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ABSTRACT

The prediction of transformation textures is studied from a theoretical and
analytical point of view, and some of the resulting models are applied to the
austenite-to-ferrite transition in steels Both discrete and continuous mathematical
formalisms are presented to simulate texture evoiution in the course of the phase
change. In the discrete description, the texture is represented by means of ideal
orientations and the transformation law by various strict crystallographic
relationships Inthe continuous description, the texture and transformation laws are
described by statistical ODF and MODF functions, respectively. Some important
aspects related to the existence of several variants of the transformation laws are
dealt with. The different kinds of transformation textures observed experimentally in
controlled rolled steels are also reviewed and the dependence of their development on

certain compositional and processing parametersis discussed.

Five fcc Ni-Co alloys with different stacking fault energies (SFE's) were
previously cold rolled to four reductions (40%, 70%, 907 and 95%) and their textures
characterized by the orientation distribution function (ODF) method. The
corresponding bee transformation textures were calculated from these experimental
textures according to three different orientation relationships for the y+a transition
The transformed ODF’s derived from the Bain relationship are much sharper than
the ones deduced from the Kurdjumov-Sachs (KS) or the Nishiyama-Wassermann
(NW) relations, although the general trends of the three fumilies of textures are
similar. Ferrite textures determined on controlled rolled steels, he ily deformed in
the unrecrystallized y region, agree reasonably well with the bee t¢ ctures calculated,
according to the KS relationship, from the Ni-Co alloy with similar SFE. The two
major ferrite components, namely the {332} < 113> and {113}~ 110, are found to
origirate from the three main orientations of cold rolled fee materials, i.e. the
{112} <11 >(Cu),{110}<112>(Bs) and {123} <634 >(S). Such ferrite transformation
from heavily deformed austenite appears to follow the KS relationship without any
variant selection By contrast, the texture of martensite produced from deformed
austenite seems to involve significant amounts of such selection. Finally, although
similar ¢1-section ODF’s are ohserved, comparison hetween the simulated textures
and those determined in cold rolled steels leads only to partial correspondence, since

no fibre type components are actually predicted.
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RESUME

Les textures de transformation sont étudiées d'un point de vue théorique et
analytique, et quelques uns des modéles proposés sont appliqués au cas de la
transition austenite-ferrite dans les aciers. L'évolution de la texture au cours ¢ 1
changement de phase est presentée a l'aide de formalismes discret et continu. Décrite
de fagon discréte, la texture est représentée par des orientations idéales et la loi de
transformation par diverses relations cristallographiques De fagon continue, les
descriptions sont basées sur les fonctions statistiques de distribution des orientations
(FDO) et des transformations (FTO), respectivement. Les principaux problemes liés
a l'existence de plusieurs variants de transformation sont traités avec soin. Les
différentes textures de transformation chservées pour des aciers obtenus par
laminage controlé sont revues ainsi que !l'influence de certains parametres de

composition et de traitement.

Cing alliages cfc Ni-Co possédant différentes énergies d'empilement ont été
préalablement laminés de 40 & 95" et leurs textures déterminées par la methode des
FDO. Les textures de transformation correspondantes {cc) ont éte calculées & partir
de ces textures experimentales a 'aide de trois relations de transformation. Les FDO
obtenues avec la relation de Bain sont toujours plus sévéres que celles déduites des
relations de Kurdjumov-Sachs (KS) et Nishiyama-Wassermann (NW), bien que
I'aspect general des trois familles de cartes soit trés semblable. Les textures
ferritiques, determinees surdes aciers obtenus par une réduction élevée en laminage
controlé dans la zone de non recristallisation, sont en accord satisfaisant avec les
FDO simulées par la relation KS a partir de l'alliage Ni-Co d'énergie d'empilement
voisine. On montre que les deux composantesde la ferrite, voisinesde {332} <113 > et
<113,<110>, ont leur origine dans trois orientations préponderantes pour les
matertaux cfe laminés a froid, ie. {112}<111>(Cu), {110}<112>(laiton) et
{123;< 634 >(8). Il apparait donc que les transformations ferritiques suivent la loi
KS, sans aucune evidence de sélection des variants. Au contraire, les textures
martensitiques produites a partir de I'austenite déformee semble impliquer une telle
selection. Enfin, bien que l'on observent des sections ¢| de FDO similaires. les
textures sunulées et celles mesurées pour les aciers laminés a froid ne montrent

qu'une ressemblance partielle puisqu'aucune fibre n'est en fait predite.
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CHAPTER |

INTRODUCTION

The common metals of industrial practice are polycrystalline aggregates in which
each of the individual grains has an orientation that differs from those of its
neighbors. However, it is quite unusual for the grains in such metals to have
completely random orientations, and the non-random distributions that occur are
called preferred orientations or textures. Texture can be described by linking together
directions of the crystal with features of the specimen geometry. Thus, sheet textures
are often described in terms of {hkl} <uvw> components, with the {hkl} planeslying
parallel to the rolling plane and the <uvw> directions oriented along the rolling
direction. However, this description is usually insufficient and currently, orientation
distribution function analysis has replaced such qualitative pole figure analysis.

Textures are formed at all stages of the manufacturing processes of metals, but
their precise natures are complex functions of the preceding thermomechanical
treatments, as well as of the material itself. The important processing factors which
can contribute to the development of texture are : solidification, deformation,
annealing and phase transformation. The present work is mainly concerned with the
role of phase transitions on the textures of the final product, although the material
deformation history is also taken into consideration. The effects of solidification and
annealing on texture development will be completely ignored. A significant
proportion of the shaping of steels is carried out when the structure is austenitic. The
formation of a texture in the austenite is liable to influence the texture in
subsequently formed martensite or ferrite due to the crystallegraphic nature of the
transformation that takes place on cooling. Two factors are responsible for the
importance of the textures formed at high temperatures : (i) the texture of the
untransformed material plays a role in the development of texture on subsequent
processing; and (ii) an increasing proportion of steels is used in the as-hot rolled
condition, so that transformation directly influences the macroscopic final properties
of the steel. Thus, an understanding of the way in which texture is inherited from
austenite by ferrite or martensite is of considerable importance in understanding the
properties of ferrous materials at ambient temperatures.

Experimental difficulties generally preclude the measurement of the texture of
the austenite of conventional steels prior to transformation. Hence, it has been
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necessary to make use of indirect methods tc study texture development during the
deformation of austenite. Assuming a crystallographic relation between the two
phases, two types of transformation texture simulations can be differentiated : (i) the
austenite ODF can be untransformed from the experimental texture of the room
temperature structure, (1) conversely, the austenite rolling texture can be assumed
to be similar to the texture produced by cold rolling fec metals with high stacking
fault energies and the simulated ferrite ODF's can then be compared to the
experimental observations. In both cases, the description of the known texture can be
given by a set of ideal componentsor, on the contrary, can include the complete ODF.

Asaresult, both discrete and continuous derivations can be carried out.

The present work is concerned with the simulatinn of transformed textures in
steels from both a theoretical and a practical point of view. It is divided into the
following chapters.

In Chapter II, the orientation of a monocrystal is defined by a series of sets of
parameters and the continuous orientation distribution function (ODF) is introduced
in the caseof polycrystalline materials. In Chapter [li, the theoretical basis of texture
transformation studies is described in some detail. The concept of continuous
transformation is introduced progressively and ultimately leads to the definition of
an orientation transformation function (OTF) which can even take variant selection
into account. The most commonly accepted crystallographic relations observed in
steels are then presented, accompanied by some symmetry considerations regarding
their variants. Finally, discrete and continuous methods are proposed for the
simulation of transformation textures. In Chapter IV, a review of experimental
transformation textures in steels is presented and the effects of the most influential
parameters are discussed. Alsu, a eritical assessment of previcus simulations — based
on both the discrete and continuous methods — is attempted. In Chapter V. textures
of Ni-Co alloys, previously cold rolled to different reductinns, are used to simulate
austenite textures of comparable stacking fault eneryy levels and the corresponding
bece ODF’s are derived, using the Kurdjumov-Sachs Nishiyama-Was,ermann and
Bain transformation laws. The simulated textures are then compuared Lo
experimental onesin (i) ferrite in controlled rolled steels, (il) martensite, and (111 cold
rolled ferrite. The simulation methods and their parametcrs are al:o discussed.
Finally, in Chapter VI, the general conclusions of the study are drawn and the

validity ofthe predictions is discussed.
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CHAPTER II

TEXTURE REPRESENTATION
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II.1 ORIENTATION OF INDIVIDUAL CRYSTALS

This section aims at defining an orientation and presenting some of the most
commonly used parameters required for its representation.

[[.1.1 DEFINITION OF AN ORIENTATION

Above all, the description of an orientation requires the choice of two reference
frames -sets of three rectangular coordinates— in connection with the sample and
each crystallite respectively. In principle, this choice is arbitrary, but in the
particular case of rolled cubic metals, an easy handling of the data can be provided by
ajudicious selection of these systems.

- Reference frame of the specimen : (Kg)

When the deformation process is rolling, there results an external symmetry of
the sample which, as shown in Figure 2-1, consists of three mirror planes
perpendicular to the rolling, transverse and normal directions, or equivalently of

three two-fold axes along these directions.

ND
TD
> RD
e ;I —
‘

Figure 2-1 : Mirror planes of a rolled sheet.

From now on, the sample coordinate system will thus be chosen with its axes XYZ
parallel to the rolling (RD), transverse (TD) and normal (ND) directions, respectively.



- Reference frame of the crvstal : (K,)

The coordinate system of a crystal is selected in agreement with the symmetry of
its atomic lattice. For cubic materials, the choice of three rectangular cube-edue
directions[100]1,{010],[001] as the coordinate axes X'Y'Z' is the most suitable

- Orientation of one crystal within a specimen ;

As a result, the orientation of a crystal will be descrihed by the rotation g which
transforms the sample reference frame (K. ) into the crystal reference frame (K, ) as
sketched below :

»I'D

RD /

Figure 2-2: Orientation of a given cubie crystal with re peet to

the reference frame of the rolled specimen

This is written mathematically as

K * K K =2 K 121
making use of the matrix formalism. The vectors of the ery Jtal a s are obtaned 1om
the vectors of the sample axes by applying the rotation metric g tothe Jeft hnd <ide
From this viewpoint, the rows of g consist of the coordinates of the cr stallogr rphiue
axes with respect to the axes of the sample. The rotation g muy ol o bhe defined wih

the help of different sets of parameters, reviewed 1n the next para g b




[[.1.2 PARAMETERS DEFINING AN ORIENTATION

It was decided to restrict the number of representations to those that were used in
the computer simulations, which have also tended to become standard [1].

- Eulerian angles in Kulerspace : g=(¢,,2,4,)
This description has proved to be especially suited to texture analysis [e.g. 2]. As
illustrated for the most general case in Figure 2-3, the crystal system is first assumed
t.. be purallel to that of the specimen (a). The following rotations are then performed

saccessively:

(b) ¢, about the Z' crystal axis
(c) ¢ aboutthe X'crystal axis
(d) ¢,about the Z’ crystal axis

all possible orientations beingobtained within the range:
0s41=2n0=d=n0=¢o=2m.

Although used and recommended by the best known researchers in the field, the
set of Euler angles which has been chosen is not unique. Another set, known as Roe’s
notation {3,4] and defined by (¥,8,¢), is also frequently found in the literature and
will thus be referred to from time to time for purposes of comparison.

It is convenient to plot these three independent parameters as cartesian
coordinates in a three-dimensional space, called orientation space or Euler spece in
the case of the Euler angles. Generally, the sections "¢, =constant’ -simply callec the
'¢,-sections’- are drawn because, in each section, ND remains constant when @ is
unchanged. For steels however, "¢,-sections’ are sometimes plotted and if the texture
is given in terms of single orientations, each crystal orientation appears as one dot in
Euler space. This space is however distorted along the ¢ axis and the volume element
reads

1
dg = — sind db dpdb, (2-2)

8n

In the particular case of rolling, a translation along the ¢,-axis in Euler space is
identical to a rotation around the sample NI, while a translation along the ¢,-axis

corresponds to a rotation around the [001]-direction of the erystal.
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Figure 2.3 : Definition of the Euler angles
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- Millerindices: g=(hkD){uvw]

A representation of crystal orientations frequently used in sheets consists of the
specification of the Miller indices (hkl) for the crystal plane which lies parallel to the
sheet (ND), as well as the indices [uvw] of the crystal direction parallel to the rolling
direction (RD).

Two particular cases are worth noting:
in cubic materials, the indices of a lattice plane and the indices of the direction of

its normal are identical fe.z. the normal to the sheet plane coincides with the

normal direction),
after rolling, the sheet planeis the rolling plane.

rotation matrix:  g=(gyuye{1,2,3)2
In a three-dimensional space, a rotation can always be described by a 3 X 3 matrix,
as sketched in Table 2-1. The columns of the matrix g are then equivalently formed
from either the cosines of the axes of the initial coordinate system ( Ky ) with respect
to the final reference frame ( K. ), or conversely the cosines of the axes of the final
coordinate system ( K¢ ) with respect to the initial reference frame ( K; )

g11 g0 g13 X' =(100)

g = gn B2 8x Y =(010)  Ke
g31 g3 g33 7' =(001)
X Y Z
RD TD ND
Ks

Table 2-1: Matrix representation of g

- rotation axis and rotation angle: g={d,w}
The rotation axis d =(d,,dy,d,) =(8,V), where 8 and v are the polar and azimuthal
angles respectively, is unchanged by the rotation, and ¢ may be described as a
rotation by an angle w abeut the axis d, where wisdefined by :

Tr(g)zg“*g22¢g33=2cosw+1 (2-3)

where Tr(g) is the trace of the matrix.
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- polar coordinates:

In any sample coordinate system XYZ, a crystal direction hklcan be referenced by
two angles (®,y), called polar coordinates. Identically, polar angles can be defined for
a sample direction D with respect to any crystallographic coordinate <ystem X'Y'7Z"
these are then noted (®,38). The two sets of angles are shown in Figures 2.4 (2) and (b).

Z Z'
* *
- It
E sample E crystal
E o Dkl | 5 D
| Y
| |
,' _______________ v, . \ S
/’L—y Y ,)L__g? Y
B Y
X K
X (a) X' (h)

Figure 2-4 : The two sets of polar coordinates : (a) in the sample, (h) in the crystal

As aresult, there are two sets of parameters for the definition of an orientition in
a rolled cubic material, namely the polar coordinates {(4, .8, ). (3 .8, ), (b, | 8. )}
of RD, TD and ND in the crystal, and the polar coordinates {3y
(9015 Yoo} 0f [100],[0101,[001 ] in the sample.

{7 .
Iul))‘ v‘)l‘l‘{')fll)'

- relations between the different parameters -

The rotation g consists of three consecutive planar rotations, . that the matrix
can be expressed -by simple matrizx multiplication-— as o funesion of the Fule ran
(Table 2-2).

The Miller notation can easily be related to the Fuler anglo< by < tting thkland
[uvw] equal to a multiple of the third column (NDY ond of the fir s column (RD) of o
respectively, as shown in Table 2-2. One therchy obtains the relations given on Table
2-3.

;,j’ln“n
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cosd,cosd, - sind)lsincb,cos(b sin¢lcos¢2+cos¢lsin¢,_,cosd> sing, sind
-C0S¢,Sin¢,- sing,cos¢,cosd -sing,sind, +cos¢, cosé,cosd cosd,sin®
sing,sind -c0s¢,sin® cosd

Table 2-2: The rotation matrix as a function of the Euler angles.

h=r1l . sind;Z sin¢ u =n,.(cosd,cosy, - sin¢1sin¢2cos¢)

k=n,.cos¢, sind V =n,.(-cos¢,sin¢,- sind cosd,cosd)
I=n, . cost w=n,.sin¢, sin®

n,=(u?+v’+w?)
Table 2-3 : (hkD{uvw] asa function of (¢,2,4,).

The rotation matrix can be written with the rotation axisd= (d\.dy,d,)=(8,}) and

the rotation angle was orientation parameters, as can be seen in Table 2-4.

- —

(1-d\?*) cosw + d.’
d\dy (l'COSw) - dL Sinw

d\d; (1-cosw) + d, sinw

d.d, (1-cosw) + d, sinw
(1-d,") cosw + d,”

dyd, (1-cosw) - dy sinw

d.d, (1-cosw) - dy sinw
d,d; (1-cosw) + d\sinw

(1-d;>) cosw + d,?

Table 2-4 : The rotation matrix as a function of d =(d,.d, ,d,) and w.

If w is chosen between 0 and 7, then 8, ¥ and w can be derived from the Euler
anglesé,, 2. b, through the conditions expressed in Table 2-5.

The cartesian coordinates of d =(d,d,,d;) can be deduced either from the spherical
ones (8,y) ordirectly from the rotation matrix, as expressed in equations 2-4 and 2-5.
respectively. Finally, the polar coordinates of a direction either in the crystal or in
the sample are related to the three Euler angles by the relations of Table 2-6.




‘b:(¢l-¢2)/2

cos{w/2) =cos(®/2)cos(dp, +¢,)2  and sinw O

sin6 =sin(®/2)/sinlw/2) and  cos® = {(1 +co~2)sin(h, + 5, 2sinw

Table 2-5:d =(98,y) and was functions of the Fulerangles s 000,

d.=sin8.cosv , dy=sinb.siny . od,coae (2-.1)
cosw = (Tr(g)-1)/2 and sinw 0
{2-5)
dy=(g,-g,.,)/2sinw . dy=(g,-g, )2sinw coodys it g 2o
" — IEETNEE
Opor = @ Yop, = Py -
¢, = arccos (siny ,sind) Yy = ATCCos (Cosgsind | b b
¢,,, = arccos (cosd ,sind) Yoo - Arecostsindcosp Vb,
[ — _
b\p=20 Bup=m 2- b,
¢,y = arccos (sind sind) Bpy, = arecns (oo g st )
¢, = arccos (-cosd,sing) B = arceonsing, siny )t g

Table 2-6 : Polar coordinates of the system axe , s function. of 1 504 )




[1.L1.3  SYMMETRICALLY EQUIVALENT ORIENTATIONS

While the orientation of a crystallite within a specimen has been uniquely defined
by the rotation g, the choice of both the crystal and the sample reference frames can

often be achieved in many symmetrical indistinguishable ways.

- thecrystal svmmetrv :

Depending on the lattice symmetry, the crystal reference frame can be chosen
among equivalent possibilities. In a cubic system, for instance, one can select the
coordinate axes through the following procedure depicted in Figure 2-5:

X :anyofthe three cube edges along either of the two directions: 6
Y :anyofthe edges perpendicularto X along either of the two directions: 4
Z :nochoice, Zisentirely determined fora right-handed system: _1
resulting number of equivalents: 24
6
X X
2 2 1
3 13 ' 1 e Y
: o
4 4 i i
1 '
: :
5

Figure 2-5: Equivalent choices of the crystal reference axes for a cubic system.

These 24 different representations of the same crystallite are related to one
another by asmany rotations (S ),¢;1 24} which form the rotational subgroup of the
crystal sytnmetry. Assuming that K| was selected to define the orientation g, any of
its symmetricequivalents K. can be written as K¢ =8'.K¢, , again using the matrix
formalism. The transitive theory within the rotational group thus ensures g;=S8";. g.
This is sketched in Figure 2-6, where g and g are different orientations, which are

symmetrically equivalent for the crystal.
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K > K

S

K,,

Figure 2-6 : Equivalent orientations due to the
crystal symmetry.

- thesample symmetry:

In addition to the crystal symmetry, the sample can also exhibit symmetry
elements. Thisis the case in particular after rolling where the rolling, transverse and
normal directions are two-fold rotation axes. It means that K, may be chosen in four
different but symmetrically equivalent ways K, following Figure 2-7.

g
K, —» K
(S5,
gj
K

Figure 2-7 : Equivalent orientations due to the
sample symmetry.

In other words. the orientations gj=y.(S")', where the Sy s form the rotational
subgroup of the sample symmetry, are symmetrically equivalent

- the combined crystal and sample symmetrics :

By simultaneously fulfilling the two kinds of symmetry conditions with respect to
a given orientation g, one obtains symmetrically equivalent points in orientation
space. The resulting scheme is shown in Figure 2-8 and the equivalents obey the
relation

. o, =1
g', = hr g (.5') (2-6)
: . J
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Ky > K
(Ssj) lT l S¢
gij

KSJ > Kcl

Figure 2-8 : Equivalent orientations due to
the combined crystal and sample symmetries.

11.2 THE ORIENTATION DISTRIBUTION FUNCTION

To describe completely the crystal orientations of a polycrystalline material with
the methods reviewed in section [[.1, one would have to specify the orientation g for
each geometrical point (x,y,z) of the sample. Such a procedure would be very time
consuming and its mathematical treatment generally not practicable. A simpler
representation is obtainzd by considering -in a statistical manner- only the
orientation, and not the position, of the volume elements in the sample.

[1.2.1  DEFINITION AND PROPERTIES

- thestatistical function :
If one denotes by dV the total volume of all the elements which possess the

orientation g within the infinitesimal range of orientation dg defined in equation (2-
2), and by V the whole sample volume, then the ratio dV'V defines the Orientation
Distribution Function flg) [2] by

av
_— = g e (2'7)
, = fte) dz



From now on, this function f(g) ~the ODF- will represent the quantitative
definition of preferred orientation. Figure 2-9 shows the ODF representation, in
6, =constant sections, of a Ni-30Co alloy cold rolled to 95% reduction.

® |6

L
4

|6

/?

N
/'F\\@

- @ | @@7

©
Q
@
15 <
¢
—
n [00051015
O . @ & |20 28] 20| 35
40} 45| 50| 55
60| 65| 70| 7S
20| 65} %] 4

Figure 2-9 : ¢,-section ODF of a Ni-30Co alloy 95% cold rolled.
» ={112}<111>(Cu) 1={110}<112>(Bs) @ ={123}<634>(S)

- the normalization condition:
In the case of randomly distributed crystals, the above mentioned distribution
function is constant and will be assigned the value 1. Hence, the normalization

condition reads

j flg) dg =1 (2-8)
v
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- consequence of the symmetries :

The existence of equivalents to a given orientation g, resulting from the crystal
and sample symmetry elements and presented in paragraph [1.1.3, is translated to
the distribution function by a set of conditions to be fulfilled by f{g) which read

[(SI g)=flg)  flg SI=flg)  [185.g $)=((g) (2-9)
where S¢, and S°; describe the rotational subgroups of the crystal and sample
symmetries, respectively.

[1.2.2 TWO-DIMENSIONAL REPRESENTATIONS

As already stated above, the ODF can be represented in Euler space -in the ¢,-
sections for example- by iso-density lines. It is only recently, however, that such
three-dimensional graphs are widely available. Heretofore, only two-dimensional
stereographic projections of f(g) have been obtained experimentally, which were easy
to handle but had the disadvantage of reproducing only part of the information.

These are pole figures and inverse pole figures.

- the stereographic projection :

One considers a reference sphere with a unit radius and with XYZ as its
coordinate axes. Asillustrated in Figure 2-10, the equatorial plane P=0XY is called
the projection plane and A =(0,0,-1) the projection point. The stereographic projection
M' of any point M on the reference sphere with respect to the elements (P A) sits at
the intersection of the line AM with the projection plane P. In the next two
paragraphs, this method of projection is applied to certain crystal and sample
directions to obtain pole figures and inverse pole figures, respectively.

- pole figures :
These are the stereographic projections showing the distribution of particular

crystallographic directions <uvw>, of the assembly of grains, in the rolling plane
(RD,TD).

Symmetry requirements for cubic crystals are such that a particular orientation
can be described by three {100} poles. four {111} poles, six {110} poles. twelve {hkO0}
poles or twenty four {hkl} poles. The simplest pole figures will be those depicting the
distribution of planes with the lowest multiplicity : {100}, {110}, {111} and sometimes




projection
plane P

A

Figure 2-10 : Stereographic projection.

{211} planes. Since it is usual to refer to the pole figure in terms of the measured
reflections, bce textures are described by (110), (200), (112), (222), etc. pole figures,
while fce textures are interpreted on the basis of (111), (200), and (220) pole figures.
There is no difference between pole figures from the first and second order reflections
as the poles are identical for the two cases. As an illustration, the so-called (100) pole
figure is sketched for one crystal in Figure 2-11.

In a textured material, the poles tend to cluster together in certain areas of the

pole figure and can be presented in the form of equal-density contours in the same
manner as for C 2F sections. The density values are expressed relative to that for a
specimen having a random orientation. Contour levels greater than 1X random
imply a concentration of poles and those less than 1X random a depletion of the
directions concerned. If a correct average is taken over the whole pole figure, the
mean density of poles must be 1 since the total number of poles in an aggregate is
unchanged by the existence or the degree of texture. Finally, itis worth recalling that
the pole figures of rolled materials have four equivalent quadrants, since the planes
normal to RD and TD are reflection planes of symmetry. Figure 2-12 (a) shows the
200 pole figure of the Ni-Co alloy of Figure 2-9.
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ND

reference
sphere

- TD

projection
plane

Figure 2-11 : Projection in the rolling plane of the three (100) poles of a cubic crystal.

inverse pole figures *
These are the stereographic projections showing the distribution of any of the
sample directions (ND,RD,TD...) in the crystallographic frame. The standard triangle
of the cubic lattice, which contains all the information of the inverse pole figure, is

shown in Figure 2-13 :

These are particularly useful for the representation of fibre textures, for which the
specification of a single inverse pole figure can describe the texture in a satisfactory
way. Figure 2-12 (b) shows the ND inverse pole figure of the alloy of Figure 2-9.

