD poles.

The important effect of eliminating the contraction axes
in the neighborhood of the RD poles from consideration is
that certain variants, which are not in fact observed (or are
only present at low intensities), are also eliminated from
texture predictions. These include the {100}(001) (and near
{100}(001)) expected from the Goss, the {100}¢011) and
{100}¢012) that are expected to form from the brass, the
{110}(110) and {210}¢120) that would otherwise form
from the copper, and the near {110}(110) orientations aris-
ing from the S.*!31 As this mechanism of variant selection
is linked to the presence of residual stresses in the material,
it can, however, be expected to work less efficiently if there
is appreciable stress relaxation prior to transformation.

E. Variant Selection Using a Combination of Slip
Nucleation, Planar Growth, and Residual Stress-Based
Criteria

We can now combine the product orientations selected
by the slip activity and planar growth criteria to produce
the transformed texture. The first step is to remove from
these groups all the product orientations that do not satisfy
the residual stress criterion. This was easily done by se-
lecting only the variants that led to positive values of the
work, as indicated previously.

Now, a partial product texture can be obtained from the
orientations resulting from the slip activity criterion alone.
In order to do this, the product orientations associated with
the most active parent slip systems were fitted by Gaussian
functions to produce the ODF section shown in Figure 9(a).
The same was done with the orientations resulting from the
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BRASS-GOSS
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Fig. 7—Stereographic representation, in the sample reference frame, of the residual stress distribution that applies to each of the seven parent components.

The positions of the three (100) poles are also indicated.

copper
copper-S
S
S-brass
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brass-Goss
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E: Eliminated
S: Selected

Fig. 8—Stereographic representation, in the sample reference system, of
the locations of the (100) poles of the seven parent orientations. Here, the
residual stress criterion was employed to eliminate (E) or select (S) the
various possible contraction axes.

second most active systems, yielding the ODF section in
Figure 9(b). Figure 9(c) is a combination of these two
ODFs in the ratio 4:1.

It is evident from the figure that this approach is able to
simulate many of the features of the experimental textures
of Figure 4. For example, the location and intensity of the
{332}(113) component of the TD fiber are accurately re-
produced. As pointed out previously, this orientation is
principally derived from the brass component of the aus-
tenite rolling texture. By contrast, the intensities along the
(110)|RD fiber (left side of the ODF) are much too low,
particularly in the vicinity of ¢ = 25 deg ({311}(011)) and
¢ = 35 deg ({211}011)). These are mainly formed from
the austenite copper orientation. As will be seen subse-
quently, the reasons for this differential behavior lie in the
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morphological characteristics of the austenite microstruc-
ture immediately before the transformation;!'! in particular,
the effect of grain shape on the growth rate of the nuclei
will now be analyzed in detail.

Effect of planar growth components

A simulated ODF representing the expected contribution
of the planar growth orientations to the overall ODF is pre-
sented in Figure 10. In the present case, the pancaked grains
were assumed to have aspect ratios of 7:1 (length:width),
which corresponds to a rolling reduction of 84 pct. Here,
relative weights of 7:6.4:1.62:1:1:1.22 were employed for
the copper, copper-S, S, S-brass, brass, and Goss product
orientations, respectively. (The brass-Goss orientation was
not included in this group because of its low intensity and
low symmetry.) These weights were obtained from the an-
gle o between the (111) normal to the inactive (vertical)
slip plane and the RD using the expression 1/sina. For «
= 0 deg (the copper orientation), an arbitrary weight of 7
was chosen. The key contribution made by the two trans-
formed copper components selected in this way is readily
evident. The less favored transformed brass and trans-
formed Goss components can be seen to contribute to the
(111)ND fiber (which includes orientations with a (111)
axis parallel to the ND). This fiber will be strong when the
copper component is significantly weaker than the brass and
planar growth continues to play an important role.

