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1 AHSTRACT 

The prediction of transformation textures is studied from a thcoretical and 

analytical point of view, and sorne of the re~ulting mode\::' an~ ;1pplied to the 

austenite-to-ferrite transition in steels Hoth discrete <1nd continu()us matherrwticnl 

formalisms are prc~ented to simulutc Lcxtun2 evolutlOll ln the l'nurse of the phase 

change. In the di!::Jcretc descriptIOn, the texture i'.i reprc!::Jcnted by means of ideal 

orientation:::, and the transformation la w by V:.lnIJu!::J stnct crY!::Jtallographic 

relationshlp:-, In the continuou!::J dè~lriptl!ln, the texture ,Incl tran:,f!\rmation laws are 

described by statistical ODF :md :\IODF functlon!::J, respectlvel)'. Sorne impurtant 

aspects rebted ta the eXistence of several V~lnants uf the tran!::Jformation laws arc 

dealt with. The different kind~ oftransforrn~ltiun textures obscrved expenmentally in 

controlled :-0 lIed steels are also reviewcd 8nd the dependence ofthcir dcvelopment on 

certain composttional and proces-,ing paramett.'rs is discu::,sed. 

Five fcc ~i-Co alloys \Vith different stacking fault energies (SFE's) were 

previously coId rolled to four reductions (40%,70%,90% and g,sr{,) ~lnd thelr textures 

characterized by the orie ntation distri bu tion fu nctio n (00 F') meth ad. The 

correspo~ding bcc tran!::JformatlOn textures were calculated from the!::Je expenrnental 

textures according to three dlfferent oflentation relation::,hlps for the '(~o. tr-lnsition 

The transforrned ODF's denved from the Bam rebtionship arc mUl'h ~harper than 

the ones deduced from the KurdJumuy·Sachs (KS) or the ="ii~hly:lma·Wa"sermann 

(~"\V) relations, although the general trends of the thn'c familt,_,,) !JI' tt:"Üures are 

similar. Ferrite textures determined on cfJntrollcd rolled !::Jtel'L. he,l' lIy defurmed in 

the unrecr)stallized y region, agree reasonably weil wlth the hec tl ·:tun'') ealculated, 

according ta the KS relatlOnship, from th, ~i-Co 3110y WI th sÎ!:u 1., r SFE. The two 

major ferrite compone!1ts, namely the {332} < 113> and {113}'/ l 10 /', are found to 

origipate from the three main orientations of culd rnllcd l'cc nLltenals, i.e. the 

{112} < 11 : > (Cu), {ll O} < 112 > (Es) and {12:3} < 63..\, > (SJ. Such l'l'l'rI te transformation 

from heavily deformed austenite appears ta follaw the KS relati()n~hip without any 

variant ~election By contra~t, the texture of marten~ite pr1lc\ucecl From deformed 

austenite seems ta involve significant amounts of such ::,el8ctlOn. Finally, rrlthough 

similar 4>r-sectlOn ODF's are ohserved, compurison betwecn the 51ffiubted textures 

and those determmed in cald rolled steels leads only to partial carre~plmdence, since 

no fibre type components are actually predicted. 
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RÉSUMÉ 

Les textures de transformation sont étudiées d'un point de vue théorique et 

analytique, et quelques uns des modèles proposés sont appliqué~' au cas de la 

transition austentte.-.ferrite dans les aciers. L'évolutIOn de la texture au cours è 1 

changement de ph3'3C est presentée à l'aide de formalismes discret et continu. Décrite 

dé façon di~lTète, la texture est représentée par des orientatiuns idéales et la loi de 

transfnrmatwn par diverses relations crist3110graphiques De façon continue. les 

descriptions sont h3sées sur les fonctIOns st~ltlstique'3 de dlstnbution des orientations 

(FDO) et des transformations (FTOl. respectivement. Les princIpaux prohlèmes liés 

à l'existence de plUSieurs variants de transformLltion sont traités avec soin. Les 

différentes textures de transformation ob'3ervées pour des aciers obtenus par 

laminage controlé sont revues ain::5Î que l'influence de certains paramètres de 

composition et de traitement. 

Cinq alliages cfc Ni-Co possédant différentes énergies d'empilement ont été 

préalablement laminés de 40 à 9.5% et leurs textures déterminées par la methode des 

FDO. Les textures de transformation correspondantes (cc) ont éte calculées à partir 

de ces textures experimentales :':l.l'aide de trois relatiuns de transformation. Les FDO 

obtenues <1He la rehtion de Bain sont toujours plus sévères que celles dédultes des 

relations de Kurdjurnov-Sachs (KS) et Nishiyama-\Vassermann (:--;\V). bien que 

l'aspect general de~ trois familles de cartes soit très semblable. Les textures 

ferntiques, determmees sur des aciers obtenus par une réduction élevée en laminage 

controlé dans la. zone rie non recristallis8.tion, sont en accord satisfaisant avec les 

FDO simulées par la relation KS à partir de l'alliage Ni-Co d'énergie d'empilement 

VOisine. On mon tre que les deux composan tes de la ferri te, voisi nes de {332} < 113> et 

{1l.1:< 110>, ont leur OrJ6Jne cians trois orientations préponderantes pour les 

r:l:1t~'naux cfe laminés a froid, ie. {112}<111>(Cu), {llO}<112>rlaiton) et 

{123}<0:1-!>(S). Il apparait donc que les transformations ferritiques suivent la loi 

KS. S;1!~S aucune evidence de sélection des variants. Au eontraire. les textures 

martensitiques prod~ites :1 partir de l'austenite déformee semble impliquer une telle 

seleetion. Enfin. bien que l'on observent des sections q, l de FDO similaires. les 

textures simulées et eelles mesurées pour les aciers laminés à froid ne montrent 

qu'une ressemblance partielle puisqu'aucune fibre n'e~t en fait predite. 
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respectively. 
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Figure 5-30 : (a) Experimental IV-section ODF (Roe notation) for a 

controlled rolled Nb steel containing 1.24% Mn; (b), (c), 

and (d) IV-section ODF's (Roe notation) obtained by 

transforming the texture of the 40% cold rolled Ni-
30Co alloy according to the KS (levels 1.2,3 .. ), Bain 

(levels 2,4,6 .. ) and .:-f\V (levels 1.2,3 .. ) relationships, 

respectively. 

Figure 5-31 : (a) Experimental IV-section ODF (Roe notation) for a 

controlled rolled Nb steel containing 1.24% :YIn; (b), (c), 

and (d) w-section ODF's (Roe notation) obtained by 

transforming the texture of the 70% cold rolled Xi-

30Co alloy according to the KS !leve!s 1,2,3 . .), Bain 

(levels 2,4,6 .. ) and N"V (levels 1,2,3 .. ) relationships, 

respectively. 

Figure 5-32 : (a) Experimental IV-section ODF (Roe notation) for a 

controlled rolled Nb steel containing 1.24% ;VIn; (bl, (c), 

and (d) liJ-section ODF's (Roe notation) obtained by 

transforming the texture of the 90% cold rolled Xi-

30Co alloy according to the KS (levels 1,2,3 .. ), Bain 

(levels 2,4,6 .. ) and N"V (levels 1,2,3 .. ) relntionships. 

respectively. 

Figure 5-33: Ca) Experimental IV-section ODF (Roe notation) for a 

controlled rolled ~b steel containing 2,48'7'c :\In; lb), 

Cc), and (d) 1jJ-section ODF's (Roe notatIOn) obtained by 

transforming the texture of the 9,s% cold rollcd Xi-

30Co alloy according to the KS (Ievels 1,2,3 .. ), Bain 

(levels 2,4,6 .. ) and N"V (levels 1,2,;3..) relation::.hips. 

respectively. 

xvii 

~. 

155 

156 

157 

159 
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formed from an 80o/c y rolled Fe-30~i alloy; (b), (c), and 

(d) 4>2-section ODF's obtained by transforming the 

texture of the 95% cold rolled Ni-40Co alloy according 

ta the KS (levels 1,2,3 . .). Bain (levels 2A,6 . .) and 0:"\V 

(levels 1,2,3 . .) relationships, respectively. 

fjs.ure 5-35 ! q,z = 0° and 4>2 = 45° sections from Ca) the experimental 

ODF for the martensite formed from a 70% y rolled Fe-

30Ni alloy; (b) and Cc) the textures obtained by 

transforming the ODF of the 95% cold rolled Ni-40Co 

alloy according to the KS (levels 1,2,3 .. ) and Bain 

(levels 2,4.6 .. ) relationships, respectively. 
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steel; (c) and (d) the textures obtained by transforming 

the ODF of the 95 L"'o cold rolled Ni-30Co a110y according 

to the KS (levels 1.2,3 .. ) and Bain (levels 2,4,6 .. ) 
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Figure 5-40 : Orientation density along the a fibre for: (a) four SOC( 

cold rolled steels; (b) the textures KS-related to 95% 

cold rolled ~i-Co alloys with various Co contents; (c) a 
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Figure 5-41 : Orientations derived from the three principal fcc 

rollîng texture components (Cu, Bs and S) according to 

the KS relationship. These are superimpo~ed on the 
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Figure 5-42 : <l>l-section ODF's obtained by transforrnmg the texture 

of the 95% cold roUed Ni-30Co alloy according to the 

KS relationship : (a) without ghost correction; (b) 

corrected with il gaussian peak method; and corrected 
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CHAPTER 1 

INTRODUCTION 

The cornrnon metals of industrial pracdce 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 onentatLOns or textures. Texture can be described by linking together 

directions of the crystal \Vith features of the specimen geometry. Th us, sheet textures 

are often described in terms of {hkl} < uvw> components, with the {hkl} planes lying 

parallel ta the roHing plane and the < uvw > directions orientcd along the r01ling 

direction. However, this description is usually insufficient and currently, orientation 

distribution function analysis has replaced such qualitative pole figure analysis. 

Textures are formed at aIl stages of the manufacturing processes of metals, but 

their precise natures are complex functions of the preceding thermomechanical 

treatments, as weIl as of the material itself. The important proccssing factors which 

can contribute ta the development of texture are: solidification, deformation, 

annealing and phase transformation. The present \vork is mainly concernee{ ,,·;ith 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 significan t 

proportion of the shaping of steels is carried out when the structure is austeni tic. The 

formation of a texture in the austenitc ie:; liable to influence the texture in 

subsequent!y formed martensite or ferrite due to the crystallographic nature of the 

transformation that takes place on cooling. Two factors are responsible for the 

importance of the textures formed at high tempe ratures : (i) the texture of the 

untransformed mate rial plays a raIe in the development of texture on subsequent 

processing; and (ii) an increasing proportion of steels is used in the as-hot l'olled 

condition,so that transformation directly in.fluences the macroscopic final properties 

of the steel. Thus, an understanding of the way in which texture is inherited from 

austenite by ferrite or !11artensite is of considerable importance in understanding the 

properties of ferrous matel'ials at ambient temperatures. 

Experimental dlfficulties 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 te study texture dcvelopment during the 

deformation of austenÎle. Assuming a crystallographic relation between the two 

phases, two types oftransforrnation texture simulations enn be differentiated : (i) the 

austenite ODF can be untransformed from the experimental texture of the room 

temperature structure, (li) conversely, the austcnite rolling texlUre ean be assumer! 

to be similar to the texture produced by cold rolling fcc rnctals with high stacking 

fault energies and the sim ulated ferrite 0 DF's ca n the n be cornpared to the 

experimental observatIOns. In both cases, the description of the knnwn texture can be 

given by a set of ideal components or, on the contrary, can incl ude the complete ODF. 

As a result, both discrete and continùous derivations can be L'~lrriecl ou t. 

The present work is concerned with the simulatinn of tramJormed textures in 

steels from both a theoretical and a practical point of view. It is dividcd into the 

following chapters. 

In Chapter II, the orientation of a monocrystal is defined by a series of sets of 

parameters and the continuo us orientation distribution funclÎon (ODF) is introduced 

in the case of polycrystalline rnaterials. In Chapter Ill, the lhcnrelical b~lSis of texture 

transformation studies is described in sorne detai!. The concept of continuous 

transformation is introduced progressively and ultimately lead" to the dcfinition of 

an orientation transformation function (OTF) which C~ln eVèn take varirlllt se lection 

into account. The most commonly accepted crystallographic relations obscrved in 

steels are then presented, accompanied by sorne syrnrnelry considerations regarding 

their vari::.nts. Finally, discrete and continuous m'.:tho(b are pruposed for the 

simulation of transformation textures. In Chapt~_lY., a review of cxperimenlal 

transformation textures in steels is presented anclthc effech nf lhe !:1<Jsl inf1ucnti:ll 

parameters are discusscd. AIsu, a criticaI8sscs~ml'nL (Jf pre" juus "lmubtions - based 

on both the discrete and continuolls methocls - is ;llk!~lptfld. ln Ç!~!Rte}~-y', tr:'xtl1re~ 

of Ni-Co alloys, previously cold rolled to different reductinn~, :))'I~ llS(:n ln simulute 

austenite textures of comparable stacking faul t f.:neri.,Y leveb ,lnrl lh,; c')rrc~ponding 

bec ODF's are derived, llsing the Kurdjumov-Sadl'" .\"l'lhl::~lm:l-Wa" ,r':rJll:tnn and 

Bain transformation laws. The simlllnLen texture., ar~: tlW!1 L'ump;] C't~d lu 

experimental ones in (i) ferri te in controlled J'I) lled ,>Lee h (ii) ma rtl'Tl::.i t(~, :t nd f i il) culd 

rolled ferrite. The simulation methods and their par~llnrt( r.~ are al oU rli~l..:ll':")l'rl. 

Finally, in Chapter VI, the geneml conclu"ion,> of the :iLlldy are nr:1wn and the 

validity of the predictions is discus~ed. 
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ILl ORIENTATION OF INDIVIDUAL CRYSTALS 

This section ai ms at defining an orientation and presenting sorne of the most 

c0mmonly used parameters required for its representation. 

1 I.1.1 DEFI~ITION OFAX ORIENTATION 

Above a11, the description of an orientation requires the choice of two reference 

frames -sets of three rectangular coordinates- in connection \Vith the sample and 

each crystallite respectively. In principle, this choice is arbitrary, but in the 

particular case ofrolled cubic metals, an easy handIing of the data can be provided by 

ajudicious selection of these systems. 

Reference frame of the specimen: (Ks ) 

When the deformation process is rollmg, there results an external symmetry of 

the sample which, as shown in Figure 2-1, consists of three mirror planes 

perpendicular ta the ral1ing, transverse and normal directions, or equivalently of 

three two-fold axes along these directions. 

ND 

t T1~ 
~~RIJ 

Figure 2-1 : "1Iirror 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 (:\"D) directions, respecti··;ely. 
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Reference frame of the crvst:1l: (Ke) 

The coordinate system of n crystal is selected in agreement \'v'ith t1H' ~y/11l1ldl Y Iif 

its atomic lattice. For CUblC malerlCl!8. the choice of thrf'è r~L't:lnt~ular cllht..'-\·d~t' 

directions [100],[010],[001] as the conrdinatl' axe~ X'Y'Z' is the rTln:-,l ~1I i t:1 hie 

Orien tation of one crvstal wi tll!.~lJ~_sJ}~~imçD_~ 

As a rcsult, the orientation ofn cry"tal \vill he descnbl'd by tl1l' r(Jtatillll t,' \vhil'h 

transforms the sample reference frame (K,) intI) the cry::.tal rcfcrencL' fr:lllli' 'KI) as 

sketched below : 

ND 

A 

"'~" :\ 
,/ 1 \ , \ 

l \ 
/ \ \ , \ \ 

, '. '[010J 

Figure 2-2: Orien talion of a ~{Ïven cid)!!, a:;':5t:t1 '.VI th l'l' ,p' 'f't tll 

the referencc frallle of lIw J'ollul ,.,pt't'I tJ1t ri 

This is written mathematically as 

K ~ K (2 1, 

making use of the matrix forma li ..,m, The veelur:., uf thé t'r:, J :11 ,l'~, "Il t' t); Il, 1 1 Il' ,d t'l' III 

the veetors of the sarnple axes by applyin~ the rl)lati'Jn m:ltri,(); tfJ tl.·· ll·!t h Illd ',Id" 

From this viewpoint, the row!:> of g con::,i<;t of the Ct)Urrlln:ltl'" of th .. 1 l", ,;L.dl,},~r !filll" 

axes with respect to the axe~ of the sample. The rlJt:ltifJCl J.I m:t:; ,il l, ~)" d'·!~Il,·d ", ILl! 

the help ofdifferent':iets ofparametcr,:,. rC'llc',ved ln th.: Ill'·<t r),tr;I~,r:lr LI 
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rl.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 Eulerspace: g=(4)I,<t>'~2) 

This description has proved to be especially suited to texture analysis [e.g. 2]. As 

1 JI ustra ted for the most ge neral case in Figure 2-3, the crystal system is first assumed 

t.· be P~\ ralle! ta that of the specimen (a). The following rotations are then performed 

~ .1cces:.;.Îvdy : 

(b) 4>1 about the Z' crystal axis 

(c) <t> about the X' crystal axis 

(d) 4>2 about the Z' crystal axis 

a11 possible orientations being obtained \vithin the range: 

o ~ 4> 1 '5 2rr,0 '54> '5 rr,O '5 4>2 '5 2rr. 

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, kno\vn as Roe's 

notation [3,-1-] and definp.d by ('1J,e,~), is a1so frequently round in the literature and 

will thus be referred to from time to time for purposes of comparison. 

It is convenient to plot these threc independent parameters as cartesian 

coordinates in a three-dimensional space, called orientation space or Euler sp2ce in 

the case of the Euler angles. Generc111y, the sections '1> 2 = constant' -simply callee.: the 

f4>~-sections'- are drawn because. in each section, :\D remains constant when cp is 

unchanged. For steels ho\vever. ' q,! -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 IP axis and the volume element 

reads 

(2-2) 

In the particular case of roHing, a translation along the <pl-axis in Euler space 1S 

iden tieaI ta a rotation around the sample ND, while a translation along the ~ 2-axis 

corresponds ta a rotation ara und the [OO1]-direction of the crystal. 
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lVliller indices: g = (hkl)[ uvw] 

A representation of crystal orientations frequen tly used in sheets consists of the 

specification of the l\Iiller indices (hkl) for the crystal plane which lies parallel to the 

sheet (ND), as weIl as the indices [uvw ] of the crystal direction parallel to the rolling 
direction (RD). 

Two particular cases are \Vol'th noting: 

in cubic materials, the indices of a lattice plane and the indices of the direction of 

its normal are identical fe.g. the normal ta the sheet plane coincides with the 
normal direction), 

arter ralling, the shcct plane is the rolling plane. 

rotation matrix: g=(glJ)(IJ)E{I,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 gare then equivalently formed 

From either the cosines of the axes of the initial coardinate system ( Ks ) with respect 

to the final reference frame ( Ke ), or canversely the cosines of the axes of the final 

coordinate sy~tem (Kc ) with respect to the initial reference frame ( Ks ) 

gll g12 gl3 X' = (100) 

g= g21 g2~ g;?;J Y' = (010) Kc 

g.3! g:l2 g~3 Z' =(001) 

X Y Z 
= 

RD TD ND 

Ks 

Table 2-1 : :"Iatrix representation of g 

rotation axis and rotation angle: g={d,w} 

The rotation axis cl = (d",dy,d l ) = (e,1j!), where e and 1(J are the polar and azimuth::d 

angles respectively, is unchanged by the rotation, and g may be described as a 

rotation by an angle w about the axis d, where w is defined by : 

T r ( g ) = g II ~ g 2~ .... g 33 = 2 cos w + 1 

where Tr(g) is the trace of the matrix. 

(2-3 ) 
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polar coordinates : 

In any sample coordinnte system XYZ, a cryst:11 direction hk 1 Lan be I"Pfrl"t'I1l'l'd hy 

two angles (ttl,y), called polar coordinates. Identically. puinr angles I.:an hl' oefïned for 

a sample direction D with respect to any crystallographic L'nordilln te .... )'~,tl'rn X'Y'7,'; 

these are then noted (ttl, S). The two sets of angles are shown in Figure,> 2-..\. (a) :lnd (b). 

1 
1 

1 

Jt 
X 

/ 
1 

/ 

/ 
/ 

/ 

Z 

+ , 
:~ 

, hkl 

, , , , 

sample 

[rMt 
, ... 
-----------------~ 

/ 

I~ 
/ S 

y 

(a) 

1 , 

X' 

1 
1 

1 

1 

l' 

+ , 
:~ 

cry~t:11 

, 
, ... 

- - - - --- - - - - - - - - - - -~ 
Y' 

(h) 

Figure 2-4 : The two sets of polar coorclinatc~: (a) in the ~ampl!" lb) in th" cryst:t1 

As a resul t, there are two sets of paramctcn; for the de fi nit l! J!1 1)1' .t Il IJri,' 11 t:t Ulll1 in 

a rolledcubic material, namely the polar,~oordinntes {(<!lIW.BHI,)' (,~ l":::)' ('P",),S"Il)f 

of RD, TD and ~D in the crystal. and the pobr c{)llrdill,ILt'-" {( ~,IIIJ"(:"IJ)' 1r!;"lq"(I)!I»)' 

(~OOl'Yt)t)I)} of[100],[010],[001] in the sample. 

relations between the differenl..n:lr;lr.!:!~~(~J.':'L: 

The rotation g consist::; of three con,'iccutive pl;ln:tf r'Jl;tti'l/h, ,'! th:lt ~h" matrp.: 

can be expressed-by simple mcltrix multipE(::lll ll n ... - ,t',:l r',Il'.I··,:'J'llJt'th,> 1"111, r .!llg\P.-, 

(Table 2-2). 

The :\liller notation can ensily be relaled tu the Eul!}f ~In~~l,,~ IJ~, '-1 ttlllh 1 hkl l ,IIHI 

[uvw] equal to amuI ti pie of the third column (:.: 1») :1 rHl (Jf the fil' ~ ':1 il ldlin (El)) "r,~ 

respectively, as shown in Table 2-2. Onl; tht'rr;hy nbUlin;:, th, rl~l:tlilJ!b ;.{iVl't1 111 T:lbl" 
2-3. 
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sincl>2 sin4> 

cos~ 

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

h = nt. si n cl> 2 si n cp 

k = nI . COScj>2 sinCP 

l=nt . coslP 

u =n2 • (cosq"cosc!J 2 - sin<p,sin~2cosCP) 

v =n]. t-coscl>lsin4>;2- sin<Plcos~2coslP) 

w=n]. sintt sinCP 

Table 2-3: (hkl)[uvw] as a function of(c!JI'CP,~). 

The rotation matrix can be written with the rotation axis d=(d .... ,dy ,d l )=(8,'jJ) and 

the rotation angle w as orientation parameters, :1S eun be seen in Table 2-4. 

d"d l (l-cosw) - dy sinw 

d,dz (l-cosw) + d:. sinw d!dl. (l-cosw) - d, sinw 

Table 2-4 : The rotatlon matrix as a function of cl = (.l"d:, ,d;.) and w. 

If w is chosen betwcen 0 and TI, then e, 1jJ and w can be derived from the Euler 

angles cl> l' ~. ~ 2 through the condi tions expressed in Table 2-5. 

The cartesian coordinate:s of d = (d"d:. ,dz) can be deduced eithel' From the spberical 

ones (e,~) or directly from the rotation matrix, as expressed in equations 2--± and 2-.5. 

respectively. Finally, the polar coordinates of a directiùn either in the crystal or in 

the sample are related to the three Euler angles by the relations of Table 2-6. 
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('os(w/2)==cos(~;2)cos(4>1 +4»!~ and sin,.ù () 

Table2-5:d:=(e,lIJ)andwasfunctinr:sufth,' ElIll'l.II1;~lf" ~l' '~.~. 

d~ =- si n e ,SIn l~j 

cosw = (Tr(g)-1)/2 and 

[

4l
001 

== cp 

(j>\OO _ arccos (sin,~ 2~~n4l) 
~Ol() - arccos (cos<j> ,Sin rt) 

51nw 0 

(1 - (, J 1 r ) 1 q -.:; 1 11/ ' 
1 - hl 1 ~"l.... 4J 

'.1)- TI ~ - y, 

61'f):'-;IJ'n,(),,(/'("'î'l -'/11': ,) t, 

(2-5) 

[ 

(j>,])== cp 

<!l!{f) == arccos (si n <j> I:::.i n ~) 

<jJ Il.) = arccos (-cos,~ 1 !:lin 9) [ 

6 - q ~, 

6 11 ) == ar-l'CIJ:, hill ~ 1 ~In:' II) t ,- ,~, 

Table 2-6: Polar coordinates of the "vstem :I;{(·. :l., [undl'lll, "rr:, .~, ~.J . , , 
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II.l.3 Sy:\-nIETRICALLY EQVIVALENT ORIE~TATIO~S 

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. 

the crystal svmmetrv : 

Depending on the lattice symmetry, the crystal reference frame can be chosen 

among equivalent possibiliUes. In a cubic system, for instance, one can select the 

coordinate axes thruugh the following procedure depicted in Figure 2-5 : 

X : any of the three cube edges alang either of the two directions: 6 

y : any of the edges perpendicular to X along either of the two directions: 4 

Z : no chaice, Z is entirely determined for a right-handed system: 1 

6 

2 

3---~:"'----

4 

5 

resulting nurober ofequivalents: 24 

x 
2 

3------::~---

4 

x 

----- ----3'---- Y 
/1 

/ 1 
, 1 

/ 1 
t 
1 
t 

Figure 2-.5: Equivalen t chaices of the crystal reference axes for a cubic system. 

These 24, different representations of the same crystallite are related ta one 

another by as many rota~ions ( S"I )IE{l 24} which forro the rotational subgraup of the 

crystal symmetry. Assuming that Kc[ was selected ta define the orientation g, any of 

its symmctric Equivalents Ke, can be written as Kc, =Slt.KCl ,again using the matrix 

formalism. The transitlve theory within the rotational group thus ensures gi = S"i. g. 

This is sketched in Figure 2-6, where g and gi are different orientations. which are 

symmetrically equivalent for the crystal. 
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14 

g 
------> KCI 

Figure 2-6 : Equivalent orienta tions due tn the 

crystal symmetry. 

the sample symmetry: 

In addition to the crystal symmetry, the sample can also exhihit :-.yrnmetry 

elements. This is the case in particular after rolling where the rolling, tran::,vcr':iC and 

normal directions are two-fold rotation axes. Tt me an::, that K" may he cho:-.en in four 

different but symmetrically equivalent ways K ~I' following Fi6"lIre 2-7. 

g 
K,,\ ~, KCI 

(S'1)"'Î /. 
K" J 

Figure 2-7 : Equivalent orienta tinn" due tl) the 

sample symmetry. 

In other words. the orientations gj=gJS'l l l, wherr~ the 8'1'<; forrn lh(~ rotational 

subgroup of the sample symmetry, are ~ymmdrica Il,;.: f~q ui valen t 

the combined cry:::.tal and ::iélJT1~~)vmm!.~_lr!~~: 

By simultaneously fulfilling the two kinds of'>ymmetry cundition:-. wiLh n'~[Jf~ct tu 

a given orientation g, one obtains syrnmetrically cqllivall'nt point:.. in I)l'ir~nt:lli()n 

space. The re~ulting scheme b shown in Figure 2-8 and 111f.~ eqlliv~!lr:llt~ uhey the 

relation 
'J (\,..,)-1 ., .) 

j 
(2-hl 
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g 
KSI > Kcr 

(S'j) 1 Î l s', 

giJ 

Ks 
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:> KC
I 

Figure 2-8: Equivalent orientations due to 

the combined crystal and sample symmetries. 

11.2 THE ORIENTATION DISTRIBUTION FUNCTION 

Ta describe completely the crystal orientations of a polycrystalline material with 

the methods reviewed in section II .1, one would have ta 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 obtain2d by considering -in a statistical manner- only the 

orientation, and not the position, of the volume elements in the sample. 

I1.2.1 DEFINITION AND PROPERTIES 

the statistical function : 

If one denotes by dV the total volume of aIl the elements which possess the 

orientation g within the infinitesimal range of orientation dg defined in equation (2-

2), and by Y the whole sample volume, then the ratio dYiY defines the Orientation 

Distribution Function ft;) [2] by 

d1/ V = fig) dg l2-7) 
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From now on, this function f(g) -the ODF- will represent the quantitative 

definition of preferred orientation. Figure 2-9 shows the ODF' representation, ln 

4>2 = constant sections, of a Ni-30Co alloy cold rolled to 95% reduction. 