- comparison of the two types of planar representation :

The two kinds of figure are two-dimensional projections of the ODF f(g), so that
neither can be used to derive the frequency of a specific crystal orientation. The major
advantage of pole figures consists of their direct measurability, by X-ray diffraction
for instance; whereas that of inverse pole figures resides in their important role in the
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<004>

«01>

<100> TS <010>

4 saxipm 4.8 T Bintess -4 ¢ maximm 37 » ainisum -4

(a) (b)

Figure 2-12: (a):200 pole figure  (b): NDinverse pole figure
of a Ni-30Co alloy 95% cold rolled.
A ={112}<111>(Cu) R ={110}<112>(Bs) ®={123}<634>

(111)

(100) (110)

Figure 2-13 : Standard triangle for the cubic system.

estimation of the physical properties of the polycrystal. A limited texture study might
therefore aim at calculating inverse pole figures from pole figures.

Besides, for cubic-orthorhombic systems (e.g. rolled cubic metals), the resolving
power of a representation by pole figures is higher than that by an equal number of
inverse pole figures [2].
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‘ - Euler angles on pole and inverse pole figures :
The stereographic projections of an orientation, represented by its set of three
Euler angles, in the sample and crystal reference frames, are found in Figures 2-14(a)
and 2-14(b), respectively [2].

Figure 2-14 (a) : Representation of Euler angleson a pole figure, after [2].

[100)
,
b,/ &
| ND
| RD
; 4,
b
(001] < 3 (b)
%
-T

1 Figure 2-14 (b) : Representation of Euler angles on an inverse pole figure, after [2].




[1.2.3 THE FUNDAMENTAL RELATION OF TEXTURE ANALYSIS

Since, in general, pole figures are the experimental data, it is essential toderive a
relation which will enable the calculation of an ODF from these measurements. A
pole figure is the angular distribution function of a chosen crystal direction A with
respect to the sample reference frame K_. It isdefined by the volume fraction dV V of

crystals having their h directions parallel to the y sample direction :

2o (2-10)
v Tnph(y)dy’
with the normalization equation :
Ph(“y)randamzl’ [Vph(y)dy=4n (2-11)

The pole density then appears to be an integral of the ODF, f(g), taken over a
certain path -defined by the condition A // y~in Euler space :

o & e

2n

The inversion of this relation, which leads to the practical definition of the ODF, is
the subject of the next paragraph.

[1.2.4 INVERSION METHODS

These are the methods for the determination of the ODEF from pole figure
measurements by resolution of the above mentioned fundamental relation This
presentation will be restricted to the series expansion method, simultaneously
developed by Roe [3] and Bunge [5] in 1965. Some other methods will also be
referenced.

- theseries expansion method:

Notations and formaiism are those proposed by Bunge [2]. A function g can bhe

developed in a series of generalized spherical harmounies T ()
n «~/ -~/

/‘(g’ - 1 -\—: l (./nn T”m’ \

< ! <)

{2-13

{=0m= ~[n= |



where the T|™(g) —if expressed by means of the Euler angles (¢,,%,¢,)- are related to

the generalization of the associated Legendre functions Py™7(¢) by :

tma, tnd
TPp dp)=e ° PTMd) e

(2-14)
where C;™" are numerical coefficients and P™"(9) is a mathematical function of 9.

In the series expansion, the symmetry conditions can be taken into account by
introducing symmetric harmonics T/*'(g), linear combinations of the classical
functions T;™"(g), in which the right-hand single dot ".” denotes the sample

e,

symmetry and the left-hand double dot *:” the crystal symmetry, sometimes also

eetyy
.

referenced by a triple dot when more than one type of crystal is at stake. The
corresponding Cp* coefficients completely describe the ODF and are also related to

the pole density in the ydirection, Px(y), in the A pole figure by :

£ .V_t{)M(l) in . .
P (y)= N N N C* E¥(h) RYy) (2-15)
Y —— — 1" -
{=0v=1pu=1 2l+1

where k**(h) and k| ¥(y) are the so-called symmetric spherical surface harmonics.
The coefficients of the pole figure are proportional to those of the ODF, so that the
CiHVcan be determined in this way. A detailed study of this derivation, its limitations

and the evaluation of the errors can be found, for example, in reference [2].

- references to some other methods :

There exist five other methods for the inversion of the fundamental relation.
These have not been employed as universally as the series expansion method and
have not been used in the present study. The following are references to the initial
work on each method :

the vector method introduced by Ruer [6] in 1976 and improved by Vadon (7] in
1981,

the inversion formula presented by Matthies [8] in 1979 and Muller et al. [9] in
1981,

the probabilistic method developed by Imhof [10] in 1977 and Starkey [11] in
1983.

the discretization method of Williams [12]in 1968.

the Gaussian method [13].
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1.1 REPRESENTATION OF THE TRANSFORMATION

When restricted to the study of the evolution of orientations, phase
transformation essentially operates through a rotation of the original grains towards
their final positions. The matrix formulation of such orientation modification will
now be introduced, as well as a progressive approach to transformation modeling,

applied to textured materials defined by their ODF’s.

.1.1 THE MATRIX FORMULATION

Provided that the two lattices are centro-symmetric, when a phase transition
transforms one grain of the initial austenite, of orientation g, into one final a-grain,
of orientation g%, the two orientations g¥ and g® can be related to one another
through a rotation Ag, named the transformation relationship, as represented

schematically in Figure 3-1:

gY
Ks 4’ KCY
ga
K

Figure 3-1: Definition of the transformation.

The following simple relation between the three quantities can thus be derived :
g'=23g g"  or gl=g7'gl (3-1)
The conventional notation for matrix products will be used throughout this text so
that, in the above equation, the orientation g® is obtained by first carrying out the
rotation g7 and then the rotation Ag. It is also worth noting that, as a rotation, Ag can
be represented by the same parameters as those defined in paragraph 11.1.2 for a
given orientation (Euler angles, rotation matrix, rotation axis and rotation angle,
etc.). In particular, the rows of the rotation matrix are defined by the direction

cosines of the reference axes of the a-crystal with respect to those of the y-crystal.
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Ml.1.2 A PROGRESSIVE APPROACH

Equation (3-1), although fundamental, only treats the ultra-simplified case of one
unambiguously transformed monocrystal. Reality is much more complex and deals
with polycrystals transformed through a continuous spectrum of rotations. After
Esling et al. [14], the preceding formulation can be progressively extended to the

most general case.

- from the monocrystal to the polverystal :

This primary step, which has already been covered in Chapter I, results in the
introduction of a continuum of orientations represented by the ODF f(g). The texture
of the initial polycrystal is thus described by its ODF fr(g"), which satisfies the
double invariance of the sample symmetry on the right-hand side and of the

] e n

disappearing phase on the left-hand side, respectively dennted by “.” and ™" on the
function.
In the same manner, the textured final phase can also be defined by its ODF

f*(g®), where the crystal symmetry *: ” of the product might a priort be different from
that of the parent ™:”, while the sample symmetry “.” is conserved.

- aunique orientation relationship:

The coordinate system K.Y of every pre-transformation crystal underpoes the
same rotation Ag as the one presented in Figure 3-1, thus involving a modification of
the coordinate system rather than a real texture change Nevertheless, the

transformed ODF is related to the initial function by
}11(;;(1):,;\(#1) (3.2)

with

a

gi=2ag"" gy

- aunique family of equivalent orientation relationship,

In paragraph I1.1 3, the orientations g, symmetrieally equvalent to o piven
orientation g with respect to the sample and cry<tal symmetric 5, were difined
Similarly, during the phase change, the symmetries of the lattices of the two ery stals
are taken into account through their respective rotatioral subgroups (870~
and (S%))ic.1 %, where N7 and N* are the number of symmetry elements in the 5

and o crystals, respectively. As with the g and g orientations, equivalent




considerations regarding Ag lead to the definition of a family of symmetrically
equivalent transformation rotations Ag,j defined by Ag,; =S%;..Ag.(SY;)"!. This relation
is illustrated in Figure 3-2, which is based on the same principle as Figure 2-7. The
Agj are often called the variants of the transformation law.

Ag
KY, » K%
(SY‘])‘IT l Sai
Ag1J
KY » K%

Figure 3-2 : Definition of the symmetricaliy

equivalent transformation rotations.

Correspondingly, the relation between the two ODF’s is modified as follows :

A . NT N
Pt = pr DIEIALZR (3-3)
J=1 =1
with g¥ taking the values
g =3 " g (3-4)

where the different rotations occur with an equal probability 1/INYN©,

However, the NYN® rotations may not all be different and the number k of distinct
rotations defines the multiplicity of the orientation relationship, which can be
significantly lower than NYN®, See also paragraph [l[.3.1.

- several families of orientation relationships :
Two or more crystallographically distinct orientation relations may describe a
given phase transformation, in general with different frequencies of occurrence W,
For two such relations, distinguished by the suffixes (1) and (2), equations (3-3) and

(3-4) are generalized as follows :

<
<5
©

i
111%

N . .
Sw, Figh+w, Mg (3-5)

Z
=z
[=]
(-
I
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with g, Y and g, running through
g¥=(Agllj)“l g% and  gl=ag)v b (3-6)

- non-strictorientation relationships:

The Agyk's described above correspond to ideal values which are not generally
strictly respected in the polycrystal. The stresses between neighboring grains,
constraints regarding the occupation of space and the plastic strain accompanying
the phase change in polycrystals create slight deviations from the ideal values, thus
leading to a continuous probability distribution of the Ag's around the Agy’s. The
stricter the orientation relationship, the smaller the peak width This continuous
function has been named the MisQOrientation Distribution Function (MODI) by
Bunge [15] for the study of recrystallization, or the _Qrientgtion Transformation
Function (OTF) by Sargent {161, and is generally denoted as Wi Ag). The changeover
from the discrete to the continuous case leads to a new type of equatior where a

convolution integral replaces the summation, so thatequation (3-3) ischanged to .

fAE® = [ Wiag Ng" dag with  g¥=ag !y (3-7)
ag

~ While the variable Ag varies continuously within orientation space, the MODF
W(Ag)attainssignificant levels only in the vicinity of certain valuesof Ag. As for any
probability function, a normalization condition must be assumed for W(Ag) :

[ Wdg) dig =1 (3 8)
ag

It will be shown in paragraph !11.3.1 that the symmetry of the decaying phase can
be omitted on the right-hand side of the orientation transformation function, so that
equation (3-7) can be rewritten in the form

gt = E:‘v'(_\g! ;'" (g ") dig with g = Ag - g (3.9)
v Ag

where W(Ag) is no longer symmetrical with respeet to the gumma pho o, but stll
fulfills the alpha symmetry conditionson the loft-hand side
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- schematic evolution of the models :

o

A schematic iliustration of the preceding approaches is given [14]in Figure 3-3,
which shows the progressive improvement of the models.

A° A
1 p-----1 I/\wwa p---=-- re - m—— =
v > Ag vy ™) > Ag
(a) (b)
i W(Ag) W(Ag)
} A A
| Woay\e foommeepoomoeo-- : Wiyg!
\V;/.\-\‘ NCEEN fn [naiebell sl \Vl_\g-'
T Ag'.h Ag” R Ag" ag” > Ag > Ag
(c) (d)

Figure 3-3:Schematic illustration of the progressive modeling approach :
: (a) a unique relationship, (b) a unique family of equivalent variants,
(c) several families of equivalent variants, (d) non-strict relationships.




- different probabilities for equivalentorientation relationships

Although crystallographically indistinguishable, equivalent orientations gt
must be considered as distinct starting orientations for the variants of an orientation
relationship. The ODF intensity of the new phase can thus be assumed to be
proportional to an additional factor, termed the Variant Selection Function (VS
and noted v(g") [17.18], which depends on the arientation of the disappearing phase
but does not obey its symmetry. In other words, for twu equivalent orientations g7,
and gY, v(gY) and v(g"¥;) might have different values. The equation of the

transformation then turns into its most general expression

}‘.’(gQ):[ Wiag) olgh }.Y(g‘i ddg where  ob s Ay ot {(3-10

Ag

From the normalization conditions (2-8) and (3-8), v(g) satisfies the relation
J og) dy =1 (3-11)
g

Because the variant selection function is difficult to model and to define
numerically, this step remains one of the most difficult in the interpretation and
simulation of transformation textures. The experimental establishment and the
consequences of variant selection will be dealt with in section IV 4, and sume models

and criteria presented in paragraph [11.3.2.

In the course of the phase change, it appears thut one crystal renerally splits up
into several final crystallites because various parts of the same initial eryvstal may
transform according to different orientation relationships g This disper<al loads to
a decrease in the sharpness of the texture. the crystals being distributed over a

greater number of orientations.
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1.2 TRANSFORMATION LAWS

Solid-state phase transformations sometimes follow certain crystallographic laws,
usually determined by accurate measurements of X-ray or electron diffraction
spectra. Historically, several relationships as well as possible mechanisms have been
proposed for the y-to-a transformation in steels and iron-based alloys. The most
commonly accepted relations are reviewed below. In addition, their two- and three-
dimensional representations are introduced on the model of those defined for the

orientation distribution function.

l1.2.1 EXPRESSION OF THE TRANSFORMATION

A crystallographic relationship may be represented either by a rotation of the
lattice or by conditions of parallelism between planes and’or directions of the two

phases.

as conditions of parallelism :

The usual way to specify an orientation relationship is to relate crystallograophic
planes and/or directions of the two phases by parallelism conditions, so that, for cubic
lattices, it is generally expressed in terms of the Miller indices of

- either two families of planes :

7
| th k1 ll;/,lh

Y (3-12)

Hhy ko Loy il (R &

1

- orone family of planes and one family of directions (often contained in the latter

planes):

thk D7th 2 1 (3_13)

[wvw/lu v

which coincide in the two phases.

- asarotation:

Practically, it is necessary to define the rotation Ag which brings the parent
lattice in coincidence with that of the phase resulting from the above relations. As
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already mentioned, such a rotation may be represented by ~for instance- its three
Euler angles Ag=(2¢,, 80, A¢,)oritsaxis andangle dg=1(d, Aw). Using Ag=(d, Aw), a
crystal of the disappearing phase is transformed into a erystal of the product phase by
a rotation of angle Aw around the axis d, which thus remains unchanged during the
transformation. Besides, the reverse transformation ag ' can be obtained from the
parametersof the direct transformation by :

Ag! = (w-A¢,,80, 1-4¢,) = (d,-Aw) and its matrix 1s the transpose of Ay,

ll1.2.2 THE MOST COMMONLY ACCEDPTED RELATIONSHIPS

The most commonly referenced transformations laws oceurrings in steels are
presented below in chronological order of their appearance. Their characteristie data
are gathered in Table 3-1 at the end of this section. The corresponding mechanisms

will, however, not be reviewed here.

- theBain relationship:
Introduced in 1924 by E.C. Bain [19] as a result of the mechanism he proposed for

the martensitic transformation in steels, it reads :
BRI IRVAS RV
t 9
(3-142a)

[OL1) 4t 001
¥ It

or as a rotation :

Ay :(45",0’,0 ): ((11)1)1_45 ) {(3-14h)

- the Kurdjumow-Sachs relationship:

By far the most "popular” is the relationship <tated by G Kurdjumow und G
Sachs [20]in 1930 for steels containing 1.4 (.

RN R/AR I W) P 21l
I 4 Ll s ' . -
or cqueaientl, (3-1500

YrrTop v (i1 1y 11
\ 1 3
or as a rotation :

sg=s0v 48190512, s (3 15b)

~—
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- the Nishiyama-Wassermann relationship:
Z. Nishiyama [21,22] and G. Wassermann [23] simultaneously, but
independently, introduced a slightly different crystallographic law for an iron alloy

containing 309 Ni :

(111)\'//1110)0 11D //(IIO)a
_ or equival. nithv ‘ L (3-16a)
{110 #[001) Tt 2) 4i110l
\ a Y a
or as arotation:
sg = 8026 48 19°,45°) (3-16b)

which cannot be interpreted as a rotation about an integral direction of the crystal.
Analytically, it can however be expressed as a95.27° rotation around the axis defined
byh=-1+V2+V3 k=1+V2+V3and I1=V2.

- the Greninger-Troiano relationship:
Studying a steel with 22% Ni and 0.8% C, A. Greninger and A. Troiano [24]
concluded that the relationship could be described as about midway between those

stated by Kurdjumow-Sachs and Nishiyama-Wassermann
<110>. [111] =25 and  <112> norj =2 (3-17)

with conditions on the high index planes and directions. They also concluded that

both underlying transformation theories were untenable.

- the Pitsch relationship :
For thin films of iron-nitrogen and iron-carbon alloys, W. Pitsch [25] established

the following relation

AR RRIROES
|- _ or equivalently ‘ _ (3-18a)
T1e) /111y 00 1] /(110]
\ a ] a
or as arotation:
g = ( $0 40° 45 82° 13 64=) (3-18b)

- theirrelative positionsin Fuler space:
If interpreted, in Euler space, in terms of a rotation with respect to the reference
frame of the y-crystal, the Bain relationship is the easiest to understand : it consists
of a 45° rotation about the [100] direction, so thatits three anglesread (45°,0°.0°).
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‘ Moreover, by representing some of the [100], [110] and [111] poles of :
- avy-crystalof orientation{111}< 110>, and
- ana-crystal of orientation {110}<001>,
on the same pole figure, one obtains the drawing given by Bunge in [2] and

reproduced belowin Figure 3-4.

{111}<110> RD {110} < 001 > RD

a-phase

y-phase

-TID-

< (110) A (111) 0(100)  poles

Figure 3-4 : Tllustration of the Nishiyama-Wassermann relationship
and its deviation from the Bain and Kurdjumow-Sachs relationships.

These two diagrams thus illustrate the Nishiyama-Wassermann (NW)
relationship for the y—a transformation, which transforms a {111} 110 » ~y-crystal
into a {110} < 001> a-crystal, and from which the relative positions of the two other
laws can be assessed :

(a) the Bain relationship (B):

It has the same parallelism condition for the dircctions as NW, namely 1101,
(100]q, but a different condition for the planes: (100), “ (100), instead of €111,
(110)g for the N'W relation. From the NW case of Figure 3-4, one ¢an thus construct

the diagram for the Bain relation by currying out two rotations about RD tr ¢ in the
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equatorial plane TD-ND) to obtain Bain's condition for the planes : (arrowed bold

arcs)
- onein the y-crystalto bring {100}, in coincidence with ND: 54.7°
- onein the a-crystalto bring [100], in coincidence with ND: 45.0°
leading to arelative variationin A8, of 9.7°

(b)the Kurdjumow-Sachs relationship (KS):

It has the same parallelism condition for the planes as NW, namely (111), 7/
(110)q, but a different condition for the directions : [110], /[111], instead of [110], #/
1100]4. From the NW case of Figure 3-4, one can again construct the diagram for the
KS relation by carrying out two rotations about ND (i.e. in the projection plane RD-
TD) to obtain the KS condition on the directions : (non-arrowed bold arcs)

- onein the y-crystal to bring[110]y in coincidence with RD : 60.0°

- onein the a-crystaltobring[111],in coincidence with RD : 54.7°

leading toarelative variationin AB,,of 5.3°
These two results are illustrated in Eulerspace in Figure 3-5:

Bip!
‘\D; KS
: A
! 53°
i» B &——0 NW 7
' 53
| \ 4
E KS
1+ >
"9

Figure 3-5 : Relative positions of the different
orientation relations in Euler space.

- the limitations of crystallographic relations :
As they involve only the most compact planes and directions, whose Miller indices

have low values, the above laws do not reproduce all the observations [26].
Furthermore, due to the atomic nature of the transformation mechanism, they should
normally be described in terms of cooperative dislocation movements [27]. Moreover,

when ferrite nucleates at a y grain boundary, obeying a particular orientaticn
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relation with one of the grains, the subsequent growth has been shown to oceur
preferentially in the grain with which no precise relation exists [28]. Lastly, because
of the spread observed about the ideal values, Figure 3-5 shows that it is rather
difficult todistinguish between them.

angle & axis orientation
name Euler angles .
of rotation relation
Jo— A
Bain (45°. 0°.0°) 157 (100), (1001,
(100] (011], [001]4
Kurdjumow- (84.23°,48.19°,84.23") 9()- (11, (1100,
Sachs [112] (1-10], [1-11],
Nishiyama- (80.96°,48.19". 45%) not (111){ 110,
Wassermann integral (1-10], "[001],
Greninger- not between
Troiano integral KS and NW
Pitsch (80.40°,45.82°,13.647) not (110),112),
integral (1-10]y/111-1]4

Table 3-1: Characteristic data for the usualorientation relationships

.23 REPRESENTATIONS OF A TRANSFORMANTION LAW

Expressed as a rotation Ag, a transformation law muay thus be represented in

Euler space or in two-dimensional projections, in a very ~imilar manner as ODIs

- the three-dimensional orientation transformation funetion

More generally, a continuous distribution of Xy rotations appearing with g
probability W(ag) will now be considered, a5 propased in paraugraph 1112
Accordingly, the MODF 15 adensity function of the continuow, variable oy, 30y )
in the same manner as the ODF fg/, and can thu: be plotted in "y, ~cctions” for
instance. Figure 3-6 shows the 3 -section reprosentation of the MODEF for the KS

relationship. It must be remembered, however, that in this en~e the function
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represents the distribution of orientations of the product crystals with respect to the
reference axes of the parent crystal. In the case of the cubic-cubic transformation, a
peak at the location (hkl)[uvw] means that the (hk]) plane in the product is parallel to
the (001) plane in the parent and that the [uvw] direction in the product is parallel to
the [100] of the parent. Thus the indexing charts that have been published for ODF
analysis [29] can also be used to assist in the interpretation of MODF'’s.

@ f'ﬁm{" @ j
0 ® @ @
RO 1 .
Q S ‘ .

N . (@géﬁﬂ_r & fio .
0 © )
FZ

‘@';- ‘YL V@'{ (A\tt‘sww
9 @0 € 0z
el e ! o | H=:

Figure 3-6 : ¢,-section misorientation distribution function for the KS relationship.

- two-dimensional stereographic projections :

The poles of the a-crystal in the y reference frame or conversely the poles of the y-
crystal in the areference frame can be represented using the stereographic projection
technique described in paragraph 11.2.2. The principles of their calculation from the
MODF are givenin APPENDIX E. Their relationships to the MODF are analogous to
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those of pole figures and inverse pole figures to the ODF. As an illustration, the
densities of the (111) y-poles with respect to the a-reference frame andthe densities of
the (111) a-poles with respect to the y-reference frame have been plotted for the KS

relationship and are shown in Figures3-7 (a)and 3-7(b), respectively,

<00{>

L4t

-%<010>

——
“',‘655§\14’!§§!’:::\‘————>- <010>

<100> - A

(a) (b)

Figure 3-7: Densitiesof (a):the (111) Y-polesin the a-crystal,
(b):the (110) a-poles in the y-crystal.

These representations are of practical use when the two phases are stable at room
ternperature, for which one can study the transformation law by comparing them
with theoretical figures. In the present work, however, the orientation relationships
were assumed to be known, so that MODF’s and their two-dimensional projections

have not been used extensively.




41

.3 SYMMETRY CONSIDERATIONS

Equivalents to a given orientation, resulting from the combination of the crystal
and sample symmetries, have been extensively reviewed in paragraph 11.1.3. The
present considerations will thus be devoted only to the presentation of some
symmetry problems, introducedin I1.1.2, in relation to the crystallographic laws and
their impact on the study of transformation textures through the variant selection

phenomenon.

11.3.1 VARIANTS OF A TRANSFORMATION LAW

- definitions and vocabulary :

Asmentioned earlier in paragraph [l1.1.2 and illustrated in Figure 3-2, because of
the symmetries of the parent and product phases, an orientation relationship
between crystals of two phases can be expressed in as many as NYN®
crystallographically equivalent ways, named variants of the law and defined in the
general equation
(SN (3-19)
with 8% and 8%, running through the rotational subgroups of the @ and y symmetries,
respectively. In the case of cubic-cubic transformations, however, the two subgroups
coincide and consist of 24 elements denoted (S4)),¢{1 24}. Equation (3-19) then
simplifies into

Ng, =57 Agy 1897 (3-20)

Again, in equations 3-19 and 3-20, the rotations Ag,j may not be all distinct, so
that the multiplicity of the transformation law (number of distinct variants) can be
reduced from N/N* to k, where k can be drastically smaller than NYN® In particular,
two variants dg, and Agy; will be said to be equivalent when an initial orientation
leads to (wo equivalent final texture components,i.e. if

AHU = SZ A (3-21)
and identical when these two components are indeed the same. For simple
relationships, e.g. Bain's, symmetry may reduce the number of distinguishable
variants still further. The maximum number of distinct product orientations which

can result from a single starting component is then proportionally lowered. It is




worth noting however that this number is not constant when the initial orientation is
changed, but merely depends on its own multiplicity (24, 48 or 96).

- graphical illustration of the definition of variants :

Symmetry problems concerning the definition and use of the variants of a
transformation law are illustrated in Figure 3-8. From this figure, relations between

Figure 3-8 : Graphical illustration of the definition of variants,
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different reference frames can be readily derived; for example, KY, and K%, can be
linked in two ways, namely

— Y a Y Yy—=1 gy
K‘;—_\glj KJ and K{=J3g,, K} =A4g, ((SJ) kj) (3-22)

sothat

Ay, =g <s}'r‘ (3-23)

ly

- the two practical waysof determining the variants :

Two major ways of defining an orientation relationship wese introduced in
paragraph llI.2.1, namely a parallelism condition or a rotation. Correspondingly, the

variants of the relationship can be derived using two different procedures.