It is clear from the preceding considerations that, in an
experimental texture, the actual strengths of the two
(110)|RD components, {311}¢011) and {211}(011), can be
expected to depend on the aspect ratios of the pancaked
grains and, therefore, on the strain accumulated below the
T, in the rolling schedule employed. Higher pancaking
strains also increase the intensity of the copper component
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Fig. 9—¢, = 45 deg ODF sections showing (a) the most active and () the second most active K-S variants. Gaussian function fitting. (¢) Combination

of (a) and (b) in a ratio of 4:1.

30°

60°

90° 'l L 4 e L L - . L

Fig. 10—¢, = 45 deg ODF section showing the variants that correspond
to the totally inactive slip systems of the Cu, Cu-S, S, S-Brass, Brass, and
Goss orientations. Gaussian function fitting.

of the parent fcc rolling fiber and, therefore, contribute in
a second way to increasing the intensities of the two latter
orientations.

It is now possible to combine the ODF of Figure 10,
calculated using the concept of enhanced growth along the
planar directions, with that of Figure 9(c) which represents
the graduated effect on nucleation of shear on the active
slip planes. The result obtained in this way is presented in
Figure 11. Here, it can be seen that all the important fea-
tures of the ODFs of Figure 4 have been reproduced. At
this stage of model development, faster and slower cooling
rates can only be simulated by adjusting the ‘‘weights”’
used to derive Figure 9(c); these can be considered to rep-
resent the relative dislocation densities associated with the
three classes of slip system on the active slip planes that
can be influenced by the extent of recovery. Similarly, dif-
ferences in the amounts of pancaking strain can be taken
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900 L L L L '}

Fig. 11—Combination of Figs. 9(c) and 10 in a ratio of 5:4.

into account by varying the aspect ratio factors employed
to calculate Figure 10.

Use of the present rule for the prediction of complete
textures requires a more elaborate weighting system than
the one described briefly earlier. In this case, the original
intensity of each parent orientation must be taken into ac-
count, together with the number of possible product vari-
ants of a given orientation, the four (or more) levels of slip
activity outlined here, as well as the effect of the other
growth criteria discussed earlier. The results obtained from
such a more complex approach will be presented in a forth-
coming publication.

IV. DISCUSSION

Experimental transformation textures reveal the presence
of considerably fewer variants than are called for by the
K-S relationship. As shown in the subsection to Section
III-A, the prediction of transformation textures without
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variant selection leads to results that differ both qualita-
tively and quantitatively from the observations. This has led
to the clear conclusion that variant selection mechanisms
are active during phase transformation. Many selection cri-
teria were tested in the past, none of which has been com-
pletely successful.

In the present work, a model is proposed that takes into
account the microstructural condition of the austenite im-
mediately before transformation. Both the dislocation dis-
tribution and the grain morphology are considered to
influence the final texture. Two important mechanisms are
identified that account for the varying intensities of the
most prominent orientations in the transformation texture:
these are the slip activity-based nucleation rule and the
grain aspect ratio growth rule. As seen in section III'B, the
former governs the intensity of the {332}(113) and
{211}(113) bec components, which are mainly derived
from the brass component of the parent texture.

It is therefore clear that the intensities of the transformed
brass components are sensitive to the pattern and amount
of prior slip and, as a consequence, to such variables as
cooling rate, since this affects the extent of recovery. Con-
versely, it can be postulated that the lower the dislocation
density when the transformation begins (i.e., the lower the
cooling rate), the less effective is this mode of variant se-
lection, and therefore the lower the intensities of the trans-
formed brass components. This had already been noted by
Inagakil'! and Yutori and Ogawa, who did not however
explain their observations.

The product orientations selected on the basis of slip ac-
tivity include a number of components that are not observed
experimentally. These include the cube, {100}(001), which
forms from the Goss, and the rotated Goss, {110}(110),
which forms from the copper. However, these are elimi-
nated by the residual stress condition described earlier. (In
the present instance, variants 9 through 16 are ruled out in
this way in the case of the Goss and brass parent orienta-
tions, as are variants 17 to 24 in the case of the copper.)