14 

_.....c::>o-.. 

~ • '-• c:;r @> 
15 

~ 
6 

[-Hl 
~ ~Il 

00 05 10 15 

~ • 2025 3035 -
~o .cs 5055 

6065 70 75 

BOBS 90 ~ 

Figure 2-9: 4>2-section ODF ofa Ni-30Co alloy 95% cold rolled. 

~={112}<111>(Cu) 1={110}<112>(Bs) O={123}<634>(S) 

the normalization condition: 

In the case of randomly distributed crystals, the above rnentioned di')lribution 

function is constant and will be assigned the value 1. IIence, the nornwlization 

condition reads 

f v r(g) dg = 1 (2-8) 
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consequence of the svmmetries : 

The existence of equivalents to a given orientation g, resulting from the crystal 

and sample symmetry elements and presented in paragraph II .1.3, is translated to 

the distribution function by a set of conditions to be fulfilled by f(g) which read 
f( SC g) = f( g) (( g Ss) = f( g) {( SC . g SS) = f( g) (2-9) 

L ) L) 

where SC t and SS) describe the rotational subgroups of the crystal and sample 

symmetries, respectively. 

Il.2.2 TWO-DI:\IENSIONAL REPRESE~TATIOXS 

As already stated above, the ODF can be represented in Euler space -in the (h­
sections for example- by iso-density lines. It is only recently, however, that such 

three-dimensional graphs are widely available. Heretofore, only two-dimensional 

stereographie projections of f(g) have been obtained experimentally, which were easy 

to han dIe but had the disadvantage of reproducing only part of the information. 

These are pole figures and inverse pole figures. 

the stereographie projection: 

One considers a reference sphere with a unit radius and with XYZ as its 

coordinate axes. As illustrated in Figure 2-10, the equatorial plane P= OXY is called 

the projection plane and A = (0,0,-1) the projection point. The stereographie projection 

:M' of any point ~I on the reference sphere with respect to the elements (P,A) sits at 

the intersection of the line A~l 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 stereographie projections showing the distribution of particular 

erystallographic 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 {loa} poles. four {Ill} pales, six {lIO} poles. twelve {hkO} 

poles or twenty four {hkl} poles. The simplest pole figures will be those depicting the 

distribution of planes with the lowest multiplicity : {100}, {IIO}, {Ill} and sometimes 
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projection 
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A 

Figure 2-10 : Stereographie projection. 

{211} planes. Since it is usuai to refer to the pole figure in terms of the measured 

reflections, bcc textures are described by (110), (200), (112), (222), etc. pole figures, 

while fcc 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 identicai for the two cases. As an i \lustration, the so-called (100) pole 

figure is sketched for one crystal in Figure 2-11. 

In a textured material. the pol es tend ta cluster together in certain areas of the 

pole figure and can be presented in the form of equal-density contours in the sa me 

manner as for C'lF sections. The density values are expresscd relative to that for a 

specimen having a random orientation. Contour levels greater than 1 X random 

imply a concentration of poles and those less than 1 X 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 polcs in an aggregate is 

unchanged by the existence or the degree of texture. Finnlly, it i~ worth recalling that 

the pole figures of rolled materials have four equivalent quadrun ts, since the planes 

normal to RD and TD are reflection planes of ~ymmelry. Figure 2-12 (a) shows the 

200 pole figure of the ~i-Co alloy of Figure 2-9. 
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Figure 2~11 : Projection in the rolling plane of the three (100) pales ofa cubic crystal. 

inverse pole figures' 

These are the stereographie projections showing the distribution of any of the 

sample directions (~D,RD,TD ... ) in the crystallographic frame. The standard triangle 

of the cubic lattice, which contains aIl the information of the inverse pole figure. is 

shown in Figure 2-13 : 

These are particu larly 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)iD inverse pole figure of the alloy of Figure 2-9. 

comparison orthe two types ofplanar representation : 

The two kinds of figure are two-dimensional projections of the ODF f(g), 50 that 

neither can be used to derive the frequency of a specifie 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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Figure 2-12 : Ca) : 200 pole figure (h) : ND inverse pole figure 

of a Ni-30Co alloy 95% cold rolled. 

Â ={112}<111>(Cu)_ = {llO}<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 linll tcd texturt.: ,>tudy rlllght 

therefore aim at calculating inverse pole figures From pole figures. 

Besicles, for cubic-orthorhombic systems (e.g. rolled cubic metnl'",), the fI~~('\ving 

power ofa representation by pole figures is higher than that by an equal numhl.'r ()f 

inverse pole figures [2]. 
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Euler angles on pole and inverse pole figures: 

The stereographie projections of an orientation, represented by its set of three 

Euler angles, in the sample and crystal reference frames, are round in Figures 2-14(a) 

and 2-14(b), respectively [2]. 
RD 

TD I-------'l-- (a) 

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

[1001 

[001 J (b) 

Figure 2-14 (b) : Representation of Euler angles on an inverse pole figure, after [2). 
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Il.2.3 THE FUNDAMENTAL RELATION OF TEXTURE ANALYSIS 

Since, in general, pole figures are the experimental data, it is essential to derivc a 

relation which will enable the calculation of an ODF from these me:1surements. A 

pole figure is the angular distribution function of:1 chasen crystal direction h with 

respect ta the sample reference frame Ks' It is defined by the volume fraction dV Vof 

crystals having their h directions para lIe l ta the y sample direction: 

dV l 
--v== 4n Ph (y)dy , 

(2-10) 

with the normalization equation : 

Ph ( Y ) randolll == l , 
( 2-11) 

The pole density then appears to be an integral of the OIW, r (g). taken over a 

certain path -defined by the condition h Il y- in Euler space : 

Ph(Y)= LIhJ,yf(g)dY (2-12) 

The inversion of this relation, which leads to the practical ddinitilln of the ODF. is 

the subject of the next paragraph. 

II.2.4 INVEHSION ~IETHODS 

These are the methods for the determination of the ODF from pule figure 

measurements by resolution of the above mentioned funrl:llnen t:ll reb tion This 

presentation will be restricted ta the series expan~i()n method, ~lm ultanenu.:>ly 

developed by Roe [3] and Bunge [5] in 1965, Sorne other methud" \'v'ill a\sn be 

referenced. 

the series expansion method : 

Notations and formaiism are those propl)~ed by BlInr;f! [2;. l\ fundlon FI-:) Lan be 

developed in a series of generalized spherical harmlH111':, Tl" "( gJ : 
n ... , • / 

fIg) =" ,- ~ c;"" 
1=l)rn= -lr:=-I 

'['''' "1 ,) 
! ... 

(2-13) 
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where the T\mn(g) -ifexpressed by means of the Euler angles (~1'41,4>2)- are related to 

the generalization of the associated Legendre functions P1mn( <Il) by : 
Int<l>Z lIl<l> 

T~n(4)/t>,cp2) = e p;n(cPl e l (2-14) 

where c[mn are numerieal coefficients and p\mn(<Il) is a mathematical function of4l. 

In the series expansion, the sym~etry conditions can be taken into account by 

introducing symmetric harmonies TlIi V
( g), linear combinations of the classical 

functions Tlmrt(g) , in which the right-hand single dot "." denotes the sample 

symmetry and the left-hund double dot ":" the crystal symmetry, sometimes a1so 

referenced by a triple dot ";" when more than one type of crystal is at stake. The 

corresponding Cl'lV coefficients completely describe the ODF and are also related to 

the pole density in the y direction, Ph(Y), in the h pole figure by: 
:0 .vil) M( li 4 

P (y) = '" '\ '" _n_ Cfl\ k/·\J(hl kl\Y) 
h -- - - 2/+1 l 

I=O\=l\J=:! 

(2-15) 

where kl*1J(h) and k\V(y) are the so-ealled symmetric spherical surface harmonies. 

The coefficients of the pole figure are proportional to those of the ODF, so that the 

C1J.lV can be determined in this way. A detailed study ofthis derivation, its limitations 

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

references to sorne other methods : 

There exist five other methods for the inversion of the fundamental relation. 

These have nat been employed as universally as the series expansion method and 

have not becn used in the present study. The following are references to the initial 

work on ea.ch method : 

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

1981, 

the inversion formula presented by 1'Iatthies [8] in 1979 and ~Iuller et al. [9] in 

1981, 

the probabilistic method developed by Imhof [10] ln 1977 and Starkey [11) in 

1983. 

the discretization method of Williams [12] in 1968. 

the Gaussian method [13]. 



1 

, 
1 

24 

CHAPTER Il[ 

PRINCIPLES OF TEXTURE TRANSFORMATION 

111.1 REPRESENTATION OF THE TRANSFORMATION 

III.1.1 THE i'vlATRIX FORMüLATIO~ 

III.1.2 A PROGRESSIVE APPROACH 

- from the monocrystal ta the polycrystal 

- a unique orientation relationship 

- a unique family of equivalent orientation relationships 

- several families of orientation relationshi ps 

- non-strict orientation relationship~ 

- schematic evolution of the models 

- difTerent probabilities for equivalent orientation relationships 

1II.2 TRANSFOHMATION LAWS 

11I.2.1 

111.2.2 

EXPRESSIO!'i OF THE TRA);SFOR~rATIO)[ 

- as conditions of parallelism 

- as a rotation 

THE MOST CO::VIl\IO:[\;"L y ACCEPTE f) RE LATrO~SII II'S 

- the Bain relationship 

- the Kurdjumow-Sachs relationshlp 

- the Nishiyama-Wassermann relatj()n:,hip 

- the Greninger-Troiano relation~hip 

- the Pitsch relation~hip 

- their relative positions in Euler-,pacl> 

- the limitations of crystallographic reIntjrJn~ 

27 

27 

28 

33 

33 

34 



lIL2.3 

25 

REPRESENTATIONS OF A TRANSFORMATION LAW 

the three-dimensional orientation transformation function 

two-dimensional stereographie projections 

m,3 SYMlHETRY CONSIDERATIONS 

III .3.1 

1II.3.2 

V ARIANTS OF A TRANSFOR.0IIATIO~ LA \V 

definition and vocabulary 

graphieal illustration of the definition of variants 

the two practical ways of determining the variants 

the two ways to take the y-syrnmetry into account 

independence from the sample reference frame 

B, KS and N'tV variants 

VARIANT SELECTIO)J" CRITERIA 

the shape deformation model 

the Bokros-Parker model 

the active slip system models 

the twinning shear model 

the Bain strain model 

the GP model 

IIIA METHODS OF SIMULATION 

lIJ .4.1 DrSCRETE :\>IETHODS 
determination of the Cl-orientations inherited from one y component 

determination of the y-orientations leading tù one ex compone nt 

the ideal orientation method 

ODF decomposition methods 

38 

41 

41 

49 

53 

53 



1 
III .4.2 

, 

26 

A CONTINUOL'"S METHOD: THE SERIES EXPI\~SIO='i 

principles of the series expansion method 

a unique orientation relationship 

a unique family ofequivalent orientation relationship~ 

several families of relationships 

non-strict orientation relation~hip!:> 

difTerent probabilities for equivalent orientation relationshlps 

calculation of the a texture 

calculation of the y texture 

calculation of the transformation L'ocfficil'nls 



27 

III.I REPRESENTATION OF THE TRANSFORMATION 

When restricted to the study of the evolution of orientations, phase 

transformation essentially opera tes through a rotation of the original grains towards 

their final positions. The matrix formulation of such orientation modification will 

now be i ntroduced, as weIl as a progressive approach to transformation modeling, 

applled to textured materia1s defined by their ODF's. 

Il1.!.l THE .\-IATRIX FOR.\-IULATION 

Provided that the two lattices are centro-symmetric, when a phase transition 

transforms one grain of the initial austenite, of orientation gr, into one final a-grain, 

of orientation gel, the two orientations gY and gel can be related to one another 

through a rotation i1g, named the transformation relationship, as represented 

schematically in Figure 3-1 : 

Figure 3-1 : Definition of the transformation. 

The following simple relation between the three quantities can thus be derived : 
gO = J.g gY or g'l=J.g -1 gO (3-1) 

The convention al notation for matrix products will be used throughout this text so 

that. in the above equation. the orientation gel is obtained by first carrying out the 

rotation g'( and then the rotation flg. It is a1so worth noting that, as a rotation, ilg can 

be represented by the same parameters as those defined in paragraph II.1.2 for il 

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 orthe y-crystal. 
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m.1.2 A PROGRESSIVE APPROACH 

Equation (3-1), although fundamental, only treats the ultra-simplified case of one 

unambiguously transformed monücrystal. Reality is much more complex and deab 

with polycrystals transformed through a continuous spcctrum of rotations. Aftel' 

Esling et al. [141. the preceding formulation can be prügressively extender! tn the 

most general case. 

from the monocryst::d tü the polvcrvstal : 

This primary step, which has already bcen co\'crcd in Chapter 1 l, l'l'suit::. in the 

introduction of a continuum of orientation~ rcprescnted bJ: the ODI.<' Hg). The texture 

of the initial polycrystal is thus described by its ODF' [((gY), which satbfie::. the 

double invariance of the sample symmetry on the l'ight-hand :-,ide and of the 

disappearing phase on the left-hand sicle, respectively denoLed by If." and "." on the 

function. 

. In the same mannel', the textured final phase can abo be defined by il::, O[H' 

fx(gCl), where the crystal symmetry ft: "of the product might a prIOn he diffcrent from 

that of the parent ":", while the sample symmetry "." is conserver!. 

a unique orientation relatiollship : 

The coordinate system KeY of every pre-tran~f()rmation Cl'y:,t:l! l1ndf~rg'r)e ... the 

same rotation ~g as the one presented in Figure 3-1. thll::' invuhing:1 !T1tJolfil'atIon of 

the coordinate system rather than a l'cal texture ch;lngl~ :\evl'rthl'Il'~"', the 

transformed ODF is related to the ini tia! ru nctjon by 

with 

. . 
/
"1 () j"\ Ig ) =- 1;.; ') 

. -1 
IJ 1 = .:J.I? ·r ., '1 

a unique famJly.!.l e9.uiva len t r)iiSJ}l::!..~I~'nf'~ ];01 I_'II! ~h 1 p', 

In paragraph 11.1 3. the orientatlun.., glJ' ~ymnll~\rll':IlJy f'qlJIV:lI'~lll l.) :1 1~I\f:n 

orientatirm g with respect to the sample and '_'r:;',La 1 ·,ymilldri, '. Wf:!"I' d. fï n"d 

Similarly, during the phase ch::lnW:, the '5ymmdrif', 1)1' th!' l:ttt:n''1 "f tel!' l'.'dl 1'1) ,la] ... 

are taken into account through their f!:"l[)f'CtJVI; f!Jl.ltI'It',d -,ubgrrlllp" (S 'Ji).' l ',( 

and (sal)iE~1 :-,'l: .• where);( and )j-.1 are thl! numh.:r I)f ~ymn}l·try l'If'lll!'nL 111 LIli' "( 

and a cryst~ds, respective!y. /\.3 wlth Ü~f! g :lnd g l ')rt.;llt.ttlrorh. "!jlli,/,tlf:nt 
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considerations regarding ~g lead to the definition of a family of symmetrically 

equivalent transformation rotations ~glj defined by L1g1J =sai.~g.(SYj)·l. This relation 

is illustrated in Figure 3-2, which is based on the same principle as Figure 2-7. The 

~giJ are often called the variants orthe transformation law. 

~g 
KY 

l ,. Ka 
t 

(sv'j t SOi 

~glJ 

KY ~ 
Ka 

1 
J 

Figure 3-2: Definition of the symmetrically 

equivalent transformation rotations. 

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

with gY taking the values 

g l=..1a-1 rrQ 
b l) b 

where the different rotations occur with an equal probability 1/NY!\'Cl. 

(3-3) 

(3-4) 

However, the XYNCt rotations may not aIl be different and the number k of distinct 

rotations defines the multlplzczty of the orientation relationship, which can be 

significan tly lower than ~YNa. See aiso paragraph III .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 \V
I
• 

For two su ch relations, distinguished by the suffixes (1) and (2), equations (3-3) and 

(3-4) are generalized as follows : 

(3-5) 
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with g\ Y and g-z y running through 
g y = (t;,.g l 1- l g a and 

l 1) 

v \' - 1 II U.' = (ù,g- 1 If - 2 1) ., 

non-strict orientation relationshi~ 

The ~gk's described ubove correspond ta ide:!1 val ues which are nol gCf1l'r:lIly 

strictly respected in the polycrystal. The stresses between neighbnring gr;lin~, 

constraints regarding the occupation of space and the plastic strain aCl'()mp~mying 

the phase change in polycrystals create slight deviations from the ideal valut's, thus 

leading to a continuous probability distribution of the ~g's arouncl the Dg'l:~. The 

stricter the orientation relationship, the smaller the peak Wldth This cuntinlllHIS 

function has been named the MisOrientation llistrihution EunclÏoll (:\101)1<') by 

Bunge [15] for the study of recrystallization, or the Orientp.tion J)<.I n~form,l tion 

Function (01'1") by Sargent (16], and is generally denoted as \V< ~~). The rhangel\ver 

from the discrete to the continuo us case leads to a new type of equu.tiol' whcre a 

convolution integral replaces the summation, sa that eq uation (3-5) i~ changl'd lo . 

h v \ -1 u 
Wtt g , = ...... Lj 1{ ( :3-7) 

While the variable 6g varies continuously within orientation space, the :\IODF 

W(6g) attains significant levels only in the vieini ty of certain val lies ~)f 6g. As for a ny 

probability function, a normalization condition must be assumed for ~V( ~g) : 

f W(~g) d~g = 1 
~g 

Itwill beshown in paragraph 1II.3.1 thatthe symmetry of the dec~yin~ ph;\:,(' l'an 

be omitted on the right-hand side of the orientation trnnsformalÎon functlfJ!1, ~,() that 

equation (3-7) can be rewritten in the farm 

{\l{gQ) = f \\'{~gl fi (.E; Il d~1{ 
, .';,g 

/('(Ih 
-1 r; , -= ~L,' '1 

" .., 

where {V(t;,.g) is no longer symmetrical \vith resp(~1't lu the >.;arnn1.l !J!J,1 t'. IJlll ,-,ttll 

fulfills the alpha syrnrrletry cQndi tion~ on th~; J,.ft- hano '-,id'.~ 
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schematic evolution orthe moclels: 

A schernatic illustration of the preceding approaches is given [141 in Figure 3-3, 

which show~ the progressive improvement of the models. 

W(àg) 
..... 

l -----

~----~----------~~~ 6g 
~g 

W(àg) 

..i .. 

(a) 

(c) 

(b) 

-:}r:-7' 
I/U uV 1 

(cl) 

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, (cl) non-strict relationships. 
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different probabilities for equiva lent orient~tion rclat~Q..D_shiI?::>_ 

Although crystallographically indisti nguisha bll', eq lliva len t nril'n t:l tinns g f, 

must be considered as distinct starti ng orie Il ta lion s for the varian ts of an () rÏt'n ta li()n 

relationship. The ODF intensity of the new phase can thll~ be a~;!-.llll1l'd ln hl' 

proportional tü an additional factor, termed the ~~lri:1nl ~elcdi(}n EUI1('tion (VSF) 

and noted ,,!(gY) [17.18], which depends on the orientatiun nf the di!:>appearing- phase 

but does not obey its symmetry. In other wUl'ds, for twu equivaknt oricnt.lti()n~ g f, 

and gYj , v(gY,) and v(gYJ ) might have different value::,. 'l'hl' equatin!1 of thl' 

transformation then turns into its mo::,t generul expre~::,i{)n 

f(gQ) = f WUgl ü(gYl ïV(g ') dj,g 
~g 

1:1- 1 ()) 

From the normalization conditions (2-8) and (3-8), v( g) ~ati::,fïes the relatiun 

f L~(g) dit = 1 (:3-11) 
g 

Because the variant selection function is difficult tu I1lqdel and tl) define 

numerically, this step rernains one of the most diffieult in the interprL'latiol1 and 

simulation of transformation texture::;. The experimen ta 1 C::.t:l b 11 ~bn1t'n t and the 

consequences ofvariant selection will be de:dt with in "cl'tion IV ~. :!nd 'lllllW l1wdl'ls 

and criteria presented in paragraph fil .3.2. 

In the course of the phase change, it appp:l!':, th:lt one \.Ty'-,t:d ~.;('nl_'r:llly .---,pllb tlp 

into several final crystallites because variou~ parb I)f the ~;!nlP Init!.ll cr.Y~t.d 1Jl:ly 

transform according to differentorientation rdatinn:-,hip'-i t.g. 'l'hl" dl!:>pl'I'--.d l'~:ld,, tl) 

a decrease in the sharpness of the texture. the cr:;'-,t:d.., h"În:..:- di'--tl'lhul,'d I)ver a 

greater number of orientations. 
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III.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 weIl as possible mechanisms have been 

proposed for the y-tü-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 modei of those defined for the 

orientation distribution function. 

1II.2.1 EXPRESSION OF THE TRA;';SFOR~lATrO:\ 

A crystallographic relationship may be represented either by a rotation of the 

Iattiee 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 ta relate crystallogr:Jphic 

planes and/or directions of the two phases by parallelism condi tions, 50 that, for cubie 

lattices. it is general1y expressed in terms of the :vriller indices of 

eitner two families of planes: 

Ilh
l 

k l [lllIlh
l 

R; li) 
1, h . 1 1" , [' 2//22"lfl 2 A:2t 

(3-12) 

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

planes) : 

1 

1 h k [)"! h' R' /'1 

(u u will[ u' L" IL 'j 

which coïncide in the two phases. 

as a rotation: 

(3-13) 

Practically, it 1S necessary ta define the rotation t.g which brings the parent 

lattice in coincidence with that of the phase resulting from the above re lutions. As 
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already mentioned, such a rotation may be represcntcd hy -for in:-l:lnt'l'- ils thrl'l' 

Euler angles f1g= (1l.<P1' 6~, f1<P) or its axis and angle tJ.g= (d, ll.w). l'::;ing t:..;..; =-- (d, .'\I.D) , :1 

crystal of the disappearing phase is transformed inlo a crystal of the pn)ducl ph:!,--" by 

a rotation ofangle f1w around the axis d, whieh thlls renwin~ ul1Challgl'd dllring tilt' 

transformatiun. Besides, the reverse transfllrm:\tiqn Dg" 1 l'an hl' IlhLIIIWd J'r()m lllt' 

parameters of the direct transformn.tion by : 

fig 1 = (ii-6CPI' ll.1l, iT-ll.<jl2) := (d, -6w) nnd ils matrix IS the Lr:ln~p():-.c of i\!~_ 

III .2.2 THE ~10ST CO)'L\IO~L y ACCEPTEI> J(ELI\TIU\~II! PS 

The mostcommonly referenced transformations law~ Ol't'UITIll t; ln :-lceb are 

presented below in chronological order of their appC:lrancc. Their l'h:tr:H'l('ri~lit' data 

are gathered in Table 3-1 at the end uf this ~ection. The c()rrC':-,pIJIHllng- !llCch:lnisll1s 

will, however, not be reviewed here. 

the Bain relatiom,hip : 

lntroduced in 1924 by E.C. Bain [19] as a re~ull of the met'h:lnl~1ll lw PI'lJI)/)~cd for 

the martensitic transformation in steels, it reads : 

I
l 1 1) 1) 1 :1 ( 1 () () 1 

( Ij 

[ r,l 1: ,1 ( n (II; 
(3-14a) 

Y '1 

or as a rotation: 

(:3 - 1 ·1 h) 

the Kurdium()w-Sa('h~, relallonship; 

By far the most "popular" is the relatiflll:-,hiII --t:lll'd Il:, C f\1Jl'(ljllmll'." :Ind G 

Sachs [20] in 1930 for steels contuining- 1"+(~ C . 

or as a rotation: 

,11111 Il' 1 llJl 
1 { Il 

,- -
, : 1 101 ',[ 1 1 1) 

\ 1] 

"J - ( P , ')'3' ,0 1 n' Q , <) , -À'j- J-t1.4 , .. tO ;1,I)t_J 

11 l' '1 1', 

-
11-' 1 1 1 

i '1 1 .", 1<1 ' 
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the Nishiyama-\Vassermann relationship : 

Z. Nishiyama [21,22] and G. \Vassermann [23] simultaneously, but 

independently, introduced a slightly diffecent crystallographic law for an iron alloy 

containing 30% Xi : 

or as a rotation: 

1 

tl l 1) III 1 l 0) 
Y u 

[1 1 01 // [ù 0 Il 
\ tl 

or eq IlIm l, ntly 1

1111> 1/1110) 
\ a 

1[1121//[1 î 01 
) a 

~g = ( 80 26°,48 19', -l5' ) 

(3-l6a) 

(3-16b) 

which cannot be interpreted as a rotation about an integral direction of the crystal. 

Analytically, it can however be cxpressed as a 95.27~ rotation around the axis defined 

by h=-l + V2+V3, k= 1 + '.12+ v3 and 1='.12. 

the Greninger-Troiano relationship : 

Studying a steel with 22% Ni and 0.8% C, A. Greninger and A. Troiano [24J 

concluded that the relationship could be described as about midway between those 

stated by Kurdjumow-Sachs and Nishiyama-Wassermann 
- -

< 1 1 0> [1 1 1 J =:: 2 5 C and < 1 1 2 > [1 0 1 J ::: 2' (3 -17) 
y a '1 a 

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

both underlying transformation theories were untenable. 

the Pitsch relationshil2...;. 

For thin films of iron-nitrogen and iron-carbon alloys, \V. Pitsch [2.5] established 

the following relation 

1

1\ 11) 1/11 1 ::!) 
\ a 

1 _ _ or I?quwalè.'1tly 1

11 1 0) 1/11 1 2) 
Y Q (3-18a) , -

1 [1 1 01 f/[ 11 1 i 
\ a 

'[0011 ,1[ 1101 
'r a 

or as a rota tion : 
(3-18b) 

their relative positions in Euler space: 

If interpreted, in Euler space, in terms of a rotation with respect to the reference 

fmme of the y-crystal, the Bain relationship is the easiest ta understand : i t consists 

of a 45~ rotation about the [100] direction, 50 that its three angles read (45'J,0",0°). 



36 

Moreover, by representing sorne orthe [100]. [110] and [1111 pales of: 

a y-crystal of orientation {Ill} < 110>, and 

an o.-crystal of orientation {Il O}< 00 1>, 

on the sanIe pole figure, one obtains the drawing given by Bunge ln [~l and 

reproduced below in Figure 3-4. 

{111}<1l0> 

y-phase 
RD 

~ (110) 

-TD-

6(111) 

{1l0}< 001 > 

a-phase 

RD 

<B>----a-----~~I-l~:J------
45' 

o (100) poles 

Figure 3-4 : III ustration of the ;';ishiyama-\Vasserma n n l'e L1 tio!1",h i p 

and its devia tion from the Bain and Kurdjumo\v-Sachs rcla tif)n~hlp:-.. 

These two diagrams thus illustratc the Nishjyama-Wa~~cll11:lnn (~\V) 

relationship for the y-a transformation, which tran~forrns a {lll}'--- Il () ..> '(-lTy~ta 1 

into a {llO}< 001 > a-crystaL and from \ ... hich the re lative p(J~iti()n.., of the t\VO other 

laws can be assessed : 

(a) the Hain t'clationship (B>: 

It has the same parallelism condition for thl! dll-._,-ltlln~ a:; ~W. n.JlJ1I!I~. ~ 1 1011 ' 

[100Jo, but a different condition fOl" the plan..:':) : (lllü) ( " (1 (JO),..L ln .... ll:ad (If ( 1 Il! ( 

(110)0 for the XW relation. From the :\\\' <.::l~e I)t Figun~ ;3-~L one cao thll--. CIll\~tIllt:t 

the diagram for the Bain relation by carryio6' uut t'.VI) rrlt:ltilH1~ :l\)IJut lU) Il I~ in t11l.~ 
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equatorial plane TD-ND) to obtain Bain's condition for the planes: (arrowed bold 

arcs) 

one in the '(-crystal ta bring (lOOJy in coïncidence \Vith ND: 54.7° 

one in the a-crystal ta bring (100]0 in coincidence \Vith ND : 45.0° 

leading to a relative variation in fl8 RD of 9.T' 

(b) the Kut"Cljumow-Sachs relationship (KS) : 

It has the same parallelism condition for the planes as ';:-J."'\V, namely (lU)., If 

(llOJa , but a different condition for the directions: [llOJy ,'/ [lll]a instead of (llOly Il 

llOOJ a . From the:;'W case of Figure 3--*, one can again construct the diagram for the 

KS relation by carrying out two rotations about ~D (i.e. in the projection plane HD­

TD) to obtain the KS condition on the directions: (non-arrowed bold arcs) 

one in the '(-crystal to bring [110Jy in coincidence with RD: 60.0° 

one in the a-crystal to bring [l1l]a in coincidence with RD : 5-L7" 

leading to a relative variation in fl8:-" D of 5,3" 

These two results are illustrated in Euler space in Figure 3-5: 

1 

:. . 
1 

... ... 
5 3' 

53 .. 