(a) If the law is defined by a parallelism condition, this can be interpreted in
the sense that a single y-orientation g7, is said to be transformed into a single a-
orientation g% . Among all the possible conditions of parallelism given by the
transformation law, any nne can be selected, which is then considered as the
reference Ag 2 e.g. the KS relationship can be seen as a {111}, <110>, say
g, =(111),[1-10]y, which is then changed into a {110}, <111 >, say g% =(110)4[1-
11)y. The transformation matrix can thus be obtained using equation (3-1)

Ag =g, =40 @gh! (3-21)

However, there are N7 indistinguishable symmetrically equivalent ways to
choose g¥ among the g7, =8Y,.g" and N® to choose g® among the g* =8%.g%,. The
other relations —the variants— are deduced from Ag,, by taking into account the above
mentioned svmmetrical orientatinns, so that if the transformation is now expressed

Intermsof ;;and g® instead of g and g?,, it appears that:

-1
o N T Al =1 :( d ﬂ) ( A v = ( 3¢ a ) ( Y LTI
AVERAN 2, 1g)) S’ g , SJ gl) S’ g EREREN )

and

U B y =1 n~-l . Qa y,
Ay, =8 (5'1 (1) )(Sj) =57 dg,,

<5}r‘ (3-25)
Equation (3-25 is identical to the equation proposed in paragraph lll.1.1, which was
derived directly from Figure 3-2.

If cubic-cubic transformations are to be dealt with, equation 3-23) can be given
somewhat simpler forms, which are easier to interpret and to compare. As ‘S'l)*‘ 124
is a group, in the mathematical sense of group theory, any of its elements §' and §,
can be related by relations of the following type :

S°=8"8° und S =8¢ (3-26a)
: } r ! ! ]
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or
Sj = Sf S‘r and Sj = ‘3; S'l (3-26b)
with
Se=8)7 and S =87 (3-26¢)

It results therefrom that Agy can be expressed respectively by :
-1

_ ¢ ¢ cy=~1 . _‘r(m . " )
AgU—SJ (Sr .l_,U“,) (S/) and Agvj —51 (b’ AJ“ 15/) ) (3-27a)

or

I
”h
[

32,28 (30, 5) w0t et Sls @

! T

[t can be seen from equation (3-27a) thut Ag  1sequivalert to 5, Ag | (S) !, in the
sense defined by equation (3-21), so0 that the multiplicity of a cubic-cubic orientation
relation is reduced from NN =(N')'=24-=576 in the general case to N' =24, The
set of (Agyapep ~¢ is thus equivalent to (Ag,)i.1 N . which cun be denoted as
(Agest N In other words, for §') fixed, the N rotations S .ag, (81 with (€ {1.2.4},
are equivalent, in the sense of equation (3-21), because they give birth to the same

final a-crystal. One can thussay that there exi=t N sets of N equivalent rotations.

(b) If the law is defined by a rotation, uszually with the parameters (d,Aw), the
transformation matrix is given by Ag=4Au(d. Aw), as shown in Table 2-4. This
parametrization only applies to transformations between erystals with identical
types of lattices, as in the cubic-cubic case.

The matrix product H.Agtd,Aw) !, where H {, any rotation matris, does not
change the trace of the matrix Ag which defines the angle dw it only alters the axis of
rotation which is changed from d tod'=H.d.

In the case of cubic-cubic transformations. if His a symmetry clementof the cubie
erystal, say §°, d'=8§" .d is an axis of rotation symmetrically cquivadont to dy and
Ag(d,Aw) and Agld" Aw) =8 .Ag(d,8w) (S') ' with d'=8 d aretwo varants belonging to
the same orientation relationship.

To obtain all the variants of the relationship. it thus suffices to have S vary
within the complete rotational subgroup of the cubie erystal symmetry, <o that

d'=8' .dsuccessively tokes all the N positions sy mmetrieally eavnvalent to d

- independence of the sample reference frome -

From the illustration of the definition of variant.in Froure 3-8 it can be seen that
the sample symmetry does not play o role in the determination of the variants of the

orientation relationship The forthcoming deriv-1tion provesthis observation
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+ Agy has been defined by 'g® ="'Ag,.'g", with respect to a sample reference
frame, suffixed 1, K*,

+ However, one could imagine defining it with respect to another reference
frame, denoted K, , for which ‘g% =*Ag,.*g¥. The orientations *g® and g, can
be expressed as functions of 'g% and 'gY,, respectively, by *g% =8 .'g* and
"g¥,=S,.'g", sothat:

1
i}

kAgu = *g0 (*gj) =8 g sy (3-28)

t J hd +J
It has been pointed out above that for a given symmetry rotation 5%, . the
transformation matrix S~ 'Ag,.(S- ) 'is a variant of 'Ag ; thus there exist indices u
and vsuch that:
g =8 Iy Sl =Fay (3-29)

The only influence of the choice of the sample reference frame 15 thus to modify the

orderof appearance of the variants, but not their values

- thetwo waysto take the y-svmmetry into account -

If one now applies the transformation Ag,, to an initial orientation g¥ and

considers, at the same time, the equivalents of the y-orientation

gt =5 o (3-30)
CJ ;o1
and the right-hand side symmetry of the transformation
. - 5 QY1 -
Ah’]l'l - A"H (Sn) (3 31)

the resulting x-orientation g%, is given by

R oV = Au sl g \ e -
'U——Agl'z Y A“’12 ((b'z' S ) 71‘ (3-32)

!
4

e,

k
J
AsSY and S, runthrough the whole rotational subgroup of y-symmetry, which is
agroup, (ST )! S¥ isalso anelementofthe subgroup and can thus be written as Sy
so that g%, = g* = Ag,, . S7 . g",. The result is thus globally the same if the +-
symmetry 1s expressed explicitly only once instead of twice.

Finally g+, can be interpreted in two different but identical ways, as far as the
final results are concerned .

Istwav:g* =4g,,(SY g¥) the w-orientations are derived from one variant
of the law and all the v equivalents.

v .. jp S—
2nd way:g® =t(ag,,.

SY).g", the a-orientations are derived from all the

variants of the law and nne y equivalent.



The 1st solution was retained by Bunge [30] and has also heen adopted in the
present work, unless otherwise mentioned This arbitrary choice enables the
symmetry of the y-crystal to be omitted in the MODF, i\i’(Ag)-»{\(i\g), which 15 no
longer symmetrical on the right-hand side. as pointed out with respeet to equation (3-
9). W(Ag) thentakesona maximum value ut Ag,, and iszero atall theother 3y 's In
terms of ideal orientation relations, it is now sufficient to choose just ane of the
variant Ag, ’s,say Ag,,.

Another possibility would have been to keep the right-hand ade ssmmetry of the
MODF and toomit the erystal symmetry in the initial ODF " which would no longer
have been symmetrical on the left-hand side, fref 1L s evident that this choice
would have been less suitable than the first one, as expermiental and caleulated
ODPF’sdo fulfill this symmetry.

- B, KSand NW variants:

The above considerations are of interest beeause of their applhication to the study

of the fee-to-bee transformation 1n steels and ron-based alloy © Preciw orrentation
relationships have been determined for this case, o~ reviewed i section 122 [t is
the aim of the paragraphs that follow todefine the nunimum number of variants te s
than orequal to N* =24) for these relationships (B, KS, VW)

(v number of variants from the parallelism conditions @ Starting with one
relationship defined by its parallelism condition  the othor varart ean b obtaimed
by having the plane and direction of erther phose vy waithin thor sets of
symmetrical positions. Only the positions that fulliil the ortho coadity condition
"plane Ldirection™ and lead to distinet prodact orientiion arc retained The
resulting numbor of variants is shown in Table 3 2 fo e thes oo fonmation Lieas
at stake, The first integer gives the number of ery st o vapde dly cquivalont plape s

of a certain type in the phase. whereas the oo nd inten r o the number of

crystallngraphicully equivalent directions of w ecortan e fving an the proeeding

plane of the same phase

(b)number of variants from the rotation (d. 0 When the rotyon defintion
is employed, the variants of u transformotion low can be dorooed 10 d wcces anely
takes allits symmetricaily equivalent positton L keepinsimmind thiat vt coon ol 0L
around -d is not identical to a rotation of Aw around d unle < Au= = rad. 1A The

resulting numberof varniants ts shown in Table 323 for the same threo tarformtoon
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. . , Number of alternatives resulting
orientation parallelism
) . number of
relation conditions .
vy phase o phase variants
WL NT 5T oL ﬁ LXICN ST
Bain (100)y /(100)4 3 3
[011],, ~[001], 1 1 3
Kurdjumow- (111)., " (110), 4 6
Sachs [1-10],. [1-11], 3 2
twin-related vanant - X2 X 2 24
Nishiyama- (11D, (110), 4 6
Wassermann [1-10], /{001], 3 2 12

Table 3-2 - Number of variants determined from the parallelism conditinns.

laws. For the NW case, where hkl does not have a simple integral value, only a

multiplicity of 12 distinct variants arises from the 48 possibilities, due to the fact that

some of the rotations are identical [27).

orientution relation

angle of rotation

axisof rotation

number ofvariants

Wassermiann

(TP L9 - XL e RS T AR LT YOKHE XML A Bad e T IR ZaTUT | TR TS LA Sk P %2 1
Bain 45° (100) 3
Kurdjumow-
Sachs 90° (112) 24
Nishiyama-
95.27° (hkD) 48 reduced to 12

Table 3-3 - Numberof variants determined from the rotation definition,

The lists of the variants of the B, KS and NW relationships are ziven in
APPENDIX A, both in terms of their Euler angles (A5, 4%, 485, and their axis d und

angle w of rotation. They are also represented in the MODF framework in $.-sections

and y-sectionsin Figures 3-9and 3-10, respectively.
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ll.3.2  VARIANT SELECTION CRITERIA

Martensite formation is generally accompanied by a change in volume and a
transformation shear so that the course of the transformation is likely to be affected
by the elastic and plastic deformations which result from these phenomena.
Depending on the inhomongeneities in temperature, strain and initial microstructure,
as well as on the physical configuration of the specimen, some variants van be favored
over others during transformution [31]. Experimental evidence for such selection will
be reviewed insection [V.4. Some rules or eriteria for variant selection must therefore
be pustulated, and inorder to be successful, models of texture trunsformation that can
also take into account the relative weights of the different variants are needed. It is
the aim of the present paragraphs to give brief descriptinns of some of the important

models proposed recently.

- theshape deformation (S model -

Because martensite formuation involves a shear deformation, there is an external
shape change in the presence of preferred orientations, and this has been regarded by
Patel and Cohen {32) as an influential factor in variant selection. They considered
that. when a unit volume of the parent austenite phase is transformed into
martensite, the work done by the applied stress can be resolved on the habit plane

and the normal to the habit planc as -

‘%— =\, us s\ - g,’)l‘(l\:U (3-33)
where U = work done
c = appliedstress
vo. = total transformation shear strain in the habit plane
e, = totaltransformation strain normal to the habit plane

= angle between the habit plane normal and the stress axis

A = angle between the sheardirection and the stressaxis

This anualysis has been extended [33-35] to estimate the effect of stress nn the
formation of a particular o’ varant : the larger the value of U o, the more the stress
aids the formation of a partivular a' variant. However, when compared tc actual
martensite textures, the OD mcdel has not been found suitable for variant selection

prediction



- the Bokros-Parker (BP) inodel :

The model suggested by Bokros and Parker [371 s hased on the internction of slip
systerms and hahit plane variants. In an carly study of martensite burst formation 1n
strained Fe-Ni single crystals, they noticed that the favored variants were tho e
whose habit planes were nearly perpendiculan to the aetive shp plane. Coaver oly,
the group of variants that had habit planes which were neatly perpendicular to the
active ship durection were suppressed This behavior was suggeswed to he o
consequence of the anisotropie substructure intreduced during deformation They
further observed that, during martensitic tran formauon, there exist 2 mechanical
stimulation teoupling)) between variants of the habit plane that ave oometrieally
oriented such that the stress induced by the transformation on one ards
transformation on the vthers Such a mechanieal autocatalvin offect was found to be
restricted to the set of four nearly parallel planes whose poles ore elu dered about o
common [110] ditection, it rarely extends outside the group to the other 20 potential
variants of the habit plane Thus, this model automatieally Teads to vanant selection
during martensitic transDrmation and has been supported by other studies (38,391,

However, systematic desiations from the predictions have al o bhoen olcenn d110)

- theactive slip wstem (AS) mordels

In a number of investipations [40-43], variant selection has beon inked to the
o

active shp systems in the v-phase and in porticelar to the <hp sston ohioeted Lo

l}

rothing proor to transformation The varionts

the largest shear stres o) during
produced were those which contarncd mthe on ornaton relationaban, those ship
systems which suscained the mavimum re~ol od b o e daring tolhine Hadam
et al. [44] proposed thot the nuclestion of the marren <t vion it ook place on the
active slip systems of the deformation just before tran Sancation i pronortion b the
shear on each system. This defines 12 or 15 virtants for any wivnoorentaton
according tu the theory of polyerystulline defore ation diue to Bi hop and il
Predictions of the martonsite texture flom the paront mustenite et ooy or ity
the above variunt selection eriteria have ener Ol resulted in totures with

acceptable agreement with experiment. but th. re _enerally e sine L et Uha
s .

experimental ones [40,45 46},

- thetwinnin, shear (TS model

The twinning shear model was propos.d by Higo et al UT] wio vuphed o

directinnal external stress to single eryvstals of Foo 17 777 Cr-196"7 Nyt induee the




martensite transformation. They found that the direction and sense of the applied
stress affected the relative population of the o' variants and proposed that the first
shear (i.e. the twin-forming shear on the {111}<211 >, syvstem) in the double shear
mechanism for fee-to-bee transformation is the defurmation which gets affected by the
applied stress. Kate and Mori [35.36] also examined the possibility that the applied
stress mainly affects the Bain deformation by calculating the interaction energy
between the applied stress and the Bain strain and observed that their results cuuld
be explained vqually well by both methods. This, aceording to them, was not
surprising sir:ce the Bam deformuation, which may be considered as the immitial stage of
martensite formation. muy be construed as double shear accompanied by u little
expansion of the parent y phas=e [367. Thus the Bain stran and the twinnin g shear of

the double shearmechianism both scom to have the same directionality 1437,

- the Bainstrain (BS) medel

The Bain strain mwodel proposed by Furubayash: et al [45,16.48,40] is based on
this finding. The compression axis associnted with the Bain strain was termed the
‘Bain compression axis"or BCA and. for the y-to-a transformation, the BCA for each
one of the three Bain variants 1s parallel to the [001), 1010] or [100]} axis of the
austenite, If an external LOH]QFLHUI\'C stre 53 1s applied along the [001] axis, the
variant hu\'in'b (0017 as the BCA will be assisted more effectively by the applicd
stress than the other two This, of course, leads ditectly to variant belmtmn The BS
mocde] thus postnlates that the Bain variant that s selected is the one will lead
to the maximum work being done by the apphied stress against the Bain strain [19]

that is to tiie ma-imumnm WEB with

W= oont) - a~on (3-34H
where 2 10s the aand ratw of the Bain strain =-¢v ¢y and 8 is the angle between the
1 5

BCA and the direetion of the compressive strass,

Two models were proposed by Furubavasni (48] (a) a ‘strong selection’ model in
which only the varlant that had the maamum uhn: of WB wus selected. and (b o
‘weak selcetton” model. tnowhich the varmant having the micimum WDB was first
chosen and ihen one of the other two vanunts was selected in a random manner
Simulated pole figures, drawn assuming selection of the BS type [49], were faund
correspond very well with experimental pole figures fur Fe-Ni martensitic allovs

inherited from annealinzorrolling textures



U
]

- the geometrical parameters (GP) model
Recently Humbert et al. [50] reported that, irrespective of the amount of rolling

reduction in the y phase or the annealing treatment prior to transformation. variant

selection was particularly strong and of the same type in o number of Fo 807 Ni
sheets but that the dimensional parameters of the samples were able to mfluence the
mechanism of variant selection during transformation They postulated two models -
model 1 : the selected variants are those which induce masvimum deformation alongs
the normal direction of the sheet, which contains fow Ltatnis avross the thickness -
model 2 : the selected variants are those which produce the minimam deformation in
the plane of the sheet They found the best woreement vith experiment usiny the

latter model.
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.4 METHODS OF SIMULATION

Two categories of relations were established earlier in this chapter between the
textures of the two phases invelved in a transformation : (1) a discrete derivation of
individual orientations has led to equation (3-1), (il) a continuous point of view, on
the other hand. has resulted in a series of equations from (3-2) to (3-11) as
consequences of successive steps of generalization Two kinds of prediction methods of
transformation textures can therefore be developed on the basis of these two
approaches. Also, irrespective of the type of model, the above equations always relate
three functions : the initial texture, the transformation law (wicth variant selection or
not) and the final texture, so that one can hope to determine one of the preceding
quantities as long as the other two are known. As a result, there are three potential

axes of study.

4.1  DISCRETE METHODS

A method is termed discrete when the operation of transformation is applied to a
finite number of individual orientations. The transformation of each such parent
texture component according to a eryvstallographic transformation law leads to a
number of product orientations related to the symmetry of the parent phase and to
the number of distinct variants of the orientation relationship The potential discrete
methods differ from one another by the manner in which the simplifications are

carried out to describe the initial texture by a limited nu:nber of ideal ortentations.,

- determination of the a-orientations inherited from one v component :

Once the variants dg, of the chosen orientation relationship have been calculated,
and assurmning th 1t these variants take the y symmetry into account, any orientation
of the austenite ;7 can be submitied to transformation according to equation (3-1),
The symmetry of the sample, however, has to be introduced effectively. For rolling,
one thus has to derive the o orientations for 1, 2 or 4 c¢rthorhombic vquivalents
depending an the multiplicity of the initial g (24, 48 or 96, respectively). The sample
symmetry is then inherited by the final texture as previously stated, so that it does
not have to be dealt with a second time for the o orientations, When an « orientation

g2 appears. all the N*equivalents should be obtained. In the procedure, the x cryvstal



subgroup S“‘ intervenes at this point, and only the orientations with (¢,, ?, ¢,) €
[0°,90°]% are retained. It must also be kept in mind, as pointed out by Van Houtte {511,
that a given orientation might appear up to 3 times (through 3 equivalents) in the

conventional ODF representation.
The procedure can thus be summarized as follows :
a/ choose one yorientation and define its N> orthorhombie equivalents,
b/ usethe N* variantsofthe transformation law,
¢ derive N°N' a orientations using equation (3 1),
d/ determine the a equivalents,

e/ retain thosein [0°,90%]°.

- determination of the y-orientations leading to one wcomponent .

This procedure, often named untransformat:on, i~ based on principles strictly
identical to those of the transformation derivation presented above But, instead of
selecting a y orientation and deriving the corresponding a's, here the v orientations
that lead to a given a are calculated.

In the case of cubic-cubic transformations, for which the crystal symmetries are
identical, the untransformation procedurce is thus :

a/ choose one aorientation anddefine its N orthorhombic equivale nts,
b/ use the N* variants of the transformation law,

¢/ derive N"N* y orientations using equation (3-1),

d/ determine the y equivalents,

’

e/ retain thosein [0°,90°]%.

- theideal orientation method :

The discrete transformation and untransformati n methods cre the simplest
the study of transformation textures. The sturting te «ture is here assamed Lo consist
of a small number of components and the resuluing testure consists of the
orientations obtained by applying one of the procedme proecdares o each of the
components. Although the muin features of tran~sformation te Cures canhe simnlated
in this way, these procedures suffer from oversimplhificutions i thy de-cription of the

starting texture.

- ODFdecomposition methods:

To improve the quality of the simulations produced by the diserete methods, ©he

description of the starting texture, which by its nature 15 continuous, has to he
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improved. But, because of the discretization process, a systematic error will always
result from the simplifications of the model. Nevertheless, such discrete methods are,
up to now, the only ones which can be readily adapted to the practical study of variant
selection. The error can moreover be minimized, either by 1ncreasing the number of
components in the discretization andor by choosing a small number of weighted
orientations such that the improved decomposition agrees better with the continuous
description. In what follows, two methods of ODF decomposition will be proposed, one
for each solution : (1) a decomposition into N individual grains (N large), (ii) a
gaussian decomposition. In these two methods, the continuous ODF of reference is

assumed to be defined by its set of series expansion coefficients, C *V,

(a)decomposition into N individual grains : (N large) Assuming that the
decomposition of an austenite texture, given in ¢ ,-sections, is desired, the N grains to
be generated can be distributed among the 18 ¢,-sections of the ODF (every 57)
according to their respective contributions to the overall integral

l ;9. dg (3-35)
(0.95°]
The first step is thus to compute the integrals I of the ODF over the 18 sections, to set
18
[= N (3-36)

=1

and then to derive

n = <V ,‘[)rx:l‘ 13 (3-3()

!

~

Next, instead of generating N grains from the whole ODF, one now has to
generate 18 series of n grains. Inother words, a large three-dimensional problem has
been split into 18 two-dimensional and somewhat smaller problems. It is suggested
that N should be taken equal to an integral fraction or to a multiple of 1800, so that a
random texture would be defined by a rounded number of grains per section (100 for
N =1800, 50 for N=900.etc.). It should also be ensured that the number of grains is
large encugh {or stutistical coherence (a random distribution of a hundred grains per
section will only give about one grain perdegree in a given direction !).

In each section. the position (¥, ¢Y) of one grain is found as follows: twu real
numbersr, andr; are generated between 0 and 1. and the corresponding &, " and 97

are defined by a system that can be solvediteratively.




o 't’x\
] rig) db [ f1g) do,

0 0 BT
fo= o and rlb1 ST TR (3-38)
j figy do J fle) d@;l
0 0

Detailed procedures for the splitting up of an ODF and fur the geaeration of
orientations in a specific section are given in APPENDIX B and APPENDIN )
respectively. The derivation of the transformed textures is then readiy jerformd
using, for each orientation obtained in the decomposition, the procedure desriihe d
earlier. During this stage, a variant selection criterion can be introduced 1£ de el
Of course, an identical reasoning can be applied to the simulation of au-tin +o

textures from experimental ferrite ODF’s.

(b) Gaussian decomposition : This method is based on a least squares fit of the
actual texture by gaussian-type components and has been demonstirated to be
relatively efficient in providing simple and accurate decompositions of ODF’s [13], If
g, M, wg, denote the position, weight and scatter of the i-th component, respectively,
the corresponding mnodel ODF can be defined by its coefficients :

o _ R y wxpl — ol j4) —expl — 1+ 1707 1) ) (3-39)

{ e 1 !

2
1=1 1—(:tp(—0)6l/4)

with
(l)( l

{ = —— 7 e (3-40)
M = Z, S, u)()lilv»n;,(— p ){

3 2
where Z, is the symmetry multiplicity of the i-th component.
This model can be adjusted to the actual ODF, defined by = *C» V. by minimizn,s

)

N mod , g Py {3-.11
N (e -y !

JRTRe
Again both transformation and untransformation simulations can be assessed with

such types of decomposition.

Mm.4.2 A CONTINUOUS METHOD

It has been emphasized [52] that in order to establish a quantitative relation-hip
between texture and mechanical properties. the preci e orientation distmibution must

be taken into account, including even the minor component-. To avoid the error
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inherent in a discretization process, continuous methods should thus be developed.
The series expansion method, proposed by Bunge [15] and Roe [3], has been
successfully applied to the study of transformation textures. It will be presented here,
step by step, on the basis of the progressive introduction of the mathematical
formalism from equation (3-2) to equation (3-11). Although part of the earlier work
was carried vut using Roe’s notation, it has been decided to restrict this presentation
to Bunge's. for the suke of clarity and coherence. The main features of the
mathematical treatment corresponding to the three axes of rosearch (transformation,

untransformation, study of the erystallographic law) are also described.

- principlesof the series expansion method :

In section I1.2.4,) an orlentation distribution function .F(g) was expanded into a
series of symmetric generalized spherical harmonics T]““ of the appropriate
symmetries, using a set of coefficients C#7. The indices p and v are related to the left-
and right-hand side symmetries, i.e. the crystal and sample symmetries, respectively.

. = AND D i
fr= NN N o g (3-42)
=0 p=1.=1

When the symmetries of the two crystals are to be differentiated. indices p, and y,
are used for the parent and product, respectively, as well as different numbers of dots
on the left-hand si 'es of the ODF’s. This expansion can be carried out in the same
manner on any periodic function of gor Ag, as long as the corresponding T functions
introduced fulfill the required symmetries The principle: of the calculation of the
cubic-orthnrhombic and cubic-cubic T functions are given in APPENDIX D. In what
follows, the indices 1 or a will be used for the initial texture, and the indices 2 or y for

the ODF after transformation,

- aunique onentation relationship :

During a phase transition, it has been shown [3,4] that the set of series expansion
coefficients of the original phase Cy“*V-(1) can be transformed into the set of
coefficients C1,%2V2(2) for the newly formed phase provided the Euler angles A3, 29,

&%, specifying the crystallographic law Ag areknown.