In contrast to the transformed brass components, the in-
tensities of which are inversely related to the amount of
recovery prior to transformation, the bee {211}-{311}(011)
orientations are formed from the fcc copper component. As
shown in Section III-C, the {111} correspondence plane of
this component remains inactive during prior straining; as
it contains no active burgers vectors, the volume fractions
of the product grains cannot be sensitive to either cooling
rate or the amount of previous recovery. Their intensities
will increase with the extent of grain pancaking and, there-
fore, with the amount of reduction applied below the re-
crystallization-stop temperature. The physical reason for
preferential growth along the RD is as yet unknown. It is,
however, under current investigation and will be the subject
of a future article.

An interesting feature of the present approach is the ne-
cessity of including a further criterion related to the release
of stored energy during phase transformation. In Section
III-D, a simplified calculation was used, which was based
on two basic assumptions: (1) that each grain is surrounded
by a uniform distribution of orientations (this justifies the
use of the random yield locus to represent the contribution
of the matrix to the residual stress field); and (2) that the
transformation strain associated with each K-S variant in a
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group of eight (Figure 1) can be represented by the Bain
strain pertaining to the average for that group.

With the aid of these assumptions, the remaining ‘‘un-
wanted’’ orientations were eliminated, as discussed in Sec-
tion III-D. It should be noted, however, that this criterion
is also sensitive to dislocation density and, as a conse-
quence, to cooling rate and the extent of recovery. It is not
applicable to a recrystallized parent matrix, in which such
residual stresses are absent.

V. CONCLUSIONS

1. Experimental transformation textures are more intense
and reveal the presence of considerably fewer variants
than called for by the K-S relationship. This leads to
the clear conclusion that variant selection is taking place.

2. When pancaked austenite grains are consumed by re-
treating along (111) directions, those with directions ly-
ing in the rolling (ND) plane are particularly favored.
The bcce orientations produced in this way are associated
with the vertical fcc {111} planes that are associated
with the fcc rolling fiber.

3. The extent of grain pancaking can be quantified in terms
of the grain aspect ratio, which is directly related to the
rolling reductions applied below the 7, and therefore to
the pancaking strain. The aspect ratio is a good measure
of the extent to which growth along the RD direction
will be favored when plane strain rolling has taken
place. The two bcc orientations whose intensities are
particularly promoted in this way are the {311}(011)
and {211}(011), both of which are formed from the cop-
per component of the rolling fiber. (When the brass com-
ponent is significantly more intense than the copper, the
(111)|[ND fiber will be promoted instead.)

4. The intensities of the preceding two transformed cop-
per components are not affected by the slip activity
during prior rolling or by the dislocation density. This
is because of the absence of slip activity on the vertical
{111} planes that are participating in the transforma-
tion.

5. Nucleation of the {332}(113) and {211}(113) trans-
formed brass components is associated with slip activity
on particular {111} planes. The loss of dislocations on
these planes will lead to a decrease in the extent of var-
iant selection in favor of these two orientations. This can
explain why the intensities of the transformed brass
components are affected by cooling rate and by the ex-
tent of recovery prior to transformation.

6. After rolling, there is a local residual stress that corre-
sponds to the difference between the applied polycrystal
yield stress and the flow stress of the grain under con-
sideration. During transformation, the relaxation of this
residual stress acts to favor certain possible Bain con-
traction axes over others and therefore to the derivation
of a residual stress rule. The role of this rule is to reject
some of the variants selected by both the planar growth
and slip-based criteria; this applies to all of the
{110}(110) and {100}{uvw) orientations otherwise cho-
sen by the latter two criteria.

7. Experimentally observed transformation textures can be
readily reproduced with the aid of three variant selection
criteria. These involve (1) a slip activity nucleation cri-
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terion; (2) a grain aspect ratio planar growth criterion
and (3) a residual stress-based growth criterion.
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