Figure 3-5 : Relative positions of the different 

orientation relations in Euler space. 

the limitations ofcrystallographic relations: 

As they involve only the most compact planes and directions, whose :\liller indÏC'es 

h3.ve low val ues, the above laws do not reproduce a Il the observations [26l. 

Furthermore, due ta the atomic nature of the tran~formation mechanism, they should 

normally be described in terms of cooperative dislocation rnovements [27]. :\Ioreover. 

when ferrite nucleates at a y grain boundary, obeying il particular orientation 
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relation with one of the grains, the subsequent growth has been shown tu oeet! r 

preferential1y in the grain with which no precise relation exists [~8J. Ln:-;tly. hCC:lll~l' 

of the spread observed about the ideal values. Figure 3-;) show~ th,ll il is rather 

difficult tü distinguish between thern. 

angle & axis nncntatilll1 
name Euler angles 

of rot:! tion relation 

Bain (45°,00, W) --l=)' (100l ( ( UlO),l 

[100] [01 H, [00 ILl. 

Kurdjumow- t84.23", 48.19', 84.2;3°) 9O- ( 1 1 ll'( (lI0l...1 

Sachs [11 ~J [1-IUI( lI-IlL 

'\"ishiyama- (80.~6c. 48.19n
, 45") not (111)( '/(110l1) 

WassermJ.nn Integrnl [ 1 - 1 () 1 ( IiI 0 () 1 ],1 

Greninger- nnt betwl'cn 

Troiano intcgral KS and ~\V 

Pitsch (80.40",45.82°,13.6.1') nnt (110)(,/(112),.1 

integral [ 1- 1 0 ] y li[ II· 1 J u 

IlI.2.3 REPRESE0TATIO:';S OF A TRA:';SFOH\l.\'1 j():'; LA \V 

Expressed a~ a rotatiun ilg, a tran~f(jrm:lti/ln 1:1\1, m:I:. tltu:, ht, ff:Ii/"l"1cntpd ln 

Euler space or in two-dirncnsional projectj!)n~. in:l v(~ry .~ill:lbr m,lnner :1'-, O[)F'~ 

the three-dimE:tlsirmal nrient:1Lt011 trnn"fllrm,ltl·,n fll!1,·t.inn· -- - --- - - - - - - -

.'viore generally. 3. continuuus di.:::.trihUL:on i)f ,:}; 1"1I(.1!11)t}" :Ippl'.:lll~;; '.vllh .1 

probability \V( ilg) will nuw be crm~idercd. :h prIJ;Jlhl'r! i 11 p,lr:lL(r,1{'h III 1 ~ 

Accordingly. tht! :'IIOD F IS;) den:-,Ity fu rll'tllln ut" thl; l'IiI". t.; n III JI: , \"l ri:lbJ... :.i ' I:':.!,. ~; 1. 

ln the same m3nner as the OUf I~~). :lnd t'an thu: bl 1);lJttt>r! in "" .-r.I'!ill!1'-," Cllr 

instance. Figure 3-6 shows the ~~·..,ectl!in P:pft:"('r1LIU(111 IJ!" th" :\10I>I' rllr t.he l\S 

relationship. It must be rememhel'f.:d. hl)',vl"";f:r, th.lt :n th:.., CI-/' ~hl' flllldif)n 
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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) me ans that the (hkl) plane in the produet is parallel to 

the (001) plane in the parent and that the [uvw] direction in the product is parallel to 

the [100J of the parent. Thus the indexing eharts that have been published for ODF 

analysis [29] ean also be used to assist in the interpretation oDIODF's. 

l' ~' 1 

~ ~ 
~~-'~-~-l 

1 . 

Figure 3-6 : ~2-section misorientation distribution function for the KS relationship. 

two-dimensinnal stereographie projections: 

The poles of the Ct-crystal in the 'Y refer~nce frame or conversely the poles of the '(­

crystal in the Cl, reference frame can be represented using the stereographie projection 

technique described in paragraph II .2.2. The principles of their calcula tian from the 

~IODF are given in APPE='iDIX E. Thcir relationships ta the ~IODF :.1re analogous to 
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those of pole figures and inverse pole figures to the ODF. As an illustration, the 

densities orthe (111) y-poles with respect ta the Cl-rcfcrence frame and the den~ities of 

the (111) o.-poles with respect to the )'-reference frame hnve becn plotted fol' the KS 

relationship and nre shown in Figures 3-7 (a) and 3-7 (b), respccli\ ely. 

<001> 

<010> <100> 

~ 
FiID!re 3-7: Densities of (a): the (111) y-pales in the a-crystal, 

(h): the (110) Cl-poles in the y-crystal. 

These representations are ofpractical use \vhr..:n the two pha!',e~ .1re stable at roum 

temperature, for which one can study the transformation law by comp:.lfing thL'm 

with theoretical figures. In the present work, however, the orientation relationships 

were assumed ta be known, so that ~ODF's and their two-dimcnsionnl projections 

have not bcen used extensively. 
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III.3 SYl\IMETRY CONSIDERATIONS 

Equivalents ta a given orientation, resulting From the combination of the crystal 

and sample symmetries, have been extensively reviewed in paragraph II.1.3. The 

present con~iderations will thus be devoted only ta the presentation of sorne 

syrnmetry problems, introduced in rI .1.2, il! relation tn the crystallographic laws and 

their impact on the study of transformation textures lhrough the variant selection 

phenamenon. 

1II.3.1 VARIA:\TS OF A TRA0;SFOIDIATION LA \V 

definitions :.lnd vocabularv : 

As mentioncd e~Hlier in paragraph I1I.1.2 and illustrated in Figure 3-2, because of 

the symmetrie~ of the parent and product phases, an orientation reL:ltionship 

between crystaL:, of two phases can be expre'5sed in as many as NY~CL 

crystallographieally equivalent ways, named variants of the law and defined in the 

general equation 
j.f! = Sa ~(j" (Sy)-l (3-19) 

- IJ 1 b Il J 

\Vith sai and SYJ running through the rotational subgroups of the Ct and y symmetries, 

respectively. In the case of cubic-cubic transformations, however, the two subgroups 

coincide and l'olbist of 24 èlements denoted (Sli)lE{l 2-1}. Equation (3-19) then 

simplifies ln to 
j =sc ~r ISL')-I 

g IJ 1 g Il J 
(3-20) 

Again, in e4L.~ti'ms 3-19 and 3-20, the rotations I1g lj ma)' not be aIl distinct, sa 

that the multiplieity of the transformation law (number of distinct variants) can be 

reduced from ;.; ();:t ta k, where k can be drastically srnaller than ~YXCl. In particular, 

two variants dg.) and ~gk! \vill be said to be equwalent when an initial orientation 

leads ta ~wo equi\alent final texlure components, i.e. if 

(3-21 ) 

and ldentlcal \vhen these two components are indeed the same. For simple 

relationships, e.g. Bain's, ::3ymmetry may reduce the nUlnber of distinguishable 

variants still further. The maximum number of distinct produl't orientations whkh 

can result from a single starting component is then proportit)nally 11)wered. It is 
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worth noting however that this number is not constant when the initial orientation is 

changed, but merely de pends on its own multiplicity (24,48 or 96). 

graphical illustration of the definition ofv:::.riants: 

Symmetry problems concerning the definition and use of the varianb of a 

transformation law are illustrated in Figure 3-8. From this figure, relations between 

1 
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Figure3-S: Graphical illustr~ltil)n qfthe definition ,)fvarianh. 
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different reference frames can be readily derived; for example, KYj and Ka
1 

can be 

linked in two ways, namely 

(3-22) 

so that 

S" -1 ~g = ~r.r (') 
~ ~ II J (3-23 ) 

the two practical ways of determining the variants: 

Two major ways of defining an orientation relationship weI e introduced in 

paragraph [Il .~.1, namcly a parallelism condition or a rotation. Correspondingly, the 

variants of the relationship C1n be derived using two different procedures. 

(a) If the law is detïned by a parallelism condition, this can be interpreted in 

the sense that a single y-orientation gY l is said to be transformed into a single a­

orientation gO l' Among aIl the pn s!3ible con.ditions of paraIlelism given by the 

transformation Iaw, any nne can be selected, which is then considered as the 

reference tlg l1 : e.g. the KS relationship can be seen as a {111}y<110>y, say 

gY 1 == (111) f[ 1-1 Oh, which is then changed in ta a {llO}a < 111> a, say gO 1 == (11 O)a[1-

l1la. The transformation matrix can th us be ohtained using equation (3-1) 
~(T=.j11 = ,JO (rrl)-I 

'" "11 b 1 b 1 

However, there are :';;Y indistinguishable symmetrically equivalent ways to 

choosc gY :ltnong the gYJ == SYJ.gY 1 and ~Cl to choose gO among the g:::t
l 

== S'\.gCt l' The 

othe!' n·L!ti')!1" -the variants- are clccluccd from lIg11 by taking inta aCC'(Junt the abuve 

mentlulh.'d ':' rnm~trical orientations, sa that if the transformation is naw expressed 

in term::, of ,; IJ ,1nd g:l, instead of gY l and g:ll' it appears that: 

,j,,,=- \ .- ~'] (rrYJ-1=(SLI an) (S'- 5'1),-1 =(5(1 a) ((T\)-l (S'I)-l) 
~ - " ." J 1 Cl l , J b 1 1 5 1 .[; 1 ) 

and 

(3-2.5) 

Equation (3-:25) is identical to the equation proposed in paragraph II!. 1. 1, \vhich \vas 

derived d:rectly from Figure 3-2. 

Ifcubic-cubic transformations are ta be dealt \Vith, equation 13-2.5) ean be gi\en 

somewhat simpler forms. \vhich arc easier tü interprct .J.nd ta compore. As (S' )1- 1 2-1( 

is a group, in the mathernaticnl sense of group theory .. :my of its elements S'I and S'j 
can be related by relations of the following type: 

Cl "cl (3-~6a) 
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or 
(3-26b) 

with 
5 C.:::I.),)-1 (Ille! S'·- S,·)-t 

r r • {' - (. 1 ( 3-26c) 

It results therefrom that L'lglJ can be expre~sed respeetively by: 

~<1 = SC (Scr .:, ) (.'1'-) - 1 
':> Il J !? 11, 1 

and ( 3-27a) 

or 

':'g = SC (.':.1{ S'r') IS') - t 
Il ! 11 

(Illd 
, r' ,-,,', " .. t) .... , 
-l'! = 1, .J.; II 1." 1 .1/ (3-27b) 

It can be seen From equatiun (3-::~7 a) th~l t .Jg J 10.:; ('q III v:lll'P l tn S'j L\gll .(S' J) t. in the 

sense clefined by equatioll (3-21). ~I) th~1 t the lllullipltcity (Jf:1 n,hic·cubi\' ol'iE'nLiliot1 

relation is reduced from ;.;a;.; (=(:-;')"=2-1'=.=)'76 in the gcneralca..,e tn ~'=24. The 

set of U~gIJ)IIJ)E{1 :\c}! is thus equivalent to (ôgIlL· '1 .... ( • which C:il1 hl' denntecl as 

(L'lgJIE{! :\c}. In other W01'(I::,. for S' J fixed, the~' rota tions S' l' i'Jg Il .( S' ) 1. '.'1 i th i t { 1..2.1}, 

are equivalent, in the sense of l'fIuation (3-2l). hecal1~c tlwy give hirth tn the same 

final Ct-crystal. Olle can thus say that thcre l'xi~t ::\' !:Jl'ls of ~ eq U1,,:lIult rota Lil)ll~, 

(b)Ifthe law is dcfinccl by a rotation, u;:::u~lIJ with the pal'allletl>t'S (rI,l\w), the 

transformation matrix is given by ~g= Dg-(d,~w), :IS shnwn in Tnhll' 2-.1. This 

parametrization only applies to tl'3.nsfornwli!)r.~ fwL'.','l'l'n cr) -,tab with idcntie:t! 

types of lattkes. as in the cubic-cubic case. 

The matrix product H . .6g( d.L:.wUI l, w!1l're IIi) :111,)' IIILI tlt\ll rll,llrt:\, dues noL 

change the trace of the m,ltrix llg which cleu llè::' the :ll1 f) t~ .\(.1). i t ,,!l!';' :11 lI' r.., t he a ".;:i ~ uf 

rotation which is changed from cl to d' = H.c!. 
In the case of cubic-cubie transformation::>. iî Hie, a syrnmctr:, (,l''Il~1 l' t Ilf lhl' cuoie 

crystal. ~ay S"I' d'=S'I.d is an axi~ of rot:üÎnl1 ~ymmdrie,lll:: "qUI\.:!, :ll tn d. und 

~~(d,L'lw) and ~g( d',t,w) = S' I.t,g( d,t,uJ) (S' :) 1 with d':.::: S' 1 cl :1 n~ t\\ 1) v:trI:t Il~.., \)(' l'lng i ng ln 

the same orientation rebtionship. 

To obtain aIl the v8.rianb of the rebuunship. It thu.., ,:>uffïl'l':' lI) h,t\(' S' 1 vary 

within the cnmplr:te r()t~lti()n[l1 ~Ilbgr()up of the euh\(' crY',Lt! ":;'1l1fT1l'lr'::, '-,1) Lh:ll 

d' = S' l'ct successi ve Iy ta ke~ ,dl the); pn::,i t!IJn ~ ';:,'..1 ;11 m'.'ll' i c:d Iy 1." ~ I! l', :d,_' n t tll d. 

independence ({the ':''''i.1 rnnIe refep:ncc fr';;:!~IL~ 

From the illustration 'Jfth,.! d'~unltilm nf\':lri,lnL ln F:~urr: :3-,'1. it 1:~111 he -,,:t:n th,ll 

the sample symn1etry clf)e~ nrJt play (j mIe ill the ddcl mln~llilJl1 Ilf tlw \'an:lnL::. "f Ull~ 

orien ta tion l'ela tionshi p The fo rthconll ng dt' ri', '1 Ut'n i,r{)v.;-.., th 1 ~ o!J,-1.'l "cl li (Ji) 
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+ t.g1j has been defined by I g01= 16.g1J.lgYJ "vith respect ta a sample reference 

frame, suffixed 1, K\ 

+ However. one could imagine defining it \Vith respect to another reference 

frame, denotecl K". , for which ~gal = kt.g'J.!.:gYJ. The orientations J..gCl I and ~gYJ can ... 
be expres::,ed Q~ funC'tions of Ig<\ and IgyJ, respectively, by ~gCll=S.., .... lg'\ and 

kgYJ=S\.lgYj, sa that: 

( 3-28) 

It has been pointed out abovc that for a given symmetry rolation S\ ' the 

traL1sformation matrix S'j.. Iflg,J.(S'...l1 is a variant of lûg;: thu:5 thCI\.' exist indice::, u 

and v such that : 
l~g = S' 1~1;' (.,\,)-1 == k~'r 

• lit' k '1)" .., ') 
(3-29) 

The only mfluence of the cholce of the sample reft!rt:nce frame l'i thll.') to modlf.r the 

arder of appcaran ce of the Garlants. but not thclr uz! ues 

the two ways tu take the y-symmetry intfJ account ~ 

If one now applies the transformation t.g ll ta an initial orientation gY I and 

considers, at the same Lime. the equivalents of the '(-orientation 
ct \ - s' ,-, 
'"' J - • J - 1 (3-30) 

and the right-h'lnd sicle symmetry orthe tran~f'Jrr'ation 

~'J =~r (S'l-i 
" h ~ Il 'ri (3-31 ) 

the re~lliti ng ::t-orientation gCl nJ is gi ven by 

ua == ~g 1[\:::~" ((8 1 1- 1 S'I ,,'f (3-32) 
b ~J - l 'Z) .., l! 'Z J ~ 1 

As S\ and S (, ru n through the \"/hole rot.üion .. ll subgroup of y-symmetry, \\ hlCh i:::. 

et group. (S"(.) 1 s"r J is also an clement Ilfthe subgt I)UP and l'an thus be writt~n as SY" . 

so that gCl, J = ga. ~ = 6gl1 . SY ~ , gY l' The result is thus glohally the S:1me if the 'f­

symmetr) is expres:-eri explicitly only once instead oftwice. 

Finally gcz," l'an be lnlerpretcd in twu different but idcntico.l ',\a)s, as far as the 

final rl'~lllb ~ln: concemcd, 

l::,t \Vav: g\ = j.gll,(Sl ~,g\) the ~-orientatinns are de:'Îved from tine \ariant 

of the law etnd aIl the "f equivalents, 

2nd wav: g'\ = (lIgII'S'f)·g·(1 the a-orientations arc dcrivL'd from ,111 thç 

variants of the 1,.1\'''' Jnd nne ) equl\'alent. 
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The 1 st solution \Vas retained by Bunge [30] and h,1S :1bo lwen :Hinpled in the 

present work, unless otherwise mentioned Thi:s ,Irbi!r:lry c111)1CL' cn:1h\('~ lhl' 

symmetry uf the y-cfystnl to be amitted in the \IODF, \('(Dg),.\\(~g), \\I1\('h 10. /111 

lon~er symmetrical on the righ t-hn nd ~idc, :1::. poi n kt! ou t \., 1 Lh /C"PI'I't III el! 11.1 li 1 III (:1, 

9). WU\g) then takes on a maximum valuc ~It ~gll :111(1 i., l'l'l'Il .Il ,111 tilt' oLlwl' Dgl,,'S In 

terms of idea! orientation relations, il is I1fJW ~llfiïl'icnl III ('hll()~\~ Jlhl one oC tlw 

variantê.gln's, say t:.g ll , 

Another pos:,ibility wuuld have been ta kl'ep the rii.{ht,I:,I'ld -ldc' ~~lJlnlt.'lry Ill' tlw 

.MODF and tu omit the cl'ystn\ ::-ymml'try 1/1 the i/;lti.!1 (l[JF f', \,,1'1('11 '.\\luld nu 1111l~èr 

have been ::,ymmdriC:l\ on the left-halld ~Ide, i-' .(, IL 1" l'\ldl'Ilt !.lut thl:, dllli~'I~ 

would have becn le~s :,uitable t1wn the filst (J!]I', :1', l"'I'I'rtllll':l!.!! ,l'ld l'.t1L'ulatL'd 

ODF's do fulfill thi:" symmetry, 

B, KS and ~\V_~_~!i:1nL~,~ 

The above consideratlO!1S are ur illtcre~t IWI':llhl_' (Jf lIwir :Ippll' :Illllll t,) thL' ~tlldy 

of the fcc-tu-bec tran~.,f(Jrrnatiun ln ::,tceb and Irun-b:l't,d :111(1)' 11 /"t'l,I' IlrJl'nt:llHIIl 

relationships have bcen determint:c1 for thi~ l':t~l', :h /'l'Vll,\\,'d III :,j'('tlll!l III :! ~ It i'::> 

the aim of the paragraph~ tha t follc)\v tl) dd'i nt..' th .. ml Il 1 ln li III n \lm1)1' r Il!' \, :1 ri, \ n ts \ Ie~ .... 

than or equal tl)~' = ~4) for thc~e rel:tti(Jn~hqi-' (Ij, KS, '\;\\') 

(;1) number of varianh from the p,lI'.dl\·li..,1I1 ('OIHlitiofl": SL:lltllli: ',VIth II/l" 

relatiun~hip dcfined by its VlI';tllcli ,Ill "I)/Hlltlllll th. t):Jlt l " ,111,1:' l, 1':lrl i" 1,t,Lllll".] 

by having thl' plane and dlrCl'li"11 Ill' t'lth.'r ;']l.I," ., Il:, "\Ithl:\ t!l' il ,\'h Id 

symm/.:!lric:t1 pfl:,iti(1r~:" Only the fJ():'ltilJll,) th:lt Clllfïll th .. fl/tl1tl,,"I\:I!lty l 'l/](llllflI1 

"plane Lrlircl'tion" ::ll1d lead LfI di:..llnct P/IH1'1l't III if'nt'tll'Jl, ,11'1 /l't.tlll! ri l'hl' 

resulting nUPlhl.rl)fvarwnt~ Î:,::,hown ln T:tbl .. :~ ~ 1'>1 d,' Il''''' li 'n ["!/:'.tUflll 1:1 .. ,,-, 

atstakc,The fïr::.tlntc';l-:rgive:,the nUlllb,_'r"f('r: . ..,t"')",,I,q,l,;, ,II:. 1"lllll,:I!"ntpl:I/" ". 

of a certain type În the phu~c, whcre:t, th" ',!" :1': l:H"~:' r; l!,,' nl!l1llwr Iif 

crysU:tll n6raphil';dly cqui'.'alent dÎrc!'ti(In~ ,,:':! l't':: 'ln ljl-' l~,ll,,~ 111 :11" 1'!ll'f'di'i,; 

plane of the .:oflnw ph.hp 

(bl nu ln hel' of \ al'Îan h fl'om tlH' l'ol.ttiol1 (ri. ~"') : \\ Il' :: t:)I> r, i: 1 t;, ,n (1"Jilll t: f i11 

i:, employed, the variant!> I)f Ct tr~tn::.fl)rm"tj')r. 1':,,1/ 1_';111 rw d. r ,',,'d Ir cl .{ (( (" 1'.,·1:; 

take!:i al! its symmetnc.:ally cqlliv~l!!!nt I)(i.::lt!fJll" k,"·pln,.;- III m;lld t!l:lt ! :', : " ."n flf :,_ 

around·d is not identical to a r f )t;1tllll1 I)f L,r~ ;\/'f)llnrl d uni, ,f'..'J.J 'C -; :',Irl, 1 ,~,I) ,Th . .' 

n:sulting n umher of .... ~Hlan b 1:' ;,h, Iwn in 'LI hl!: :1-:) f. Ir th" ..,;l:1l!' tJu',.'" t:,,)' ,f, '1 'n IL'JIl 
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orientation parallelisrn 
::-';umher of alternatives resultin~ 

numbèr of 
relation conditions 

y pha~e Q phase v8riants - ~ M' ,.,m-:Jl:Qur t"..::7l~,IIIC.'\WU,1IRni' ~ 'Tlo8fiiIIr T:JIJID u.:an_ ......... _ .... 

BaIn (lOO)y i/( 100)a 3 3 
[OllL 1,[OOlL 1 l 3 

K urdj Ut<1I)'.'!- (111)'f ',(1l0)~ 1 6 '"% 

S~Il:bs [l-lOh, [l-llb 3 2 

t \\ 1 n -1 el, tt l 'd \ dl 1 d n ~ , v 0 X2 2-1 " ~ 

:\ ishi) amn- ( 111\.( ( 110)a 4 6 

W 3::3serrnann [1-10h /'[OOlL 3 2 12 

Table 3-:? . :\urnhcr (JfvarÜlt1b d('lcrminccl [rrlIn the parallcli~m conditi,1!1:-,. 

bws. For the :\\\' case, \\here hkl dues not hav~ a simple mlegral value, only a 

multiplicity of 1:2 distinct variant::3 arises from the 48 possibilitie::" dUè ln the fad that 

sorne of the rotations are identical [27]. 

orient:ttill!1 relatiiln angll.' of r!lt:üinn axis of l'lita tioll numher of\ariants 
:.JIlI!r.l?Jr""~"",~.~~.:x&. ~~~~C!lQf'1~""''.:J ~",.-..::..a~~"\o...",""""CiI.nl.-r lL~~;w.c.~....,...:J'f..lFICI':uA' 

Bain 4- 0 
0 (lOD) 3 

Kurdj\lmm\-

Sncb.., 90" ( ll~) ~4 

-
:-: ishi) an:,l-

\VaSè)er::lann 
9- ')~~ 0.- 1 (hkl) 48 red u\:ed tn 1 ~ 

Table 3-:3 ' :.: utn be r uf vQri an t::, de terml :1C'd fI urn \.hl.: ;'ut a tion cid'; 11 i tion, 

The llsts of the v8ri:J.nts of the B, KS and ":\.\V rebtion::3hip.:; are .{i\ en ln 

APPE); DIX ,\, bu th in tenns of their Eu 1er angles (,j!> l' ;j ,!l, ~ ~ 2) and the ir a xis cl d ne! 

:J.ngle W ofrotation. They are 3olso represèl1ted in the :\lODF framewnrk in ,t,-;:,,=ctÎpn"i 

and ?t-sections in Figures 3-9 and 3-10, respectively, 
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III.3.2 VARIAXT SELECTIO~ CRITERIA 

MartensIte formation is generally accompanied by a change in volume and a 

transforn11l.tion shear ~o that the course of the transformation is likcly to bc affectcd 

by the elastic and pbstic defnnn:lti()!ls which result [rom thC5t' phenomena. 

Depenciing on the inhomngr:nl'itics in tem peraturc, strai n and in i ti ~ll mit r()::,tructure, 

as weIl as on the physical cunfigu!'atiul1 'lf the ~pecimen, ::,orne v.\ri c:.nb l'an be LIVored 

over others during transformation [31]. Exrenmc:ltal c:vidence for' ::,uch :::election will 

be reviewed in ~ectlOn IV.-L SUllle l'ule::, or CrIteria for \ arian t :,elcctio!1111ust ther t'fore 

he pu::,tubted, and in orcier tu be :--uccC'-:,slul. mildels ofte:,turc tr:lnsfurmatÎm1 th:1t crIn 

also take into account the relative wcight::. of the different variants arc needcd. It is 

the alm of the present paragr:lphs tu givc bl ief de~cnptinns of ':tome of the important 

models proposed rccnüly. 

the sh.~ deformatil)n (SI» rno(h~.L 

Becausè rn,lrtC!1Sik form:lti()!1 invulves a ::.hear dcful'm,üiul1, therc is ~n extt.'rnrll 

shape ch~)nf,e in the presence ufprl'fcrred ()rientati()n~, and this has been n:garclcd bj 

Patel and Cohen [32j :\::,:ln influcntifd factor in \-ariant s.:lection. They con~iden.:d 

that. \\-hen 3. unit volume of the parent austenitc phase is transforrncd into 

martell-,ite, the work clone by the applied stll~S can be r~sol\'('cl on the habil plan!~ 

and th,.' n(J!-mal ln th~ h:lbi~ plane [1::,' 

( . 

whcr.: 

=- \ l'Ii, f) '.11, \ - <- 1'1"- U 
rJ fI 

l~ = \\ or~ done 

c -- appliecl strc~~ 

fI. 