From the series expansion of % it is pessible to calculate each Cp,#2V2(2)
coefficient as follows:

Vp:vg p o f.-‘*“z\g 3-43)
Co =w2~1p Mg T* 7y dg (3-43
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Introducing the transformation equations (3-1) and (3-2) and the series expansion of

1Y, one gets
v HoY LY ~ voHLY
¢?=w+n Y ot f 7,0 g™ T g
2 - 1oy h 2
by
With the addition theorem
+1 -1
RS 1 & SR PR D Hy A
T 0 o= > T Qg T, e Y A T ey
1 - ! 1 = t !
) 1 1
the definition of the symmetric harmonics
J’[") .
3. Hove h Ty "o
P L N T ey
ly = "2 fy
ml—-l_'
and the orthonormality condition
} oYy . moh, 1
T, gy T " T(g)= & . 8
P L C TR
equation (3-44) can be expressed as
M) i,
Haovy - [P T, U B
c, o= N ot > 4 T agTh
9 - 9 - ) )
“© |,ll=1 - 5 = ~[) = =
so that, finally
11111‘))
Hovy Co iR By
¢, = N T A ¢!
5 - ) 2
2 T
which can be written as
Mlll)
Ho,» NN H
cCre= I’ Lag ot an
ny=1

(3-44)

(3-46)

(3-47)

(3-48)

(3-49)

(3-50)

Equation (3-3) takes the different variants of the orientation relationship into

account, each with an equal probability of veeurrence, so that the coefficients can he

related by
\71(11 \'s
o - < 1 f:ipyp i
clo= > (s — 7, e o
p1=1 i=1 N

(3-51)




When some selection of variants occurs, this can be allowed for by replacing the
constant term I/N* in equation (3-51) by a factor f, which gives the relative frequency

of occurrence of each variant. In that case, equation (3-51) has the form
\Ilt[) \ e

K, -~ /< :‘:Pvp: ' W -
ciom= NN T T g ¢t (3-52)

- several families of relationships :

If two distinct crystallographic laws Ag and &g, are involved during the
transformation, equution {3-32V can be replaced by
v M

)

\!x:: )
Cs g Eg T, fu
@m= > [N A N T T g
uI:I 1= 1 J:l

The caseof 3, 4, etc. orientation relationships can easily be generalized from the case

(1) (3-53)

of 2 for which equation (3-53) has just been derived.

- non-strict orientation relationships:

The above procedures assume it is possible todescribe the transformation in terms
of a setof strictrelationships. Howeverif, as presented in equations (3-7) and (3-9), a
continuous distribution of relationships 4g develops between the parent and product
crystals, the corresponding misorientation distribution function W(Ag\ can be

expandedinioaseries

Mo M oh
:. * s ! Bk, apop
Wap= N N N w T T g (3-54)
(=0 ;1_,:1 plzl

where u, and u, are related to the symmetries of the initial and firal crystals,
respectively. On the basis of equation (3-7), the three sets of cuefficients can then be
related by

[URs 1 LR My " - =
cim = Now s etan (3-55)

- different probabilities for equivalentorientation relationshins:
P 9]

If some selection of variants occurs, the uansformation has alreaady been
described by equation (3-10); in this case, the variant selection function vig) is

introduced, leading to:




x

Fig® = ] Widg) dg" fflg™ dig where Y= g™t " (3-56)
Ag
where V(g") can also be expanded into a series
=!I N

do= N NN

— —

PPN e
Voo (3-57)

120 r=—{ =1

The foursets of coefficients, C71;,C72,,Wand V', can be related by [30]

. \Il'llu\f!l
By oyt ol Hy -
2 hy= NN N ('11 i (3-58)
T2 .z, o, 1
11-')p1-1 1—I
with
“~ ]
2 r N 1
szxqp VI 1 - HEET L, - -
a2 = NN NN (.\ Yttt g L v I W (3-59)
l)l1 2] 41 — - — —_— { : 2 1 22 . i
= N U AU B -

wheres=m-+r .
In equation (3-59), the coefficients A "< are the symmetry coeffictonts aecording to
| J J 5
the definition of the symmetric harmonic functions T, (/ lmr | [,5) are the usual
Clebsch-Gordan coefficients and {I /v, v I [,v,} are the cocfficients for the symmetric
functions T® corresponding to the sumple symmetry All these confilcients are pure
1 1<) - A I

mathematical quantities

Equation (3-58) establishes a general relationship between the starting v texture,
the crystallographic transformation law, the variant selection function and the
resulting a texture. The question is whether any one of these quantities can be
determined if the other three are known, and this leads to three different types of
study which ure briefly discussed in turn heiow | the denvation of the final texture,
the determination of the initial texture, and the stud, of the trunsformauon law and

selectivn rule.

- caleulation of the a texture

Mathematically, the most straichtforward problem o the eolcutation of the «
texture if the starting y texture s kKnown thy ts wet o5 C 7 eoelfivientsy, this will be
called the transformation method o, in the cawe of the dr erete approach This is
possible if the coefficients W oof the transformuation function and Voor the variant
selection function are known. A difficulty appeuars, however, i equations €3 38) and
(3-59) in which the summationsont andlshould be carrivd out up to infinity These
two series therefore have Lo he truncated at L, and L. respectively Farthermore,

since the final coefficients of degree /, depund on the cocfficients of all degrees ity
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no longer possible to treat the even and odd parts of the two ODF's separately [(8,53]
In the simple cases where no variant selection occurs, however, these two limitations
disappear and equation (3-49) relates only the coefficients of identical degree [.

- calculationof the vy texture :

In many cases it is more important to calculate the starting ODF f* when the
resulting texture f* has been measured. This is of special intevest in the case of the
. »a transformation in steels for which it is extremely difficult under most practical
conditions to measure the y texture directly, whereas it 1s easy to determine the a
texture. As just mentioned above for the « texture, the calculation of the y texture,
also called the untransformation method, requires that the coefficicnts ¢ of equation
(3-59) are known. The problem is then to solve equation (3-58) for the unknnwn
Cp¥+V1(1), and this is generally possible if M (1) M,(1), i.e. if the symmetry of the
parent crystul is greater than that of the product crystal. In particular, when both
crystal lattices have identical symmetries (e g. cubic-cubie transformations), then
M. (D=>,(1) and in general a solution can be found. The mathematical condition for

the existence of a solution is of course that the sy stem should not be singrular.

- calculation of the transformation coefficients -
The calculation of a set of transfurmation coefficients a from the corresponding

Ct1)s and C(2)'s would only be possible 1f as many pairs of textures were available as

there are terms in the summatior of equation (3-58), This shows that a direct
determinestion of the a's does not seem possitle without additional assumptions.

If an equal probability of occuticnee is assumed for the variants. eguation (3-53)
remains to be solved. This is gencrally possible if M (1D N(D), i.e.1f the symmetry of
the parenterystal 1sgreater than that of the sample, whichis true in many cases such
as rolled cubic svstems. When the number of equations is larger than the number of
unknown-. it 15 possible to determine the W's using a least-squares method to
minim ze

:\I IR ! e - ,
oooa O 72— -;-[—1— A W !* ( / (14) forvach poaar of Dand M (3-680)
=1 - P-X:’,

where o are weight factors, which cun be given 2qualvaluesif desired,
By contrast, when variant selection is involved, equation (3-38) may ~ull be
assessed if the orientation relation of the transformation is assumed to be a well-

defined crystallographic relationship dg . such as the KS or NW. As already
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mentioned, there may exist a certain spread about these ideal dg's, but in first
approximation, this spread can be given a gaussian form defined by its angular peak
width w,, so that the W ¥1*>2 coefficients can be calculated from

)1
( 2 2 22,
Mo, eaxp{ —! u)O/-U —expt —i[~ 1) w4 T
W,” = - F,” Qg (3-61)
’ 1 —expl — 0)6’4)

Asaresult, equation (3-50) can be changed to

by r ~{ Nh =
225 - N NN 22 - o
Cl., 2= > > > b[_)! vV, (3-62)
- [=0r=-[\v=1
where the coefficients
M Y N +{
Hovry 1 - 1!1 ‘~1’ _) :"‘pl by “1‘1
o= N N N N (;\ U imrvl syl o il ;) W ¢ ol (3-63)
£l 9] 4] — - —_ -—l L 1 2 L T , q
- 2 - 2

ll=‘) p[=l \1=1 s=-~1

are available from combined calculation and experiment, with m =s-r
Finally, it is possible, as a rule, tn solve equation (3-62) for the coefficients V7Y,
which are generally less numerous than the number of equations (V(g) is a smooth

function).
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Iv.1 INTRODUCTION

In the upper temperature domain of conventional hot working (i e. in the roughing
range), conventional static recrystallization takes place. At lower hot working
temperatures (i.e. in the finwsiiing range), rolling is followed by static recrystallization
in plain C and similar steels, or by the absence of recrystullization and pancaking in Nb
steels. Pancaking or strain accumulation occurs when. as in reversing mills. the time
available for carbonitride precipitation 1s sufficlent to prevent static recrystallization.
When this time is short, as in strip mills, and the presence of solutes such as Nb
prevents static recrystallization, dynamic recrystallization is initiated, followed by

metadynamic recrystallization in the interpass intervals.

If the austenite recrystallizes prior to transformation, only a weak texture develops
and is thus transmitted to the ferrite By contrast, much sharper textures and more
marked anisotropy are encountered in the controlled rolled steels which are finished

below the ‘no-recrystallization’ temperature, Ty, .

The main features of the transformation textures observed in steels and iron-based
alloys are summarizi d below (IV.2) followed by a review of the major compositional and
processing parameters that affect their development (IV.3). Finally, a critical
assessment iy presented of earlier results obtained by simulating the evolution of

texture during phase trans:tions (Iv D
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IV.2 GENERAL FEATURES

A general overview of the transformation textures observed 1n hot rolled steels is
presented below, followed by a brief presentation of their dependence on certain

crucial parameters. The principles of the simulations employed are also summarized

V.21  GENERALITIES

The crvstallographic textures present in as-hot rolled steels are derived
principally from the deformation textures in the original austenite. Depending on
whether or not recrystallization occurs during the final stages of rolling, the nature
and intensity of the resulting texture vary considerably - if the austenite does
recrystallize, a rather weak final texture is obtained at room temperature, which
consists mainly of a {100} <011> peak. On the other hand, if the v pha-v s rolled in
the unrecrystallized ranyge, the inherited bee texture 1s found to hive two maxima
located near {332} <113> and {113}<110>. These ortentations have been repurted
by many investigators[41,34-39], from both pole figure and ODF analyses. for a wide
range of compositions and thermomechanical treatments, 1rrespective of the
structure of the product phase (ferrite or martensite) However, the sharpness and
relative intensities have been shown to depend on o nunber of such parameters.
These two components can be further modified. and the overull texture sharpened, by
a subsequent intercritical and/or warm rolling process Ultimately, the x and ¢ fibres

classically observed in cold rolled and ann.aled steels wre formed

Iv.2.2 EVOLUTION OF TRANSFORMATION TEXTURES

Much work has been devoted to the influence of composition il and processing

parameterson transformation textures.

- themost influential parameters:

In particular, the composition, finishiny rolling temperature, amounts of
reduction in the unrecrystallized y and (y + a) regions, initial y grain size and cooling
rate during transformation have been found to modify the final texture to o

noticeable degree(31,54,57,58,60-63].
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- influence of the thermomechanical schedule ;

The rolling schedule can be divided into 4 regions of temperature : (i) above the
Tnr, where recrystallization of the austenite occurs, (ii) the unrecrystallized y range
hetween the Try and Argz, (ill) the (y+a) region from the Arj to Ary, and (iv) the «
range below the Ary. Depending on the amount of deformation in each zone and on
e finish rolling temperature Ty, different components are observed in the final ODF

fror transformation. These are summarized in Tuble 4-1.

finishing range region main components E sharpness
Tr>T,, recrysta.lllzed {100)<011 > E low
Y region X
T >Ti>Ars unrecryst'ulhzed {332}<113>and {113}<110> + medium
Y region S
Ary>T, > Ary intercritical | 13901 01185 and (1131<110> | high
(y+ o) region :
. e <1lU> E .
Ar>Ty a region o fibre <110 R.D i high
y fibre <111> ND !

Table 4-1: Main components asa function of the finishing temperature

- Influence of composition -
A= de-cribed above, a first important distinction arises between the steels that

recrsstol’y o before transformation and those that do not. This can be related of
cotr~c ' the amount and temperature of hot deformation, but also to the
vifectd, « of certain alloving elements in retarding the recrystallization of
austen @ The development of controlled rolled C-Mn-Nb steels may be considered
here o v zmificant achievement, as Nb addition leads to an increase in the severity
of the oo ire,

In ~dtion, the initial vy grain size, which can be influenced by the soaking
schedule, the cooling rate during transformation, and potential suhsequent
annealing also influence the texture of the ultimate product The roles played by
these parameters are described in section IV.3 and huve recently been reviewed by
R.K. RayandJ.J. Jonas [64].
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Iv.2.3 JSUAL PROCEDURES OF SIMULATION
In the literature, numerous attempts to simulate transformation textures have
been reported [5,14.27,29,31,39-50,54-58,60,62,63.65-73]. The general principles and

assumptions employed are outlined below.

- need for indirect methods :

The evaluation of austenite textures has been handicapped by the transformation
it undergoes, with the result that it cannot be preserved at room temperature in most
commerclal steels This has necessitated the use of indirect methods f simulation to
study the development of texture during deformation and or recrystallization prior to
transformation,

- assumptions and principles nfthe simulations:

As stated earlier, one approach can be to untransform the ferrite textare
according to an appropriate orientation relation (e.g KS). It was first used in pole
figure analysis and led to the important result that austenite 1olling textures can be
successfully compared to the deformation textures of other fce metals and alloys; these
are usually characterized by high stacking fuult energies, as in Al, Cu or Cu-Zn
alloys.

On the basis of this finding. many researchers have tried to simulate
experimental ferrite ODF's by transforming the cold rolled textures of the previous
alloys. Such a procedure involves the choice of the initiul foe te cture and u reasonable
degree of success was achieved provided a sufficiently wide {ihrary of fec textures was
available and that criteria of choice could be defined Howe . o, no attempt has been
made to justify the choice of a particular fee texture other than comparison with
experiment. Furthermore, no qualitative paramceters have been proposed in support
of a given choice and no justification hasever been attempted Nevertheless, the best
agreement is found when heavily cold rolled fce textures are assumed for the
austenite rolling texture or when the cube is rmployed as the recrostallization
texture. Moreover these characteristies happen to tully quite well with the
corresponding experimental textures ohserved in an 18-8 wustenitic stainless steel
(type 304L; [31,62,102,103].



V.3 FACTORS AFFECTING TRANSFORMATION TEXTURES

A systematic study of the transformation textures in different kinds of steels
cannot neglect the effects of the above mentioned compositional and processing

variableson texture formation.

v.3.1 EFFECT OF COMPOSITION

Researchers have shown that the chemical composition of steels has a significant
effect on the nature and sharpness of the final transformation texture. The effects of

the most sensitive alloying elements are reviewed in turn below.

- influence of manganese in Nb-free steels:
The transformution texture of simple C-Mn steels has been discussed at great
length by a number of workers [54,57,58,60,63]. It can be described as a continuous
distribution of orientations from {100} <011> tonear {111}<011>. Figure 4-1 shows

1,6% Mn 2,5% Mn 4,13 Mn

Figure4-1:Effect of Mn on the textures of Nb-free steels (100 pole figures).

how the transformation texture of a 0.06%C stecl finished at 800°C changes as a
function of Mn content [54]. Modifications both in the shape and intensity can be
noticed, although the 100 pole figures are all of the same {100}, ND type. The texture
severity increases with decreasing finishing temperature Ty although, for these

steels, the texturesare far from severe (Figure 4-2)[60].
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Figure 4-2, Effect of Tron the textures of Nb-free steels (% = 45° sections):
(a) Tr=900°C (b) Ty=160°C (c¢) Tr=600°C.

- influence of manganese in Nb-containing steels:

Figure 4-3 shows the ¢ =45° secticns and Figure 4-4 the skeleton lines for C-Mn-
Nb steels with various Mn contents. With 1.28% Mn, {113}<110> is the main
component and {332} << 113> is only a minor peak. When the Mn content is increased,
the microstructure is changed from polygonal ferrite/pearlite to acicular ferrite. With
thischange, alargeincreasein {332} < 113> is observed, whereas the {113} <110> is
rather insensitive to Mn content [54]. It is also apparent that the influence of Mn is

significantly enhanced when Nb is added.
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Figure 4-3 : Effect of Mn on the textures of Nb-containing steels {$ =45° sectinns).

- influence of niobium :
From the previous paragrephs, it can be concluded that the addition of niobhium

increases the severity and modifies the nature of the transformation texture over a

wide range of finishing temperatures, although the effect is stronger at higher T¢s.
This trend basbeen attributed to its effectiveness inretarding the recrystallization of

austenite, which allows more deformation to accurnulate before transformation.
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- influence of nickel:

Transformation textures in Fe-Ni alloys are known to be strongly influenced by
the Ni content [42,43,58,74]. Fe-22.5%N1 and Fe-30.8%Ni alloys were rolled 74% at
100°C and 500°C in the austenite phase and subsequently transformed to martensite
[58]. Their textures are compared with that of a 2.48% Mn steel in Figures 4-5 and 4-
6. The similurity with Fe-22.5%N1 is clear. Although {332} <113 > was always found
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Figure 4-4 : Skeleton lines of Nb steels. Figure 4-5:Skeleton linesof Fe-Ni alloys.

to be the main orientation, an increase in Ni content leads to its broadening and
lowering, whereas an increase in the rolling temperature generally reduces the
severity « © the texture. {113}<110> isalso weakened by the addition of nickel. The
effect of Ni on the texture of a C-Mn-Nb steel is illustrated in Figure 4-7 [54]. It is
shown that {332} <113> develops remarkably as the Ni content is increased. Ni and
Mn thus exhibit very similar behaviors, although larger amounts of Ni (10 times

more according to reference [57]) are required to obtain an equivalent effect,

influence of some other alloying elements :

Transformation textures are generally weakened by lowering the content of
alloying elements such as C, Mn, N1, Cr, Mo [54,57]. Comparing the (100) pole figures
of a 1% Mn steel with and without Cr and Mo addition (Figure 4-8), it can be
concluded that these additionsenhance the formation of transformation textures[54].
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Figure 4-7 : Effect of Ni on the textures of C-Mn-Nbsteels (100 pole figures).

- possible mechanism:
The fact that {332} <113> is more sensitive to the amount of alloying element

and to the cooling rate (see [V.3.3) than {113}<110> suggests that the process of
texture inheritance depends on the orientation of the y grains. In fact, at high
temperatures, nucleation might occur preferentially at {112})<111> than at
{110}<112> austenite grain boundaries. {332}<113>, which is thought to come
from the {110} <112>, is therefore more weakened for low alloy content or slowly
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Figure4-8: (a)C-Mn-Nbsteel (b)) C-Mn-Nbsteel with 0 3% Moand 0,770 Cr
(100 pole figures)

cooled specimens [54]. However, the effect of alloying elements on the austenite
texture is not ‘ntense enough to lead to any transition from the metal- to the alloy-
type (which has never been observed). In addition, the orientation dependence of the
grain growth process might differ from that of nucleation; thus the texture produced
during nucleation could be weakened by the subsequent growth [57]. Experimental
results support these ideas[63,75,76].

[V.3.2 EFFECT OF ROLLING CONDITIONS

The inheritance of a strong transformation texture by the a phase depends
principally on the severity of the rolling {exture of the parent austenite, which in
turnis influenced by the temperature and accumulated amount of deformation.

- deformation in the recrystallized y region:

Hot rolling above the no-recrystallization temperature generally results in a
weak {100}<011> transformation texture [31,55,58,60-62,77-80], The ODF of a C.
Mn-Nb steel quenched after 80% reduction at 1000°C is presented in Figure 4-9 [60],
At this temperature, the austenite should he almost fully recrystallized [81]. The
texture appears mostly as an extremely weak (severity parameter=0.22)
{100}<011>. Figure 4-2-a shows the ¢ =45°section of a C-Mn steel rolled 8077 in the
austenite range at 900°C; here the intensity is really low and the texture consists of
{100}-{111}<011> orientations [60]. The ferrite texture is thought to be inherited
from a strong cube texture {100}<001 >, as confirmed elsewhere [31], provided

sufficient reduction (80% atleast) has been applied.
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Figure 4-9: ODF of a C-Mn-Nb steel quenched after 80% reduction at 1000°C.

- deformation in the unrecrystallized vy region above the Ars:

Finishing down to near the Ar3 in low carbon steels inhibits grain growth [82].
Further inhibition can be produced by alloying additions, such as ~0.04% Nb, which
stop recrystallization at about 900°C and introduce a high density of deformation
bands into the matrix. It is well established that the textures observed in specimens
finished above the Arz are inherited from the austenite through the lattice
relationship existing between the two phases. The difference in texture between Nb-
free and Nb-V steels finished above 800°C can be explained in terms of the difference
in the austenite texture [61). The main components were identified as {332}<113>
and {113} < 110>, or the neighboring orientations {554} <225> and {112} <110> or
{4 4 11}< 110>, respectively [31,54,58,60-63,67,77]. There may also remain some
{100} <011 > [31] after rolling in the recrystallization region.

Figures 4-10 (a) and (b) represent the ¢ = 45° sections of a C-Mn-Nb steel finished
at 850°C and 800°C, respectively [43]. {332} <113> and {4 4 11}<110> are already
strong and gradually rotate with decreasing temperature towards {554}< 225> and
{223} <110 >, respectively (Figures 4-10(c),(d),(e)). This is confirmed by the skeleton
lines shown in Figure 4-10(f), although {332} < 113> does not appear as an
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independent peak but rather in the trail ofthe {4411} <110>. As Ty is decreased, the
intensity of the skeleton line gradually increases accompanied by the shifts of the
peaks described above [61]. From Figures 4-11 and 4-12, which represent the
<110>//TD and <110>//RD fibres, it can be concluded that the {4 4 11}< 110>
component is more sensitive to Ty than the {332} <113 >, although both are
sharpened when Ty is reduced. If the amount of reduction is lowered for a given
finishing temperature, the severity drops and the intensity of the {332}< 113>
decreases in comparison with the {113} <110 > [31].

The textures of a C-Mn steel finish rolled at same temperatures were considerably
weaker then those of the above Nb-V steel, and consisted of a broad {332}< 113>
peak and some {100}<011> [61]. Similar results have been reported by others
(31,60] and the importance of the amountof rolling in the austenite emphasized [31).

- deformation inthe (y+a) region:
Below the Ars, the transformation to ferrite occurs, and the microstructure
consists of a mixture of ferrite and austenite, both deforming without substantial
recrystallization. The textures observed in specimens finished in the (y+a) or a
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range are far more scvere than those finished above the Arjz [60,83-88]. In Nb-
containing steels, they have been found to consist of two components, namely (i) the
orientations lying in the range between {001} <110> and {112}<110> (partial fibre
having the <110> axis parallel to RD), and (ii) a fibre texture having the <ill1>
axis parallel to ND [54,58,60,83]. Figures 4-10 (c) and (d) show the ¢ =45°sections of
aC-Mn-Nb steel finished at 750°C (upper y+ a range) and 710°C (lower y+a range),
respectively. As confirmed in Figures 4-10(f), 4-11 and 4-12, these textures mainly
consist of a strong {112}<110> component, which sharpens as Ty is decreased, an
increasing {100}<011>, probably resulting from a recrystallization, and a second
order peak near {554} <225>. In the case of Nb-free stcels, Figures 4-13 to 4-16
indicate the presence of a strong {100} <011> component due to y recrystallization
plus a minor peak near {332} < 113> [58,61].

The latter components have been inferred to comprise the rolling texture of the a
phase, which develops from the transformation texture inherited from the y phase.
During rolling in the (y +a) region, the following three processes occur concurrently
and successively : (i) deformation of the parent y phase, (i1) the y-to-a transformation,
and (iii) deformation and recrystallization of the a phase. The relative contributions
of these three processes to the final texture depend on the temperature and reduction
of each pass and above all on the finishing temperature. Inagaki estimated the Arg
temperature of the steels he studied to be approximately 770°C [61] and made a

distinction between finishing in the upper orlower (y + a) range.
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In the upper (y+a) range, the amount of a phase which is formed before the
final pass is relatively small. The contribution of deformation in the a phase to the
overall texture is therefore not expected to be large. In the Nb-V steels finished at
750°C, most of the {332}<113> probably formed after the final pass and the
remainder did not undergo any significant change during intercritical rolling, since
{332} < 113> is relatively stable during rolling [89]. On the contrary, orientations in
the neighborhoud of {100} <011 >, which were formed before the final pass, are quite
unstable during rolling of the o phase and rotate readily at low reductions into
{100} < 011> [89]. For this reason, {100}<01l1> is expected to be increased by
lowering the finishing temperature from 800°C to 750 C.

In the Nb-V free steel, on the other hand, {332} <113 > in the specimen finished at
800°C is not only low in intensity but also rather broad, extending to {110}<001>,
Since orientations near {110}<001> are unstable and rotate readily at low
reductions into {332}< 113> and to {554}<225 > [8Q], this rotation is expected to
have occurred during the final pass in the two-phase region, resulting in the
development of the {332} <113 > to {554} 225> orientations. However, such was not
the case, and the development of a strong {100} <011> component at T{=750°C can
thus be related to the recrystullization of the o phase. In fact. electron microscopic
observations frequently confirm the existence of large {100}<<011> recrystallized a
grains in Nb-frce steels and seldom in Nb-containing steels.

[n the lower (y+4a) range, mostof the remaining austenite transforms to ferrite,
with strong transformation textures inherited from the sharper austenite finish
rolled at lower temperatures. At the same time, the ferrite grains already
transformed at the higher temperature accumulate further deformation, resulting in
the sharpening of the texture of the @ phase and to some modifications : orientations
in the range (332}<2113 > to {Hr4}<<225> rotate towards {5334}<<225>, while
orientations between {100}<011> and {4 4 11} << 110> rotate to {332} <011>. The
{111}//N'D fibre .s thus enforced as a whole when Tyis reduced. These results apply
both to Nh-containing and Nb-free steels, as recrystallization is not the dominant
process.

For a C-Mn steel finished rolled in the intercritical range, it can also be seen
(Figure 4-2-c) that, although weak, the texture has developed the {111} fibre Figure
4-17 shows the textures produced by deforming a C-Mn-Nb steel in the (y +a) region
0%, 105 and 607%. The sharpness increascs drastically with the amount of
deformation and the {111} fibre forms gradually with ratherstrong {112} <110> and

{554} <225 > components [90].
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- deformationin the aregion:

The texture formed by rolling in the lower (y + o) range is already near the stable
end orientations of the a rolling texture. Therefore, orientation changes brought
about by lowering the finishing temperature from 700 to around 600°C are small. For
this reason, the textures of Nb-free and Nb-V steels are quite sirmlar [61]. Figure 4-
10(e) shows the ¢ =45° section of a C-Mn-Nb steel finished at 650°C. Combined with
Figures 4-11 and 4-12, the maximum at {322}<011> is shifted from {211}<011 >,
and a rather strong {554} <225 >is seen to be shifted from {332} <113>. The strong
{100}<011> present in the intercritical range is reduced by further a rolling and
rotates to {322}<011>. The intensity of the {111} fibre increases with the amount of

deformation and when T¢is reduced.

- through-thicknessinhomogeneities:
Surface textures in pure iron 90% cold rolled [91] and C-Mn-Nb steels finished at

880°C (61,62,78] were found to consist of a partial fibre having <110> axes parallel
to ND, as suggested in Figure 4-18. These results indicate that surface textures are
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also greatly influenced by the finishing temperature; comparison with
microstructures also indicates that they develop as a result of rolling in the o phase.
In the specimens finished at 700 and 650°C by Inagaki [61], weak {311}<223> is
present in addition to the fibre. These agree approximately with the main
orientations of the shear texture of a iron reported by Williams (92] Itis well known
that surface texture is generally related to the midsection texture by rutation about
TD [62,93,94] and is not affected by recrystallization of the austenite phase.
Comparison between Figures 4-10 and 4-18 indicates that this general result is
satisfied in the Nb-V steels finished at 700 and 650°C with a rotation angle of 90°,
The formation of a texture gradient in hot rolled steels is represented schematically
in Figure 4-19[94).

Gralng in Gosa crleration

Contrving factors  1oling tormperatre,
pass reduchon, rolng veloclty, snd Lirvalon

Figure 4-19: Principle of formation of a texture gradient in hot rolled sheets.

[v.33  OTHER IMPORTANT PARAMETERS

Twoother parameters, which can be controlled in the thermomechanical schedule,
are of importance in transformation textures : the austenite grain size and the

cooling rate during transformation.

the initial austenite grain size
The austenite grain size has been reported to modify the final transformation
texture (54,58,74,95] : the smaller the grain size, the sharper the texture. Figure 4.20
shows the ¢ =45°sections of a C-Mn-Nb steel (T¢= 760°C) soaked at 1250 and 1050°C
(large and small grains, respectively) [58]. It is clear that {113}< 110> is rather
insensitive to a decrease in the soaking temperature, whereas {332}<113> is
strengthened remarkably. The result was the same for Tr=800°C, although the(100)

pole figures show weaker textures [54].
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the cooling rate during tansform vtion
Textures are generally weaker after slow cooling to ferrite pearhte than after
rapid cooling to martensite [4451.558.63,95,96], Figure 4 21 represents the 9-45°
section of 2 C-Mn-Nb <teel fintshed at 800 € and cooled at different rates [H8)]. With
decreasing cooling rute, the amount of ferrite increases and both the (332} 113>

and the {113}-<110 > decrea<e remarkably. The larger contribution of prow th during

'K’T . - U_,

Air cooled 8°C/sec

Figure 4-21 : Effect of cooling rate on the texture of controlled rotled C-Mn-Nb steels.

ferrite/pearlite formation than during the martensite transformation canexplain the
observed weaker ferrite textures, Also, it has been shown that the {332} < 113> is
weakened more than the {113}<110>, probably because their nucleution rates are
different. This effect was less clear in steels with lower Mn levels [58] or lower global
amounts of alloying elements [63].

Figure 4-22 shows the ¢ =45 sections of a C-Mn-Nb steel rolled 807 in the
austenite range to finish at 810 or 710°C and air c¢ooled [60]. Comparison with the
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Figure4-22 - ¢ =45° section fora C-Mn-Nb steelafter rolling at () 310 C.(b)y 710 C

same section in Figure 4 23, in which the sample was quenched, shows that an

increase in the cooling rute reduces the severity of the texture. Inthe two figures, the

main peak is near {112}<110 > and the severity increases markedly as the finishing

temperature is reduced.
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In commercial steels, the greater weight of the slabs probably means that, in the
absence of quenching, the cooling rate islower than for experimental casts. Thus the
resulting textures are expected to be less severe, Nevertheless they could still be of
importance, especially in controlled rolled steels finished at lower temperatures.
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IV.3.4  STABILITY OF TRANSFORMATION TEXTURES

At this point, it is worth considering the stability of the textures formed during

controlled rolling, either on subsequent cold rolling or onannealing

further deformation ;

As suggested by the paragraph concerning warm rolling in the a phase, further
cold rolling leads to the development of the {111}/°ND fibre. For a C-Mn-Nb steel, a
{100} <<011> component and a tube of orientations with {111} /ND centered around
{111} <1122 have been shown o emerge at the expense of {112} 110> [83]).

Generally, {112} < 110> has been assumed to be a stable end orientation [97,98].

- subsequent heat treatment :

It has often been reported that trandformation textures formed by controlled
rolling cannot be easily eliminated by simple or repeated heating into the y range
[58,74,79,99-101]. Textures of a C-Mn-Nh steel sonked at 910°C for 10 minutes and
either quenched into water or air cooled are shown in Figure 4-24 [58). Fairly strong
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Figure 4-24 : Effect of heat treatmenton a C-Mn-Nb steel (9 = 45° sections).

textures remain after these treatments, although the microstructure has changed
completely. Also, variant selection appears to be absent. This can happen if, during
reheating, the ferrite transforms back to the austenite texture from which it was
created and if, during quenching, the austenite transforms as it did the first time.
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IV4 CORRESPONDENCE BETWEEN ANALYTICALLY PREDICTED
AND EXPERIMENTALTEXTURES

The worth of any analytical prediction should be measured by its ability to
reproduce the experimental data. In the following, simulated textures will be

compared to actual ODF’sand pole figures.

[Vv.4.1 PREDICTIONS BASED ON A DISCRETE METHOD

- pole figure analysis :

In the earliest work, Jones and Walker [62] considered the major fce rolling or
recrystallization texture components [102,103] and employed the KS relationship to
derive potential ferrite pole figures. They then compared them with experimental
ones for a C-Mn-Nb steel rolled 50% at 950°C (as-rolled or recrystallized). The rolling
texture of austenite was shown to be of the pure-metal type, and that of recrystallized
austenite to be of the cube type {100} <001>. No variant selection was apparent. This
technique was used to ascertain whether austenite recrystallization had occurred in
plain C-Mn and low alloy hot rolled steels. Using the NW relationship, a similar
procedure was used to estimate the austenite texture of a martensitic 4340 steel [65].
The best agreement was found for {112}<111> plus a minor {110}<112>
component, but no {111} fibre could be assumed.

- ODF analysis :

A Cr-Ni-Mo steel rolled at 700°C and air cooled was unambiguously shown to be
KS-derived from a copper (or pure-metal) type austenite texture consisting of the
three classical fec rolling components {112} <111>(Cu), {110}<112>(Bs) and
{123} < 634>(8S) [67]. Similar conclusions were obtained in the case of Nb-containing
acicular ferrite steels using {110}<112> and {112}< 111> [54,57,58}, as shown in
Figure 4-25, where the derived orientations are plotted in the nearest sections. It
should furthermore be noted that the observed maxima at {332}<113>and
{113}< 110> are surrounded by groups of a orientations derived mainly from
{110}< 112> and {112} <111>, respectively. The vy rolling texture was therefore
concluded to have been of the copper type. In both cases, it was not necessary to

assume variant selection [57].
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An Fe-30Ni alloy was cold rolled 67% in the bce phase and annealed to transform
it into the fcc phase. The partial NW-derived and experimental ODI's are shown in
Figures 4-26 and 4-27, respectively [14]. All the experimental peaks are present in
the simulated ODF, although one of the predicted maxima (42 =45° section) does not

appear. This may result from the occurrence of sorne variant selection.

V4.2 PREDICTIONS BASED ON A CONTINUOUS METHOD

The accurate prediction of transformation textures requires a more complete
description of the starting texture than the one employing ideal components. The
procedures of simulation using an entire ODF have been explained in chapter III.
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the bee structure and transformed into fec.

recrystallized austenite :

Figure 4-9 is the experimentally determined ODF for a C-Mn-Nb steel quenched
after rolling 80% to finish at Tr=1000°C, where the austenite should be almost fully
recrystallized. The parent austenite texture is found in Figure 4-28 [60] and consists
largely of the cube component {100}<001>, which is a prominent component in
rolled and recrystallized fcc metals [31,60,104]. Identical results were obtained on

recrystallized Fe-Ni alloys [40,41].

transformation procedure :
Davies et al [60,77] used the ODF of 60% cold rolled high purity aluminum, which

consists of a tube’running from {110}<112>through to near {4 4 11}<11 11 8>, to
represent the austenite (Figure 4-29). Figure 4-30 shows the ODF predicted from
Figure 4-29 with the KS relationship : there is a strong partial <110>//RD fibre
centered around {112}<110>, The ferrite texture of a C-Mn-Nb steel rolled 80% in
the y phase (Tf=815°C) and water quenched was shown in Figure 4-23, The
correspondence between Figures 4-30 and 4-23 is most striking [60].

Depending on the amount of deformation in the fec phase, the two texture
components of an Fe-30Ni alloy (A=partial <111>//ND and B=partial
<110>//RD) can be separated [105]). After transformation to martensite, both fibres
disappear, A giving rise to a broad peak centered on {110}<001> (Figure 4-31(a))
and B to a broad peak between {110}<112> and {110}<111> (Figure 4-31(c)).
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Figure 4-30 : Ferrite ODF predicted from Figure 4-29 with the KS relationship.

However, when derived analytically with the N'W relationship, extra peaks not found
experimentally are also predicted (Figures 4-31(b) and 4-31(d)) {27]. These calculated
ODF’s are less severe and no clear distinction appears between the different
orientation relations.

Figure 4-32 gives the ¢ =45° sections of Cu and Cu-30Zn cold rolled 90%. The
textures derived with the KS relationship are similar to the observed ODF’s in Fe-Ni

alloys rolled at 500°C [58].

- untransformation procedure :

Figure 4-33 illust~ates the ODF obtained by untransforming Figure 4-23. It is
characterized by a tube running from {110}<112> tonear {112} <111> {55,60]. Itis
worth noting, however, that the severity is higher than for pure aluminum (used in
the transformation procedure), although the main tube is recovered. Thus, the
transformation and untransformation procedures are shown to predict textures
correctly, although not in a strictly equivalent manner [60]. The austenite texture of
a 90% rolled 5Ni steel was obtained by untransforming the martensite with the KS
relationship. It consists of a {110}<112>-{112}<111> fibre plus the {111}<112>
component. The latter component, which is the alloy type, has never been observed in
actual austenite textures, and probably arises because the 24 variants of the KS
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relationship were given an equal probability of occurrence. Considerable discrepancy
was also observed after 80% cross-rolling. On the other hand, in the case of a
recrystallized specimen, an identical procedure led to the prediction of the classical
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cube orientation. This difference was assumed to result from the high degree of
symmetry of the initial cube and is likely to be a relatively rare event [31].

- MODF analysis:
The MODF can be used to determine the relationship between two textures

related by an orientation dependent phase transformation provided a sufficiently
high order of truncation is chosen. It should be noted that {100}<001> MODF
components are produced by grains that have not undergone reorientation. The
presence of peaks of significant intensity at other points is then clearly indicative of
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the existence of an orientation relationship [55]. Figure 4-34 gives the ¢ =0° section of
the MODF relating the martensite and austenite textures of an Fe-30N1 alloy 90%
cold rolled and annealed. It tallies reasonably well with either KS or NW [41]. On the
other hand, after cold rolling only, the agreement is poor or even bad and depends on
the amount of deformation, as can be seen from Figure 4-35 [40].

- varlantselection function analysis :
Variant selection functions have been calculated from the textures of the

martensitic and austenitic phases of two samples of Fe-30Ni sheets rolled in different
conditions assuming the KS crystallographic relationship (Figure 4-36). Starting
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Figure 4-36: Vanant selection functionsafter 107 rolling along (2)<100>,(b)<110>
with a quasi-ideal cube texture {100} <001 >, the first specimen was rolled 107% along
the <100> direction and two of the variants (A and D) were found to occur with very
weak weight. On the other hand, when rolled 10% along the <110> direction, the
variantsdenoted E and B were weak [73].
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IV43  VARIANT SELECTION

In some cases it has been reported that the transformation approaches ideality
with all variants equally favored [41,42,55,57,62,70,77,106,107], but most workers
have needed to invoke a degree of variant selection [5,27,31,39-44,50,57,58,69,72,
108], principally because the product textures do not contain peaks and are sharper
than those predicted using all variants. A review of published results using selection
rules is presented below. As currently formulated, it is not possible to apply
weighting criteria to the continuous techniques of texture prediction The following
simulations were thus carried out either on ideal components or on a series of
orientations chosen to represent the initial texture. The results presented below are
classified according to the model onn which they are based, as reviewed in [I1.3.2.

- practical illustration :

Applied stress or strain influences the rate of transformation and variant
selection [33-35,65,68,71,109,110], although its effect seems to depend on the amount
of deformation [103]. This seems particularly evident for shear transformations. As
an illustration, the martensite textures of a recrystallized {100}<001> Fe-30Ni
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Figure 4-37 : Fe-30Ni textures (a) withoutload, (b) with load along RD (9 :NW poles).

alloy, transformed with or without load along RD, are presented in Figure 4-37, with
the corresponding active NW variants. It is apparent from these figures that some
selection has occurred under the load. The strong influence of the sense of the applied
stress has also been demonstrated [34,47]. Figure 4-38 represents the experimental
and KS-predicted ODF’s of an 80% rolled sheet of Fe-30Ni. The agreement is not
satisfactory, although peakscoincide, proving the validity of such a derivation [72].
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Figure 4-38 : Experimental and KS-predicted ODF’s of Fe-30Ni rolled 80¢%

- the shape deformation model :
Studies employing this model have not led to successful results {3 1-36]. The effect
of grain shape on variant selection has been shown to be weak, as illustrated in

Figure 4-39, assuming 95% reduction [40].
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Figure 4-39 : (a) 2=0° and 45° ODF sections assuming a grain shape equivalent to
959% reduction, (b) associated ¢ =0° MODF .

- the Bokros-Parker model :

Studying an alloy with 12%Cr-6%Ni rolled 93% in the austenite phase, Borik of
al. [39] have shown that it could be described best by {110}<225> :und the
transformed martensite by {568} <421 >, However, as shown in Figure 1 10 using all
the KS variants, the predicted texture consisted of both the actual {368} <7421 > anida
missing {100}<074> orientation, whose habit planes are normal to the active slip

directions.

Predictions were also made under the assumption that the transformation took
place on the variants associated with one, two or four of the most favored habit
planes, taken to be of the form {3 10 15}, or even on all variants weighted in




Figure 4-40:(100) pole figure of the a orientations KS-derived from (1 10)(2-25],.
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Figure 4-41 : (a) $=0" and 45° ODF sections assuming the transformation to take
place on the most favored habit plane, (b) associated & =0°MODF.
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Figure 4-42 : (a) ¢ =0° and 45° ODF sections assuming the transformation to take
place on the two most favored habit planes, (b) associated ¢ =0° MODF,
accordance with their habit planes [40]. The resulting @ =0° and ® =45° ODF and
® =0° MODF sections are presented in Figures 4-41 to 4-44. All the predictions are
less severe than the actual textures and show systematic, although not identical,

deviations from experiment. This model is thus only partially successful.

- theactive slip system model :
Haslam et al [44] used the ODF of 80% cold rolled copper to represent the
austenite texture and transformed it using the KS relationship to predict ferrite
textures. They did this by first fitting a large number of discrete orientations to the
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Figure 4-43 : (a) $=0° and 45° ODF sections assuming the transformation to take
place on the four most favored habit planes, (b) associated ¢ =0° MODF.
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Figure 4-44 : (a) ¢=0° and 45° ODF sections assuming the transformation to take

place on all weighted habit planes, (b) associated ¢ =0° MODF scction.

ODF and then operating on these orientations with selected KS variants. In this way,
they were able to predict textures very similar to those of a range of hot rolled steels.
Identical results were obtained with the N'W relationship by pole figure analysis [66].
However, with this approach, no quantitative correlation was apparent.

Figure 4-45

Figure 4-45 :(100) pole figure of the a orientations derived from
{110}<112> (1), {123} <856 >(»), {112} <111>(9) by the variants
associated with the slip systems upon which the largest shear streszes acted.

Figure 4-46

Figure 4-46 : (100) pole figure of Fe-25.7Ni derived with all 24 GT variunts.

Figure 4-45 shows the (100) pole figure of the martensite phase of an Fe-25.7Ni
alloy after 90% reduction at 400°C (levels 0.5 and 2 only) and the a poles derived from
the main y orientations ({110}<112>, {123}<856> and {112}<111>), using a
Greninger-Troiano relationship [43]. The orientations derived from the variants

corresponding to the two austenite slip systems which sustained the larsest resolved
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Figure 4-47 : Experimental (100) pole = Figure 4-48 : Experimental (100) pole figure
figure of martensite in Fe-25.7NI. of martensite in Fe-30.2N1.

shear stresses during rolling,i.e. {111}<011> and {111}< 101>, have been shown by
closed and open symbols, respectively. The realized variants do correspond to these
slip systems, whereas a prediction using all the variants leads to poor agreement
(Figure 4-46) [42]. Comparing Figures 4-47 (Fe-25.7Ni) and 4-48 (Fe-30.2N1i), it can
be further concluded that the choice between two variants corresponding to one
particular slip system also depends on the composition of the alloy [43].

Figure 4-49 compares observed (iso-density lines) and calculated (dots) ¢ =45°
sections for ferrite/pearlite assuming no variant selection and martensite assuming
an active slip system selection rule. In case (1), the distribution of points is wide and
the texture thus broad as observed. On the contrary, the spread is slight in case {2),

leading to a sharper texture in agreement with the experiment[63].

&: {113)<110> @: {332}e13> (2 =45° sections)

N\
ol b L

] » —_— L]

@ A\ . f
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Figure 4-49 . Observed and calculated texturesfor (a) ferrite/pearlite, (b) martensite.

Based on such a slip system criterion, the choice of the active variants is
dependent on the assumed strain state. If plane strain is assumed prior to
transformation, it is seen from Figure 4-50(a) that an imprcved severity is obtained
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Figure 4-50 : $=0°, ¢ =45° ODF and ¢ =0° MODF sections predicted from 90% cold
rolled austenite by means of the slip system/variant coincidence criterion
assuming a rotation of the principal axes of the strain tensor about TD (shear) by
(a) 0° (b)5.6° (c)13.2° (d)22.5° (e)45".

compared to the equiprobable case, although it remains less sharp than the
experimental ODF. For all reductions, variations were also systematically observed
in the prediction of the relative weighting of components : the derived {113} < 110> is
always more severe than {112}<110> or {332}< 113>, which is not the case
actually. In addition, {100}<011> is over- and {210}<120> under-predicted. By
further including shear components, the predicted textures are modified but were not
found closer to the experiment. It has also been noted that superficially similar ODF’s
could provide markedly different MODF’s (Figures 4-50 (c) and (d)) [40].

- the Bain strain model :
Furubayashi et al [45,46,48,49] successfully simulated the martensite texture of
an Fe-25.7N1 alloy rolled 90% at 400°C and air cooled, as shown in Figure 4-51. The
metal-type austenite texture was decomposed into 360 grains and the model operated




Figure 4-51: (a)Experimental,(b)simulated (100) pole figure for martensitic Fe-25.7Ni.

on each individual orientation assuming that the variant having the maximum value
for the parameter WB was selected among the three Bain variants.

- the geometrical parameters model :

Recently, Humbert et al. [50,72] have proposed a new type of model, based on
optimum induced deformation, which gave reasonably good results in predicting the
texture of an 809 rolled sheet of Fe-30Ni. Figure 4-52 presents the predicted ODF’s
assuming maximal deformation along ND and minimal deformation in the plane of
the sheet, respectively. Comparison with the experiment (Figure 4-38) shows
reasonably good agreement. The importance of dimensional parameters on the
selection process was also emphasized by Hashimotoetal. [111,112].
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Figure 4-52 : Simulated Fe-30Ni ODF’s assuming
(a) maximal deformation along ND, (b) minimal deformation in the sheet plane.
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V.l EXPERIMENTAL METHOD AND SIMULATIONS

As mentioned earlier, experimental difficulties often preclude texture
determination of the austenite phase for most commercial steels, this is because they
undergo phase transformation during cooling to room temperaturc. However,
because of the existence of orientation relationships hetween parent and product
phases, it is possible to infer the parent texture from the product texture, and vice

versa.

V.1.1 CHOICE OF THE MATERIALS

In the course of this work, the austenite texture was assumed to be similar to that
of other fec materials and the corresponding ferrite textures were then simulated and
compared to the experimental results of others. The problem was to make a judicious

choice of the initial texture.

- stackingfaultenergy considerations :

In fee metals and alloys, it is usual to distinguish between three different types of
cold rolling texture depending on the stacking fault energy (SFE) level, namely () the
brass or alloy type in low SFE materials, (ii) the copper or pure metal ty pe in medium
SFE materials, and (iii) the aluminum type in very high SFE materials. As
summarized in Table 5-1, the brass type consists essentially of the brass component
{110} << 112>(Bs); in the copper type, the copper {112}-7111 (Cuy, {123}7G34 (S)
and brass components have nearly equal strengths; the S component <eem~ to he
predominant in the aluminum type [113]. In the literature, the ¢rollin,s tecture has
generally been assumed to be similar to the textures of copper or aluminum

The stacking fault energy of yiron has been reported to be about 75mJ m2 [114],
Accordingly. if the austenite rolling textures of low alloyed steelsare to besimuluted,
they should be modelled by materials having comparable SFE's However the SFE of
copper isonly about 55m.J m%, whereas the SFE of aluminum 15 200m.J m2 {115}, An
alternative is to make use of nickel-based ailoys, The SFE of pure nickel is about
130mJ 'm?2 [116], but an addition of cobalt decreases the SFIF (116,117, ~o that an

alloy containing 30 weight per cent of eobalt is expected to have o stacking fault
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energy of nearly 73.6mJ/m2, which is similar to that of vy iron. The SFE values of

some fcc metals and alloys are listed in Table 5-2.

SFE range texturetype predominant components
low brassoralloy Bs{l10}< 112>
Cu{ll2}<1ll>
intermediate copper or pure metal Bs{l10}<112>
S {123} < 634>
very high aluminum S{123}< 634>

Table 5-1 : Classification of fcc textures as a function of SFE.

material SFE
(md‘m2)
Al 200
Ni 130
Ni-10Co 111.5
Ni-20Co 92.3
y iron 75
Ni-30Co 73.6
Cu 55
Ni-40Co 53
Fe-30Ni 45
Ag 30
Ni-60Co 15
Ni-65Co 5.2

Table 5-2: Some SFE values.
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- considerations regarding the Periodic Table of the Elements_

When considering the ‘Periodic Table of the Elements’ (Figure 5-1), it can be seen
that Fe, Ni and Co belong to the same classification group (Group VD of the 4" pertod
of the table and have similar physical data (Table 5-3). Their chemieal properties and

electrical behaviors might thus be expected to be rather close

[ I b v Vh VI VI I I 11 P " Va Via Vi )

1 I/’—'\\ —1
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9 : ! B ¢ 0
X ) R P S S S
1 [}

3 ! ! AL S| P s

4 V | Cr|M | Fe|Co| Nij{Cu]lZn

Nb

Figure 5-1 : Extract of the 'Periodic Table of the Elements',

Fe Co Ni
atomic number 26 27 28
atomic weight 55.85 H8 93 58 71
oxidation states +2and + 3 +2and 3 +2and -3

electron configuration| 3s73p"4s7°3d” | 3573p"t2"3d | 357 3p" s 3d0

melting point (°C) 1535 1195 1453
boiling point (*C) 2750 2870 2732
phases 8,2 : 6,1

Table 5-3 . Comparison of some physical datator Fe, Nand (o

- compositions:

From the two previous paragraphs, it zeems rea onable to choo e N Coalloys G
simulate austenite. The chemical compositions of the alle s s employed in the present

study are givenin Table 5-4.
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Alloying elements

Alloy
Co C S Si Cu 0] Ni

Ni-10Co 1115 | 0.006 | 0003 003 0.03 0.005 | balance

0.007 0.003 0.06 0.03 0.006 | balance

to
]
o]
Ut

Ni-20Co

N1-30Co 3090 { 0.006 | 0003 003 003 0.009 | balance

N1-40Co 1105 0.006 0 00-L 0.03 0.03 0 004 | balance

Ni-60Co 60.50 | 0006 } 0.004 0.06 0.03 0.007 | balance

Table 5-1: Chemical compositions of the Ni-Co alloys (weight percent).

V.1.2 EXPERIMENTAL PROCEDURE
The preparation of the materials and the determination of the ODF’s used in the
simulations were carried out by Ray and Lucke{118]. Only a general overview of the

procedure is given below.

- preparation of the starting materials:

The alluys were melted under vacuum and segregation was avoided by magnetic
stirring during melting. The ingots were then cold rolled 50 per cent to a thickness of
10 mm and homogenized by an annealing treatment in vacuum at 1150°C for 24
hours. They were azgain cold rolled 50 per cent and annealed at 1100°C for 3 hours to

yield starting materials of almost random texture and a grain size of about 0.1 mm.