Eo) 

e 
,\ 

_. 
-

- , -

tf)t~11 tran::,fllfl1wlÎ()l1 !:-ht2ar slr:lin in the hC\bit plane 

tut:11 tran::.form:1tl()t1 ::,train normal tl) the h:.thit plane 

an;;lc betwecn the hclbit phne norm,Jl and the stress :rds 

angle betvv l'en the ~bcar directiun and the stress axis 

(3-33) 

This nncll\::,is h~lS OCCI1 extel1c!t.·d r::;3-:3{;~ to estim~lt!: the effl'ct I)f ~tre~,,:; 'm t l;..: . - , 

formation uf a particular Ct' \'anant : the brger the '\. ~lue of U Cl, t;he more tht' ~lress 

aids the formnti,m nf a parti,:~llar Ct' variant. How~\'er. wlH:I1 comparerl. tG aL'tual 

martensite tc'üures, tllf2 ~D mldl'l has nut been round ~uit.tble for v:lri:1l1t :>ell'L'ti,lI1 

prediction 
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the BokroS-Pclrker rBPl model: '-------
The mode 1 sugg-cstf'd hy D\)kros a nd Pa 1- ke r [:37] ; s bascd Oll Lhl' i nlt-r:ll't if) Il \)1' ;, Il P 

system.., and h8hit pl.1nc varicll1b, In:lll c:lrly stucly ufm:\rtl'lhill' b\lr:--t t'llrI1Llti')!l ln 

straincd Fe-Xi :,ingle l'l"y~tals, lhe:; l1()lircd th:1L the fav()red v:tri,lllh ',\.l'I( lIlII'" 

whose habit pl:1I1(;S \\\:1"1.' Iw,lrl:. IwrpcndlL'uhl III tl1\' :ldivt' ~lrp p/un,', l'ild\i'f' t'I;;, 

the group (]f \'ClriDnt.-i that h:\d h:lhit pl:ltH'" Wbldl \\'l'rl.' l1e,Jt Iy )Jt'rpt'ndil'ul:ll' III the 

active . .,hn dllo'rlLul! \\l'n~ sUI)pr('~;~l'd Thh 1)\'11:1"1\)1' \11:1:, ~ll~~l"ll'd lI) be a 

con5equcn,:e ilf tllt: ani~,)troplL' _,uh~trllL'turè Intrt,d\li'l'd dllnn"~ def\lrm.lli'll1 T!H'v 

further uh':>t.~rvl,d that, dUl'ing m,lrtL'll~itit' t:',l:l ;'tlrm,Il!IIIl, tÎlf.'t'I' CXI~t :1 !I11,t'h:lnÏL':d 

stimulntilln IL'lluplinlc,) bl'lwL't"l v:1I'I:lnt;, nI' the l;,dHL !Jhrw th,ll :1/" ,.,"llllf't:Ît':l!I) 

orientl~d SUdl :hat tb0 ~tre~~ indut't'd hy the tr:ln::.f,l! m,ltill!. 1111 "nt! ald'~ 

transflirnl.ltilJn 0:1 th • ..' utllers Such a medwniL':ll ,Ill tfll':lt;t!y II 1 l·iTt·1 t \\,:'-. r'''lIl1d tl) he 

restrictcd to the set of four 11t.':lrly p,1/'allpl pl.ln(~~, wlw"'.' l'IJII", :'1'1' l'ltl ,'l'lo'r! :thfl\ll ,l 

common [110J (clilC'Ct!ll/l, It r.II"l·ly cxtend::. ()u~"jd(, the' t;1'I111p III th" Ilt!ll'l :~() Pllt, ntl:d 

varian b of the habi t p \;\ Ill' Tb lb, th is III 1 Jde 1 :1\1 tor:1:t tll':d ly ll', \I!.., tll .. ,\ 1 I:lfll .:--L' IVI'llt 1 11 

during rnartensilH' tl':ln"fJ!'m,1li(ln ,Ind ha..., h""Il ~1Jppf)rt,'d h) (Ith,·! ,tlldl._'" l:jS.:Yl]. 

However, :systt'm:1 tic d,.' /ia ti 1 :Ih fr' lm tl\!' prl'd Idlllt1:- Il:l \ \' :11 -1 J IJI l, t1 "l,· l'II, 1 d : 1(j] 

the_:lc:..t~~~ sJ i il 'i.:~~eJ]~ (l'\~! ~!}! Ir1e):~ 

In a numher u[ in'.c"tlt;l\ti,)n.., [,~n--\:1l. 'v:\!i:\nL ::-.I,kl·llld1 h.\·, b,', 111\11;':"'\ LI) tl-1L' 

active sllp sy'itl':'h in the '{'plu'.t' :lnrlll1 !I.1::"II·U I'I1' III thl "hp ',..,tl (,1 Illlj, t'l<:rI tl) 

the Llrcif'::.t ~h(',ll ~tr(", (', durÎng ri)lllFl h Id,'I: tll tr:li1~fflrl:1.II!f·fl ÎI." \ Ili:!nL~ 

produced \vcre tho'r. ','Ihldl "IJIlLl'n,_d, lil til', ~I Il [, ::il.ltillf! ;!'l.ltll,r:,~f.lp, th",t' -:lq, 

systems which ,>u;'L,lil1c'r! lh~ rr:.t\imUiJll'l.'-II]' ,'f! ,h'.11 Il''-,, d'Iri!:~: Il''llll'..~' ll:h::lI11 

et al. [·14] prop(J~l'd th IL tb· llllCk,ltlll[) fJf th· '11.1: 't':1 ':t,· \:11 ~ tl,l ',llIlk ;>1:11'\' Illl th ... 

shear on eaL'h ':lj~tem, This dclin'_'::, 12 IJr 1,) \;'lïdllt-, l'III' ,ln) ":',, Il Ilrl"nLltJ<ln 

accordine; tu the therlr:, 1)[ p,)lyay::ot:lllin(· dl!"'I!':' ,1l1')!l rlIJ.: tl) Bi h li' ,lIHI llili 

Predictions of the mar~,'n;,ite texture fI (lm th, ;':11','1: t. :~ I! <l'n J t,l' ~"'(~I: 1'" 'I:,', JI i "1' 1 li ~ ~ 

the ab,'J\'c variant ~,de<tion crilt:ri.1 ha\'t_ .,'·:~""l:l~, l'I ...... ultt·r! in l, ',u:rl~, "',tth 

acceptablt~ ~lf;rcemr'nt ,\;th experirn._'rlt. but th, 

expèrimental on es [-l-I),-FIA6~, 

the twinnir.=-il]'..':lr (l'SI mlld~LL 

The twinnin:!, .3hl':ll' m lJlel 'N3.S pr()p()~.,:l b:/ Ifl h'i I:t:tl :rï!, ',',':1) I;Ji,lll'd .. 

d' '1 l '1 1 ~l' l~~' C' 1') '0',' i 1 lrectInnn. èxterna "tr':"., ~() slI1g e ITy,>ta ..., 1 Il ',> , ,', l""J ,), ,'1 III I::.r Il'',' ~[lt: 

1 
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martensite transformation. They found that the direction and sense of the appliecl 

stress nffected the relative population of the a' vari<1Dts and propo~ed that the first 

shear (i.e. the twin-forming shear on the {11l}<~11 >y system) in the duuble :=,henr 

mechanism for fcc-tü-bec transformat.ion i::, Ll1l' delurnutitJn which gcb 3ffectcd by th~ 

applied stress. Kato ,Incl :\InrÎ [:)5,86J abl) examirh'd the pnS3ibility that thè .lpplil'ci 

stress mainly afîel·t-; t1w Bain deform,ltion by calcubting the Interaction l'ner;y 

between the ~1tJpli,'(! ;"trp ;-" [lnd thè Dain str,lia .me! ,_,h~(ln(:d th:ü their r~'::,ub) L'lJuld 

be explaint?d \~<J.l.l.l! 1:: ', .. dl hy both me~h,)ds, Thi::>, ~1L'L'f)rdln5 tl) thom, \v:1;, nl)t 

surprisll1g :c,ir!ct:: tIll' HJ 1 n deF, 11 m:ltil)!1, ,,v hidl may h·~ l'tlt1::-.ld-:; :'èd ,lS th--:: ln j'_ul ..,ta;e of 

m~irtcn~ite f"nn::tl"!J. ;n:~y be CIIt1StrUl,d:1::, duubl,..' ::,he~lr ,1L'('()1l~pal1:f'd by ;J Ilttle 

exp~1l1 sion ,,1' thl' parl_"it y rr:,l.:'c [:113;, Th LIS the Bain stl\lI n and the t.\ Î:Hlin~ sh\.::I1' of 

the douhle ~h'2~1t· 111l.:l :L~I~I"m buLh ~(un to have the ~,~unè dirèL'tlimali~y [-1.;),;. 

the B:1in ~~1'li'1InS) m"dpl 
----~ --- ~---~ ------- - - - --

The H~lln st!'.lIn m,)(kl pr'(Jpu::eo by Furubajn::-.hl et ~ll [-1::>,lGA8,-10J is b,l::,erl <ln 

this findlnt;. The com}·rè::3;:,1\1n :1".:Îs 3s~oci~:ted with tht~ IL:ll1 :-,tIain \\a~ tt:rnl! cl the 

'Bain CUl1lprl''):oiIJn ~n::i:.: nI' BeA and, for the 'l'-tu-Ct t:·an~fu!'t1t.l.tl(;n, the BCA for eL1(h 

one of thl' thrl'c Ibin \'at'i~lnts IS parcdlcl tn th·~ [OU1;, lOIn] or [1001 JX1~ I)f thl' 

austenitl'. If ~ln o'.:ternal comp1'l''-lsivc str, ~~.s l~ ::lpplil'd 3Ions the t{J(1) 3:.:i:3, the 

vari~U1t ha\'in~ [001! :b the ReA '.',ill bè ~lssi~tl'd more effcctively by the applit..d 

stre~s lh:ln the I)tht.'t' tV,1) This, nfC(lursc, Ic~t(b dlll'l.·tly ti) vari:Hlt ::,elc'ctlun. The ns 
m,)(lL'! thlh p,/';~::1:1tr_:::, th:lt U1t_' Dain \·lri.ln~ th~lt 1::, :,clet'ted is the onc that ',\ illl'!.lrl 

tu the m.lximll.:1 \\"r~~ bt'in;..i don" by the ,lpr11ed :-trr>::-.5 :1;,li!l'"Jt thl' n.lin str,-:in :-1.9]. 

that i;:, to the 111.1· imu rn WB ,,··,-i th 

(:1-31 ) 

\vhl:'I'-:' ~ is ~hè ,ni tl r:!t,,) of the Dain stralI1:::' -s~ SI and 9 13 the anglc bL'tWL'l'1l lb: 

BeA anrl th", riirè<'ti,'n ,)fthe (ompre:'isivc str'~:::s. 

T',vl) mode:;:; ',,,ert.? rropo<,ed by Fllrub,l'y~l ... hi ~-i8: ' 1 ~ll a 'stt-ung :=,elt?ctiot1' n;()dcl i:1 

which lon!y thl' '::lriar:t that h.ln the m.IXltllllE1 \Jluc I)f WU '.va3 ~elel'kd, and (hi a 

'',',eétk ::-d(;C~l()n' m(,c:t,l. ~n \vhich the Val'l:lllt ha\in~ the rnit;.imum WB W,!;:, Ïir::,t 

cho'3en and tl1·:n ':ne nf the \)ther t',I,'O 'VUI1:lnb 'S~1'" sel'2ctcd in a r,lnc!ll!11 m.lnne" 

Sirnubtecl. pole fi~'.lres, dr~lwn ~1::,~tlml11~ sl'kL't.iilt1 Ilf the US type [-t9]. .. vere f'~und t,) 

correspond. very \'vc11 \Vith ,~:q:el'!mèntal p.dc fisures fur Fe-:'\i m,trtèn':;ltil.' ,llln\::, 

inheri ted from .:nneali!1"'; 1)1' rolling texture::, 
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the geometrical parametcrs 1 CP) mnd(,'L 

Recently Humbert ct nl. [501 rcported th:lt, il'l'e:-.pel'tiVl' (Jf tlH' al11llll11t nI' l'nlling 

reduction in the y pha:5c or the annealing tre:ltnl\'nt pri,)r to tr:ln::,ft)rm:ltilll1. vari:mt 

selection was particularly strnng ~lnd of th\! :,:ll1l(' typl' III :\ l1umlwr uf Ft' :~\l';:'\i 

sheets but that the dimcnsion:ll p,lr:lrlll'tCIc, oftlw "',l!llplt,,, Wt>rl' :lhk li) IIlflUf'lll'l' LIli' 

mechanism nfvariant selcl'tinn during tr,lll~f,)nrl.lti"rJ Tht'y PI)::-,tul:ltl'd LWI) Il1IJ(lt,L~: 

model!: the seleded v~lri,1nb are thnse \\'hlt'h Indu"I' m:I',lll1\11ll dd/l1111:1t/fl/1 :llollg 

the normal direction üf the shect, whl,'h ":!lnt,lÎn"- k'\~ ~,Llllb :11.:1',)"" the thll'knl'::-':-- : 

mode12: the ~elected v'lri:1nt:::. :l/'l~ th()~t-' wLl\:h PIIIt!L.I'l' lh" /lllnil1lLl/ll c!t'fllrllldtilll1 in 

the plane of the shed They f(lund the bi".,l :!~rl'l'l1lt'nt v. :lh t'\PI'I ;llil'l1l Il::-'111;'; thi' 

latter mode!. 
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IlIA METHODS OF Sf;\ICLATION 

Two categories of relaLions were e~t:1blished carlier in this chapter bcLween the 

textures of the t\VU pha'Ses 111vl'I\ed in n transfonlwtion : (i) a cl.i~crete dcrivntion of 

individual orientatiun,., ha51 .. :d to eqlwtÎon (3-1), (ii) a clmtinuous point ofview, on 

the other hand, ha~ re"ldttcl. in a series of equatlOn:::. From (3-::~) to (:]-l1) as 

consequences of su('ccs~ive ;,te ps uf generalization Two kinds of prediction methods of 

transformation texLures can thcrL'fore be developed \)/1 the basis nf the~e two 

approaches, '\bl~, irrespectiVl> orthe typ-: ofmorlel. thé __ lbo\'è equ:ltiOll::> always relate 

three functiol1~: the inlti,11 te\:ture, the transfunnation law (with vanant selcL ~lUn or 

not) and the final ttxture, so that ODè C:.1n hope to detcrmine one of the precccllng 

quantities as long:.1-; the other t\ ... ·o are kno\vn. As a re~ult. there are thrce putential 

axes of study. 

III 4.1 DISCRETE :-'IETHODS 

A method is termed discrete wh en the operation of transfurmation i~ applied to a 

finite number of individual orientations. The transformation of each such purent 

texture component according tu Lt crystallngraphic trcl11sfurmation law lead-.; tu a 

number uf produd orientations rebted tu the symmdry of the parent plHl::,e and tu 

the number of di sLinet varian ts of the orienL1tion l'r:ln tÎOrlShlp The pot<':11 tinl di 5crett 

methods difff'r from one anuthcr by the manner in which the simplifi.:atlOns are 

carried out tu dc:.cl'Ihe the initial texture by ct linllten nu:nbet' uf ich:al ot"l\:i1tation::.. 

determin_~tl,m of the a-orientations inherited [rom ont! y compnncnt: 

Once the varia:1ts .jg, of the cho::;en orie:ntation relati,)nship haH becn r':11\.'ubted, 

and assumin:; th lt th"",c vJriants t.:ike the '( .3ymmètry lntn ~1L'L'l)Unt. an)' orientation 

of the austtnlk,..:;· ,',ln !J,. ::'Ublliittl!d tl) tran..,/;,rrnr:t/l!fZ .:il'L'()rdin~ tel pquatlon (3-1), 

The symme~r~ ,)[ ~ht' ::',lInple, hO\','l'vcr, h.LS t<J bl::' intrlJduct'd dfèl,tl\ely. F\)r 1'011111;;, 

one thus h~1;" ~o den\è the 0. 'Jrientati,)ns for l, 2 or -1 Grthnrhl)mbic equivalcnts 

depending on the multiplicity of the initlJ.I g 'f (:2-L 48 or 9G. re:;pectively). The ;',lmple 

symmetr} is thcn inheritcd by the fin:.1l texture :lS previou,sly stated, sn that it rl.oes 

not have to be dea.It ,,vith a second tirne for the a orientations. \Vhen an CL ,)rienutinn 

g(:t appears, aIl the );:.t equivülcnb "huuld be obtained. In tht:? pl'()':èdurc, :he ::t cry,=,t:l! 
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subgroup SC\ intervenes nt this point, and only the \)riel1t:lli(ln~ with (4)1' 'fl, 4>,) E 

(0°,90°]3 are rctained. It must also be kept in mind, as poi ntco nut by \'an HouLle [,lI], 

that a given orientation might appear up tü 3 times (thrlHlgh ~ equlvall'nb) in the 

convention~!l ODF rcpresentation. 

The procedure can thus be slimmari7ed :\5 fùll()w~ : 

al choosc one y orientation [Incl definc its N' orthl Il hU!11hl(' t'<jllivalt'nb, 

bl use the ~\ variants orthe transformation 1:1\' •. 

c' derive N'~\ a. orientat~ons using equatic.111 (3 1 ). 

di determine the a. equiv.lIl>lÜ::,. 

el retai n tho~e in [0'\9(r] l, 

determinatinn of the _'f-orient:1til.:'.ns~;)(1.i_!1~l{.t(l I~nt' u. 1 l ,m!,. 111l'1l l_, 

This procedure, often named untransformat;,cm, j" based lin pl'ltll'jple:~ \tridly 

identical tü those of the tran~formatlOn derivalion pr':>f_'lltvd ,lb1>"'1' I~llt. in"~l';ld of 

selecting;) y orientation and deriving the c()rrl'~pl)ndin~ ft';" hl'!'" thl' '( III il'nt:ltÎn!1', 

that lead to a given a. are calcll1a.tccl, 

In the case of clibic-cubic transfurmations, for whirh thl' cry.t.d ',~, !1l1l1drit!7' ~lrl' 

identical, the untransformatlO'1 proccriure is thus : 

ai choose one a orientation and define its 0l"' orth()rh(Jmbi,' t'CjUl\ ,Il. nh. 

bl use the ~\ variantsofthe tran:,formaLllln hm, 

cl derive :-';-);' 'r urientati{Jns l1')ln~; equ:ltÎt111 (:1-11, 

di detcrmine the yequivc:dents, 

e/ retai n tl1flSP in [O'"f)(Y']!, 

the idea l orien ta tion mcthod : ------

The discrete tr(ln~fr)rnwtl()n nnd IIntrnn,.j;ifl1/r:ll' 1: rn..tl'llIl'-- ,'II' d't' -:lIlpl., ,t l'(l! 

the stlldy of tran:Surmatiun textures, The ~t;Jrting lI' (tll rI' j" b,t t! :: '> "l:n,_'d lI. CIIII "j:.t 

of a small number or components and the r(,-,IJ!trn~ II dllr!; ,'lin ,j )t.., Ill' thl: 

orientations obtained by applyln':; Ilm' I)f the prt'l'f'(l!l1~ 1"11" d'lIt" li, f',l"h Id~ tl'!' 

componcn L~, Althollgh the nLlin ff?:l tUI'l:\ tif tr:tn -,fi 1 r r;l,'ll' '11 t l' '. ~l!:' '.' 1',1 Il !w ~i ni' 1 L! tt ,d 

i.n thisw:J.y, these procedur.?::> ~Ufr~l' fn,m I)vt'I',im!)ll!ï.,:\tlllll~ III ~h· d""'!lp~i"n orthe 

startlng texture. 

ODF decomposi tion ml'thf)rl~ 

To improve the qunlity of the :,irnuhtj, ln::. [if'Jd 1l1:I'ci h~. l!Jt_ dj~)crde :ndhlhl.." ',he 

descriptiun of the ::,tarting texture, Whlth by ib l1'Itll!"! h ,:(j·1tin\l<lu~, 11;1 .... tl\ h,~ 
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improved. But, bec:1use of the discretization process, a systematic error will always 

result from the simplifications of the mode!. ),i"evertheless, such discrele methods are, 

up to now, the only ones which can be readily adapted to the practical study ofvariant 

selection. The error can moreover be minimized, either by Increasing the number of 

components in the discretization and-or by chousing a small number of weightt:d 

orientations such that the improved decnmpositlOn agrees better with the continllOU~ 

description. In \ .... hat fül1ows, t\.',ro methods of ODF decornpositioll will be proposed, one 

for each solutlOn : (1) a decomposition into ); individu::d grains (); large), fii) a 

gaussian decumposition. In the se t\,,·o methods, the continuolls ODF of refcrence 1S 

assumed to be defined by its set of serie::; expansion coefficients, CI~!v. 

(a) decompo::,ition in ta N ind ividual grains : (Pi large) Assllming that the 

decomposition ofan austcnitc texture, given in ~ 2-sections, is desired, the ~ grains to 

be generated l'an be distribllted among the 18 <Pi-sections of the ODF (every 5'») 

according to their respective contributions to the overall integral 

f J ((g). dg 
[fl.9f l' J 

(3-35) 

The first step is thus to compute the integrals l, of the ODF over the 18 sections, to set 
18 

[= "\' 1 (3-36) 
1 

1= 1 

and thcn to dcrive 
[ 

[ 
!,)r 1 = l, .18 (3-37) 

Tl 

~ext, instt?ad of gl'nerating ); grains from the whole ODF, one now has to 

generate 18 series of n, grain::,. In other '.'lords, :.l large three-dimension.ll problem has 

been spltt into 18 t\vo-dimensional and "l1mewhat smaller problems. It is ~uggested 

that X ShOllld be taken l'quaI tü an integral fraction or tü a multiple of 1800. so that a. 

random texture \\lould be defined by a rounded numbcr of gr:lins per section (100 for 

N = 1800, 50 for:'; = gOa.etc). It should a150 be ensured that the nllmbér of grains is 

large enough ft)C ::>tat1stlcalcoherence (a random distribution of a hundred gTain~ per 

section will only give about one grain per degree in ::l t?,'iven direction ~ ). 

In each section. the position (~1 'f, ",Y) of one grain is found 3.::, follows: twu re,II 

numbers r'l anrl. r~ are b"enerated between f) and 1. and the corresponclin:.; ~I'f and .:>'f 

are defined by a system that cal1 be snlvt:d itèr~ltivel'y. 
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r = ---
'Pl J g()O 

F(g) d't'l 
o 

procedures for the splitting up of an 00[<' and 

orientations in a specifie section are given in APPENOIX Band .\ Pl '{' :--.: 1 li \ (\, 

respectively. The derivution of the transformed textures is the Il 1 (';111\ 1.,. i '1'/ rtl/'II,"'! 

using, for each orientatiun obtained in the decomposition, the pnl!.'I'dilt \' d""I': Ih, <! 

earliu. During this stage, a variant selection criteri()I1 can be intrndLli'('r! Ir dl' Ilt',l 

Of course, an identical reasoning ean be applied tn the simuLllllln Id <l~l-,lt II ',' 

textures from experimental ferrite ODF's. 

(b) Gaussian decomposition : This method i~ based on a least square!::> fil flf the 

actual texture by gaussian-type components and has been demonsLrated tfl be 

rela ti vely efficien tin providi ng simple and accura te decomposi tions of 0 D F'::, [ 1;1]. 1 f 

gl' .:vIl' W0
1 
denote the po:,ition, weight and seatter of the i-th cornponent, rC'ipecti\ï.:'ly, 

the corresponding modeI ODF can be defined by its (,()l'ffieient~ : 

(3-39) 

with 

vI;-; ( /Ill) 1 1 
.H - - Z S (J)ll 1 - .:t/.( - - ) f 

1 - 2 ' 1): 1 -+ 

where ZI is the ~ymmetry multiplicity of the i-th comp/ment. 

This model can be adjusted to the :Jctunl OOF, cleu 11er! by ", 'CI' 'J, by mi nICnil.lll"; 
.} 

,",' (f/trllicr -~-Pc;' j- (:3-·ll) 

l.p.' 

Again bath transforma tiun and untransf()rmatil~n ~jl11 uln t j'H1!:> c:w bC' ;l~) 1l'::,<:;/.?d \v i th 

such types of decomposition. 

III .4.2 A CO~TI:\'COLS ~lETHOJ) 

It has been emphdsi7èd [.52J that in arder tn l',>t:lbli~:1 :\ quantil,tll"'f' !'f'I:IL[f)n .... !lip 

betwcen texture and meehanical propertie::" the preel ,C urientalÎl)n rl!:--trlhlltlf)ll I11U::'t. 

be taken into account, includin!:5 e\'en the TTlInor l'()mponenL~. Tn aVI)irl the 1:ITlJr 
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inherent in a discretization process, continuous methods should thus be developed. 

Thf; series expansion method, proposed by B 1..lnge [15] and Roe [3], has been 

successfully applied to the study of transformation textures. It will be presentcd hcre, 

step by step, on the basis of the progressive introduction of the mathema tieal 

formalism frllm equati1m (3-2) to equation (3-11). Althuugh part of the earlier \Vork 

was carried tlut using Roe's notation, it has been decided to restrict this presentation 

tu Bungt:·s. for the ~uke of clarity and coherence. The main feature::> of the 

rnathema~lè:1J tre::ltment correspÎinding tu the three axes of r.'::,eareh (transformation, 

u!ltran::-.furmatwn, ::.tudy orthe erystallo6'raphic la\v) are also described. 

prineiples of the sene.'? expansion method : 

In section Il.2.4-., an orientntion distribution function /(g) \Vas expanded into a 

series of symmetric generali7ed spherical harmonies 'i\l1\) of the appropriate 

symmetries, using n set of coefficients C1:J'J. The indices ~ and \) are related to the left­

and right-h'1nd side symml'trics, i.e. the crystal and sample symmetries, respectively. 
\11/) \ Il) 

if g) = ,,_ " '\ CfI" I~I-l" CT) (3-42) __ lib 

1=0 01=1 .. =1 

When the symmetries of the t\VO crystals ,He tü be differentiated. indices l-I 1 und P2 

are used for the parent and producl, respectively, as weIl as different number::, of dots 

on the 1eft-hand si les of the ODF's. This expansion can be cnrried out in the same 

manner on a:ly periodic function of g or ~g, as long as the curresponding T functioI1s 

introducerl fulfill the required symmetric::, The principle.: of thc calculatiun of the 

cub:c-orthnrhombic and cubie-eubie T functions are given in J\PPE~DIX D. In what 

folluws, the indice!:; 1 or Ct will be u.scd for the initial texture, and the indices:2 or y for 

the GDF' artel' tran::,fcmn~ition. 

a unique onent3.tion relatiollship: 

During a phase transition, it has been shown [3,-!] that the set ofseries expansion 

coefficien ts of the original phase Cil l1: Il. (1) l'an be transformed into the set of 

coefficient::; C!/z\J~(~) fur the ne\vly formeè pha::,e provided the Euler angles t.'~I' ~1l, 

t.? 2 speeifying the crystallographic 1:.1w ~g are knüwn. 