- flnal preparation :
Final preparation consisted of cold rolling to 10, 70, 80 or 95 per cent reducticn,

using a laboratory mill with 250 mm diameter rolls. Reproducible textures were
found over almost the whole thickness of the sheets, except for anarrow zone near the

outermost surface.

- texture measurement:

The specimens were etched from one side of each sheet to the mid-thickness, on

which the X-ray texture measurements were carried out. For each sample (area 24



mm x 14 mm), the texture was determined by plotting conventional pule fivures as
well as ODF’s. For the latter purpose, four incomplete pole figures, namely the {111},
{200}, {220} and {311}, were measured up to an azimuth of 85" From these data, the
ODF’s were calculated following the series expansion method of Bunge [5,15) and

using a computer program designed by Jura etal {119],

V13 SIMULATIONS

Two main categories of prediction methods have been presented above based on
the transformation and untransformation procedures, respectively In each case,
discrete and continuous simulations can be carried out, as presented in Chapter HI

The practical principles of the derivations are given below

- discrete procedures:

As will be shown in the experimental results (see section V2 1), the texture of
cold rolled INi-Co alloys can be roughly described by means of peak type components
at {112}<111>(Cu), {110}<112>(Bs) and {123} < 634>(S) In the hiterature, other
orientations have also been reported when studying the rolling tedtures of fee
materials. These are all gathered in Table 3-5, together with the re ferences in which
they have been mentioned. The components produced by reerystallization are hsted
above the heavy hine and those associated with deformation are tabulated helow
The corresponding bee orientations have been derived u<ing the KS, B oand NW
relationships, asdescribed in section 11 4 1. All the coleulated otientations have been
retained:i.e. noselection rule was applied regarding the variants

In asimilar manner, rolled bee materials can sometimes he de cribed by w set of
orientations, the most important of which are shown in Table 5.6 Again, with the
exception of the cube texture (no.1), the recrystallization and rollin ;s components are
listed above and below the heavy linesitunted between orientatiorn, dand 5 On the
basis of the untransformation method presentedin section U1 the fecorientation s
corresponding to these bee urientations have al-obeonobtained using dlthe vanant,
of the transformation laws (KS, B, NWi. The procedurs employed wos il o the
discrete transformation, except that the operation wus cared ut i the rever o

direction (from bee to feo)
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number | svmbol y orientation references
1 7 {100}< 001> 31.,55,62,65,104,124
2 {110}<111> 42,43,124
3 ' {100}<012> 42,43
4 ( {122)< 212> 102
5 ) {113}« 332> 102
6 ! {112} <534 > 102
7 + (112}<111> 12,13,55,57,65,124
8 X {110}<112> 41,44.55,57,65.124
9 0 {123}< 634> 124
10 3 {110}<001 > 31.42,43,65,124
11 {123}<121> 65
12 * {123}<412> 55,65.103
13 = (123}< 856> 12,43
14 < {146}<211> 103
15 > {233}<311> 124
16 a {168}<211> 124
17 , {135)<712> 124

Table 5-5 : Most important fcc recrystallization and rolling orientations.

- continuous procedure :

Better descriptions of textures are provided by coraplete ODF’s. Therefore, the
ODF’s of the famuly of Ni-Co alloys were used to simulate austenites with a variety of
stacking fault energy values and rolling reductions. The low temperature textures
were thenobtained on the basisofequation (3-55) in section [11.4.2. As for the discrete

derivations, no selection was made among the variants of the orientation
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number | symbol a orientation referencea
1 ? {100}2001 =
2 # {100}<011 055,61
3 & {110} 110> 21
4 3 {110}<001 - 31.61
5 a {112)<110 = 31406071
6 ¢ {113}« 110 - 41,4354 H9.63
7 e {223}<110 > 40,74
8 n {225}<110 >
9 r <iio> 60,90
10 S {111}<112> 1471
11 v {332}<113> 31,40,41,43.5:1 5963
12 w {554}<225> 09,61,10
13 z {201}<102 > 40

Table 5-6. Most important bee texture components

relationships. From the experimental texture measurements, the CODEF coctfficients
of the five Ni-Co alloys had beenohtained ina previous study TUISHor the four roliings
reductions of 407, 707%, 90 and 957, These coefficient s were used as the matial data
in the present work. The bee enefficients were simulated using the continnons
procedure with the three classical transformation laws KRS, B and N°W

From the coefficient-, the different ODI’Ss were caleulated followin, fthe ceries
expansion method with Bunge's notation The <keloton Lne were ol o deteraaned
and plotted as a function of the Fuler anzle o1 The vy e hee fibro s, nar b, the o
fibre with <110> ‘RD andthe (fihre aith “111.- NDowere alsocalenlaed
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V.2 RESULTS

Because of the large volume of graphical results (over 150 ODF’s), it has not been
possible to reproduce all the corresponding figures within the limits of this thesis.
The ones included below have been selected because they are representative of the
results obtained and lead to clear illustrations of the points at stake. Tables
containing some important characteristics, extracted from the ODF's and easier to

compare, are also presented in support of the description of the results.

v.2.1 EXPERIMENTAL RESULTS

As they are the starting materials for the simulations, a brief description of the
experimental ODF’s obtained for the Ni-Co alloys seems necessary. It is usual to
represent the textures of fcc metals and alloys by their ¢2 sections, since most of the
important orientations lie in these sections. More detailed studies of fee cold rolling
textures can be found elsewhere [113,120-130].

- main features:

The complete ODF of N1-30Co 95% cold rolled has been presented above in Figure
2-9 and the corresponding (200) pole figure and ND inverse pole figure in Figure 2-12
(Chapter II). Extracts of the ODF's fcr all the alloys with a reduction of 9557 are
presented in Figure 5-2. The ¢ =0° and ¢3=45" sections have been selected because
they contain the ideal components {110} <112>(Bs)and {112}<111>(Cu), which are
two of the most important orientations in fce rolling textures. The S component
{123}< 634>, which plays an equally important role in their description, falls at
$0=63 4° 1.e. between the 62 =60%and 92 =65 sections. Therefore, these two sections

have also been extracted from the complete ODF's. From Figure 5-2, it 1s apparent
thatthe intensities are very high (maxima between 15 and 20) and that the peaks are
generally not only sharp hut also localized and rather narrow (little spread and no

evidence forafibre, even ifthey sometimes overlap partially).

influence of the cobalt content :
In Figures 2-9 and 2-12 of Chapter II, the texture of Ni-30Co 95% cold rolled is
shown to consist of three peaks at the Cu, Bs and S pesitions, with similar intensities.
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As expected from its intermediate SFE value (~72mdJ/m2), this alloy thus has a pure
metal type rolling texture. The influence of cobalt concentration, which controls the
SFE level, is apparent from Figure 5-2. First, for 95% reduction, Ni-10Co and Ni-
20Co are shown to be of the same type as Ni-30Co, with comparable peaks and
severities.

When the Co content is increased to over 30%, i.e. when the SFE isdecreased, the
peaks at the Cu and S locations are drastically lowered and ultimately disappear in
the case of Ni-60Co. On the other hand. the peak near the Bs component is almost
insensitive to composition, although it sharpens at 609 cobalt, so that it finally
becomes the maximum of the ODF for this particular alloy (brass or alloy type
texture).

At the transition, Ni-40Co has a texture intermediate between that of the pure
metal and the alloy; it consists of an absolute maximum near the Bs position, plus a
second order maximum at S, with the Cu component barely visible. Moreover, the
severity of this texture is less than those of both the pure metal and alloy types at a
similar reduction.

These observations are fully consistent with expectations based on the SFE values
and the classification of fce textures presented earlier (see section V.1.1 regarding

choice of the materials).

influence of rolling reduction:

When studying the influence of rolling reduction, the three preceding types of
textures (pure metal, alloy and intermediate) must again be differentiated.

The three alloys containing 10, 20 and 30 percent cobalt (pure metal type) have
similar behaviors when the reduction is increased from 40 to 95°% : the overall
severities of the textures as well as the intensities of the three peaks (Bs, Cu, §) are
increased homogeneously. Four b, sections selected from the Ni-30Co ODF’s after 40,
70,90 and 95 " rolling reduction are presented in Figure 5-3. At lower reductions, it
is apparent that the positions of the actual maxima are shifted so that they do not
coincide exactly with the ideal positions of the Bs, Cu and S components. However,
the textures can still be described by peaks and the angular differences between the
observed and ideal positions always remain in the range 0° to 15°. Ultimately, from
95% reduction onwards, the two kinds of positions coincide.

The texture of Ni-40Co has been termed transitional for 957% cold reduction, with
strong Bs and S components. At lower reduction levels, however, it exhibits a rather

different texture (Figure 5-4). For reductions as low as 407, the texture mainly
o
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consists of two maxima : one near the Goss position {110} 001> and the other 107
away from the Cu component. The S orientation only appears as asecond order penk
When the reduction is increased, the components clustering around the Goss, position
rotate towards the Bs orientation, which gradually improves and then becomes the

overall maximum after heavy reduction (30 to 95°%). The texture is also sharponed
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Figure 5-4 . Partial ¢,-section ODF’s for Ni-40Co cold rolled 40, 70, 90 and 95%
(levels 3,6,9...).

near the S orientation and the severity is thus globally increased, even though the
peak near Cu tends to disappear at reductions higher than 90%.

By contrast, an increase in rolling reduction has no influence on the texture of the
Ni-60Co alloy other than producing a gradual sharpening, as shown in Figure 5-5. It
always has a strong peak at Bs and a small one near the S position, which is
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V.2.2 RESULTS OF THE DISCRETE SIMULATIONS

In this study, ideal orientations were extracted from one phase and transformed to
the other phase by the usual erystallographic relationships. This was done with the
aim of using the discrete method to explain the main features of texture inheritance
during phase transitions. In the following, the symbols u<ed to represent the classical
fec and bee components in Euler space are these introduced in Tables 5-5 and 5-6,

respectively.

- transformation of common fce components:

The most important orientations classically observed in fce metals and alloys were
used to simulate austenite. The corresponding bcc orientations were then derived.
The results are presented on ¢ sections of ODF frames and compared with the most
relevant ideal components reported for rolled bec materials. The latter are illustrated
in Figure 5-6(a).

Six fce recrystallization texture components were transformed with the KS
relationship. The derived orientations are shown in Figure 5-6 (b). Coincidence
within a 10° range in Euler space is evident between some of these transformed
components and the classical bee ideal orientations presented in Figure 5-6 (a). As
can he seen from Table 5-7, three of these (the {110}<111>, {100}<001> and

initial fcc orientation derived becorientation
{110} < 111> {100} <011 >
{110}<001 >
{100} <001> {100}<011>
110} <110>
{110}<001 >
{122} < 212> 100} <011 >
{110} < 110>

Table 5-7: List of bec orientations KS-derived

from fee recrystallization components (Part 1),

{122}<212>) lead to the Goss {110} <001 >, rotated-cube {100’ <011> and rotated-
Goss {110} <110> orientations, which have been reported among the bee textures

inherited from recrystallized v [31.55,61;. These appear above the heavy line in
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Figure 5-6 (a) and (b) : (a) Some classical bee texture components:
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initial fcc orientation derived bee orientation
(110j<111> a1r <110 |
{112}<534 > 12011<102 . S
11133110 >
{113}<332> T EIPTET
1223}< 110~

Table 5-8 : List of becorientations KS-derived

from fce recrystallization components (Part 2).

Table 5-6. By contrast, three of the recerystallization components (i.e. the
{110} < 111>, {112}<534> and {113}<332>) are shown to transform into bhce
deformation components, as can be seen from Table 5-8. These appear below the
heavy line in Table 5-6.

The KS-transformation of the copper, brass and S orientations, the three main fee
rolling components, is illustrated in Figure 5-6 (¢). The list of coincidences with the
most common bcc orientations is given in Table 5-9. The {112} <111 >(Cu) is seen to
transform, not only into the classical {112}<110> and {113} < 110> through two of
the variants of the KS relationship, but also into {201}< 102> and {110}<110>
through two other variants. Here, the first three are bee deformation components and

initial fcec orientation derived bec orientation

112,-110 -
{112}<111> 113.2110 .
2011<102 .
10,4110 .
332113 -

> A1L,c112 .

00 <011 -

113 <110
123;<634 > 332:--113 .

110-- 110

{110}<11

]

Table 5-9: List of bee ortentations KS-deri ed

from the three main fee rolling component.
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the last one ({110} <110>) is a recrystallization component. In the same manner, the
{110}<112>(Bs) leads to the classical {332}<113> and {111} <112> deformation
components, as well as to {100} <011>, a recrystallization component, Moreover, the
S component {123}<634> transformis into both {113}<110> (2 variants) and
{332}< 113> (1 variant), as well asinto the {110} <110 >. Some other fcc deformation
texture components were KS-transformed into the bce phase. Coincidences with the
classical becorientations, determined from Figure 5-6 (d), are gathered in Table 5-10.
Thus, the set of fcc recrystallization components of Tables 5-7 and 5-8 as well as the
set of fece deformation components of Tables 5-9 and 3-10 each transform into both

recrystallization and deformation bce components

initial fcc orientation derived bcec orientation
{110}<001> {112}<110>
{111}<110>
{123}<856 > {100}<011>
{110<110>
{146} <211 > {332}<113>
{100}<011>

Table 5-10: List of bcc orientations KS-derived
from some other fec rolling components.

As mentioned in Chapter lll, the three orientation relationships (KS, Bain and
N'W), although rather different when expressed as parallelism conditions, are not far
fromone another in Euler space. Thisis confirmed in Figure 3-7, where the (100) pole
figures of an initially cube-oriented grain, transformed according to these three laws,
are presented and compared. In Figures 5-8 (b), (¢) and (d), the three main fec rolling
components, namely the Cu, Bsand §, are transformed into the bee state with the KS,
Bain and N'W orientation relationships, respectively. The corresponding (100) pole
figures for the transformation of the S component are shown in Figures 5-9 (a) to (c).
From a global point of view, the results obtained by the three types of derivation are
thussimilar. Each Bain-derived orientation is, however, surrounded by four NW- and
eight KS-related orientations, respectively, in keeping with the relative number of
variants of each law. An identical order is thus expected when the ODF's
corresponding to these three relationships are classified according to their severity

parameters.
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O Staring Otientation (1)

O Starting Onentation (1) A Banvarant (3]
‘ Bain Vanant (3) O Nwvamant(12)

O K-SVanant(2a)

Figure 5-7 : Transformation of the fce cube component (100 pole figures);
comparison of the (a) Bain and KS orientations, and (b) Bain and NW orientations.

- untransformation of common bce components.

The usual bee ideal orientations of Table 5-6 have also been untransformed into
the austenite state to ascertain their origins at high temperatures. The results are
presented, in ¢g sections, in Figures 5-10 (b) to (d) and compared with the classical fec
recrystallization and deformation components of Table 5-5 shown in Figure 5-10 (a).
The descriptions given above for the transformation case are confirmed here, which is
not unexpected, since transformation and untrans=formation are strictly cquivalent

operations when all the variants are considered identically.
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Figure 5-9 : Transformation of the fcc S rolling component (100 pole figures)
! with the (a) KS, (b) Bain, and (¢) NW orientation relationships.
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V.23 RESULTS OF THE CONTINUOUS SIMULATIONS

Unfortunately, a texture cannot be completely defined in terms of its peak type
components and a full description by means of its orientation distribution function
must therefore be employed. It has been assumed here that the ODF’s of some Ni-Co
alloys describe the rolling textures of austenites with comparable stacking fault
energies. These were transformed according to the Bain, KS and NW relationships to
yield textures corresponding to the bec a obtained from the fee y by phase
transformation. No variant selection rule was employed. The transformed ODF's are
represented by their ¢ sections, as is often the case for bee textures, since most of the
important orientations lie in these planes. In what follows, an ODF predicted using
the KS transformation law is often termed KS-predicted, KS-selected or KS-derived,
and similarly for the Bain and NW relationships.

- general observations regarding the simulated transformation textures:

It should first be noted, when comparing the simulated bece textures with their fece
originals, that because of the multiplicity of variants in the transformation, the
transformed ODF’s always appear less intense than their parent y textures. Also, all
the predicted ODF’s - except those corresponding to Ni-60Co - have similar
characteristics (shape, maxima, intensities...). They are defined by two peaks , almost
equally strong, in the vicinity of {332}< 113> and {113}< 110>, but their relative
importance as well as their exact locations depend on the amount of cobalt and the
rolling reduction applied to the parent alloy.

This is not unexpected in the case of the textures derived from the Ni-Co alloys
containing 10, 20 and 30 percent cobalt, since their respective SFE levels ensure a
similar type of fce rolling texture. Even the textures simuluted from Ni 40Co
(intermediate fcc texture) resemble those from the alloys with lower Co contents
(pure metal tvpe fcc texture) However, the intensity of the {113}~ 110 .- component
1s lowered and the {332} < 113> peak is hroadened compured to the Ni-10Co to Ni-
30Co cases. On the other hand, the textures computed from N1 60CH ure of o different
type. Two peaks still appear, but at markediy diffecrept posttions @ one at
{111}<112 >, which is about 10 degrees away frora <332F 113 .~ and another near
{100}<011>. In general, the severity of the tecture increases with the level of
reduction, although the sharpness of the initial ODEF 15 al-o a crueial parameter The
derived ODF’s thus encompass the possible trunsformation textures that should he

obtained from fce y with a range of SFE value s and various rotling reduction -
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The MODF'’s corresponding to the Bain, KS and NW orientation relationships
have been employed in turn for the simulations and, although the general features of
the three families of transformed ODF’s are similar, the ones deduced from the Bain
relation are always much sharper than those calculated from the other two. The NW-
derived ODF's are detectably more intense {(e.g. in terms of the severity parameters)

than the KS-derived, in keeping with their respective numbers of variants.

- detaileddescrirtion of the ODF's obtained with the KS relationship :

As stated in the presentation of the experimental results (V.2.1), the rolling
textures of the Ni-Co alloys under study can be divided into three categories,
dependirg oi. their stacking fault energies, namely the (i) pure metal, (ii)
intermediate, and (iii) alloy type textures. Correspondingly, the simulated bce
textures were expected to fall into three groups, investigated in turn below. In all
three cases, the derived bec textures are less severe than those of their parent fcc

structures.

(a) bee textures transformed from pure metal type fec rolling textures :
These correspond to the textures derived from the Ni-Co alloys containing 10, 20 and
30 percent cobalt. Their ¢ -section ODF’s are shown in Figures 5-11, 5 12 and 5-13,
respectively, for the four different rolling reductions (40, 70, 90 and 95%). The
intensities along the a (<110>/RD) and vy (<111>//ND) fibres have also been
plotted and are presented in Figures 5-14 and 5-15 as functions of the cobalt content,
and in Figures 5-16 (a),(b),(c) and 5-17 (a).(b),(¢c) as functions of the amount of rolling
deformation. Two maxima can be seen, irrespective of the alloy composition and of
the degree of reduction before transformation. However, they gradually sharpen with
rolling deformation. As a result, the severities of the ODF’s derived from these three
alloys, which are close at a given reduction, increase with the amount of prior
reduction in the y phase.

The positions of the two maxima in the transformation texture merely depend on
the alloy composition and on its deformation level. As can be seen from Tables 5-11
and 5-12, for the lower Co contents (10 and 20% cobalt), the strongest peak first
appears at the {112}< 110> component after very light rolling in the v phase and, as
the deformation isincreased, progressively shifts towards (225}<110>, i.e. between
{112} < 110> and {113} <110> (Figures 5-16 (a) and (b)). It is also worth noting that
this maximum, although of a peak type, is rather broad. A high degree of angular
spread is thus involved. The width of the {225} <110> peak should not be confused
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Figure 5-15: Ferrite v fibres deduced from the ODF’s obtained by transforming
the texture of the five Ni-Co alloys according to the KS relationship
after (a) 40%, (b) 70%, (c) 90%, and (d) 95% reductiun prior to transformation
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reduction 40% 70% 90% 95%
location location I location I location I
severity 70 81 96
maxima [112}<110> {225)<110> [ 32 {225}<110> | 34 {{225:<110> | 40
{554}<225> | 35 | {332}< 113> | 35 | {332, <113> | 35
2" order {201})< 102> | 15 |+201}<102> | 20 | {201}<102> | 25
maxima {100}<011> | 25 | {100}<O11> | 25 | {100}<01l'> | 25

Table 5-11:Main characteristicsof the beetextures KS-transformed from Ni-10Co.

reduction 40% 70% 90% 95%
location location I location I location I
severity 66 76 84
maxima | (112}<110> | 25 | {225}<110> | 35 | {225}<110> | 33 | {225}<110> | 35
{654}<225> 1 20 | {332}<113> | 25 [ {332})< 113> | 25
2 order (201;<102> | 22 | {201} <102> | 25
maxima (100}<O11> | 25 | {100:<0ll> | 25

Table 5-12 - Main characteristics of the bee textures KS-transformed from Ni-20Co.

with the presence of a fibre type component. On the contrary, the second most
important peak of the texture, which also exhibits a peak form (i.e. no evidence for a
fibre) in the vicinity of {332}<<113>, is narrower, as can be seen from the ¢, =90°
section of any of the KS-predicted ODF’s in Figures 5-11 and 5-12, especially along
the ¢ axis. Along the ¢, axis, on the other hand. some overlapping is noted, with a
minor component located near {201} <102>. The exact position of this second

maximum again varies with the amount of reduction prior to transformation For the
two alloys under consideration (Ni-10Co and Ni-20Co), {554} <225> gives a better
description of the maximum at low deformations (up to 70%), but it finally shifts to
{332}<113 > after heavy yrolling.
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Compared to Ni-10Co and Ni-20Co, which have rather high SFE’'s, the textures
derived from Ni-30Co, if analyzed in detail from Figure 5-13, already present some
marked differences, although they still belong to the same overall category. For

instance, as is evident from Table 5-13 and Figure 5-16 (c), their severities are less

reduction 40¢% 70% 90% 95¢%
location I location I location I location [
severity 58 79 79 95
maxima | {112}<110> | 30 | {225}< 110> | 35 | {113}<1102 | 35 | {114 110 > | 40
{554}<225> | 25 | {332}<113> | 25 | {332}<113> | 30
27 order - | {201}<102> | 25 [ {2013<102> | 30
maxima | 100}<011> | 20 | {100}<011> | 20 | {100}<011> | 20 | {100}<011> | 25

Table 5-13 ; Main characteristics of the bee textures KS-transformed from Ni-30Co.

sensitive to the amount of rolling : between 704¢ and 90% reduction, no major changes
are observed in the severity parameter and the high intensity levels do not vary
much either. At the same time, the position of the maximum bhecomes more sensitive
torolling:itis still located at {112}<110> for 40% v rolling, asin the previous case,
and again shifts to {225} < 110> after 70% reduction After 907, however, it is to he
found closer to {113}< 110> and even moves towards {114}< 110 when 957
deformation is carried out, as opposed to its position near {223}« 110  for Ni-10 and
20 Co (see also Figures 5-14 and 5-15 for comparison with Ni-10Co and Ni-20Cao),

In the simulated ODF’s derived from the three alloys, second order maxima are
often found near {201}<102> and {100} <011 >>. Their strengths are sensitive to the
amount of rolling reduction, so that they become significant after 90-957
deformation, as shown in Table 5-13.

(h) bee textures transformed from intermediate type fee rolling tex tures
When the ODF’s simulated from Ni1-10Co, which are illustrated in Figure 5-18, are
eompared with those derived from the pure metal type rolling textures just deseribed,
many similarities are evident. However, alonyg the Lines of the detaled analysis

begun ahove, and in agreement with the tendencies shown by the Nip30Co hased







reduction 40% 70% 90°% 95%

location I location | location I location I

severity - 53 - 68 . 62 77
maxima i11‘2}<110>' 35 [ {225}<110> | 37 [ 4225, «<110> | 25 [ (A4} 110> § 20
- - - - {554} 225> | 25 | i6h4p225> | 30

2" order . - [{2o1}<102> | 20 [ {200 <102 | 20 [ 201 102> | 20
maxima - - - - {rony<ott> [ 15

Table 5-14 - Main characteristics of the bee textures KS-transformed from Ni-40Co.

ODF’s, some differences can still be pointed out, e.g in Figures 5-16 (d) and 5-17 (d),
which illustrate the influence of the texture transition in the parent fec structure.

The severities of the derived ODF's given in Table 5-14 also show a noticeable
drop during intermediate rolling as the maximum near {113}< 110> progressively
disappears. {554} < 225>, which thus becomes the major component of the texture,
does not sharpen sufficiently, however, to balance the decrease in severity, so that
globally the ODF’s become comparatively less severe at higher rolling reductions
than those derived from pure metal type fce textures. The {554} -21225> peak is also
broader in Ni-40Co than in the previous olloys.

The positions of the maxima change shightly from the case of Ni-30Co. The peak in
the vicinity of {112}<110> after 40 reduction rotates to {225}< 110 >, where it
remains during the whole intermediate rolling process. Only after heavy deformation
does it shift towards its ultimate position near {114}<110 >, aiso observed for the
textures derived from Ni-30Co. On the other hand, {554} 225 is the best
description of the other maximum. No rotation to {332;-7113 > 13 observed, even at,
very high rolling levels, as was the case for Ni-30Co. The second order maximum neuar
{201}<102 > is still apparent, although only in the spray of the {114;-" 111 after
95% y rolling, whereas that in the vicinity of {100} 2011 > 15 hardly visible

(c) bece textures transformed from alloy type fee rolling textures . Incontrast
to the two previous cases, the textures simulated from Ni-60Co differ significantly
from those predicted for all the other alloys, as indicated 1n Fipures 5-14 and 5-15.
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reduction 40% 70% 90% 95%

location I location I location I location I

severity - 77 - 63 - 87 . 90

8]
-1

maxima | {100}<011> | 38 | {100}< 011> 1100} < 011> | 45 | {100}<011> | 34

{111}<112> 132 | {11i<112> | 33 [ {1p<112> | 43 [ at<nz> | 43

2nd order - - 1 {100}<012> | 20 [ {100}<012> | 15 [ 1100}<012> | 20

maxima

Table 5-15 : Main characteristicsof the bee textures KS-transformed from Ni-60Co.