From the series expansion of fU, it 1S possible to calcubte e~lch CI,:J Z\J2(:2! 

coefficient as follows: 

\3--!3) 
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~ntroducing the transformation eq ùations (3-1) and (3-2) and the :series expnn::,ion of 

fy, one gets 

With the addition theorem 
4- /1 ,,-. ~ \ 

l' 1 I(~{. - 1 cr) = 
1 J b 

1 

the dcfini tion of the symmetric harmonies 

and the orthonormality condition 

• r11 ). ) 

T - -(l') , .., 
'2 

f 
. ," 1 • ni.) '. 1 1 

T (;;) P - -(ç) = -- 8. Cl 
'1 '? '2/ ...... 1 1 l',) '//l., g - 2 -

equation (3-44) can be expre5sed as 

so that, finally 

which can be wri tten a~ 

1-1.,' e - (2)= 
/ 

T l" 

.\1 '1) 
l , 

"'- ::P·,1-I 1 T - '~Li) - , 
11 1 ==1 

1 2 

a unique fnmilv of e~uivalent orientation n;L~j.l!)r..:è'hIJ!': __ 

(3-44) 

( 3-45) 

(3-46) 

(3-~17) 

(3-49) 

(8-50) 

Equation (3-3) takes the different variant::, of the IJrientatlr;n r'2lalÎon',hip Lnlo 

account, each with an equal prnbability of uLt.:urrenl'f,,;'1) lh:ll th,; l'()dTiL'lt:nb l'<U1 be 

related by 
\1

1 
<II , . -, 

1 :: 1-l,I-1 1 Il,,\ " ( " 
III (3-61) CI ~ (2) = - T - I~!;) ! ( " r JI 

1-1
1

,,1 ! ~ 1 
.\ u 1 1 
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\Vhen sorne selection of variants occurs, this can be allowed for by replacing the 

constant terrn 1/);\ in equation (3-51) by a factor fi which gives the relative frequency 

of occurrence of eueh variant. In that case. equation !3-51) has the form 
1/ '{I \ " 

1 1 
fl, '\. - 1" ::f1,fl. ' !lI' c{ - 1:2) = '\ \ '\. r 7 - 'U' ) 1 Cil) _ IIi, J 1 

(3-52) 

several familiès ()frebtion:::,hirs: 

If two distinct cr:.::,ullngraphic law!::> Dgl and L.b., are involved during the 

transformation, equ:üi1ln (3-3:2\ cJn be replaced by 

\1 1 ; 1 \ ;. .\ ~ , 

C Il2 '12l= " r' ",. ,: 71J2~1(~.:1)_ " r,1 l=,u":PII~L,'.!)/\ \1 1' 
1 _ _ 1 f ' _ J 1 } CI II) 

(3-53) 
) '= 1 

The case of 3,4, etc. orient:Jtio!1 reLltion:::,hips l'an easily be generalized from the case 

of2 for which equ:Jtion (3-53) h:1:,just been deri\'cd. 

non-strict orientation relationship::;: 

The abo\:e procedures assume it is pos:::,ible to de::,cribe the transfnrm,1tion in terms 

I)f a !::>et ofstrict relationships. However if, as presentcd in equations (3-7) and (3-9), a 

('(Jt1 tw l!f)U:-, distribu tian of rebti')nships ôg develaps between the pare!lt and pl'uduct 

l'I'y:-.t:ll<", the corresponding misorientation distribution function ~\'( t.g) can be 

c<.r-,lnd< cll n t~1;1 series 
r \t'2'11 

\\'1 ~.J) ==" " 
1 = 0 p') = 1 ~ 1 = 1 

where 111 and uè are relatt::d to the symmetries of the initi.:t! and finnl crystals, 

respectivel,;;. On the ba:::,is of equation (:3-7), thc three scts of cuefficientiJ C:1n then be 

l'clated by 

(3-55) 

di ffercn t probubi 1 i ties for eq II i\'D 1 t' li. t ,)rie n Ll.tion Il' b tinn~hi ps : 

If sorne selection of variants occurs. the tJ ansfoJ'mu tion h as <llready bee n 

described by equati,:m (3-10); in thi::. cn:::e. the va.riant selection functlOn \hg) is 

introduced. leading ta : 
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. 
kl~g) V(gl) (Y(g'{) d~1J (3-56) 

where ùgY) can also be expanded into a series 
7' _! 

(3·57) 
10=1) r= -1 ,= 1 

The four sets of coefficients, cn ),CI 2), W and \,', ran be relatcd bv [:10] 
\1 'L l ,\,! 1 

r 1 1 1 l" \ " 
'\. '\. '\. '22r ll 1''1' 

" " "Il C '(II 
2! 1 Il 

Il =1) ~l = 1 l=-I 

(3-58) 

with 

li, 

1 \\ 1 \; 
(3-59) 

where S=ll1 + r . 
In equation (3-59), the coeffiCIents At J are the ::.ymmdry ,-'(It'ffïl'lenh :\ccording tn 

the definition of the symmetric hJrmonic functiun::; '1'1""" (/JllIlr 1 l,..,) :ll'e the usual 

Clebsch-G.ordan coefficients and {l/v/'V Il,;\)) are the Cllcffïl'I.;llt" [1)1' the symmetric 

functions ;tt' corresponding lo the sample symrnetry AIl the"e l'llI,nïl'lt'nb are pure 

mathematical quantities 

Equation (3-58) establishes il general rebtlUl1::-.hip bU'.\t'cl1lhe ..,t:trting y texture, 

the crystullographic transformation law, the \':lrl,llit ~electinn fllndl!!l1 ~lnd the 

resulting Cl texture, The question is wheth'.:r :ln;. 'Jnl: of tIlt':'!' qll'1!1li1.il':;. can be 

determined if the othcr three are known, and llli:, le,id" tu tl1l'l"-' dll!t:/'('IlL typ..:;o I)f 

study \ .... hich are brieOy di~cu~::.ecl in turn b('I'I\\ ,lh,' dt'tlV,llllln 1)1' ~ht~ tin:l l lt':.;ttlre, 

the determination uf the initi:d le'<lure, alld thL' ',lurl .. (d'tht, tr:tn'Sllr:n"tJll!1 hw :Incl 

selectiun rule. 

calculation 0ftht' a texture 

:\Iathemati~ully, the m()st ~tr;lishtr.Jrw;lrd !Illlbl"rll' l:l" 1',J!C11l.llllJn Id' lhe J. 

texture If the startin~ y t<:xturr: I~, kn'J"';11 (hy It" ',l't • .i'e '\'Ih;!lï,'if'nb), thi::. "I,ill fw 

called the tran,{tlrmrzlilir! I1H:thod ~j , ln ll'I_ 1':1,1' I)f th,: dl I:rl:ll' :lpprll,U'h 'l'hl" i:-. 

posslble if the cocfficlf:nLs \\' nI' tht: t!'ln"fun11:tli'd1 flltll'tilJ/1 .tnrl ',,' IJ( tlw '/:lri;ttll 

selectiun function are knlJwn, l\ difficulty apf>::ll'", hl)'.'.I'\I:r, ln t'fjll:I'.;'I:h (;3 yS) :lnd 

(3-59) in which the :::'llmm:\tltln~ (Jt1 l, :lnd 1 .,huule! b(: c:uri,'d IJllt tif] tl) III fi III ty Th!...,e 

two senes thèrefore h,lVc Lu be Lrllnc:llcd ~t t LI und L, rr:'Jp,~dl\/,:I:; Fllrthermur'.:, 

since the fin:ll C()effïClent~ uf dcgre f: 1...: depuid Iln Lh·; c(,,;ffïcic!lt) Ill' :111 dl'~~r('t>'" II' II i:~ 
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no longer possible ta 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 1. 

calculation of the y texture: 

In many cases. it is more important ta calcubte the starting ODF f:"( \vhen the 

r('::,ulting textul"e fa has been mensured. This is of special interest in the case of the 

, -a transformation in steels for whil.:h it is extremely cl1fficult under most practical 

cunclttlOn" to me3sure the y texture directly, whereas it IS e3.~y to determine the a 

texture. As just mention'.?d nbnvc for the a texture, the calculation of the y texture, 

also call1'd the untrun!.furmatLun mcthud, requin.:!s thnt the coefficL:nts (l ofequLltinn 

(3-59) are kno\\rn. The problem is then ta solv.: cquatioll (3-.58) for the unknfJwn 

CII)J 1 \J 1 (1), and thls i::, s-enerally po::,:::,ible if ~rl (1) ~I}l), i.e. if the symmetry of the 

parent crystal is greater than that of the pl"I)duct cryst,11. In particubr, when both 

crystal lattices have identlcal symmetnf.':::' (c g. cubic-cublC tran~formcltions), then 

.:\1
1
(1)= ::\1)1) and in genet"al a solution can be fO\..ll1d. The mDthen1'ltical conditioIl for 

the existenee of a :::olution is of course that the ~) ~tem :::.hould not be :il ng IllCIr. 

calculation of the transfol matinn coefficient~· 

The calculation of a set of tr:~nsfunnation cndficlents a from the corre::;ponding 

cors and cr2rs woule! onl:. be pos)iblt? lLIS m,IllY pair::, nftextul"cs were avaibble as 

there are tcrms in the surnm~1til) 1 (JI' L>quation (3-SR). This sho\\s th,1t a di:-l'ct 

detcrrnin;'tlOn of the (['S dne::, not ')t:I't1l po:::-sd:"!c wit!l\)Ut additi'Jnal as::,un1ption::,. 

If an equal probability of OCCUll cl1(:1' is nssum\?d fur the 'vari,lnb. eql.wtion (3-5:5) 

rcmains to be solved. This is gener:llly po')sible if ~rl([) :\"(1). i.e. If tht~ symmet.l") of 

the p:ll f.n t cr) stalls grea ter th::l!l that of the :-;amplc, \\ hich IS true in m,IllY cases :::,uch 

as roller! t'ublc systems. \\"hen the :1llmbcr ofequations i.s l::uger than the numba uf 

unknl)'.'d1--. it I~ possible tu determine the \\"5 USll1g a least-square'3 rr.etr.ud tl) 

<l 

.'" 1 

\f l' , 
, ~. JI", 
( ('. - (.2 1 - -- , 

'2l~ l -
Pl =; 

where Ct
v 

an: \"t~ight factors, whic:l (,lfl be g-iven ::qual \ :llut:'~ if desil'I:d. 

By contr:J:St, when vari,înt .selection is in\-,)hen, cquation 11-.jSl may '-ull be 

assessed if the orientation rcbtion of the tr:_lnSf()rm~ltion is a::,sul11E'd to he :1 \ve!l­

defined crystallographlc relatiol1ship 6g,J , suc~ ~lS the KS or .:\\\". As :llre,1dy 
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mentioned, there may exist a certain spread about lhese ide:ü ogl)'s, but in firsl 

approximation. this spread cnn be gi\'en a g[1ussi:1n farm definl'cl by i ts a ngu lar peak 

width wll ' so that the \V,I: l '-'2 coefficients can be calculated from 

, (3-61) 
l - t!.\p\ - (Ü~/-t) 

As a result, equQ tion (3-.50) C:.1n be changed to 
~ \ r - 1 .\ 1 II Cl \ "' 

., ? ",,,. '" ) ) 

C ~ -(2) = " " " b - -
f.} - - - I.,! 
- I=Or=-I\"-: 

(3-62) 

where the coefficients 
.\f IIl I ) VI/II + 1., 

Il)'.)r\ -o. _l_ (. '\~ ". ". (:rr'~1 ',.,' ,1 1'1 3 63 
bI2~- -21?+lt-=-) _\ S=-l:\ (lllmrll,2.,)\ltl,:I.l .l,.)n!. Ct (II (-) 

- 1- 1 Ilt- '1=\ :.? 

are available from cornbinecl calcubtion 3nd cxperimcnt. with rn == s·r 

Finally, it is pos~ible. as a rule. tn solve equatinn (3·62) fuI' the l'c)effil~it'nt~ \-.r v
, 

L 

which are gencrally les::, nurncrous than the number of equaLifJ!1s (\:(g') is a srnouth 

functionL 
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IV.I INTRODUCTION 

In the upper tempe rature domain of conventional hot working (i e. in the roughzng 

range). conventional static fecryst::lllizatinn takes place. :\t l()\ver hot working 

temperatures (i.e. ln the fU!lshlng range). rcdling is follf)Wed hy stJtic recrystallization 

in plain C and sinlllar~teels, nf by the ab~cnl'e ufrecr):-t,tlli13tion anci panca!.cing in:'\b 

steels. PancaklIlg or sU"ain a~cumuL1tion OCl'ur::, when, as in reverSlllb' mills. the time 

available for carbonitride precipitatiun IS ~llfficient to prevl.3nt stati~ recrystallilati\m. 

\Vhen this time is short. as ln strip mills, nnd the presence of solutes such as :'\b 

prevents statie n:ery~tallization, dyn.1mic recfy~tallizatilJn is initi::l tecl, followed by 

metadynamic recrystallization in the Intcrp:h::: intervals. 

If the austcnitt! recr,:stalli7es prior tn tran~fofmati()n. clnly a \vcak texture develnps 

and is thus tran::;l1liUed to the ferrite By contrast, rnuch sharper textures and more 

marked anisotropy ale encountered in the cuntrolled rolled ~ted~ \vhich are fînl:::,hcd 

below the 'no-recr,:. ::,L:dliz.1tion' tempera ture, T nr . 

The m:lin f('~ltur::::. of the tr~ln~fnrmntif)n texture:, ubsC'r\ed in steel::: and irun-ba::,ed 

alloys 3re ::,umm<lrii'1 ri belO\\ (Iv .:2), fol Ill',', cd by a revicw uf the maj'Jr compo"iitional and 

proces~ins paramder~ th~t affed their dt:\'elopment (1'/.3\. Finally, a critical 

assessment i:, prt_:.ented of l'arli('r re~lllt" obt:linen by simubting the evolutiun of 

texture during ph.l"'C tran::o! tions ( Iv ·1) 
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IV.2 GENERAL FEATVRES 

A generul overview of the transformation textures ob~ervcd III hot rulled steels is 

presented below·, followed by a brief presentation of their dCIJl.'IH1t'IH:e !ln certain 

crucial parameters. The principles of the simulations cmplny.?d J re [llso ~lImmaflzed 

IV.2.1 GEXERALITIES 

The crystallographic textures pre~ent in as-hllt rullerl "t'_'l'L, ~trl' derivcd 

principally From the dcformation te:<.turcs in the origmal au'>len1LL'. Dq,t'nJin;; IJn 

whethcr or not recrystn.l1iz~1tion occurs during the final stages uf rolling, the nature 

and intensity of the resulting texture vary considerahly . if tht: austcnitc doe~ 

recrystallize, a rather weak final texture i::. obtained LÜ l'oum temp.:r.ttut'l', which 

consists mainly ofa {lOO}<Ol1> pealL On the other hJnd, if the -f pha-l' 1::' rrdled in 

the unrecrystallized ran;,;e, the inheritcd lm: texture 1::; fp\lnd LI\ h:\\1: two rnaXlIna 

located near {33~}< 113 > and {113}< 110>. These ()/'lenuttlms h:lve bC'l·n fcpurted 

by many investigators [41,:H-59J, from both pule figure and ODF Llt1a;ysl'o,. f()r a wide 

range of composition!:> and therm')mech~lnical treatmenb, Il'respectlve of the 

structure of the product phase (ferrite f)1' nJ:1rten:::'ltf?) Ifr)Weh'l", th .. , :::h:lrpnL';::'~ and 

relative intensltles have been sh(mn tG dcpend on ~\ nUt1,ht:r (If ~lld1 p:\r~1[nekr::,. 

These two components can be further Il1udified .. lncl the u\ l'l ~tll kxtUll! "ILll'pl'nl'd, by 

a subsequent intercritical and/or W;'ll'ffi rolling PI'<JCt.::::::. Cl timal\' 1:" thf_' ::.t :1 ne! '( fibres 

c1assically observed in cold rolled and ann'_~11crl. ~tc,:I~ :!n.? f, .rnwd 

IV.2.2 EVOLCTIO~ OF TRA);"SFOH.\I.\TIO:-; TE :\Tl 'In:s 

.:\luch work ha!:> been devoted ta the inDue:l .. 'e 1)1' C(\r::Jf)fl:,ÎU()1l li :ll1d p'fJcp-.:-.ing 

parameters on transfunnatiun tt..!xture~. 

the most innuenti<!l parametcr'-j' 

In particular, the composition, fini:::.hin.; rrdling lempl:ratul'l!, :1!l1()l!I1L:, uf 

reduction in the unrecrystallized y and (y +a) regwns, initi~d '( gr:lin ~ize :11)(1 ('(j(Jling 

rate during transforrnatlOn have been round tü modify the final l,-?: ... tllri~ tn a 

noticeable degree [31,.S4,57 ,58,60-133;. 
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influence of the thermomechanical schedule : 

The rolling schedule can be divlded into 4 regions of tempemture : (i) above the 

T nr. where recrystallization of the austenite occurs, (ii) the unrecrystallized y range 

hetwcel1 the Tnr and Ar3. (iii) the (y + a) region from the Ar:J tü Aq, and (iv) the Ct 

LInge helow the Ar]. Depending on the amount of deformation in cnch zone and on 

1 :1(: fini:,h rnllll1g ternperature Tf, dlfferent components are observee! in the final ODF 

ftl!r trnn"fûrma tion. These are summarized in Table -±-1. 

1 

finishing range reglOn main c{)mp')t1cnb sharpness 

Tr>T Of 
l'ecl'ysta Iii zcd 

{lOO}<Oll "> low 
'f reglOn 

T nr >Tt >Aq 
unl'ecrystallized 

{332}< 113 > and {113}< 110 > medium 
y reglon 1 

1 

intercritical 
1 

{332}< 113> and {1l3}< 110 > 
1 

high Ar3>T1>Aq 1 
1 

(y + ex) region 1 
1 

1 

a fi brc < 1 lU> " HU 1 

Aq >1'r 1 high ex reglOl1 1 

y fibre <111> :\D 1 
1 

I~~bJ~±A_~ )'fain componcnts ,15 a fundilln of the finl::.hing temppr~ltun: 

influence ofcomposition . 

. \:-- df"l'!'lbed abüve, a first important e!i:,tinctioll al'ise~ bct\',een the steels that 

l't'lT,,::ot,':' l ': before transfurmation and those that dr) not. This can be related of 

('lIl:r 'l' l, the amount and temperature of hot deformation. but also to the 

\.ff'21't~', ,'~ of certain alloying elements in retarding the recrystallization of 

au~tt::r;: l'he develnpment of controllee! l'olled C-},In-::\b steels may be considered 

hc:;!.: t, , l;nlfïL'ar.t achievemcnt, a..., \"b addition le,lds to an inLl'e3~c in the severIt] 

oftht' 11 ',j lt'I!. 

In ',d !'t!l)n. the initial y grain SI/C. v,hich l'an be Il1fluenccd by ~he s()akin~ 

schedc. k. the coolmg ra te dun ng trallsfol'm<1tion, and poten ti Cl 1 ~u hseq uen t 

anneahng aho influence the texture '1f the ultimate product The role:s playcd bj 

these parameters are described ll1 section IV.:3 and have ret:entl} hecn revlewed by 

R.K. Ray and .1..1. Jonas [64], 
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IV.2.3 lJSUAL PROCEDURES OF SI\IC"LATIO); 

In the literature, numerous attempts ta simulate tran~formation t('xture~ have 

been reported [5,14.27,29,31,39-50,54-58,60,62.63.6.3-7.3]. The gencr:d princlples :lnd 

assumptions employed are outlincd below. 

n~ed for indirect rncthocb : 

The evaluation ofaustenitc textures has been handil':lppeo hy the tr:1l1::-.f(lrm:üion 

it undergoes. \vith the re~ult thut it cannot be pre-:;er\'ed <it ruum tl'rnrcr:lture in most 

commerCial stcels This has necc~ . .;itated the use of indirt~L't mcth()(b ·,f:-Irnulation tü 

study the developmél1 t of texture du ring deformation amI ur n~l'/'y'-,Lt! 111,1 LI I,n prior to 

transformation. 

assumptions and princiQJes of the simu\:1 tinns : 

As stated earlit'r, one approach can be to untransfurm the Fern te textùrc 

according to an appruprinte ol"lcntatinn relation (e.g 1\.S). It \'vas fÏrst u~l'd in pull' 

figure analysis and led ta the important re~ult th<ü ou,tf'nlf,' fOl/ln!:: tettllrl!'i can be 

success(ully compared to the de(urmatwn texturl!'i o( othcr (cr' mptal" and CLUny,..,; these 

are usually charaderized by high stacking fault energie~. as in Al, Cu or Cu-Zn 

alloy~. 

On the basis of tpis finding. man) re~e:lrchL'r~ have triecl te) simuLüe 

experimental ferrite ODF's by lran..,'!ormLnt; th\' l'Ille! rellt'cl te'<lLl!'t_'~ of the pl'evious 

alloys. Such a procedure involvC':, the choice of the 1 ni ti~d f,T tt.! \lUI l' and :1 leu ':ionable 

degree ofsuccess was achieved provided a sufficiently \VldL' llhrary of [c:c tl':(tures WJS 

available and th3.t criteria of chuice cuuld be clefïnt:d l rU'.ve ,L!, 111) a ttt'mpt h(1') been 

made to justify the choÎL'e of a partiL'ubr fcc tt'xtUl'I! otht·!' th:1ll ('f)mpari::oon \Vith 

experiment. Furthermol'c. no qualit~)tive prlramdc-t;, Il'!'.\'? b'_'t'n pruIH),.,ecl in :,upport 

ofa given choice and no justification has ever bc':n ;1ltempt'J1 '\;pverthekss. the be::,t 

agreement is found when heavily l'nId rnlled fl'l' tf~·\tu rt::::' are ~l~sllmecl flll' the 

austenill' rulling textule or when the CUh·2 i'~ "mpl().;ed ,1:-, th!: l'l:I'! '.::,u!lizdtl\}~l 

texture, :\Iol'eover the::;(; charaderi;:,tics hapr':l1 tl) blly qUlte \Hll \VIth the 

corresponding experimenta l textun:~ ub:.,er·v ccl in :lfi 18-8 :t Il:.:.tlI1J tic :-,UllD If:")" "tee 1 

(type 304L) [31,62,102,103J. 
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IV.3 FACTORS AFFECTING TRANSFOHi\lATION TEXTURES 

A systemntic study of the transformation textures in difTerent kinds of steels 

cannot neglect the cffel'ls of the above mentioned compositional and processing 

variables on texture fUI lnation. 

IV.3.1 EFFEC'l OF CO.\IPOSITIO;:-"; 

Resc[lrchcr~ have ~IHlwn that tht! chcmical composition of steels has a significant 

effect on the nature and sharpne~s of the final transformation texture. The efTects of 

the most sen~iti\'e ;1I1oying elements are reviewed in turn below. 

inf1uènc~ of!]1anl@nese in );,b-free st~cls: 

The transformation texture of simple C-~In steel:::; hns bccn discusscd at great 

length by a n umber of workers [.54,57,58,60,63]. It can be described as a con tinuous 

distribu tion of orienta tions from {100} < 011 > to near {Ul} < 0 Il>. Figure 4-1 shows 

1.6\ Mn 2.5\ Mn 4.1\ Mn 

Figure 4-1 : Effect of ~ln un the textures ofNb·free steels (100 pule figul'e~). 

how the transformation texture of a 0.06%C steel finished at 800"C changes as a 

function of :\In content [54]. 11odifications both in the shape and intensity can be 

noticed, although the 100 pole figures are ail of the same {lOa},', ND type. The texture 

severity increases with decreasing finishing temperature Tf although, for these 

steels, the textures are far from severe (Figure 4-~) [GO]. 
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b c 

Figul.c 4-2. Effect ofTfOn the textures ofNb-free ~teels ('!l = 45° sections): 

(a) Tr=900°C (b) Tr=760°C (Cl Tr=600°C. 

influence ofmanganese in Nb-containing steels: 

Figure 4·3 shows the ~ = 45° secticns and Figure 4-4 the skeletan lines for C-Mn­

Nb steels with various Mn contents. \Vith 1.28% Mn, {113}< 110> is the main 

component and {332} < 113> is only a mino!' peak. When the Mn content is increased, 

the microstructure is changed from polygonal ferritelpearlite ta acicubr ferrite. \Vith 

this change, a large incrcase in {332} < 113> is observed, whereas the {1l3} < 11 0> is 

rather insensitive ta ~fn content [54J. It is also apparent that the influence of ~In is 

significan tly enhanced when Nb is added. 

1 28 '1. Mn 1.78·/. Mn 2 06'"Mn 2.48 'Mvln 

-1332)013> • r311} <011> • 11~O) (011) 

Figure 4-3 : EfTect of Mn on the textures ofNb-conk1ini ng stcels (OP = 45° sections). 

influence ofniobium : 

From the previous paragn:phs, it can he concluded thnt the addition of uÎr)bium 

increases the severity and modifies the nature of the lran~f(lrm3tion ti'xture over a 

wide range of finishing ternpcratures, although the dTect i:J slronger al higher T['s. 

This trend has been attributed ta its effectiveness in rctarding the recryslallizntion of 

austenite, which allows more deforrnation ta accuInulate befon~ tr:.lnSfOrm8 Hon. 
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influence of nickel : 

Transformation textures in Fe-Ni alloys arc known to be strongly influenccd by 

the Ni content [42,43,58,74]. Fe-22.5%Ni and Fe-30.8%Ni alloys were rolled 74% at 

iOO°C and 500°C in the austenite phase and subsequently trall!:>formcd to martensite 

(58). Their textures arC' compareo with that of a 2.4 Sc.; :\1n steel in Figures 4-5 and 4-

6. The similal'ity with Fe-22.5%01 i is clear. AJthough {332} < 113 > was al ways found 

c 
JI 
4 

l 
Q 

2 

')r (6t-QtH) 

(fil 
C52Jl(f!I) 010l: , 

'r~) 

Eigure 4-4 : Skeleton 1ines of Nb steels. F'igure 4JL;..Ske Jeton li nes of Fe-Ni alloys. 

ta be the main orientation, an increase in Ni content leads ta its bl'oadcning and 

lowering, whereas an increase in the rolling ternperature generally reduces the 

severity \.. r the texture. {113}< 110 > is also weakcned by the <lddition of nickel. The 

effectofNi or. the texture Dra C-Î',In-Nb steel is illustrated in Figure 4-7 [54]. It is 

shown tha t {332} < 113> develops remarkably as the Ni content is increased. Ni and 

Mn thus exhibit very similar behaviors, although h1rger amounts of Ni (10 times 

more according te refcrcnce [57]) are rcquired tü obtain an equivalent effcct. 

influence ofsome other all()vin~lQ.I!!.~_nts: 

Transformation textures are gencrally wcakened by loweri ng the conten t of 

alloying elements such as C, Mn, ~i, Cr, Mo [54,57J. Comparing the (100) pole figures 

of a 1% 1\1n steel with and without Cr and Mo addition (Figure 4-8), it can be 

concluded that these additions enhance the formation of transformation textures[54J. 
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Figure 4-6: Partial ODF's of2.48~/c .Mn steel, Fc-22.5Ni and Fe-3D.SNi (~sections). 

2.1' Ni 3.4\ Ni 4.5\ Ni 

fuure 4- ï : Effect of Ni on the textures ofC-~In-Xb stcels (100 pole figures). 

- possible mechanism : 

The fad that {332}< 113> is more sensitive tü the :lmount of alloying clement 

and to the cooling rate (see IV,3.3) thêln {113}<1l0> sugge::.ts that the process of 

texture inheritance dcpends on the orientation of the y grains. In fnet, at high 

tempe ratures, nucleation might occur preferentially at {112}< 111 > than at 

{llO}<112> austenite grain boundaries. {332}<113>, which is thought to come 

from the {llO}<112>, is therefore more weakened for low alloy content or slowly 
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(a) (b) 

Elgure 4-8: (a) C-Mn-I'\b steel (b) C-:Mn- ~I) ~t(·c 1 with n :3';, :\fu :1 nd 0.7'; Cr 
(J 00 pole ligure.,) 

cooled ~pecimens [54]. Howcver, the effect of alloying clements on the au·;tcnite 

texture is not 'nlense cnollgh ta lend to uny t.n\n~it.ion from the Il1ct.al- to the ;111I)Y­

type (which hns never been observcd). In addition, the orientation dqwndencè uf the 

grain growth pruccss might differ From thnt uf nuc1cntion; thus the texture produced 

during nucleation could be weakened by the sub.,equcnt growth [57]. E:qJl'rimt?ntal 

results support thcse ideas [63,75,76]. 

IV.3.2 EFFECT OF ROLLING CONDITIONS 

The inheritance of a strong transformation texture by the a pha'.;e ùep~'nrb 

principallyon the ~everity of the rolling texture of the parent austenitc, which in 

turn is influenced by the temperature and accurnulnted [lll1oun t of defornw ti~)f1. 

deformation in the recrystallized ·U~g.L~G 

Hot. rolling above the no-recrystallization temperature generally rC!:>lllt~ in a 

weak {lOO}<Oll > transformation texture [31,55.58,60-62,77 -80J. The ODF of a C­

Mn-Nb steel quenchcd after 80% reduction at lOOO°C is pre:,entcd in Figure 4-9 [60]. 

At this temperature, the austenite should be nlmost fully rccry:,tallized [81]. The 

texture appears mostly as an extre mely wcak (::,cveri ty para mcter = 0.22) 

{100}< 011 >. Figure 4-2-a shows the <1> = 45° section of a C-~1n steel rolled 80\;, in the 

austenite range at 900oe; here the intensity is rcally low and the texlure COI1,:,ists of 

{100}-{111}<011> orientations [60]. The ferrite texture is thought to be inbcrited 

from a strong cube texture {lOO}<OOl >, as confirmed elsewhere [31]. provided 

sufficien t reduction (80% at least) has been appli ed. 
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•• 2'!!.a 

• : 33.7 •• 45 • : 56.3 

•• 63.' •• 71-8 •• lK) 

Figure 4-9: ODF of a c-~rn-:-..J'b steel quenched after 80% reduction at 100QoC. 

deformation in thç unrecrvstallized y region above the Ar3 : 

Finishing down to near the Ar3 in low carbon steels inhibits grain growth [82J. 