They still consist of two peaks, visible in Figure 5-19, but at the rather different
locations reported in Table 5-15:one at {111} <112> i.e.about 10 degreesaway from
{332} <113>; its strength depends on the rolling reduction in an irregular manner.
The other one always falls close to {100} <011>, i.e. 15 degrees away from
{113} <110> on the <100>//RD fibre, and its intensity increases with the
deformation (Figure 5-16 (e)). Actually, this can be best described as a partial
<100>//ND fibre, with maximum intensity at {100} <011>, which develops with
rolling. At low reductions, {100}<011> 1s already strong, and appears as a peak.
There is also a second order peak near {100}<<012> with an intensity which is almost

independent of the amount of rolling.

- influence of thie choice of the orientation relationship.

As stated earlier, for any alloy, the derived ODF’s are always markedly more
intense for the Bain orientation relationship than for the other two, and NW is
always a little sharper than KS. In the following, the Bain and NW results are
compared with the KS ones since the latter are generally reported to give the best

description of actual transformations in steels.

(a) Bain vs KS predictions : Figures 5-20 (a) to (d) illustrate the Bain-predicted
ODF’s for the Ni-Co alloys containing 10, 20, 40 and 607 cobalt, respectively, and
rolled to 95% reduction. Figure 5-21, on the other hand, shows the influence of the
amount of reduction prior to transformation on the Ban-predicted ODF's for Ni-
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reduction 40%% 70% 90% 95%
location I location I location I location I
severity - 97 - 1139 . 132 - 171
maxima | 113;<110> 4 [ {113;<110> T A1 < 110> 9 (A13}<<110> | 12
- | 3513<225> | 5 | 554,<225> | 5 | 354<225> | 3
2ndorder |i201;<102> | 2 | {201}<102> | 4 [:201}<102> | 4 {{2010<102> | 3
maxima | {100}<011> 3 1 {100}<01L > 3 1 no0<oil>| 3 10} < 011> 4

Table 5-16 : Main characteristics of the bee textures Bain-transformed from Ni-30Co.

reduction 40% 70% 90 95%
location I location 1 location I location I
severity - 121 - 107 1 46 . 143
maxima }+100;<0lt> 1 6 |/100}<023> 5 | 11000<023> | 7 {{100:<023> | &
1554;<< 225> 5 {332:< 113> bl (354;<225> | 85 | 534 <225> 5
2M order
maxima -

Table 5-17 - Main characteristics of the bee textures Bain-transformed from Ni-60Co.

30Co. For purposes of comparison with the KS results, the a and v fibres were also
calculated for the Bain transformation and are preseated in Figures 3-22 to 53-25. The
general trends of the two families of ODF's are similar to those obtained with the KS
relationship, but close study of the severity, positions and intensities of their maxima
reveals the differences. As an illustration, the severities and maxima locations and
intensities obtained from the Bain transformation law are collected 1n Table 5-16 for
Ni-30Co and in Table 5-17 for Ni-60Co. These two sets of data should be compared
with those obtained from the KS derivation presented above in Tables 5-13 and 5-13,

respectively. The maximum intensities in the Bain-related ODF's are between 2 and
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3 times the respective values for the KS ones. The sharper the texture (i.e. the larger
the rolling reduction in the y phase), the higher the ratio. For second order maxima,
however, this ratio is reduced to a value between 1.5 and 2 The corresponding
severity parameters, which give a measure of the average sharpness of the whole
texture, and not only a measure of the intensities of the maxima, are around 1.7
times larger in the case of Bain than in that of KS. For very high reductions (957%),
where the peaks attain higher levels and thus nearly define the entire texture, the
severity parameter ratio Bain'KS tends towards a value near 2, which s closer to the
coefficient relating the maxima in the two textures

The predicted positions of the maxima are also slightly modified compared to the
KS simulations. The {554} <225> component ts almost always predicted using the
Bain derivation. On the contrary, a KS prediction leads to the development of a
maximum at a location best described by {332} <113 >, except for Ni-60Co, in which
both types of law lead to a {554} < 225> peak. In a similar manner, the second Bain-
predicted maximum is most often found at {113}< 110> for the ODF's simulated for
the Ni-Co alloys containing 10, 20, 30 and 40 percent cobalt, using the KS relation,
the corresponding peak for these alloys has been shown o fall at {112}-2110 > after
low reductions and then, as the amount of reduction is increased, to move gradually
to {225} <110> for Ni-10Co and Ni-20Co, or even to {113}« 110 >, and ultimately to
{114} <110> for Ni-30Co and Ni-40Co, respectively (Figures 5-22 and 5-24). For the
derivations based on Ni-60Co, the second maximum 15 best described by {100} 7023 >
if the Bain orientation relationship is emploved, except at very low reductions where
itis found at {100} < 011>, as predicted fur all rolling levels using the KSrelation

Second order maxima also arise after a Bain transformation, e ccept for N1-60Co,
where there is no real evidence for such a conclusion As for the man peaks, their
intensities are higher than those of the peaks resulting from a KS denvation Their
positions are also slightly shifted with respect to the KS case  7204}-7302> 15 a
better description here than {201}<<102>, and the {100;<011 .- of the forme: 1s
moved by 107 along the <100 >.ND fibre.

(b)NW vs KS predictions . Figures 5-26 and 5-27 show the influence of cobalt
content and rolling reduction on the NW-.predicted ODI"s  Again the two sets of
simulated ODF's are similar and the resemblances are even more striking than with
Bain. However, the maximum intensities as well as the severity parameters are
about 10-15%% higher in the NW-related ODF’s compared to their respective levels for
the corresponding KS-derived ones, as indicated in Tables 3-18 and 3-19 for Ni-30Co
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reduction 40% 70% 90% 95%
location I location I location I location I
severity 65 38 38 106
maxima | «113)<110> | 30 | {113}<110> | 40 | {113}<110> | 40 | /113}<110> | 45
- {554}<225> | 30 | {534)<<225> | 25 | {554r<225> | 35
““order - 1{2013<102> | 20 [ {2010<102> | 30 [{201)<102> | 30
maxima | «100-<011> | 20 | {100}<011> | 20 | 4100;<011> | 20 { {100} <0t1l> | 30

Table 5-18; Main characteristics of the bec textures NW-transformed from Ni1-30Co.

reduction 10% 70% 90% 95%
location [ location I location I location [
severity 87 75 105 81
maxima | {100}<011> | 40 [ {100}<011> | 30 [{100}<O011> | 50 |(100*<0ll> | 290
(554<295> | 40 | {554}<225> | 30 | 5541<225> | 50 | 554 <225> | 40
2" order {100}< 012> | 30 | {(100}«<012> | 20 | (100><012> | 20
maxima

Table 5-19 : Main characteristics of the bee textures NW-transformed from Ni-60Co.
and Ni-60Co, respectively The positions of the maxima are globally in agreement,
except that {5354} <225 > rather than {332}<113> is predicted for heavily cold rolled
Ni-10Co and Ni-20Co and for Ni-30Co irrespective of the rolling reduction (Figure 5-
27). Also, {554} < 225> is NW-predicted for Ni-60Co as opnosed to {111} <112> with
the KS relation. Lastly, for Ni-30Co, the NW orientation relationship predicts a
maximum at {113} <110>, irrespective of the amount of prior reduction, whereas KS
predicts {112} < 110> after 407 reduction, which gradually rotates to {114:<110>
through {113} <110> with increasing degreesofrolling.
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V.3 DISCUSSION

In this section, three points of particular interest are discussed in tu.n : (i) the
analytically predicted textures are first compared with experimental ODF’s in order
to evaluate the assumptions and methods used; (ii) the different types of simulation
methods are then compared briefly: and finally (iii) the influence of sume simulation

parameters on the resulting transformation texturesis presented.

V.31 COMPARISON WITH OBSERVED TEXTURES
The transformation textures presented above, predicted from the series of Ni-Co
alloys, will now be compared with three kinds of experimental ODFE’s measured on :

(i) ferrite in controlled rolled steels, (i1) martensite, and (iii) cold rolled ferrite.

- ferrite in controlled rolled steels :

The extent of correspondence between the analytically predicted bee ODF's and
experimental textures determined on HSLA steels will now be considered. Here, the
Roe notation (¥,9,9) is employed for the Euler angles, as in the original publications.
For this purpose, the ODF reported by Inagaki for a controlled rolled 0.10C-1.24Mn-
0.03Nb-0.067V steel [57] has been selected and is presented in Figure 5-28 (a). This
Nb-V steel was first hot rolled in the recrystallized y rai.ge and then controllad rolled
to a total reduction of about 85 percent at a finishing temperature of 850°C. The
presence of Nb and V ensured that the y rolling texture was retained before
transformation into a. Moreover, as mentioned previously (V 1 1)), the stacking fault
energies of the fcc Ni-30Co ulloy and the austenite of the experimental steel are
expected to be comparable. The w-section ODF's calculated for the Ni-30Co alloy,
after 95% reduction prior to transformation, are illustrated in Figures 5-28 (h), (¢)
and (d) for the KS, Bain and NW orientotion relationships, respectively.,

Although the general features of the textures represent «d by these four figures
are similar, the intensity levels 1n the experimental steel correspond best with those
calculated fiom the KS or NW relations and are snmewhat sharper than predicted.
The maximal intensities in each section of the Bain-related ODFE are about 2 to 2.5
times the respective values for the experimental texture, in agreement with what

was said earlier about the relative number of variants associated with the three
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transformation laws. The global dispositions and shapes of the iso-density lines,
however, are nearly identical in the four textures. The NW and KS simulations can
hardly be differentiated from each other, except that the NW-predicted textures are
always slightly more severe than the corresponding KS ones, as can be noted from
their respective severity parameters. The positions of the two peaks, experimentally
measured near {332}<113> and {113}<110>, are equally well predicted by the
three orientation relationships, but their surrounding angular spreads are about
twice narrower in the Bain-related ODF than in either the KS or the NW, which
correspond better to reality (see the =0 and ¢ =45 sections, for instance).

All the experimental peaks appear on the similated ODE’s but, conversely. one of
the maxima of secondary importance predicted by the three types of derivation does
not exist in the experimental texture. As reported in the section dealing with the
continuous results (V.2 3), a second order peak is exhibited at {201} < 102> in nearly
all the simulations. However, this calculated peak is not visible on the experimental
ODF, as can be seen from a comparison of the experimental and simulated % =90°
sections, for example. On the other hand, the other second order maximum described
in section V.2.3 and predicted near {100}<011> is effectively present
experimentally with a shape and spread close to those predicted by the KS- and NW-
related textures (¢ = 0° sections). The Bain orientation relationship predicts narrower
and sharper second order peaks, as already pointed out for the calculated intensities
and shapes of the overall maxima.

The above considerations justify the description of the austenite texture by that of
an fec alloy with a similar SFE, and also give strong support to the general view that
ferrite does indeed transform from austenite according to the KS relationship, even
after heavy deformation. Similar conclusions could also have been drawn from the
ODF's of a 0.18C-1.28Mn-0.031Nb-0.042V steel finish rolled at 750°C [37), a 0.1C-
1.3Mn-0 03Nb steel controlled rolled with Ty=800°C [58], or a 0 12C-1.47Mn-
0.051Nb steel finish rolled at 815°C after 807% reduction, as shown for the latter in
Figure 5-29 (¢-section ODF’s).

Comparisons can also be drawn between the experiments and the textures derived
analytically for Ni-30Co after lower reductions prior to transformation. In the same
manner as for Figure 5-28, the simulated ODI'5 after 407%, 707 and 907 rolling in
the fcc phase are compared to the texture of the controlled rolled steel reported by
Inagaki [57] in Figures 5-30, 5-31 and 5-32, respectively. As pointed out during the
presentation of the results, the severity of the transformed textures merely depend on
the amount of reduction given to the material hefore transformation. However, the
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ﬂ correspondence with experiment remains valid to a reasonable extent even if the
level of reduction is lowered to 90% or 70% before transformation, as can be seen from
Figures 5-31 and 5-32. After 40% prior deformation, on the other hand, the
transformation textures are inherited from less marked fcc textures (lower intensity,
less pronounced peaks ..) ard it leads to poorer agreement with the ODF of the
controlled rolled steel (Figure 5-30).

The major components of the transformation texture, namely the {332}<113>
and {113} <110 >, have been suggested as originating from the {110}<112>(Bs) and
{112}<111>(Cu) components, respectively, of the texture in the y phase {54.57]. This
is supported by the results of the present study, where the repeated high intensity of
the {332} <113 > component in the derived a textures is associated with the high
intensity of the Bs component, {110}<112> in the original rolling texture of all the
Ni-Coalloys Sinularly, the strong {113} <<110> o texture componentcan be linked to
the presence of a struong Cu peak, {112} <111>, in the starting ODF, and a low
{113} <110 with its absence.

The experimental y-section ODF for a controlled rolled steel containing 2.48% Mn
{57]1sshownin Figure 5-33 (4). As for the previous steel, it can be compared with the
textures derived analytically from Ni-30Co 95% cold rolled according to the KS, Bain

and NW orientation relationsiips. which are represented in Figures 5-33 (b), (¢) and

(d), respectively. The experimentai texture was measured on a 0.08C-2.48Mn-
0.050Nb-0 010V steel finish rolled at 800°C (i.e well below the no-recrystallization
temperature of austenite Thy, though higher than the transformation temperature
Arj3). From Figure 5-33 (a), it should first be noted that the sharpness of the measured
texture is much higher in the case of the 2.48% Mn steel than in the 1 28 Mn grade
shown in Figure 5-28(a), although the two ODF's are of the same type The KS- and
NW-.simulated ODF’s obtained from 95¢2 cold rolled N1-30Co thus do not show the
same good agreement with experiment, because the calculated intensities are about
three times ton low. The Bain-simulated ODF, on the contrary, predicts these high
intensity levels, centered on the {332;<<113> and {113;<110> positions, more
accurate!y IHowever, the difference in severity between the measured and derived
textures s not likely to be related to selection between the variants of the
transformaton law, By comparing the discrete orientations derived from the fee Cu
and Bs compunents with the peaks of the experimental ODF's, the original austenite
textures of the two steels are both seen to be of the pure metal type [57]. Moreaver,
the second order maximum. predicted by the three laws to be near {201} < 102> is
; g indeed observed on the actual ODF of the 2.48% Mn steel as an independent peak,
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which was not the case for the steel containing 1.28% Mn. The experimental texture
is thus simply more severe than predicted, and this therefore indicates that the effect
of Mn as an alloying element is far more important on the transformation itself than

on thetransition of the y rolling texture from the pure metal to the alloy ty pe.

- martensite :

An attempt is made here to compare experimentally determined martensite
textures with the analytically predicted a textures for the Ni-40Co alloy. The SFE of
Fe-30Niis expected tobe about 45 mJ.m’ [114], this 15 not very different from that of
the present Ni-40Co alloy, which Is ahout 53 mJ m’ [116.117) {see also Table 5-2).
Figure 5-34 (a) presents the ¢2-section ODF of an Fe-30Ni alloy rolled in the
austenite phase to a total reduction of 80 percent and transformed into martensite
(72]. The ¢2-section ODF's predicted from the texture of the Ni-40Co alloy using the
KS, Bain and NW relativns are shown in Figures 5-34 (b), (¢) and (d), respectively.

It isapparent from this figure that, although the overall intensity maxima in the
experimental and predicted textures appear at about the same lccations in
orientation space, namely near {332}<113> and {113} <110>, they are much
weaker in the simulated textures than in the measured one. Even certain second
order maxima, e.g. near {201}< 102> in the ¢2=0° or $2=90° section, are under-
predicted compared to the experiment. Furthermore, there are additional peaks in
the simulated ODF's, especially along the <<100>,/ND fibre (along the ¢ = 0° axis in
every 42 =constant section), which are not present in the experimental texture.

This is confirmed in Figure 5 35 by comparing the ¢»=0°and $» =45 sections of
an experimental ODF for the martensite formed from an Fe-30Ni alloy rolled 70
percent in the y phase [40,41] (Figure 5-35 (a)) with the cotresponding simulated
sections predicted from the Ni-40Co alloy 95 percent cold rolled according to the KS
and Bain relationships, shown in Figures 5-35 (b) and (c), respectively. Again the
peaks arc sharper in the measured texture ( $2=457 section for the overall maximum
and $2=0" section for some second order peaks) An extra peuak is observed
experimentally near the {100; <011 > component, which was not visible in Figure 3-
34 (@) in the case of *"1e Fe-30Ni texture reported by Humbertetal after 807 rolling
reduction in the austenite range [72). It 1s, however. nairower and stronger than the
KS-predicted one. The Bain-related $2=0" section, on the other hand. exhibits a
broad peak of secondary importance at a location best described by {100} <012 >
compared to the observed {100}<011> (rotated-cube component) also visible in the
corner of the 40=15" section and predicted by the KS transformation law,
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Figure 5-34 : (a) experimental éa-section ODF for the maitensite formed from an 807

y rolled Fe-30Ni alloy; (b), (¢), and (d) @y-section ODF's obtained by transforming the

texture of the 95% cold rolled Ni-40Co alloy according to the KS(levels 1,2,3..), Bain
(levels2,4,6..) and NW(levels 1,2,3..) relationships, respectively.
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Figure 5-35: ¢2=0° and ¢2=45" sections from (a) the experimental ODF for the
martensite formed from a 70%% vy rolled Fe-30Ni alloy; (b) and (¢) the textures
obtained by transforming the ODF of the 95% cold rolled Ni-40Co alloy according to
the KS(levels1,2,3..)and Bain(levels 2/4,6..) relationships, respectively.
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These results indicate that variant selection is likely to take place during
martensite formation, in agreement with the conclusions of Humbert et al [50,72),
Davies and Bateman [40,41] and others [e.g. 31].

- coldrolled ferrite :

The analytically predicted transformation textures derived from the series of Ni-
Co alloys, represented by their ¢)=constant sections, exhibit some points of
similarity with certain experimental ODF's observed in cold rolled steels and iron
alloys. As an illustration, two experimental cold rolled bee textures are presented in
Figure 5-36 : the ¢-section ODF of an Armco iron, rolled 90% at room temperature
[131,132], isshown in Figure 5-36 (a) and the ¢-section ODF of a 70+ ¢cold rolled low
carbon steel [133] isillustrated in Figure 5-36 (b). In Figures 5-36 (¢) and (d), on the
other hand, the simulated textures derived from Ni-30Co 95 % cold rolled according
to the KS and Bain orientation relationships, respectively, are presented for
comparison.

The general trend of the four figures shows some degree of correspondence
between the textures of the bce materials obtained by (i) deformation +
transformation, and (ii) transformation + deformation. However, the severity is
higher in the cold rolled materials, as confirmed by others workers [e.g 134-137]. It
also appears that the nature of the maxima are different in the two processes : the
simulated ODF’s have been described earlier by a set of 1deal orientations of various
strengths. On the contrary, the experimental cold 1olled textures are best described
by fiber type components, as shown in Figure 5-37, which compares the %-section
ODF's (Roe notation) for an 80% cold rolled low carbon steel [138] with that KS-
predicted from Ni-30Co 95% cold rolled.

Figure 5-38 confirms this result by comparing the »2 =45 sections of 1 72¢ cold
rolled Nb containing steel [137] with the corresponding section extracted from Figure
5-37 (b). A partial a and a complete y fibre therefore appear as better deseriptions of
the cold rolled textures than two ideal orientations in the vicinity of (332 27113 > and
{113}<110>.The a and v fibres corresponding to the textures shown in Figure 5-36
are illustrated in Figure 5-39 From this figure, it cun clearly be seen that, in cold
rolled steels, (i) the intensity is globally higher, (it) the nature of the main
components is more of a fibre type, and (ii1) the position of the maximum 15 shifted
from near {113}<<110> towards about {223}-<110 -, compared to the present

simulated results.
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Figure 5-36  $i-section ODF's of (a) an Armco iron, rolled 90% at room temperature;

(b) a 70% cold rolled low carbon steel; (¢) and (d) the textures obtained by

g transforming the ODF of the 95% cold rolled Ni-30Co alloy according to the KS
(levels 1,2,3..) and Bain (levels 2,4,6..) relationships, respectively.
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Figure 5-37 : ¢-section ODF’s (Roe notation) of (a) an 80% cold rolled low carbon steel,
and (b) the texture obtained by transforming the ODF of the 95% cold rolled Ni-30Co
alloy according to the KS relationship (levels 1,2,3..).

*(b (a) (b)

Figure 5-38: ¢2 =45°section of (a) a 72% cold rolled Nb steel,
and (b) the texture obtained by transforming the ODF of the 95% cold rolled
Ni-30Co alloy according to the KS relationship.
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Figure 5-39 : Orientation density alongthe (a) a fibre and (b) y fibre
of the texturesshown in Figure 5-36.

Finally, the simulated textures are compared with the results reported by
Schlippenbach et al. [134,135] in the form of the respective a fibres. In their work, the
latter authors studied an Armco iron (AI), an aluminum killed (AK) and an
interstitial free (IF) steel, each with 80% cold reduction, and a vacuum degassed (VD)
steel rolled to different reductions. The o fibres are shown in Figure 5-40. Again, the
same differences appear between the materials produced by the two different

processes.
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Figure 5-40 : Orientation density along the a fibre for : (a) four 80% cold rolled steels;
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(c) a vacuum degassed steel with various cold rolling reductions; and (d) the textures
KS-derived from the Ni-30Co alloy with various cold rolling reductions.
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V.3.2 RELATIVE ASSESSMENT OF THE METHODS

As discussed above, the simulation techniques for the study of transformation
textures can be divided into the transformation and untransformation methods and
also between the discrete and continuous methods. These two types of approaches are

compared briefly in turn below.

- transformation vs untransformation methods -

Inthe present work, the untransformation procedure wasonly used to confirm the
origin in the austenite of some well-defined ferrite ideal orlentations, such as the
{332}< 113> and {113} <110>. As expected, stch specific derivations, carried out in
an i1dentical manner for each variant of the transformation law, did not lead to any
new results compared to those of the direct transformation methied. No continuous
untransformation simulations were, however, attempted in the course of this
research. Nevertheless, these are expected to produce results similar to those
obtained from the transformation procedure, as long as no variant selection is
involved. Kallend et al have indeed reported such global agreement between the two
types of methods [55], although a detailed analysis shows some minor differences
between the analytical ODF untransformed from that of a ferritic steel and an fec

pure metal type rolling texture.

- continuousvs discrete methods :
Methods based on both continuous and discrete descriptions of the ODF have been

used to derive simulated transformation textures. It is the aim of this section to
compare such results. As recalled earlier, Inagaki [54,57] suggested that the
{332}<113> and {113}< 110> orientations, observed in controlled rolled steels,
originate fromthe {110} <<112>(Bs) and {112}<111>(Cu) componentsof the y phase
texture, resvnectively. This result has heen confirmed by the present research and the
analysis has Yeen extended to the roleof the {123} <2634 > (S) component.

To illustrate these relationships, it was assumed that the v rolling texture
consists solely of the Bs, Cu and S components. The orientations obtained hy
transforming these three components according to the KS relationship are shown in
Figure 5-41, superimposed on the ODF calculated by transforming the texture of the
95% cold rolled Ni-30Co alloy using the same transformation law. The most

important feature of this diagram is that the major orientation density maxima in
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Figure 5-41:Orientations derived from the three principal fec rolling te xture
components (Cu, Bs and S) according to the KS relationship. These are superimposed
) on the ODF obtained with the same transformation law from the texture
g of the 95% cold rolled Ni-30Co alloy (levels 1,2,3..).



the different ¢;=constant sections are made up of the transformed Bs, Cu and S

orientations. In addition, many of the minor maxima are also accounted for.

One of the twelve oiientations transformed from the Bs is the {332} <113>,
whereas {113} <110 > is one of the twelve obtained from the Cu. Also, in each case,
three of the remaining transformed Bs and Cu orientations lie within 10° in Euler
space from the {332} < 113> and {113} <110 > In addition, two out of the twenty four
orientations transformed from the S lie ciose to the above orientations.

Some other findings, summarized in Tables 53-7 te 5-10 above, are worth noting.
The {201}<< 102> orientation is seen to be produced fiom the {112} <111>(Cu) and
also from the {112} <534 >, which is close to the Cu component. The presence in the
transformation textures of a second order peak near {201}<102> is not therefore
surprising, as long as there is no variant selection in the transformation law. The
other maximum of secondary importance observed on the ODF's near {100} <011>
can be explaired by the fact that the Bs and S components both lead to the
{100} <011 > (rotated-cube) orientation The KS-derivation of the fce recrystallization
components also forms this orientation.

Finally, the discrete transformation of the main components of the y rolling
texture leads directly to the formation of the important {332}<113 > and
{113} <110> orientations, observed in controlled rolled steels and well predicted by
the continuous method. The origins of these peaks are clearly established in this way,
as demonstrated above. In addition, with the aid of the discrete technique, the
maxima of secondary importance derived by the series expansion method near
{201} <102> and {100}<011> are also shown to be formed from these fcc rolling
components. Discrete simulations thus help to ascertain qualitatively the fcc parents
of the major bcc orientations, whereas continuous methods give quantitative

relationsbetween the two complete ODF's,
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V.3.3 INFLUENCE OF SIMULATION PARAMETERS

Finally, the role and importance of certain parameters of the simulation will now
be presented and their influence on the derived results emphasized. Attention will be
focussed on the Ni-30Co alloy, 95% cold rolled and KS-transformed, as this material
has an SFE close to that of y-iron and its texture after KS-transformation compares
well with actual transformation textures in steels. The conclusions drawn below,
however, apply equally to any of the simulations carried out in the course cf this

research.

- presenceof ghosts in the starting texture:

Since the correct representation of ODF’s requires consideration of both the even
and odd terms in the series expansion, and since pole figures are determined only by
the even terms, it is not in principle possible to produce true ODF's from
experimental pole figures [e.g. 139]. Although the correct positions of the strongest
maxima are ylelded in a satisfactory manner when only the even coefficients are
used, the ODF’s reproduced from pole figures in this way also contains false peak
profiles and strong fluctuations which suggest non-existent maxima. These are

denoted as "ghosts™.

The “"ghost” phenomenon also affects transformation textures. Two methods were
used to correct the experimental ODF's measured for the Ni-Co alloys : first, each
ODF was analyzed in terms of a limited number of "gaussian” components g. each
with a statistical weight M and an angular spread Wy, - This family (g, M, wy)) was
then used to calculate the odd C;*V coefficients [e.g. 13,140,141]. An iterative
positivity method [142] was also employed, which basically develops the negative
regions of the ODF into a series of odd coefficients. This second method was applied in
turn to the experimental fee and simulated bee textures to see whether any major
difference arnse depending on the location of the correction in the simulation
procedure.

The ¢-section ODF obtained by transforming the texture of the 957 cold rolled
Ni-30Co alloy according to the KS relationship with no correction (Figure 5-42 (a)) is
compared with the ODF’'s resulting from the three types of correction described above
in the following figures : (i) the gaussian peak method (Figure 53-42 (b)); the iterative
zero condition technique applied (ii) before (Figure 5-42 (¢)) and (iii) after (Figure 5-
42 (d)) transformation. Figures 3-43 and 5-44 {llustrate the same points in terms of
the NW and Bain relations, respectively. The x and y fibres are also compared, for the
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rolled Ni-30Co alloy according to the Bain relationship : (a) without ghost correction;

(b) corrected with a gaussian peak method; and corrected with an iterative positivity
method (c) before and (d) after transformation(levels2,4,6..).
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four conditions, in Figures 5-45 (a), (b) and (¢) for the KS, NW and Bain
transformation laws, respectively.

The main influence of the ghost correction process thus appears to be that the
severity of the transformation texture is increased shghtly compared to the case
where no correction is applied No major change is observed in the d-section ODF's,
except that the maxima are somewhat sharpened. The negative intensities are not
represented on the ¢)=constant sections, so that the effect of the correction
procedure cannot be fully appreciated. These observations are confirmed by the pluts
of the orientation densities along the a and v fibres. The gaussian tvpe correction
seems to sharpen the final tewture more than the two iterative positivity methods.
which in turn give sinilar results. The strong maxima are further strengthened and
certain second order peaksare lowered

Finally, although some modifications are apparent, they remain far helow the
degree of certainty of the experimental measurements, so that the ghost phenomenon
can be concluded to have little influence on the study of transformation textures by

such typesof simulations.

- order of truncation in the series expansions :

In the series expansion method, the summations on the first index - denoted ! -
should range from zero to infinity. However, they are generally truncated at 15, =22
for simplicity and because the weight of the higher order indices 1s well below the
degree of precision of the orientation density f(g). The influence of truncation at a
lower level was therefore investigated nn the transformation texture KS-derived
from the 957 cold rolled Ni-00Co data.

Here, the limitation on ! can originate from any of the three harmonic functions
involved in the simulation of transformation textures : (i) the ODF of the parent fcc
phase, (i) the MODF of the orientation relationship, or (iii} the ODF of the product
bee phase. These three functions, when expanded into series form, can a priort be
truncated at three different values of the first index, 1. The transformation relation,
which relates the corresponding three types of coefficients. however, takes the
smallest 1, into account, the coefficientsof higherorder heing annihilated.

The $1-section ODF’s KS-derived from 95% cold rolled Ni-30Co are presented in
Figure 5-46 with different orders of truncation (l;11,.=22, 18, 12 and 6). The
corresponding orientation densities along the o and y fibresare illustrated in Figures
5-47 (a) and (b), respectively. The severity of the transformation textures increases
with 1hay , although the strengths of certain peaks can be influenced in different
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Figure 5-45 : Orientation density along the a and y fibres of the textures shown in
Figures 5-12 to 5-44 pertaining tothe : (a) KS, (b) NW, and (c) Bain relationships.




177

; m@ \7)@& O,

[\
AU

k‘\

S

N>
2 ail »
7) @ «~ ﬂl& =
(/ %f\_/\j C) ao}cs;m ”
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Figure 5-47 : Orientation density along the (a) a fibre and (b) y fibre
of the texturesshownin Figure b 46.

ways. The above remarks do not apply perhaps to the Iy, =6 case, which differs
somewhat from the others, probably because of the over simplification of the

description of the texture.

departures from the exact orientation relationships.
In the course of this work, the orientation relationship was always assumed to
applystrictly and identically toeach individual grain It has been said, however, that

phase transformations are seldom characterized by such high degrees of ideality.
Certain discrepancies can therefore be introduced into the simulations when
calculating the MODF coefTicients of the transformation law - (i) a gaussian angular
spread wp about the ideal value Ag of the orientation relationship can be assumed,
and/or (ii) a percentage p; of the transformation can be carried out in a random
manner. The effects of these two parameters - wg and p; - are presented below on the
transformation texture KS-derived from 95%% cold rolled N1-30Co.

(a)influence of a gaussian spread in the orientation relationship on the
simulated transformation texture : In Figure 5-48, the ¢1-section ODF’s are shown
for different values of the angular spread wg (0°, 5°, 10° and 15°) and the
corresponding orientation densities along the a and y fibres are presented in Figure
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Figure 5-48 : ¢;-section ODF’s obtained by transforming the texture of the 95% cold
1 rolled Ni-30Co alloy according tothe KSrelationship with four angularspreadsaway
' from the exactlaw : (a) wg=0° (b) wg=5°(c) wg=10°and (d) we=15° (levels 1,2,3..).
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Figure 5-49 : Orientation density along the (a) a fibre and (b) y fibre
of the textures shown in Figure 5-48.

5-49. The severity of the texture decreases with wg and the peak profiles become
smoother, The positions of the maxima are only slightly modified, but their strengths
are significantly lowered compared to the exact transformation. This applies to the
overall maxima of the texture, as well as to the peaks of secondary importance From
Figure 5-49 (a), it is also evident that the location of the strongest maximum
gradually shifts towards the {113} < 110> orientation as the angular spread goes
from 0°to 7.5%; it then remains in this position for higher values of the w) parameter.
For wq greater than about 20°, the simulated textures exhibit intensities close to the
random distribution.

All these findings are in agreement with the fact that the spectrum of the
transformation law is enlarged when wqisincreased, so that the product orientations
are distributed over a wider range of Euler space than in the case of a strict

orientation relationship.

(b)influence of a percentage of random transformation on the simulated
transformation texture : The ¢i-section ODF's obtained by transforming the
texture of 95“% cold rolled Ni-30Co according to the KS orientation relationship with
different percentages of randomness, in the transformation (0%, 15%, 25%, and 40%)
are shown in Figure 5-30 In the 15% random case, for example, 85% of the initial
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Figure 5-50 : ¢1-section ODF’s obtained by transforming the texture of the 95% cold
rolled Ni-30Co alloy zccording to the KS relationship with four percentages of
i g randomness : (a) pr=:0%, (b) pr = 15%, (¢) pr =25, and (d) pr=40% (levels 1,2,3..).
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Figure 5-51: Orientation density along the (a) o fibre and (b) y fibre
of the textures shown in Figure 5-50.

texture is transformed according to KS and 15% in a random manner. Similar “gures
apply to the other random levels. The corresponding orientation densities along the a
and y fibres are presented in Figure 5-51.

Ascan be seen from Figures 5-50 and 53-51, the main influence of randomness is to
lower the intensity of the transformed ODF. The severity of the texture decreases
regularly as py increases. However, this strength reduction is not accompanied by any
change in the position of the maxima of the ODF, as wes the case with wy; the overall
maxima and second order peaks are decreased in intensity but do not undergo any
shift compared to the p, =0% case (i.e. the transformation according to the strict KS
relationship). The transformation texture keeps its initial form, even with a random
component as high as 40%.

Finally, the influence of the above departures from the strict orientation
relationship ismainly to lower the intensities of the derived transformation textures,
as can be seen from Figures 5-52 (a) and (b), which show the dependence of the

severity parameter on the two simulation parameters wy and pr, respectively.
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Figure 5-52 : Dependence of the severity parameter of the transformation texture on
the (a) percentage of randomness, and (b) degree of misorientation
in the transformation.
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CHAPTER VI

CONCLUSIONS

The main purpose of this work was to describe the theoretical basis for the
investigation of transformation textures, with particular reference to the case of
controlled rolled steels. The mathematical formulation of phase transformation, as
applied to texture evolution, has been reviewed, from both a discrete and a
continuous point of view, by means of the orientation of individual crystals and the
statistical concept of the orientation distribution function, respectively. The classical
orientation relationships considered to be valid during the y-to-a transition in steels
have also been reviewed, as well as some of the variant selection models. An analysis
of the most important problems related to the existence of several variants of a
transformation law, as a result of crystal symmetry, has been attempted. Methods,
based on the discrete and continuous formalisms, have then been presented for
investigating the inheritance of a texture during the phase transition, both during
the transformation (y»a) and the untransformation (a<«y) process.

The different kinds of transformation textures normally encountered in steels
have been discussed and the effects of compositional and processing variables on their
development have been enumerated. The correspondence obtained in earlier studies
between analytically predicted and experimental textures has also been presented in
some detail. In the present investigation, transformation textures in steels have been
estimated by transforming the ODF’s according to certain crystallographic
relationships for a series of cold rolled Ni-Co alloys, taken as representative of the
austenite.

From this work, the following major conclusions can be drawn :

(1) Both discrete and continuous models are available for the simulation of
transformation textures. However, detailed analysis requires the use of the
complete ODF and MCDF descriptions rather than that of ideal orientations
and crystallographic relationships, so that the continuous series expansion
method gives the best results.



(6)

The transformation ODF’s obtained from the Bain relation are much sharper
than the ODF’s deduced from those of Kurdjumow-Sachs or Nishiyama-
Wassermann. In all three cases, however, due to the multiplicity of the
transformation variants, the transformed textures are invariably weaker than
those of their austenite parents.

The ferrite textures determined in controlled rolled steels heavily deformed in
the austenite range generally agree with the ODF predicted on the basis of the
KS relation, without variant selection, from the cold rolled Ni-Co alloy with

similar stacking fault energy.

The two major texture components of the ferrite derived from deformed
austenite are the {332}<113> and {113}<110>; these originate from the
{110}<112>(Bs) and {112}<111>(Cu) orientations, respectively, which are
the two major rolling components of fec materials. Several of the transformed
orientations derived from the third most important fcc rolling component, the
{123}<634>(S), also lie close to the above ferrite orientations. In addition, the
transformation of these three components partially predicts some of the second
order maxima observed in experimental textures.

The overall severity of the texture predicted from the Ni-Co alloys and the
exact positions of their maxima, in the vicinity of {332}<113> and
{113}<110>, vary with the amount of rolling reduction prior to

transformation.

Comparison between the martensite textures inherited from deformed
austenites and those derived from the Ni-Co alloys indicates that variant
selection plays a role in this kind of transformation.

Although some of the features of the 4;-section ODF's pertaining to cold rolled
steels resemble those derived from the Ni-Co alloys. the former are generally
more severe and best described by fiber type components (mainly the 2 and vy
fibres) rather than by peak type maxima. As a result. the two processes of

-




deformation + transformation and transformation +deformation do not appear

to be equivalent.

The presence of ghosts in the parent austenite textures does not modify the
general conclusions drawn from the above simulations, although their
correction slightly sharpens the intensities of the derived maxima. Certain
simulation parameters. such as the order of truncation and departures from
the exact orientation relationship (gaussian spread and the presence of a
random component), also modify the severity of the predicted textures without
altering their major characteristics.
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APPENDIX A

rotation
variant Euler angles

axis angle
1 (0°,45°,07) (100] 157
2 (90°,45°,-90) (010] 452
3 (45°,0° 07 (001] 457

Table A-1:Variants of the Bain orientation relationship
rotation
variant Eulerangles

axis angle
1 (45°,90°,-9.74°) (uvw] 95.26°
2 (-174.23°,48.19°,95.77°) (uvw] 95.26°
3 (174 23°,48.19°,-95.77") [uvw] 95 26°
4 (5.77°,48.197,-84.237) fuvw] 95.26°
5 (138.77°,80 41°,-94.36°) [uvw] 95.26°
6 (41.23°,30.41°,-85.64™ (uvw! 95 267
7 (-41.23°,80 117,85 64 Muvw] 95.26°
8 (-138 77°.80 11°,94.36") uvw! 95 26°
9 (436°,80.41°,-48.77) uvw]) 95 26°
10 (175.64°,30.41°,-131 23" Uvw, 95 267
11 (-175 647,80 41,131 23" uvw) 95 267
12 (-4.367°,80.41°, 483 779 luvw] 95 26°

Table A-2  Variants of the Nishiyama-Wassermann orientation relativnship

h=-1-V2+V3 k=1+Vv2+13 1=\
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rotation
variant Euler angles

axis angle
1 (-5.77°,48.19° 84.23°) [1-12] 90°
2 (-174 23°,48 19°.95.777) [-1-1-2} 90°
3 (174.23°,48 19°,-95 7" (-112] 90°
4 (5.77°.48.19°, -84 23) (11-2] 90°
5] (138.77.80 41°,-94 36% [-121] 90°
6 (41.23°,80.41°, -85 649 [12-1] 90°
0 (-41.23°,80.41°, 85 64 [1-21] 90°
8 (-138.77°, 80.41°, 94.367) (-1-2-1] 90°
9 (4.36°,80.41°, -48.77°) [21-1] 90°
10 (175 647, 80.41°,-131.23") (-211] 90°
11 (-175 64,80 41°,131.23") [-2-1-1] 90°
12 (-4.36°,80 41°, 48.77%) [2-11] 90°
13 (131 23°,80.41°,-175 647 [-21-1] 90°
14 (48.77°,80 11°,-4.367) [211] 90°
15 (-48.77°,830 41°,1.367) [2-1-1] 90°
16 (-131 23,80 417,175 647 [-2-11] 90°
17 (-94.36%,80 41°,138 77°) [-1-21] 90°
18 (-85.64°,80 41°.41 239 [1-2-1] 90°
19 (85 64°.80.41°,-41 239 [121] 90°
20 (94.367,80.41°,-138.77°) (-12-1] 90’
21 (-84 23°,43.19°,5.77") [1-1-2] 90°
22 (-95 77°.48.19°,174.237) [-1-12] 90
23 (95 77°.48 19°,-174.23%) (-11-2] 90~
24 (84.23° 48.19°,-5.77) [112] 90~

Table A-2 Vanantsofthe Kurdjumow-Sachsvorientation relationship
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APPENDIX B

SPLITTING THE ODF INTO 18 SECTIONS

The objective is tocalculate the contribution of the 18 4 ,-sectionsofan ODF to the

overall integral

[= 1) dg (B-1
Jr.().cx)’:3f [ )
B-1/The ODF isdefined by :
/“((X)l,@,(bg): _\_: C;“ '}:?V((bl,(‘b,(bl) (B-2)
lpv

so thatits integral I over section number "i” can be calculated from :

) % 90 'p;na.x
I=— J do, J sind deJ.J fld |, Pub,) ad, (B-3)
! gu? Jo 0 'b;nm 2 2
where o, =Q° and ¢,™=25" ifi=0(1"halD,

$,m" =875 and ¢,"*=90° ifi=0(2""half),

§,M0=(5-2.5)° and  ¢,"*=(5i+2.5)" fori=1,..17.

B-2/ In each section, the integrals of the TV functinns are introduced. Strictly, the

volume quantities V'yy should be calculated, but if T}#V1s assumed to be independent
of ¢,, the surface integral S'iuv is a good approximationof V1, These quantities can
be computed once for all, and stored.

e

¥y - N .
o , - S
le’ = 3 .’ sind g ‘ ,[,p1 ‘ . J ; cpi‘«()‘,pl) ,1.3," (8-43)
&~ ' 1) ‘b,
’(I)T(Lt—‘b:;!wl wf oy
Sllp. = ’ and A 1T g, A, (B-4h)

3n” 0 -1
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B-3/ Asaresultof these definitions, I can be expressed either as:

I = N c prv (B-5a)
luv
or, in asimplified manner, as:
L= s (B-5b)
inn

The normalization condition, defined for the entire Euler space, can be expressed for

(¢,.2,9,) restricted to ranges between 0 and 90° as follows:

1
dg = — sind d(pl dd dd, ] dg =1 . 3 dg = (B-6)
8- B 0,2n) x| £10. 20} 4 {0.80°% 32
so that
1
, f8) dg= — (B-7)
j[o.so"l“; 32
and using the definition of f(g) given in (B-2)
1 — . :. !
¢l — NN e T (g) ay = — (B-8)
32 = - l Jrowﬁ t 32
SSor | e dg=o (B-9)
!:0 qu\ ¢ [0,900]

Applied to the system of orthogonal functions ;1:;"‘”, the normalization condition
relation (B-7) thusleadsto:

( ‘. 1 .
, 3 Tll)lfgj dg = Py and J 3 T;W(g) dg =0 forl=0 (B-10)
4 {0.90°! = 10,80°1
Consequently :
> 1 M
Novlo= — and N vio=0 joriz=0 (B-lla)
—_— 01 39 -— 418
1 =1 1=
and, to a lesser extent,
N \
Nogt~ L and N St s0 for 120 (B-11b)
—_ 0 39 —_ Tl

1
W




As a means of verification, LI can be calculated in two different ways :

v !
Ny o= fig) dg = —
- -~ s = 3 - "):
L: : 1[0‘90,].3 19 (B-12a)
and
N A \ | |
N NN ot oo N e Ny L el
— [l T e e ('[ ' 'py T ([ — v W - 39 () - 1) (I))']Zb)
=1 =1 L {u 1= 1 = B

Note B-1: The calculation of the mathematical quantities Vi v and 5y o 15 based

on Simpson's rule forintegration, which reads

b
h } .
[ fix) dx=-3' {f(a)r4fta+h)+—2/(a+2h) ‘.’.f(aﬂ‘.Zn—Z}\}u»—l/mrl‘ln—l)h)~/!)v|’ (B 13)
a

with h=(b-a)/2n

Note B-2: The Sj.v and V'uy have been found to be identically equal to zeroin 2
cases:
- for1=9,13,15,17,19,21 and v = 1, because B " =0,
- forv=3,5,7,9,11, recalling that n=2(v-1)or v=n/2+1

for which the explanation reads as follows :

e V2n I ‘fw ;o
st =L N pimu e S -
luy i m—:() { 10 i J‘J ([i 14)
with
S?’"":C1 “""”"pl)*(‘* suntnd (B-13
so that, forn>1
ay Cl nit ‘, ni (B-16
S?mn d‘b = — g — = == (] ity m— -16)
0 1 n 2 n 2

Finally, this integral is identically equal to zero forn =+ 3121620 or
v=3,5,7.9,11. Moreover. in the »,=0"and 5, =90" sections tahich by
the way are identical). other coefficients are also zern
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APPENDIX C

THE GENERATION OF ORIENTATIONS IN ONE ODF SECTION

The objective is to distribute N grains among the 18 ¢,-sections of an ODF

according to their respective contributions to the overall integral
= s ds (C-1)
{0.50°]

The principie of the calculation of the contributions was described in APPENDIX B,

For each orientation, two randomly generated real numbers between 0 and 1, re
andry,, are required. The corresponding angles ®¥ and ¢) Y are defined by the system

generalized from the unidimensional case :
Y

f ¢“ \bl
‘) flg) sinddd J flg) do,
i 0
re = o (C-2) and r(pl— v R — (C~-3)
f flg). stnddd J flg) d(bl
0 0

Thisisillustrated in the caseof &7 :

flg)

Figure C-1 : ¢;Y=constant cut of section “i” of an ODF.

The hatched region under the curve represents the integral between 0 and 907,
whereas the cross-hatched area matches the definitionof ¢ given in equation (C-2).
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The resolution of this system is carried out iteratively:

-a- estimate one of the two angles, forexample 1 € (0,967},

-b- solve (C-3) for ¢ with the updated valueof 7,

-c- solve (C-2) for ¢ with the new value of 97, and go to step -b
Steps -b- and -¢- have to be performed successively, until Ja$; | and [A3 (] become less
than a tolerance e which must be in agreement with the number of zramns to he
generated.

Problems may arise if flg) <0 in some areas of the ODF section
- if 7 flg).da>0, there is no mujor difficulty, except that one has to decide
whether the negative areas should be taken into wccount in the integral or
simply skipped as "zero” regions. If taken into account, uniqueness can no
longer be assured. Although, in this case, the negative regions reduce the

value of the integral, the procedure will still not "stop”in suchregions:

. =
ag
~

90”

e e e e e o = [P |

Figure C-2 : Illustration of the non-uniqueness of the solution if negative areas artse.

- if()fgm flg).da <0, it definitely results from a ponr choice nf the quesse d value of
the fixed angle. Another one should thus be chosen and the procedure

restarted. Indeed. 1t cannot result from a previons step in the caleulation,

otherwise, the procedure would have stopped in o necative region, which s

impossible.
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APPENDIX D

CALCULATION OF THE SYMMETRIC GENERALIZED
SPHERICAL HARMONIC FUNCTIONS

The aim of this appendix is to propose a procedure for the calculation of the

symmetric harmonics in the case of cubic-orthorhombicand cubic-cubic systems.

D-1/ For cubic-orthorhombic systems, the symmetric harmonic functions 'TL,“" may be

obtained as follows:

) _ 1/4: . .€n=\/§ if n=x:l)
HYgr=e Van S B SNy with | (D-1)
m=0 ‘SO::O

where nisdefined by n=2(v-1)

a/ The symmetric B;™ coefficients have been defined and tabulated by Bungel-1]
and will be considered here as pure mathematical quantities.

b/ The §;" functions, for an orientation g =($,, ¢, ¢,), are defined by :
l {
S;" Mg) :{ N a';m’ Cos(sﬁ))} costmb,) costnid) ~ l N c‘m(,(b)} stntmap ) sinlnd, ) (D-2)

— — !
s =2 s=12

Only the S/ functions with m+n even are required, and their a'j""
coefficients are given by :
'm0 = g me
a'yme =2a™  fors=0
The calculation of the a;”" can be performed with the following formulae:
A’ = QM Q)Y wah Q=TT PIMO) (D-3)

{-m n-m - .

{—1) " Vil-m't+n)!
PPl = ¢, T (D-4)
nr 9! Vid-m)"tU+m)'

where the ¢jnn coefficients are defined by
l~n

, Ry
C’/rm: S (—1)["!—‘( Z*m)([.’_j'gy)
1 =0

with 1<l-m and (=n—1s!—m (D-5)
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which for m~> n transformsinto
{-m

o= N (__ly/(,j'm)(‘l ”“/) (D-6)

Imn — Tem

j':..()
The coefficients with m <n are found with the aid of the relation derived from
the equality of the Legendre polynomials P;" tand P, 7 .

o . U=m) "= mt! (0.7

C[ c,
mn onm ,1_,“l([,,”v

Finally, the a;""* coefficients may be obtained from

(-1 N = -

amu\ — . . ¢ ([)-8)

"es "

{ 2"1 \/([——m)'([*ml; '

D-2/ For cubic-cubic systems, the symmetric harmonic functions may be defined by
4

{3

<2 HyH . sdmy HRUBESEN T
T, 'gy=20> B " D B s
m=0 m' =)
and thus are related to the cubic-orthorhombic functions by
14
2 HyH - 1 sdmyp, op o im
T,* gy =veau -— i, 7‘1-’ (1)
m=1() Lim
with
14
Sy dm S5 2L
- (. = l \ - Y
Tl 2) VoA H[ S L)

m =1}
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APPENDIX E

THE COUNTERPARTS OF
POLE FIGURES AND INVERSE POLE FIGURES
FOR MISORIENTATION DISTRIBUTION FUNCTIONS

Given the Wi+t of the MODF, the orientation density of one phase 1y in the

reference frame of another phase .2 is desired.

The intensity of ho“/h; is given by :

2n r2n
1 1 HoH $oH,H
Ath,,h )= — [ Widg) dyg = — ~ w?2! T 2 Nag) dy
271 20 Jo 20 [.._ { !o [
with

' FEML i 8n’ AT LW
g = h .
byl b, R 27 gpeg Tt Tt

where the k” functions are the so-called symmetric surface harmonics.

Hence,

Hoky
S
2{+1 { 1

w

Ath,hy=d4n N
Liy By

The surface harmonics can be calculated. forh=(8,4)€[0°,90°F, as follows
! . !

/‘z;l(h):: 1 [.Bzmcos(m[i)( S a

s
| coslsd) )
m=0t4) s=0tN

E-1 Egquivalent pole fizure : the product orientation hyis keptequalto h;
— - in
—- NN
P‘l'(hI ) =

HoH, s H, Tu
YW,“1 k '(h93k,l(h)
2A-1 — ! A

Hy 9

H
.

E-2/Equivalent inverse pole figure : the parent orientation hjis keptequaltoh,
- | 4 - A
R, thy = > =Nyl

2+
‘3 ‘ T E 4

o To
’q,‘(h,)lkﬁ(h,\,