Further inhibition can be produced by alloying additions, such as -0.04% ~b, which 

stop recrystalli7alion at about 900 cC and introduce a high density of deformation 

bands intù the matrix. It is weIl est:'\blishcd that the textures observed in specimens 

finished above the Ar3 are inherited from the austenite through the lattice 

relationship existing bctween the two phases. The differcnce in texture betv,een Nb­

free and 0ib- V stcels finishcd above SOOee can be explained in tenns of the difference 

in the austenite texture [61]. The main components were identified as {332}< 113 > 

and {113}< 110>, or the neighboringorientations {554}<22.5> and {1I2}<110> or 

{4 4 lI} < 110>, respectivciy [31,54,58,60-63,67,77]. There may also remain sorne 

{lOO}<Oll> [31J after rolling in the recrysta!lizntion rcgion. 

Figures 4-10 (a) and (b) repl'esent the <:> =- 45° sections of a C-:\In-Nb steel finished 

at 850°C and 800°C, respectively [43]. {3.32} < 113 > and {4 4 11} < 110> are already 

strong and gradually rotate with decreasing tempe rature towards {554} < 225 > and 

{223}< 110 >, respectively (Figures 4-10(c),(d),(e)). This is confirrned by the skeleton 

lines shown in Figure 4-10(f), although {332}< 113 > do es not appear as an 
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Figure 4-10 : 0 = 45° sections of a C-Mn-Nb steel finished at: 

(a) 850°C, (b) 800oe, (c) 750°C, (d) 710°r, (e) 650°C, (f) skeleton lines. 

independent peak but rather in the trail of the {4 4 Il} < 110>. As Tf is decrensed, the 

intensity of the skeleton !ine gradually increases accornpanied by the shifts of the 

peaks described above [61]. From Figures 4-11 and 4-12, which represent the 

< 110 >lffD and < 110 >IIRD fibres, it ean be eoncI uded that the {4 4 lI} < 110 > 
component is more sensitive to Tf than the {332} < 113 >, although both are 

sharpened when Tf is reduced. If the amount of reduetion is lowercd for a given 

finishing temperature, the severity drops and the intensity of the {332}< 113> 

decreasesincomparison with the{113}<110> [31]. 

The textures ofa e-~In steel finish rolled al same temperatures were considerably 

weaker thi' n those of the above ~b-V steel, and consisted of a broad {332} < 113 > 
peak and sorne {100}<01l > [61]. Similar results have been reported by othcrs 

[31,60] and the importance of the amount of rolling in the austcnite emphasized [31]. 

defonnation in the (r +a) re~ 

Below the Ar3, the transforma tion to Ferri te 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 + Cl) or a 

• 
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Figure 4-11 : Dcnsities along< 110 >//fD Figure 4-12: Densities along< 110 >/IRD 

of a C-~ln-Nb steel. of a C-Mn-::--rb steel. 

range are far more severe than thosc finished above the Ar3 [60,83-88]. In Nb­

containing steels, they have been found to consist of two components, namely (i) the 

orientations lying in the range belwecn {OOI} < 110> and {112} < 110 > (partial fibre 

having the < 110> axis paral1el te RD), and (ii) a fibre texture having the < 111> 

axis parallel te ND [54,58,60,83). Figures 4-10 (c) and (d) show the ~ = 45° sections of 

a C-Mn-Nb steel finished at 7500e (upper y + ex range) and 710°C (lower y + Cl range), 

respectively, As c()!1firmed in Figures 4-10(0, 4-11 and 4-12, these textures mainly 

consist of a strong {112} < 110> compone nt, which sharpens as Tf is decreased, an 

increasing {l OO} < 0 Il >, probably resul ting from Cl recryst:'d lizatioIl, and a second 

order peak near {554}<225>. In the case of Nb-free stcc1s. Figures 4-13 to 4-16 

indicate the presence of a strong {100} < 011> component due ta y recrystallization 

plus a minor peak near {332} < 113> [58,61]. 

The latter components have been inferred ta comprise the rolling texture of the Cl 

phase, which devclops from th-; transformation texture inherited from the y phase. 

During rolling in the (y + Cl) region, the fol1owî ng three processes oecur concurrently 

and succcssively : (i) deformation of the parent y phase, (ii) the y-ta-a transformation, 

and (iii) dcformation and recrystallization of the Cl phase. The relative contributions 

ofthese three processcs ta the final texture depend on the temperature and reduction 

ofeach pass and above aIl on the finishing temperature. Inagaki estimated the Ar3 

temperature of the steels he studied ta be approximately 7700 e [61] and made a 

distinction between finishing in the upper or lower (y + Cl) range. 
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sections of a C-~In steel fïnished at (a) 750'C and (b) 650°C. 
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ln the upper (y + CL) range, the amount of Cl phase which is formed before the 

final pass is relatively smal!. The contribution of deformation in the CL phase to the 

overall texture is therefore not expected ta be large. In the );,"b- V steels finished at 

750°C, most of the {332}< 113> probably formeci after the final pass and the 

remainder dici not undergo nny signifïc:lnt change during intercritical rolling, since 

{332} < 113> is relative ly stahle during rolling [89J. On the contrary. orientations in 

the neighborhuud of {l nO} < 011>. which were formed before the final pass, are quite 

unstable during rollin;; of the Cl phase and ratate readily at low reductions into 

{100}<Oll > [89J. For this reason, {100}<Oll > is expectt2d tn be lncreased by 

lowering the finishlng tt'mperature from 800'C to ,.sO-C. 

In the :--rb- \. free steel, on the other hand, {332} < 113> in the specimen finished at 

800aC is not only lo\',; in tntensity but a1so rather broad. extending to {llO}<OOl >. 
Sinee orientations near {llO}<OOI > 8re unstable and rotate re:1dily at low 

reductions into {33~}< 113> and ta {554}<225 > [891, this rot:üion is expected tü 

have occurrerl. dunng the unal pa~s in the tV'/o-phase region. resulting in the 

development of thl' {33:::} < 113 > tLl {53--1} <: 22fl > orien ta tions. However. such was not 

the case, and the developmenl of a strons- {lOa} < 011> component dt Tf = i5D ee cnn 

thus be rclatcd to the recfyst:.dlizat1nn of the C! phase. In faet. electron microscopie 

observations frequently confirm the existence of large {IOO}<Ol1> reerystallized CL 

grains in ~b-frce steeb :1 nd seldnm ln );h-eontaining steels. 

[n the lower ('f + cd t'ange. rno"t of the remai ning austenite transforms to ferrite. 

with strung transfnrnLltl,ltl ~e;(turc" inherited from the sh3rpcr austenite finish 

rolled at 10\\er tempcl',ltul'l's. At the same tirne, th~ ferrite grain5 already 

transformt.d at the higher kmperature _lceurnulate further deformation, resulting in 

the sharpcninb .• f the texture of the Cl pha:::,e and tn sorne modifications: orientations 

in the range {;1:3~i< 113 > tü {5.,)-l:}<22.1> rotate towards {.5.5..J:}<225>, \vhile 

orientations bt't'.veen {lOO}<Oll> and {4 4lIr<110> rotate to {332}<0l1>. The 

{1l1}/I:\D fihrf' .s thus enforccd as a whole \vhen Tt' is reduced. These results apply 

both to :\h-cllt1uinlng and Xb-free steels, as rel.'rystalliz:1tion is nut the dominant 

proce::.s. 

For a C-~In :-tL'c! unished rolled in the intercritical range, it ran also be seen 

(Figure 4-2-c) that, although v.,eak. the texture h:..1.s deve10ped the {Ill} fibre Figure 

4-17 shows the textures produced by deformmg a C-~rn-)ib steel in the ('( -; a) region 

0%, 10~c and 60""'c. The sharpness increa~cs drastically wi th the amoun t of 

deformation and the {111} fibre forms gradually \vith rather strong {1l2} < 110> and 

{554} < 22.5 > cümponents [90]. 
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Figure 4-17: C-~fn·~b steel rolled in the (y + Cl) rI:giOl1 (a) 01'(" (b) las. and (c) 60'70. 

deforma tion i n th~ Q._'~ gion~ 

The texture formcd by rolling in the lower (y -t Cl) range is alrendy near the ~table 

end orientations of the Cl rolling texture. Therefure, orientation changes brought 

about by lowering the finishing tempcrature from 700 tü around 6(0)C are 5111:111. For 

this reason, the textures of Nb·free and Nb-V steds are quite simtlar [61J. Figure 4-

10(e) shows the ~ = 45° section of a C-~fn-Nb ~teeI fïnished at 650"C. Combined wi th 

Figures 4-11 and 4-12, the maximum at {322}<Oll> is shiftcd from {211}<0l1>, 

and a rather strong {554} <225 > is seen to be shifted from {332} < 113>. The strong 

{100}<Oll > present in the intercritical range is reduced by further a rolling and 

rotates ta {322}< 0 11 >. The intensity of the {lll} fibre increases with the amoun t of 

deformation and when Tf is reduced. 

through-thickne~s inhomogeneities: 

Surface textures in pure iron 90% cold rolled [91] and C-:Vln-Nb steels fïnishcd at 

880°C (61,62,78J were found to consist of a partial fi bre ha ving < 11 0> axes parallel 

to ND, as suggested in Figure 4-18. These results indicate that surface textures are 

(a) 

90 

ao 
'10 

(b) (c) 

110 

eo 
'10 

Figure 4-18 : Surface texture of a Nb-V steel finished at (a)750°C, (b)700°C, fc)650°C. 
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also greatly influenced by the finishing temperature; comparison with 

microstructures also indicates that they develop as;) result ofrolling in the a phase. 

In the specimens tïnbhed at 700 and 650°C by Inagaki (61), weak {311}<223> is 

present in addition to the fibre. These agree approxirnately with the main 

orientations of the shear texture of a iron rcported by Williams [92] Tt is weil knov,.'n 

that surface texture is generally related to the midscction texture by rutation about 

TD [62,93,94] and is not affected by recrystallization of the austenite phase. 

Comparison betwecn Figures 4-10 and 4-18 indicates th3t this general result is 

satisfied in the ~b- V steels finished at 700 and 6'::;OcC with a rotation angle of 90::. 

The formation of a texture gl nuient in hot rolled steels is rcprescnted !':chematically 
in Figure 4-19 [94). 

Cor"(rW .... f~IOt. ,~ t~.h .... 

Pol Il r eô.Jc 10'\ r ok>g "loci,. arwj lbn.:11 ()tI 

Figure 4-19: Principle of formation of a texture gradien t in hot rolled shcets. 

IV.3.3 OTHER IMPORTANT PARA~rETERS 

Two other parameters, which can be controlled in the thermornechanical scheduJe, 

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 ta modify the final transformation 

texture [54,58,74,95]: the smalJer the grain size, the sharper the texture. Figure 4.20 

shows the <P = 45° sections of a C·.\fn-!'Cb steel (Tr= 760"'C) soaked at 1250 and 10500C 

(large and small grains, respectively) [58J. It is clear that {113}< 110> is rather 

insensitive to a decre3.se in the soaking temperature, whereas {332}< 113> is 

strengthened remarkably. The result was the same for Tr= SODee, although the (00) 

pole figures show weaker textures [54J. 

• 
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Sooked al 1250'C Jsoakl'd al 105~C 

y 1 ~ II r e . ~ -~ f) Et T, d " f - , 1 • 1 \, III i~ t, Il!J l' 1 . 1 1 II 1 l' 1 ) Il t) lt' t l ' \ 1 t 1 1 .' 1 Il' l' \ 111 \' h ,t ,',' b . 

th e C III d i n h r: 1 t l' du ri n g t 1 : 1 n' fI) 1 III 1 t III n , ----- -

Textures are gCllerally \V"ahr .lft"r ·,l"w l"(Joling llJ fl'nitl'l)!':lllltl' th,ln after 

rapid cooling tu martl'n-,ile [.1·1,;)1..ï."\,';:~.!1.).!lfi]. Figule ·121 IP!>I\''-,f'nb thl' '~--45) 

section ufa C-~Tn-~.l) .... kl'I finl,hl'd .It ,SO() (' :llld l'1J1l1t'd al diffl'I"lll Lili''> [:>H]. \Vith 

decrc:1sing ct)fdin~; r:ttt', tht.' :1lJ1lll1nt (If feInte inaC':I',f'~ and bIJlh tilt' \:~:~~21'~ Il:3 > 
and the {113}< lIO.? del're;\ .... I. ft'm:lrkably. The L1rg('r t'lIntrihutl\\l1llfgI"tJ\\-th during 

r-------------,------------,--------------, 

\ \ 
l' 
\ \ 

Ir '1 1 o .,... 
0'020 JO ~~ tD 1'0 1O'lO 

• (cH9) 

Air cooled 8 ·C/sec 15 'C/sec 

Figure 4-21 : EfTect of cooling rnte on the texture of con tfldl,'d r()lkd C -:\In-~b !:.tee\s, 

ferrite/pear\ite formation than during the martensite tran~f,)rnl.ltilln Cdn ('xpl.\ln the 

observcd weaker ferrite texture::,. Abo, it has bcen shuwn th,llth~ {:3.12}<' 113> is 

weakened more than the {113} < 110>, probably bcc<1 U')C th('Jr n llC'k~t lion ra te!:. arc 

different. This efTect was less c1ear in steels with lower :'Tn \e·;els [58J I)r IO"I,er global 

amounts of alloying elements [63]. 

Figure 4-22 shows the ~ = 45~ sections of 3. C-:"fn-:\'b steel rollcd 80"(. in the 

austenite range to finish at 810 or 710ce and air cooled [60]. Compari:-,nn with the 
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(a) (b) 

Fi gu re 4 -2 2 . 41 = 4-.5 0 sectiu n for a C -:\114':\ b .:> lt! '.? l ,1 fte r ro Il i Il g .1t ( ~l ) ,.:<. 1 ~) C. ( b) ï 1 'J C 

same section in Figure 4 23, in vv'hich the ""~llnple W~lS quench.:d, ~h()w~ that an 

increase in the l'ooling rate rcduces the severity orthe texture. In the twn figures. the 

main peak is near {112}< 110> and the severity incrc;l:-'cS markcdly as tbe finÎ::,hlng 

temper,lture is rcduced . 

•• 0 •• le .• • • 2l5~ 

•• "'.7 •• 4Ij •• ~-3 

Figure 4-23: ODF ofa C-:\ln :\b steel quenched after 80~c reduction at815?C. 

In commercial steels, the greater weight of the slabs probably means that, in the 

absence of quenching, the cooling rate is lower than for experimental casts. Thus the 

resulting textures are expected to be Jess severe. Nevertheless they could still be of 

importance, especially in controlled rolled steels finished at lower ternperatures. 
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IV.3.4 STABILITY OF THA~SFOI\:\IATIO:--; TEXTUH.ES 

At this point, it is \\(lIrth c(lll~liknl1g the ~tabilJty of thl' textures fnrml'd during 

"ontrollL'd rol1l!1g, L'ltht'r on :-'\1h~,(!qul'nt l'old rnJlin~; tH' on :l11/H'.II1I1).; 

fu r the / d \' fn r III a t i Il n : -- - ~ -- - ~--

A ..... Sl1g);f?~terl by the pa/ag-raph L'Ulll'l'//1Îng v.,:mn rnllil1)~ in the fi ph:l~l', further 

cold rolling le3d~ to the de\('Jt)pllll'nt of the {lI I}/':--':D fibre. For a C·:\f/1·~b steeJ, a 

{lOO} < 0 Il> componcn t and a tube uf onen t:ltiO/ls \Vith {I Il} / ~D CC'1l tl'red around 

{111}<112> have h'.;en ~ho"':n Lo cllIl.'rge at the l'xpl'n .... e of \I1'2}· 110> [8:1]. 

Generally, {112} <' 110> hit!) bec/1 ~1"'~lIll1ed to hL' a :-,1;1 bic l'nd Ol il'ntatlllt1 [~)7 ,OB]. 

su bSe9..I~~ ~LheQ L trt':t.t lll.rn t~ 

It has oftcn bcen rcpu/ltd lh:lt tran..,f(ll mation tl'xturl'::' for 111er! by l'(ln trolled 

rolling cannot be easily eliminatpo by simple or n:pl::lted lwating into the '( range 

(58,74,79,99·101]. Textures uf a C·~!n·:\'b ~tecl ~nak('d al 91O'C fur 10 minutes and 

either quenchd inlo water or air coolcd are shuwn in Figure '1·2·l [G8]. Fairly stl'ong 

as controlled rolled 
10 min at 9l0ce 
and quenched 

10 min at 910"C 
and 3ir cooled 

Figure 4-24: EfTect ofhea t tl'eatment on a C·?\.fn-:"1b steel (1) ~ 45" sections). 

textures remain arter these treat.mcnts, although the microstructure has chnnged 

completely. Also, variant selection appears to be absent. This C:ln happen if, during 

reheating, the ferrite transforms back to the austenite texture from which it \' .... as 

created and if, during quenching, the austenite transforms as it did the first time. 
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IVA CORRESPONDENCE BETWEEN ANALYTICALLY PREDICTED 

AND EXPERIMENTAL TEXTURES 

The worth of any analytical prediction shollid be measured by i ts abili ty to 

reproduce the experimental data. In the following, simulated textures will be 

compared to actual ODF's and pole figures. 

lV.4.1 PREDICTIONS BASED ON A DISCRETE METHOD 

pole figure analysis : 

In the earliest work, Jones and vValker [62] considered the major fcc rolling or 

recrystallization textu re components [102,103] and employed the KS relationship to 

derive potential ferrite pole figures. They then compared them \\'ith experimental 

ones for a C-}rn-~b steel rolled 50~ at 950CC (as-rolled or recrystallized). The rolling 

texLure of :1ustenite was shown to be of the pure-metal type. :lnd that of recrystallized 

austenite to be of the cube type {IOn} < 001 >. x 0 variant selection was apparent. This 

technique was used ta ascertain whether austenite recrystallization had occurred in 

plain C-:vln and low alloy hot rolled steels. Using the N\V relationship, a similar 

procedure was used to estimate the austenite texture Gt a martensitic 4340 steel [65]. 

The best agreement was found for {1l2}<111> plus a minor {llO}<112> 

component. but no {l11} fibre could be assumed. 

ODF annlvsis : 

A Cr-:0i-~Jo steel roUed at 700ce and air cooled was unambiguously shown to be 

KS-derived From a copper (or pure-metal) type austenite texture consisting of the 

three classical fcc ralling componen ts {1l2} < 111 > (Cu), {lIa} < 112> (Bs) and 

{123} < 634> (8) [67]. 8imilar conclusions were obtained in the case of :.rb-containing 

acicular ferrite steels using {1l0}<112> and {112}<111> [54.57,581, as shawn in 

Figure -1--25, where the derived orientations are plotted in the nearest sections. It 

should furthermore be noted that the observed maxima a t {33 2} < 113 > and 

{1l3}< 110> are surrounded by groups of Ct orientations derived mainly from 

{llO}<112> and {112}<11l>, respectively. 'T'he y rolling texture \Vas therefore 

concluded to have been of the copper type. In bath cases, it was not necessary to 

assume variant selection [57]. 
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Â 133 2}( 113> .. l311l<O11> 

Figure 4-25: ODF ofa C-Mn-Nb steel (~sections) and ideal orientations derived frorn 

{lIO} < 112> (1) and {112} < 111 > (0) with the KS relationshi p. 

An Fe-30Ni alloy was co Id rolled 67% in the bec phase and anneaied to transform 

it into the fcc phase. The partial N\V-derived and expcrimental OD1"'s are shown in 

Figures 4-26 and 4-27, respectively [14]. Ail the experimental peaks are present in 

the simulated ODF, although one of the predicted maxima (~2=45° section) does not 

appear. This may result from the occurrence ofsome variant selection. 

rvA.2 PREDICTIONS BASED ON A CO~TINuOUS METIIOD 

The accurate prediction of transformation textures requîres 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 BI. 
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Figure 4-26 : NW-predicted ODF 

of:?n Fe-30Ni alloy cold rolIed 67% in 

the bec structure and transformed into fcc. 

- recrystallizcd austenite : 

PH 12 = 0 PHI2: 30 

4 

PHI2=40 PHI2 : 50 

Figure 4-27: Experimental ODF 

of the alloy of Figure 4-26. 

Figure 4-9 is the experimentally determined ODF for a C-~in-Nb steel quenched 

after rolling 80% te finish at Tf= lOOO°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 (31,60,1041. Identical results were obtained on 

recryst.allized Fe-Ni a110ys [40,41]. 

transformation procedure: 

Davies et al [60,77] used the ODF of60% cold rolled high purity aluminum, which 

consists of a tube'running from {llO}< 112>through to near {4 4 Il}<11 Il 8>, to 
represent the auslenite (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 (Tr=815°C) and water quenched was shown in Figure 4-23. The 

correspondence between Figures 4-30 and 4-23 is most striking [601. 

Depcnding on the amount of deformation in the fcc phase, the two texture 

components of an Fe-30~i alloy (A = partial < 111> /IND and B = partial 

< 110 >//RD) can be separated [105]. After transformation ta martensite, both fibres 

disappear, A giving risc to a broad peak centered on {llO}<OOl> (Figure 4-31(a)) 

and B to a broad peak between {UO} < 112> and {1l0}< 111 > (Figure 4-3l(c)). 
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Figure 4-28: Parent austenite ODF untransformed from Figure 4-9. 
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Figure 4-29: ODF of60% cold rolled high purity aluminum. 
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Figure 4-30 : Ferrite ODF predicted from Figure 4-29 with the KS relationship. 

However, when derived analytical1y with the WN relationship, extra peaks not round 

experimentally are aiso predicted (Figures 4-31(b) and 4-31(d)) [27]. These caIculated 

ODF's are less severe and no clear distinction appears between the differen t 

orientation relations. 

Figure 4-32 gives the IP = 45 0 sections of Cu and Cu-30Zn cold rolled 90%. The 

textures derived with the KS relationship are similar ta the observed ODF's in Fe-Ni 

alloys rolIed at 500°C [58]. 

untransformation procedure: 

Figure 4-33 illust"ates the ODF obtained by untrans(ormzng Figure 4-23. It i5 

characterized by a tube running from {110}< 112 > ta near {112} < 111 > [55,60]. It is 

worth noting, however, that the severity i5 higher than for pure aluminum (used in 

the transformation procedure), although the main tube is recovered. Thus, the 

transformation and untransformation procedures are shawn ta predict textures 

correctly, althaugh not in a strictly equivalent manner [60). The austenite texture of 

a 90% rolIed 5Ni steel was obtained by untransforming the martensite vlith the KS 

relationship. It consists ofa {llO}<112>-{112}<111> fibre plus the {111}<1l2> 

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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Figure 4-31 : Component A: (a) experimental, (bl ~\V predictecl, 

component B: (c) experimental, (d) NvV predictecl. 

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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Cl from 90('1'( rolled Cu Cl from 90% rolled Cu-30Zn Fe-31.7Ni rolled at 500"C 

Figure 4-32 : ~ =450 sections ofobserved and calculated ODF's . 
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Figure 4-33 : Austenite ODF untransformed From Figure 4-23. 

cube orientation. This difference was assumed to result from the high degree of 

symmetry of the initia! cube and is likely tD be a relatively rare event (31]. 

MODF analy~is : 

The 110DF can be used to determine the relationship beb ..... een two textures 

related by an orientation dependent phase transformation provided a sufficiently 

high order of truncation is chosen. Il should be noted that {100}<OOl > :\10DF 

components are produced by grains that have not undergone rcorientation. The 

presence of peaks ofsignificant intensity at other points is then clcarly indicative of 
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Figure 4-34: 1\10DF (~= 0°) relating the bvo phases of an anncaled Fe-30)l"i alluy. 

nm !~J ~L 
c d 1 

Figure 4-35 : :vrODF's (~= 0°) relating the two phm;cs of an Fe-30.:\'i alloy for prior 

reductions of(a) 50%, (b) 60%, (c) 70%, (d) 75%, (e) 30%, and (f) 90%. 

the existence of an orientation relationship [55]. Figure 4-34 givcs the ~ = A" section of 

the MODF relating the martensite and austenite textures of an Fe-30Ni alloy 90% 

cold roUed and 3nnealed. It tallies reasonably weil with either KS or NW [41]. On the 

other hand, after cold rolling only, the agreement is poor or even bad and dcpends on 

the amount of deformation, as can be seen from Figure 4-35 [40]. 

- variant selection ru nction analvsis : 

Variant selection functions have been calculated from the textures of the 

with a quasi-ideal cube texture {lOO} <001 >, the tir~t specimen \Vas rolled lW"c 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 

variants denoted E and B were weak [73]. 
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IVA.3 VARIANT SELECTION 

In sorne cases it has been reported that the transformation approaches ideality 

with aIl variants equally favored [41,42,55,57,62,70,77,106,107], but rnost 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 conbin peaks and are sharper 

than those predicted using aIl 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 contl:1UOUS techniques of texture prediction The following 

simulations were thus carried out either on idcal components or on a series of 

orientations chosen to represcn t the initial texture. The results presented below are 

classificd according ta the mode! 01'1 \ ... hich they are based, as reviewed in III .3.2. 

practical illustration: 

Applied stress or strain influences the rate of tran~formatian and variant 

selection [33-3.5,65,68,71,109,110), although its effect seems to depend on the amount 

of deformation [l03]. This secms particularly evident for shear transformations. As 

an illustration, the martensite textures of a recrystallized {100} < 001> Fe-30Ni 

• 
• -71) 

/ 

v.),.tc"s'-e 
{HO} 

(a) 

"-, 
-~ ~ ~, 

f:~~~j 
~-

- --- - ~~ --

• •• • • ••• 
• * •• • • 

'''"''.......... . 
"'---... --. - --

{"o} (b) 

Figure 4-37 : Fe-30~i textures (a) without load, (b) with load along RD (e:NW poles). 

alloy, transformcd I.vith or without load along RD, are presented in Figure 4-37, with 

the corresponding active f,rW variants. It is apparent from these figures that sorne 

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 IJeaks coïncide, proving the validity of such a derivation [72J. 
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-'" ...... , 
Figure 4-38 : Experimental and KS-predicted ODF's ofFe-300;i roller! SUC( 

the shape dcformation model : 

Studies employing this model have not led ta succcssfui re~ults (31<~6l. The effect 

of grain shape on variant selection has been shown to be \l./E'ak, as illustratcd in 

Figure 4-39, assuming 95C:c reduction [40]. 

, , 
/ 

:, ... \ . -' ....... 

(a) (bl 

Figure 4-39: (a) rlJ=O° and 45~ ODF sections assuming a grain ::;:hap'.:? t'lJtliVdlcnt lI) 

95% reduction, Ch) 3ssociated !%> = 00 ~10DF . 

the Bokros-Parkcr model : 

Studying an alloy with 12!7cCr-6c;'('~i rolled 93% in the nustcnitc phd~C. f',onk ct 
al. [39] have shawn that it could be described best by {llO}<22;» :lnd th·, 

transformed martensite by {5G3}<421 >. However, as shawn in FiGure -1 ·:0 u~,;ng a][ 

the KS variants, the predickd texture consisted ofboth the l1cll1.cz/ {5G8} < -121> [mIl a 

missmg {100}<074> orientation, whose habit planes are norm:ll tl) the ,lctivl' :-.lip 

directi ons. 

Predictions were also made under the assumption that the transfu:'mation took 

place on the variants associated with one, two or four of the mo::,t favored habit 

planes, taken to be of the form {3 10 lB}, or even on a11 variants 'seightcd in 

-
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Figure 4-40: (100) pole figure of the a orientations KS-derived from (110)[2-25Jy. 
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Figure 4-41 : (a) ~ =OQ and 45° ODF sections assuming the transformation to take 

place on the most favored habit plane, Cb) associated ~ = 0° MODF . 

.. , 
(a) , (b) 

Figure 4-42 : (a) ~ = 0° and 45° ODF sections assuming the transformation tD take 

place on the two most favored habit planes, Cb) associated ~::.: 0° MODF. 

accordance with their habit planes [40]. The resulting 4>=00 and cP=45? ODF and 

4>=00 MODF sections are presented in Figures 4-41 tD 4-44. AIl 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. 

the active 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 ta predict ferrite 

textures. They did this by first fitting a large number of discrete orient:1tions to the 
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Figure 4-43 : (a) ~ = 0° and 45° ODF sections assuming the transforma tian te take 

place on the four most favored habi t planes, (b) associated ~ = 0' MODF . 

..... - .... -

(a) (b) 

Eigure 4-44 : (a) <!I =0° and 45° ODF sections assuming the transformntion to take 

place on aIl weigh ted habit planes, (b) associated <!I = 0° :\10DF section. 

ODF and then operating on these orientations with selectcd KS variants. In this way, 

they were able to predict textures very similar to those of a range of hot rolled steels. 

ldentical results were obtained with the XW relationship by pole figure analy~is [66]. 

However, with this approach, no quantitative correlation was apparent. 

tt " 

Figure 4-45 

Figure 4-45 : (100) pole figure of the cr orient:1tions derived from 

{1l0}< 112>(1), {123}<856>(~), {112}< 111 >(~) by the van.mts 

associated with the slip systems upon which the bq;e~t ~hear strè,:-.::es actf'r1. 

Figure 4-46: (100) pole figure ufFe-25.ï:\i deri\ed with 3.1124 CT varianb. 

Figure 4-45 shows the (100) pole figure of the martcn.5ite phcl:O(~ nf an Fe-25.7i:\i 

alloy after 90% reduction at 400=C (levels 0.5 and 2 only) and the cr p,)les derived from 

the main y orientations ({UO} < 112>, {123} < 856 > and {112} < 111 > J, using a 

Greninger-Troiano relationship [43]. The orientations derivcd from the variants 

corresponding ta the two austenite slip syster.ls which sllstained the br 6e~)t 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. ofmartensite in Fe-30.2:-.Ii. 

shear stresses during rolling, i.e. {Ill} < 011> and {lll}< 101 >, have been shawn by 

c10sed and open symbols, respectively. The realized variants do correspond to these 

slip systems, whereas a prediction using aIl the variants leads ta poor agreement 

(Figure 4-46) [42]. Comparing Figures 4-47 (Fe-25.7.:.;'i) and 4-48 (Fe·30.2Ni), 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 !ines) and t.alculated (dots) cp = 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 ob.scrved. On the contrary, the spread is slight in case (2), 

leadingto a sharpertexture in agreemcntwith the experiment(63J. 

(a) 

, 
• 1 

o )0 -t- 100 

~: (llJ)<110> g: {JJ2}<llJ> (~ = 45" sections) 

(b) 

Figure 4-49. Observed and calculated textures for (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 improved severity is obtained 
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Figure 4-50 : if> = 0°, if> = 45° ODF and tll = 0° ;\JODF sections predicted from 90% cold 

rolled austenite hy means of the slip system/variant coincidence criterion 

assuming a rotation of the principal axes of the strain tensor abou t TD (shear) by 

(a) 0° (b) 5.60 (c) 13.2° (d) 22.5° (e) 45". 

compared ta the equiprobable case, although it remains less sharp than the 

experimental ODF. For aIl reductions, variations were a1so sysLematically observed 

in the prediction of the relative weighting of componen ts : the derived {113} < 110> is 

al ways more severe than {112} < 110> or {332} < 113>, which is not the case 

actually. In addition, {100}<01l > is over- and {210}< 120> under-predicted. By 

further including shear components, the pred1cted textures are modified but were not 

found closer to th~ experiment. It has also been noted that superficially similar ODF's 

could provide markedly different :\10DF's (Figures 4-50 (c) and (d» [.±QJ. 

the Bain strain model : 

Furubayashi et al [45,46,48,49] successfully simulated the martensite texture of 

an Fe-25.7Ni alloy roUed 90% at 40Q"C and air cooled, as shown in Figure 4-51. The 

metal-type austenite texture was decomposed into 360 grains and the model operated 
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figure 4-51: (a)Experimental,(b)simulated (100) pole figure for martensitic Fe-25.7Ni. 

on each individ ual orientation assuming that the varian t having the maximum value 

for the parameter WB was selected among the three Bain variants, 

the geometrical paramcters model : 

Recently, Humbert et al. [50,72J have proposed a new type of model, based on 

optimum induced deformation, which gave reasonably good results in predicting the 

texture of an 80% 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 wi th the experiment (Figure 4-38) shows 

reasonably good agreement, The importance of dimension al parameters on the 

selection proces::, was 3.1so emphasized by E:l:::himoto et al. [111,112]. 

Il 

(a) (b) 

Figure 4-52 : Simulated Fe-30!\i ODF's assuming 

(a) maximal defonnution along ND, (b) minimal deformation in the sheet plane. 
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V.1 EXPERIMENTAL l\IETHOD AND SL\ll"LATIONS 

As mentioned earlier, experimental difficulties often preclllde te:..:tllrc 

determination of the austenite pha~e for most commercial ::.teeb., this i:-. IWl':lu:::.e tl1l'Y 

undergo phase transformation during cooling ln room tcrnperatun'. lfo\vever, 

because of the existence of orientation rel::tti()n::,hip~ hel\\'cen parent and prodlll't 

phases, it is possible to infer the parent texture fru!1l tht~ prodllct text\lre', and vicc 

versa. 

V.1.1 CHorCE OF THE :\IATEl{IALS 

In the course ofthis work, the austenite texture was a:':"llnlPd tn he ::'lInilar to that 

ofother fcc materials and the corresponding ferrite tl'xtllr\!s Wl'fl' then simulated and 

compared to the experimental results ofothers. The prnblcm wa::, tu Ill. 1 kt' ajudit'ioll:::' 

choice of the initial texture. 

stacking fauIt energy considerations: 

In fcc metals and alloys, it is usual to distinguish bdwcen three different type::, of 

co Id rolling texture depending on the stacking fault energy (SFE) Il've l, nallH~ly (i) the 

brass or alloy type in 10\\' SFE materials, (ii) tht' t'opper ur pure metal t) pc in nwdilln1 

SFE materials, and (iii) the aluminum type in very hihh SFI<: m:ltf'l'i:\ h. Â':-. 

summarized in Table 5-1, the bra~s type conSl::.ts e':lsf:ntl:\lly uf t1w br:I~!l ('lImpOllcnt 

{llO}<112>(Bs);in thecoppertype, thecopper{112}<III,(CuJ. {1~:l}·'(;:3-t ·(s) 

and brass compunents have nearly equal strength::,; the S cCJmpllllf'Ill ~1'1':lh tl) hl' 

predominant in the aluminurn type [113]. In the literalul'!:, the (rul!:n)!, tl' ,Lure h:l .... 

generally been assumed to be similar to the texttlre~ of cuppl:r ql' :dtHT; 1 n 11111 

The stacking fault energy of y iron has been report,'cj tl! he ,d)l!ut 7.)!I1.J 1l1~ [II ,t]. 

Accordi ngly, if the aU3teni te fi) III ng te x ture':> Il f IriW a IluYI'd .., ll:td '" :1 /'1: ~I 1 bl; ',j mu b lt~d, 

they should be modelled hy ma tefl,d~ havlng' ('(impar:1 hlt, SFE' -, 111)\\'1_''.'1'1'. thl: SFE IJf 

copper is only nbout .5.5m.J.rn~~, \'.hercas the SFE of :llurnintm: 1.., :!(J()m.J lll~ ~ Il.")]. Ân 

alternative is ta make use I)f nickel-ba':>ed aHI):n. The SFE f)f plll'!: nl!'kt:1 i:~ :lhout 

130mJ 'm2 (11 Gl, but an 3drli tii)n I)f L'IJhttlt decrea:,c., th,: SFF III fi, 1 l 'i], '~I) that :m 

alloy containing 30 \veight p':r cent uf I:nbalt is r;'{fJf:dt:d t,) ha':l; :1 ".ltal'king fault 

• 
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energy of nearly 73.6mJ/m2, which is similar to that of y iron. The SFE values of 

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

SFE l'ange texture type predominant components 

low brass or alloy Es {liO} < 112 > 

Cu{11:2}<111> 

intermediate coppel' or pure rnetal Bs {110}< 11:2> 

S {123} < 63-l > 

very high aluminum S{123}<634> 

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

ma terial 
SFE 

(mJ!m~) 

~ 

Al 200 

~i 130 

Ni-10Co 111.5 

Ki-20Co 92.3 

. 
75 y Iron 

~i-30Co 73.6 

Cu 55 

Ni-40Co 53 

Fe-30:\"i 45 

Ag 30 

I\i-6UCo 15 

Ni-65Co - ., 
.J.~ 

Table 5-2: Sorne SFE values. 
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considerations regarding the Periodic Table \{tb~ F.le!~~~L!ls_ 

\Vhen considering the 'Periodic Table of the Element::.' (Figure ,)-1 l, il c:ln Ill' :-'('l'n 

that Fe, ~i and Co belong to the same elas::,ificatinn g-roup (Group \1l1) nl'the _t'il pcrltld 

of the table and have similar physical data (l'able 5-:3). Th\!ir l'herl1le:!l p/'ll[wrti\·" .Incl 

electrical behaviors might thus be expeded tu he rath\·t·d,,~l' 

Il IIIb IV Vb VI HI Il Il LI 1\ V.\ \'1.\ \11 () 

,--------............. 

2 B (' , 
1 --- - ---
1 
1 AI SI 1 3 

Ni 1 Cu J-z~ 
----- - -

V 4 

:\b 

Figure 5-1 : Extract of the 'Pcriudic Table of Uw Elf!!1l\'nt<. 

Fe Co ;\Ii 

atomic number 26 27 :2~ 

atomic \'leight 6.j.85 ;)~~n .-h~ /'1 

oxidation states +:2 and + 3 -t-:2 ;lnd -~:1 -+- :! ;ll1d 
') 

~ .1 

electron configuration 3~~'.3p'>4~!3d·' .) ). ~ '1- " 3 1 .,.., . p' -. . ( '1 "~ "1- "1 !" .) -, ,p -.,)( 

melting point eC) 1535 Il!).) 1·1 J;~ 

boiling point rC) 2750 :!KilJ ~7:1~ 

phases 8,'(,0. 5,) 

compositions: 

From the two previous paragr.lph-" it .-';Cf'n1-. 1":,1 ,1'Il,dd·: 1.111'/1"" f' \1 C'" :tlll!J'" tlJ 

simulate austenite. The chemical c(,rnpl).,iti 'H1'-, III t;l'! '11!1 :' ,'·r~ll)I'I::._rllll th .. IJtl':"I'l!t 

study are gi'/en in Table .5-~!. 
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Alloying elcments 
Alloy 

Co C S Si Cu 02 Ni 

Ni-IOCo 11 15 0.006 o n03 o 0:1 0.03 0.005 balance 

Ni-20Co 2285 0.007 0.1)1)3 n.nG 0.03 0.006 bQlance 

:';1-30Co ,3090 0.006 o 00.) o 0:1 1) 03 0.009 h::l.!anee 

l\l--lOCO .+1 05 0.006 o OO-~ 1).03 0.0:3 () oo~ ba lance 

Ni-60Co 60.50 0006 0.00-1 0.06 0.03 0.007 balance 

Table .5·~: Chemical compositions of the ~i-Co alloys (weight percentl. 

V.1.2 EXPERI.\Œ:\"TAL 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. 

~aration of the starting materials: 

The all'qs were melted under vacuum and segregation was avoided by magne tic 

stirring during melting. The ingots 'Nere then cold rolled 50 pel' cent to a thlckness of 

10 mm and homogenized by an annealing treatment in vacuum at 1150"'C for 24 

hours. They were ugain cold rol1ed 50 per cent and annealed at 11 OO"C for 3 hours to 

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

final preparation: 

Final preparation consisted of cold rolling to 4:0, 70,90 or 95 per cent reducticn, 

using a laboratory mill with 250 mm diameter rolls. Reproducible textures were 

round over almost the whole thickness of the shcets, except for a narro\~ zone near the 

outermost surface. 

texture measurement: 

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

which the X-ray texture measurements were carried out. For each sample (areo. 2-1 
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mm x 14 mm). the texture was determined b} plntting- CllI1Wntlfll1:d pull' fi~\lll':' :h 

weIl asODF·s. For the latter purpose. l'nul' inc()mplet!' pnlè figllrl~~, n:11l1l'1y tl1l' !lll;, 

{200}, {220} and {311}, were me:l~ured up tn:ln :17imuth (Jf ~ij'. Frc'llllhl''''.' d:tl:l, th" 

ODF's were calcul::lted following the ~cries expansion 1llt.'t1l!1d (JI' HU/1~~l' ['->, ,->] :lll<l 

llsing a computer program de:,igned hy ,Jura'" (Il ~ 119]. 

V 13 snrCLATIO)."S 

Two mai n categories of predictiul1 meth()d-; h:l \, t' b"I'l1 pll'~I'n kil ,Ji)I!'. t' b:ht'd 1> l1 

the tran~formation and untran~furmatlOn prlJccd Ul"':,. rt~.-.pt,cti \·t·ly III '':\l'h r:\ SI'. 

discrete and continuous simlilation~ l'an be cnI'l'ied nut. :1:-. Pf'l''1t'llt c'd 1/1 C'h.tpll'r III 

The practical principles of the derivations are given hell)\\; 

discrete proced\~res : 

As will be shown in the experimental re::'lllt::, (sl~e ~el'tl()11 V :2 1 l, Uw tp·(ture (Jf 

cold rolled Ni-Co alloys can bl' roughly described by mL'ans of [it':l k lYiJI' l'()mpo!lt'n t, 

at {112}<111>(Cu), {110}<1l2>(B~) and {12,1}<634>(Sl ln th,' l!kl:ttUlt'.lJlhcl' 

orientation5 have also been rcpnrted when studying the r()II!I1~; t .. ,tlln''-t Id' fcc 

mate rials. The~e are al! gathcrcd in Table ::5-5, together with t1li' ft h'I't'IlI"'., in which 

they have bcen mentioned. The compnncnts prnduced by rt:t'ry'-.t:dll/:lltl)l1 .HP lhtt:d 

above the heavy hne and tl1f)~e a-;'-,()ciated \Vith def(J!1l1:111I)n .1/"1' t:dwl:llt'd Ill'Ien\' 

The c()rrp~ponclll1g bcc orientati()n~ have been deri';cd li ~!rll; lh.· ES, I~ :111<1 :--r\V 

relationships, asde~cribed in ::,cction 1II.+ 1. AIl the c:.Jcul;ltl!d lill"nLllllllh h,1\1' b .. cn 

retained: i.e. no selection rule wa::, :Ippli,;d re6":lldJng Lhl' \',lrJ:lnt .. 

In a similar mannu, rolled bec rn:lleri:ll:-, C;111 ')()Il1"tillll'''' Ill' d,., 1 rilll'rl h:. :1 '-.l'L Il!' 

orientations, the most important of which are ::,ho\ .... 11 ln T:tldl' .J.f) :\i;:lill, ..... Ilh Lh,' 

exception of the cube texture (no.1 l. the recry .,t:t1! j Z:l titl/J :1 nr! 1''111 j Il ~ l'Ilmp' J nl'/1 h ,1 rI' 

listed abo\'C' and below the heavy line :-.itU~ltt d bd\I,';';11 ')lïc~nl.Jt.',r.)·1 ,I!ld ï (ln th" 

basis orthe untransformatiun meU1(Jd P!f;'f:ntr:d 1:1 -o','dltl!] III : 1. thl' {"" 1111"nt.:l!lln, 

corresponding to the~~: bec IJf!CnLltIl)!1'., h:I'/I: ,11,,) h'·f.':1 "bl:lind ll-,in~~ 'Ill th, \,lll:ll1l, 

of the transformatinn laws (KS, il. :--;W). Thc: pllJ('l'dur'! l'mpIIJ:/"d ',',,:', If 11 1 1 Il ttl tilt' 

discrete trrtn~f()rrnatlOn, except th:l!. thf; fJI)I'r:ltiIJn .\:1, 1':I!!II_d 'Illt III th,' rl"/I'! l' 

direction (from bec to fcc) 
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number symbol y orientation references 

1 '1 {100}< 00 1 > 3] ,55,62,65, 104, 12{ 

q {1l0}< 111 > 42,43,124 L. 

.3 \ {100)<012> 42,43 

-l ( {1~2}<:212> 102 

0 ) {1l3}<3:32> 102 

6 1 {112}< 53-1:> 102 L_ 
7 {112}< 111 > 42,43,55,57,65,124 

8 X {llO}< Il:2 > 41,44,55,57,65.124 

9 0 
./ {123}<634> 124 

If) S {110}<001 > 31.42,43,65,124 

Il - {123}<1~1> 65 

12 '" {123}<412> 55,6.5,103 

13 - {123}<85G> -12,43 -

14 < {146}<:211> 103 

15 > {233}<311> 124 
. 

1 
16 \17 1 {168}<211> 124 

17 , {135}<712> 124 

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

continuous nroccùU.re : 

Better descriptions of textures are provided by complete ODF's. Therefore. the 

ODF's of the fOffilly of .:\"i-Co alloys were u::,ed ta simulate austenites \\tith :1 variety of 

stacking fault energy values and rolling reductions. The low temperature téxtures 

were then obta ined on the basis of eq uation (3-.35) in section fIl ..1.2. As for the discrete 

derivation;" no selection was made among the varian ts of the orien tation 
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number symbol a orien ta tlOn rc ft' n' n ('1 '., 

1 ? {l OO}<OO 1 ;, 
-

2 JJ {lOOi<Oll " -t Il . .).} . fil t<-

3 & {liO}~11(» :~ 1 

-+ S {110}<()()1 - :3 I.ei 1 

5 a {112}<110;. :) 1 .. \(1. (i Il . -;- 1 

6 c {113}': 110 " ..J. 1 .,1:1,:)·1 .-) q . (i: l 

7 e {22:1}< Il () '-> ,10,7 t 

8 n {225}< 110 > 

9 r {111}<110> (iO,9( ) 

10 S {1l1}<112> 14 Î t 

Il v {332}< 113 > 31 An, -il ,·1:3.:J·1 .J!l,fj:l 

12 w C-4} "2----;:)0 <~ .J /' .) ~) , 61. ~ !( ) 

13 z {201}< 102? ·1 () 

Table 5-6. ~Io~t imprJrtant bec t(';~turf: 1',,!)lI" l!1l'nh 

relntionship~. From the experimental t('xLure mC.l;:,lll '_'Ilwnl" the Cl >1 ll' l'tlt'!ÏÏI'jt'nl, 

orthe five Xi-Co ulloys hnd been I)btnin~rl in a preVliJth :-.tlld:v r II~i Ill!" th,·lldl!" rrdlll1;: 

reductinns of 40r;.. ÎW~" 9(Y~, [lnd gij/'T,o. Thec,f~ ('()I!fTiI'ÎI'nL, '.\'·l(~ \l'd'cl :1'. L11" Ildtl.ll d:tt:\ 

in the present wurk. The bec coefficients were ',Itnlll,ltf'd \l',,in~; tfl" l'IltlUnl!lllh 

procedure with the three classicnl tran::-of()rm:lt:IJn l.1\V., KS. I~ ,Inti :'\\\ 

From the coefficient.-, the dlfferent DIH'.., W.~l(· l':d(,lll.l~.·d foll"\"'l!\ .. ·h.· 'l'n,', 

expansion method with nUt1s"'':, nflt:lti'ln TI:,· -k._·kt'lll l.n·· '.'.I·rl· :1 1 •. d.·t,·rll.Jll.·d 

and plutted ns a fUllctioll IJf the Euler ;Jr;;JI' ~ l 1 LI' ~:' l,jI':I h.·,· lïh!"· ", n.!:':. l., th .. 't 

fibre \vith <110> 'ED und thr~ (fïbre · ... ith '111_, :'<1). '.'.":(~ :1::111 '!I,'lll.i!I·d 
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V.2 RESL'L TS 

Because of the large volume of graphical results (over 150 ODF's), it has not been 

possible ta reprorluce ail 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 sorne important characteristics, extracted t'rom the ODF's and easier to 

compare. are 8.lso pre::,en ted in support of the description of the results. 

V.2.1 EXPERüIEi\TAL RESULTS 

As they are the starting materials for the simulations, a brief description of the 

experirnental ODF's obtained for the ::\i-Co alloys scems necessary. It is usual to 

represent the textures of fcc metals and alloys by their 412 sections, sinee most of the 

important orientations lie in these sections. },Iore detailed studies of fcc cold rolling 

textures C8.n be round elsewhere [113,120-1301. 

main features : 

The complete ODF of );"1-30Co 95% cold rolled has been presented abo\-e in Figure 

2-9 and the corresp/Jnding (:200) pole figure and:\D inverse pole figure in Figure 2-12 

(Chapter rr). Extrads of the ODF's fer aIl the 3.11oys \Vith a reduction of 950'c are 

presented in Figure 5-2. The <P2 = 0° and <P2 = 4:5'" sections have been seiected becuuse 

they con t8.in the ideal componen ts {llO} < 112> (Bs) and {112} < 111 > (Cu), which are 

two of the mo::,t import8.nt orientations in fcc rolling textures. The S componE'nt 

{123}<634>, which plays an equally important rolt: in their description, falls at 

<fJ2 = 63 4"', l.e. bet\veen the 62 = 60 a and !l:2 = 63' sections. Therefore, these tV-iO sections 

have aIso been extracted from the complete ODF's. From Figure 5-2, it 15 apparent 

~hat the i ctcnsitit:!s are very high (m:nima between 15 and ~O) and that the peaks Lue 

gt.:nerally not only sharp ~ut also localized and rather narro\'! (little spread and no 

evidenr:e for a fibre, even ifthey sometimes overlap parti~llly). 

influence of the cobalt content: 

In Figures 2-9 and ~-l~ of Chapter lI, the texture of 0ri-30Co 9.5CC coid rolled is 

shown to consist ofthree peaks at the Cu, Bs and S positions, with simibr intensities. 
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Figure 5-2 : Partial ~ 2,sectiun OU F's aft,:r (} ')', cI,:d : "ducti, ln f'd' l" 1 t'I' \ l ,,: ,d li,,' ,d' 

its alloys containing 10, 2f), :11\, iO :1:' cl ni) !11 n'l-I,t "'Ih.dt Il,',, l, 'l,I,,'j , 
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As expected from its intermediate SFE value (-72mJ/m2), this alloy thus has a pure 

metal type rolling texture. The influence of cobalt concentration, which contraIs the 

SFE level, is apparent from Figure 5-2. First, for 95% reduction, ~i-10Co and ~i-

20Co are shawn ta be of the sume type as ~i-30Co, wi th comparable peaks and 

severities. 

'VVhen the Co content is increased ta over 30C'[, i.e. when the SFE is decreased. the 

peaks at the Cu and S locations are drastically lowered and ultimately disappear in 

the case of 0t'i-60Co. On the other hand. the peuk near the Bs component is almost 

insensitive ta ~omposition, although it sharpens at 60 t:c cobalt, so that i t finally 

becornes 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 arder maximum at S, with the Cu component barely visible. :\Ioreover, the 

severity of thi:3 texture i~, less than thase of both the pure metal and alloy types at a 

similar reductioll. 

These observations are fully consistent wi th expectations hased on the SFE val ues 

and the classification of fcc textures presented earlier (see section V.1.1 regarding 

choice orthe materials). 

influence of rolling reduction: 

\Vhcn 5tudying the influence of rolling reduction. the threc preœcling types of 

texture:., (pure metal, alloy and intermediate) must again be differentiatcd. 

The three alluY5 containing 10.20 and 30 percent cubaIt (pure metnl type) have 

similar beh.:J.viofS \vhcn the reduction is increased from -1:0 to 95'-è : the overall 

severities of thr: textures as well as the intensities of thc three peuks ms. Cu, S) are 

increased hon:ot;cneou::,ly. Four ~ 2 sections selccted from the )l"i-30Co ODF's artel' 40, 

70.90 and 9S 1';- rolling reduction are presented in Figure 5-3. At lower reductiors. it 

is app~tren t th~tt the positions of the aetual maxima are shifted sa that the,;; do not 

coincide eXClctly '.Vith the ide::ll posi tinns of the Es, Cu and S components. However. 

the textures can still be de~cribed by peaks and the angular differences between the 

observed and id'~:.ll positions always remain in the range 0" to 15'0. Cltimately, From 

95% reduction onwards, the two kinds ofpositions coindde. 

The texture of );i-.JOCo has been termed transltional for 951'10 cold reduction. "vith 

strong Bs and S components. At lower reduction levels. how.;ver, it exhibits a rather 

different texture (Figure 5- ... 1). For reductions as Iow as .JO'e, the texture mainly 
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Figure 5-3 : Partial q, 2-scctir)fl ODFs for ~i-:3f)CI) CI dd r (illt!d ,10, il), ~f) :1 rHi ~)f)'; 

(levcls 3,6.9 .. ,), 

consists of lwo maxima: one near the Coss pU'Jitilif1 {III)} '/00 l > and lhl: lilht'I' J ()" 

away from the Cu component. The S orientation only apI'l>:H" [1::':1 ~i:t'()nd 1)1 dt·!, jll·;,l: 

When the reduction is increa:..,ed, the components clu'"tf!ring aruund the (;1)::':) po:,itilll1 

fotate towards the Bs orientation, \a,rhich graduully ImprUVt;-, :lnd tht:n bcc{JnH:~ LlH~ 

overall maximum after heavy reduction (90 tn D5',:,). The lC'xlurr: i" .II:,!) ::.harp( !1t;ci 
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Figure 5--1 . PJ.rtral <P2-section ODF's for ~i-40Co cold rolled 40,70,90 and 950/c 

(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 9ûS'c. 

By contrast, an increase in rolling reduction has no influence on the texture of the 

Ni-60Co alla)' other than producing a graduaI sharpening, as shown in Figure 5-5. It 

al ways h:3.s a strong peak at Bs and a small one near the S position, which is 
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Figure 5-5: Partial 02-3l'ctinl1 ODF'!:, for :;i-GOCIJ ",)ld r,dJ,'d ·10, '71). ~)() :Ind :J."j'; 

(lC\ els 3.6,:I .. J 

insensitive to the deform::1tion ~tatr:. The inter! -.i ty in lh.~ ., 1,'ln IlJ IJf' 1:" 1 n,"":,1 -.,.~" '.VIth 

the amount of reduction until 3round 90 f t ddorm:ltJlIl1 :1I1d t/a'll d, I·:-'·.l:~(" .1i;..;hUy 

with further deformation. Ifow(;ver, the gl[)bal 0t:vt:rit:, .,r th .. lt.::·:lur'-, l.~ !1 1)t 1 cduc,~d 

in the same manner. 

.. 
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V.2.2 RESUL TS OF THE DISCRETE SIMULATIONS 

In this study, ideal orientations \Vere extracted From one phase and transformed to 

the other phase by the usual crystallographie relationships. This \Vas done with the 

aim of using the discrete method ta explain the main features of texture inheritance 

during phase tr8.11sitions. In the following, the symboIs L..<;ed to represent the cIassical 

fcc and bec components in Euler space are those inlroduccd in Tables 5-5 and .5-6, 

respecti ve ly. 

transformation ofcommon fec com.Qonents: 

The most important orientations cIassicaIly observed in fcc metaIs 8.nd alloys \vere 

used to simulate austeni te. The corresponding bec orientations were then derived. 

The results are presented on <1>1 sections of ODF frames and compared with the mo~t 

relevant ideal components reported for l'oUed bec materials. The latter are illustrated 

in Figure 5-6 (a). 

Six fcc reerystallization texture components were transformed with the KS 

relationship. The derived orientations are shown in Figure 0-6 (b). Coincidence 

within a 10° range in Euler space is evident between sorne of these transformed 

components and the cIassical bec ideal orientations presented in Figure 5-6 (a). As 

can be seen from Table 5-7, three of these (the {110}<111 >, {100}<001> and 

initial fcc orientation derived bec orientation 

{llO}<lll> nOO}<Oll > 

{llO} <001 > 

{100}<OOl> {lOO}<Ol1> 

{110}<1l0> 

IUO}<OOl> 

n22}<'21~> 

1 

[100:<011> 

{UO} < 110> 

Table .5-7: List ofbec orientation::. KS-derived 

from fcc recl'ystallilation components (Part 1). 

{122}< 212» lead ta t!1è Goss {Il O} < on 1>, rotated-cubè {lOO: < 011> and rotated­

Goss {110} < 110 > orient;.lti,)ns. which h~lve been reported among the bec textures 

inherited [rom r.:crY'itallz::ecl y ~:31.5;j,Glj. These appear above the hea",;; line ln 
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Figure 5-6 (c) and (cl) : KS-relaled orientations transformed from 

(c) the three main fcc rolling cornponents, and (d) sorne other fcc rolling componen ts. 



1 

, 

117 

initial fcc orientation .ltion del"Îved bec odent· 
-

{11Û}<111 > \111'.-:110> 

{112}<534 > i201}< 10:2., 

~113}<1l0> 
- --

{113}<332> '.112;<110'" 

â23}< 110> 
__ 4_ 

Table 5-8 : List of bec orien tations KS-den veel 

from fcc reery:,tallization components (Part 2). 

Table 5-6. By contrast, three of the recryslalliza tion com pon l' n t~ (i.c. the 

{llÛ}<111>, {112}<534> and {1l3}<332» are shown tü tran::.fnrrn inLo bcc 

deformatwn components, as can be seen from Table 5-8. The::,e appear heIo\\.· the 

heavy line in Table 5-6. 

The KS-transformation of the copper, brass and S orientations, thl' three main fcl' 

rolling components. is i11ustrated in Figure 5-6 (c). The lisl of cnint:idences \Vith the 

most common bec orientations is given in Table 5-9. The {112} < III > (Cu) is seen tü 

transform, not only into the classical {112}<110> and {1l3}< 110> through lwo of 

the variants of the KS re1ationship, but a1so into {201}< 102> and {llO}< 110> 

through two other variants. Here, the first three are bec d,>{ormalwf! ,:f)rnponents and 

initial fcc ol'ÎC'ntation 

{112}<111> 

{11Û}<112> 

1123[< 634.> 

dct·jvcd bec () 
-f--. 

{112i<1 

'113· -: 1 

.201}< 1 

<110 1 <1 

·332: < 1 

·111«1 

. 100 () 
-f----------

113 .' 1 

·3:32> 1 

·111)· . 1 

t'ientatio n 

1 r) . 

10" 

():2 .' 

----------

1 1 . 

1 ---_._---
Table 5-9 : Li:,t of bec UrIen tatiun::. KS-df..'ri ',l'd 

from the three mai n fec rlJlling I.'nrnplln!:n L.~ 
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the last one ({110}<110» is a recrystallLzatzon component. In the same manner, the 

{110}<112>(Bs) leads to the classical {332}<113> and {111}<112> deformatwn 

components, as weIl as to {IOO} < 011 >, a recrystalllzatLOn component. :\'Ioreover, the 

S component {123}<634> transforms into both {113}<110> (2 variants) and 

{332}< 113 > (1 variant), as well as into the {llO}< 110 >. Sorne other fce cleformation 

texture components were KS-transformed into the bcc phase. Coïncidences with the 

c1assical bec orientations. determined from Figure 5-6 (cl), are gathered in Table 5-10. 

Thus, the set of fec recrystallzzatzon components of Tables 5-7 and 5-8 as weIl as the 

set of fce deformatLOn eomponents of Tables 5-9 and 5-10 each transform into both 

recrystallization and deformation bec eomponents 

initial fcc orientation derived bec orientation 

{llO}<OOl> {112}<110> 

{111}< 110 > 

{123}<856> {lOO}<Ol1 > 

{llO}<1l0> 

{146}<211> {332}< 113 > 

{100}<01l > 

Table 5-10: List ofbec orientations KS-derived 

from sorne other fcc rolling components. 

As mentioned in Chapter III, the three orientation relationships (KS, Bain and 

N\V), although rather different when expressed as parallelism conditions, are not far 

from one another in Euler space. This is confirmed in Figure 5-7. whcre the (100) pole 

figures of an initially cube-oriented grain, transformed aecording to these three laws, 

are presented and l'ompared. In Figures 5-8 (b), (c) and (d). the three main fcc rolling 

components. namely the Cu, Bs and S, are transformed into the bec state with the KS, 

Bain and ~\V orientation relationships, respectively. The corresponding (00) po1e 

figures for the transformation of the S component are shown in Figures .5-9 (a) to (cl. 

From a global poin t ofview, the results obtained by the three types of derivation are 

thus similar. Each Bain-derived orientation is. nov .. "ever. surrounded by four ~W- and 

eight KS-related orientations. respectively, in keeping with the relative number of 

variants of each Iaw. An identical order is thus expected wh~n the ODF's 

correspanding ta these three relationships are classified according to their severity 

parameters. 
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Figure 5-7: Transformation of the fcc cube componcnt (100 pole figures); 

comparison of the (a) Bain and KS orientations, and (b) Bain and ~W orientations. 

untransformation of common bec co~onents. 

The usual bec ideal orientations of Table 5-6 have abo been un l/':ln:,formed in tn 

the austenite state to ascertain their origins at high tempcr:1lure!1. The re:~ult:, rire 

presented, in ~2 sections, in Figures 5-10 (b) ta (d) and compared with the rLl,~ .... ical fcc 

recrystallization and deformation componen ts of Table 5-S shl1wn in Fïg-u r(~ ,-)·10 (a). 

The descriptions given above for the transformation case arc cnnfin1ll:r1 h,?l'e, which i~ 

not unexpected, since transformation and untran~-;fl)rm;\tion ;ue strictl:,: t~quiv3lent 

operations when aIl the variants are considered idenlically. 
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V.2.3 RESULTS OF THE CONTINUOUS SIMULATIO~S 

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 nf sorne ~i-Co 

alloys describe the rolling textures of austenites with comparable stncki ng fault 

energies. These were transformed according to the Bain, KS and ~w relationship::, tu 

yield textures corresponding to the bec a obtained from the fce y by phase 

transformation.;';-o variant selection rule was empluyed. The transformerl ODF'::, are 

represented by their q, l sections, as is often the case for b<;e textures, ~ince most of the 

important orientations lie in these planes. In what follows, an ODF fJredicted llsing 

the KS transformation law is often termed KS-predieted, KS-selected or KS-derived, 

and similarly for the Bain and NW relationships, 

general observations regarding the simulated transformation te~tt! res : 

It should first be noted, when compartng the simulated bec textures with their fec 

originals, that because of the multiplicity of variants in thl' tr:w::.forma lion, the 

transformed ODF's always appear less intense than their parent y te:<ture!:>. 1\lso, all 

the predicted ODF's - except those eorresponding tn ~i-60Co - h:1ve similar 

characteristics (shape, maxima, intensities ... L They are defined hy two penks ,almost 

equally strong, in the vieini ty (jf {332} < 113 > and {113} < 110>, bu l thel r rei::I live 

importance as weIl as their exact locations depend on the amount (jf ('ob:llt ~Ind the 

rolling reduction apphed to the parent alloy, 

This is not unexpected in the ca:se of the texture~ dcrived from the :\ l-CO a!loys 

containing 10,20 and 30 percent cobalt, since their re~pectlw SFE le,,!']'., t~n')ure a 

similar type of fcc rolling texture, Even the texture'"> ::,imul:Jt.I:rl fnml );i ·lUCI) 

(Ïntermediate fcc texture) resemble thosc from the alillys '.VIth l(lv,er Co contt!nt'5 

(pure metal type fcc texture) However, the intenslty of thf~ Ol:3} -- 110 -~ ('omponent 

1S lowered and the {332}<113> peak is hro~ldened comp:ll"I·d tl) th" :\i-lIJCo tl) :\1-

30Co cases. On the other hand, the texture~ c()mput(·d f'rlJl!l :\"i (jl)CO) ;Irf~ rd' ,1 dilTc/ '-,/1l 

type. Two peak5 still appear, but al, m<Jrk"di y' dIfTI;rpPL plJ'oILI111l" : olle at 

{111}<1l2>, whieh is about IO degrr~e::, <l'Nay friJl.l ::3:l:2:, ~ Il:3 .-', .l/lcl ;1I1f)thp/" !11'ar 

{lOO}<Oll>. In general, the severity 1)[ th·~ Lp'<Lurl' Illerf!:I',P" wlth thl: !"'1I:1 I)f 

reduction, although the sharpne~~ofthe initIa! nDV h al,,'):1 crul'l.ll p.I/":II1Wtl:/" 'l'hl; 

derived ODF's thus encompa5:::' the pl)!è:-,iblc tr~ln ..,fIJrm:1 tII)[~ tl!:<tll ri"., th.1 t . .,hfluld hf~ 

obtained [rom fcc y '.vith 3. r()ngr~ IJfSFE valu p ) :Inrl ','.trUlli, rl)lllng rr:dll,'tj',n-
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The MODF's correspnnding 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 N\V­

derived ODF's are detectably more intense (e.g. ln terms of the severity parameters) 

th an the KS-derived, ln keeping with their respective numbers ofv?.riants. 

detailed descri;-tion of the ODF's obtained \Vith the KS relationship : 

As stated in the presentation of the experimental results (V .2.1), the rolling 

textures of the ~i-Co alloys under study can be divided into three categories, 

dependipf:, Ù~. their stacklng fault energies, namely the (i) pure metal, (ii) 

intermediate, and (iii) alloy type t~xtures. Correspondingly, the simulated b(C 

textures were expected ta fall into three groups, investigated in turn below. In aIl 

three cases, the derived bcc textures are less severe than those of their parent fcc 

structures. 

(a) bec textures transformed from pure metal type fcc rolling textures: 

These correspond to the textures derived From the Ni-Co alloys containing 10, 20 and 

30 percent cobalt. Their <jlj-section ODF's are showr~ in Figures 5-11, 5 12 and 5-13, 

respectively, for the four different roIling reductions (40, 70, 90 and 95%). The 

intensities along the Ct «110>IIRD) and y «I11>IIND) fibres have also been 

plotted and are presen ted in Figures 5-14 and 5-15 as func.:tions of the cobalt content, 

and in Figures .5-16 (u),(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 \Vith the amount of prior 

reduction in the y phase. 

The positions of the two maxima in the transforma tion texture mere ly 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 '( phase and, as 

the deformation is increased, progressively shifts towards {225}< 110 >. i.e. between 

{1l2}< 110> and {113} < 110 > Œigures 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 {22.5} < 110 > peak should not be confused 
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Figure 5-11 ' <l>l-section ODF's obt:1tned by tran~flJrrnin6lhe t!~:<t\lr'~ 'Jf :\i-l0Cu 

according to the KS relationshlp aftcr (a) 40 f1n, (b) 70'}, (c) 90(~" and rd) ~):)' r, red udilJr. 

prior to transformation (levels 1,2,3 .. ,), 
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c 

Figure .5-12 : 4l1-section ODF's obtained by transforming the texture of Ni-20Co 

according ta the KS relationship after (a) 40%, (b) 70%, (c) 90%, and (d) 95~c reduction 

prior to transformation (levels 1,2,3 .. ->_ 
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Figure .5-13 : ~1-seLtion ODF's obtained by trrtI1SftJrmlnh' the lf!xtllre ur ~ï :wc.) 
according ta the KS relatiunshlp arter (a) 40'';, (b) Î()'''r, Id 'j/J'~, and (d) ~J:i(i rr.dlll'tilln 

prior tn traI1sformatirln (lr;'.els 1,2,:3 .. ). 
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reduction 40% 70% 90% 95% 

location l location l location l location l 

severity 53 - 70 - 81 - 96 

maXima !112}<11D> 32 {225i< 110> 32 t225} < 110> 34 {225:<llO> 40 

- - {554}< 225 > 35 {332}<113> 3 5 {332;<113> 3 5 

2nd order - {201}< 102 > 1 5 1201} < 102 > 20 {201:< 102> .) -
-0 

maXIma - - {100}<01l > t) -uO tlOO} < 0 Il> 2 5 {100}<OI~> 25 

Table 5-11: :vrain eharacterÎstics of the bec textures KS-transformed from Ni-l OCo. 

reduction 40% 70% 90% 95% 

locntion l location l location l location l 

severity 46 - 66 - 76 - 84 

maxima \1l2~<110> t) -
~o {225}< 11 0> 35 ;225}< 110> 33 {225}<llO> 35 

- - {554}<225 > 20 {::J32} < 113> 25 {3.32:< 113> 25 

2nd order - - - {~OII< 102> 22 (201}<lO2> ') -
~ ° 

maXlIIla - - - ~lOO}<011 > 25 {lOO; < 011 > 25 

Table 5-12 . \.Iain characteristics of the bec textures KS-transformed from ~i-20Co. 

with the presence of a fibre type component. On the contrary, the second most 

important peak of the texture, which also exhibi ts a peak form (Le. no evidence for a 

fibre) in the vlcinity of {332}< 113>, is narrower, as ean be seen from the <1>1 = 90° 

section of nny of the KS-predicted ODF's in Figures 5-11 and 5-12, especrally along 

the if> axis. Along the $:! nxis. on the other h:l11d. sorne overlapping is noted, with a 

minor component locnted 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 (~i-l0Co and )Ii-20Co), {55~} < 22.5 > gives a better 

description of the maximum at low deformations (up to 7DCtc), but it finally shifts to 

{332}< 113 > after heavy y roUing. 
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Compared to ~i-10Co and Ni-20Co, which have rathcr high SFE's, the textures 

derived from Ni-30Co, if analyzed in detail from Figure 5-13, already present sorne 

marked differences, although they still belong tn the st1mc overall category. For 

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

reduction 400/c 70 L:o 9W'(' 
95(:é 

location l location l loca tion l location l 

severity 58 . 79 79 95 

maxima {112}<llO> .'30 {225}<11O> .3 5 {113}<IIO> :3 5 {Ill} ,II!)'· ·lO 

- - {554}< 225 > 25 {332}< 113 > :2 5 {332}< 11.1 > :3 0 
--

2nd order - - - - {201}< 102.> .) -
~ ;) {:201}<102> :JO 

maXIma (J OO}<Oll > 20 {lOO}<Oll> 20 {1 OO} < () 1 1 > :2 1) {lOO}<.I)II> :2 ;') 

Table 5-13 : l'train characteristies of the bec texture::, KS- transformer! frl)!l1 0;' i -30Co. 

sensitive tu the amount ofrolling: between 70t:;"'c and 90% reductlOn, no major changes 

are observed in the severity parameter and the high mtensity levels do not vary 

much either. At the same time, the positiun of tht~ maximum becomes r1lIJre sen::,itive 

to rolling: it is stilliocated at {112}< 110> for 40% y rolling, as in the previuus case, 

and ag8in shifts to {225}< llO> after 701"{· reduction After 90"~., however. Il is te) be 

found closer to {113}<110> and even move~ toward:-, {11.t}<'110'· .vhen 9.')';;· 

deformation is cJ.rried out, as opposed ta its position ncar {22:)}<' 110 ~. for :--;i-l () and 

20 Co (see a1so Figures 5-14 and 5-15 for comparÎson WI th :--;i-1 OCt) a nd :--;i,~OCn l. 

In the simulated ODF's derived from the three rt!lOj'), second t)rrler maxima are 

often found near {201}< 102> and {1 OO}<011 >. Their ::,trcngth" :lrl' :-,e!1:-'llÎvc tf) the 

amount of rolling reduction, so thac they bccome signIficant arter 9()-05'~ 

deformation. as shown in Table .5-13. 

(b) bec textures tran~fot'mcd ft'om Întpl'llH'diatl' Lyp" 1'('(' l'ollillg tp'\ ~1I1'1\'" 

When the ODF's simulated from :il-.tI)CiJ. which :ln~ ill!l:-,tr:ltl'd in FIg!lr!' .l·li'<., an~ 

compared with thmJe dcnved from the pure mt·t:t! typ" rolllng Le'{Lun"-'Ju"t df':,(·rtl)t'd. 

many similaritie~ are e .... ident. H()w(~ver, :d .. ng tlw Iln'''~ t.f th!' rll!t:J1II·d :tn~!l\"i:, 

begun above, and in 3grecm':!nt wlth th,: tf!nd':llt·l'!., .,hl),vn hy tlw :-\1 ;~I)CI) ha..,t:d 
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Figure 5-18 ~l-section ODF's obtained by transformJng the texture of Ni-40Co 

according ta the KS relation5hip after (a) 40QY, (b) 70%, (c) 90QY. and (d) 95C10 reduction 

prior ta transformation (levels 1.2,3 ... ). 
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reduction 40% 70% 90C( ~t 95% 

location l location l location 1 location l 

severity - 53 - 68 c') )~ Il 

-

maXlma fll:2}<110> 35 {225}<IIO> '3 7 \~~5J <'110 > .) -- .) \II~}< 110> ~ 0 

- - {5.,)·!.} :225-, ~ ') i5i1·l} <: 2~5:> .~ 0 
-

2nd order - {20n < 102 > 20 {201:<1()~> ~() 120I« 102> ~O 

maXlma - - - - {l Oll} <: () Il > 1 5 

Table 5-14' Main characteristics of the bec textures KS-transformed frum ~i-40Co. 

ODF's, sorne differences can still be pointed out, e.g in Figures 5-16 (d) and 3-17 (d), 

which illustrate the influence of the texture transition in the parent fcc structure. 

The severities of the derived ODF's given in Table .5-14 abu show a noticeable 

drop during interrnediate rolling as the maximum near {ll3} < 110:> progre~::,i ve ly 

disappears. {554} < 225>, which thus becomes the major component of the texture, 

does not sharpen sufficiently, however, to balance the decrea~e in severity, so that 

globally the ODF's become comparatively less severe at higher rolling reductions 

than those derived from pure metal type fcc textures. The {554}'-: ~25 > peak is al50 

broader in :\i-40Co than in the previous alloys. 

The positions of the maxima change sllghtly frem1 the ca::,e of )ii-:3I)Co. The peak in 

the vicinity of{112}<110> after 40'} reductlOn rotates to {225}<'llO.>, where it 

remains during the whole intermediate rolling pr{)l'e~:,. Only after hcavy deformntion 

does it shift towards its ultirnate pOSition near {114}< 110;..., ais!) (l!J'1ervl.'d for the 

textures derived from ~i-30Co. On the other hand, {.1,J4)·- :22,'j~, i;-, the be~t 

description of the other maximum. ~o rotation tn {:332}< 11:3 .-> IS ob..,er·v!:d, I:ven :.lt. 

very high rolling levels, as was the ca~e for :'-ii-30Co. The ;-'l.:crJl1r1 (lrdf:r en:1 XllJlum near 

{201}< 102 > is sti Il apparent, al though only in the ;:,pr~ly (If lhf~ {114[ ,- Il f) ...... after 

95% y rolling, whereas that in the vicinity of{lOO}<Oll.> 1':> hardl.:/ 'lhibl,> 

(c) bcc textures transfol'mcd from a 110)" type rcl' r'olling tpxtlll'e~ . In l'IJ!1tra::,t 

to the two previous case . ." the textures simulated frllm );i-fj()C,) difr':r -'Io;nilicantly 

from those predicted for aIl the other alloy::" as indicateri ln F!"';llff!'> .)-1·1 and .)-1::>, 
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Figure 5-19 : <Pl-section ODF's obtained by transforming the texture of Ni-6reo 

according to the KS re lationship after (a) 40%, (h) 70%, (c) 90%, and (d) 95% reduction 

prior to transformation (levels 1,2,3 ... ). 
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reduction 40% 70% 90% 95% 

location l location l location l location l 

severity - 77 63 - 87 90 

maXIma {lOO}<Oll > 38 {100}<Oll> ') ~ - / tIOO} < 011 > -1-5 OO()}<Oll> :) .t 

{11l}<1l2> 32 {1l1}<112> 3 '3 {111}<112> -1-3 {lIIi<112> 4:3 

2nd order - - {lOO}< 012 > 20 {1 QO} < 012> 1 ;) ~100}<O12> 20 

maxima - - - - -

Table 5-15 : .Main characteristics of the bec textures KS-transfarmed frum )I i-60Co_ 

They still consist of two peaks, visible in Figure 5-19, but at the rathcr different 

locations reported in Table 5-15: one at {11l}< 112>, i_e. about 10 dcgrees away from 

{332} < 113 >; its strength depends on the roUing reduction in an irregular manner. 

The other one al ways falls close ta {lOO}<011>, i.e. J.5 degrees away From 

{113}<110> on the <100>//RD fibre, and its intensity increascs with the 

deformation (Figure 5-16 (e». Actually, this can be best described as a partial 

< 100 >//ND fibre, with maximum intensity at {IOO} < 011 >, which develops with 

rolling. At IO·.N reductions, {lOO}<O Il> IS already strang, and appears as a peak. 

There is also a second arder peak near {IOO} < 0 12 > wi th an in ten::,ity which is nlmost 

independent of the amount of rolling. 

influence orthe choice orthe orientation rebtionshLP~ 

As stated earlier, for any alloy, the derived ODF's are always m~1rkedly more 

intense for the Bain orientation relationshi p th:ln fl)r the other two, and ~w is 

always a little sharper than KS. In the followin~, the Bain and ~w results are 

compared with the KS ones since the latter are generally rcported ta give the best 

description of actua' transformations in steeb. 

(a) Bain vs KS predictions: Figures S-20 (a) tu (d) illu!:>trate the Bain-predicten 

ODF's for the Ni-Co alloys containing lO, 20,40 and GOr;. cobalt, n~spt!,:tivel'y, and 

rolled to 95% reduction. Figure 5-21, on the other h3nd, show.:; the influt~nct; (Jf the 

amount of reduction prior ta tran~formation on the B:lln-pn~dicted ODF's for :--;i-
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Figure 5-20: cf>j-section ODF's obtained bl' transforming the texture of 

(a) Ni-lOCo, (b) Ni-20Co, (c) Ni-40Co, (d) N i-60Co after 95':0 prior reduction 

with the Bain orientation relationship (levels 2.4,6 .. .), 
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Figure 5-21 : cPl-section ODF's obtained by transforming the texture of :\i-30Co 

according to the Bain orientation relationship after (a) 40%, (b) ïO(r,. (c) 90'1, and (d) 

95% reduction prior to transformation (levels 2,4,6 ... ). 
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reduction 40 t '1(1 70% 90% 95% 
-

location l location l location l location l 

severity - 97 - Il 19 - 1 32 - Il ï l 
---

maxima .113:<110> .t {1l3}<110> - 't 111}<110> 9 {1l1}< 110> 12 , 

- i554}<225> 5 '5.'5-l: < 225 > 5 \554: <225 > :3 

2nd order i201;< 102> 2 {201}< 102> 4 1,20t} < 102> -i :20l{< 102 > 5 

maXIma \lOO}<Oll> 
.., 

{100}<Oll> :3 qOO;<Oll> 3 ilOO} < 011 > 4 l 

Table .5-16 : ~Iain characteristics orthe bec textures Bain-transformed from ),'i-30Co. 

reduction 40% 70("l'c 90C'(l 
1 

95% 

location l locatio~ location l location 
1 

l 

severity - 1 21 1 Oï 1 -l6 Il 48 
1 

maxima " I IJO: < 0 Il> 6 'lOO} <O~3 > 5 ~lOO\<O23> 1 Î {lOO,<O23> n 

1554;' < 225 > 5 1 {332k 113> ;) ;55·li<22") > 6 ,J ,5.54~ < :225 > 1) 

2nJ order - - -
1 

maxima - - -
1 

Table ,)-17 . .\Lll11 characteristics of the bec textures Bain-transformed from ~i-60Co. 

30Co. For purposes of comparison with the KS results. the Ct and '( fibres were a1so 

calculated fur the Bain transformation and are presented in Figures ,)-2:2 to 5-~.5. The 

general trend" of the two familLes ofODF's are similar to those obtained '.VIth the KS 

relationship. but clo:se studyofthe sever:ty, positions and intcnsities ofthclr maXtnw 

reveals the dlfferences. As an illustratIOn, the seventies and maxima locations clnd 

intensities obtained from the Bain transformation ld\V :.11'1:. collected ln Tabl~ .5-16 for 

)l'i-30Co and in Table ,)-17 for :--;i-60Co. These two sets of data should be compared 

with those obtained from the KS derivation pre'5ented .lbove in Tablès )-13 and .5-1.5. 

respectively. The maximum intensities in the Bain-rebted ODF's 3.re bet'.';een 2 and 
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Figure 5-22: Ferrite Cl fibres deduced from the ODF's obU!lncd by tran.:>forrl1lng 

the texture of the five ~i-Co alloys according tl) the Bain relati'lI1ship 

after (a) 40 C1c, (b) 70'1, (c) 9OC''r, and (d) 95% reductllJn prior to tr~lrhfl)rma tl'ln. 
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Figure 5-23 : Ferrite 'Y fibres deduced From the ODF's obtained by transforming 

the texture of the five Ni-Co alloys according to the Bain relationship 

after (a) 40%, (b) 70%, (c) 90%, and (cl) 95% reduction prior to transformation. 
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Figure 5-24: Ferrite Cl fibres of the GDF's obtained by transforrni ng the texture of 

(a)Ni-lOCo,(b):\i-20Co,(c)~;ï-30Co(d)~ i-40Co,( c)~ i-60Co wi th the Brlln re la tionshl p. 
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Figure 5-25: Ferritey fibres of the ODF's obtained by transforming the texture of 

(a)Ni-lOCo,(b)Ni-20Co,(c)Ni-30Co(d)Ni-40Co,(e) Ni-60Co with the Bain relationshi p. 
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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 seeond ordez' maxima, 

however, this ratio is reduced ta a value between 1.5 and ~ The cnrrespondi ng 

severity parameters. which glve a measure of the aVl'rage sharpness of the wlwlc 

texture, and not only a measure of the mtensities l)f t/w maxima. are around 1.7 

times larger in the case of Bain than in that of 1\8. F'll' \'t'ry hig-h reductInns (95";'), 

where the peaks attain higher levels and thll~ ne:lrly cklim' the entlre texture, the 

seventy parameter ratio Bain.'KS tends towards J value ncar:2, which 1S dü::,cr to the 

coefficient relating the maxirru in the two textufI!S 

The predicted positions of the maxIma arc abu ~Ii;;htly modified c()mparcd tn the 

KS simulations. The {554} < 225 > component I~ alrnu~t al ways predictl'd llsing the 

Bain derivation. On the contrary, a KS prediction learb tü the develupment of a 

maximum at a location best described by {3:32}< 118;:..., ('xl'cpt [(1[' :'\"i-fjI)Co. in which 

both types of law lead to a {554} < 2~5 > peak. In a slmIlar m.lnner. the ~l"_'()nd Baln­

predicted maximum is most often found at j113}< 110:.. fur the ODF'~ :,dllidated fur 

the Ni-Co alloys contalning 10,20,30 and 40 percent cqbalt. uSlnS' the K3 relation, 

the corresponding peak for these alloys has been shown lI) f:1I1 élt {112i< lIn> after 

low reductions and then, as the :J.mollnt of reduction is Incrt'ased. tn move gradllally 

to {225}< 110> for Xi-10Co and Xi-20Co, or even to {l13}< IIU.>, :1noultllnately tl) 

{114}< 110> for ~i-30Co and 0;i-·WCo, respectl'lely (Figure::> 5-~~ :1 nd ,)-:24). For the 

de ri va tions based on :--:i-60Co, the secund ma :":P1111 m b he"t d(,~'-'I 1 hl'd hy il (JI)} ,- ()~:3 > 

if the Bain orientation relation'')hip i~ cmployed, t':(Ct'pt.1l vely IfJW n·du,'tlllth wh('rr~ 

it is found a t {IOO} < 011 >, as predicted fur a Il fi >III n,..;- 1 t'V!: 1.., tH n,-; tilt' 1\ S rc la tl!Jll 

Second order maxima also arise after a B.lin tLln.:,form.ll!o!1,!' (L't.:pt l'')r :';I-GOCO, 

where there is no real eVldence for such a Cl)nd\l~I\lI1 A'o for Llw m.lln peak...,. thèir 

intensities are higher than thuse of the peaks rc::,u1 tll1"'; frrl!I1:\ I\S rj"IIVé\ll(Jn Their 

posit;ons are also slightly shifted with re~pect to the KS ca::,(' ;~(J.q":3f)2> IS a 

better description here than {201}< 102>. and the q()IJ}..-:-Oll.' d thl' formel lS 

moved by 10= along the < 100> ,/:--;D fibre, 

(b)NW \-s KS Pl·cdictiono:.. Figure::, 5-2G :lnd 5-:27 ·,huw thf: 1r1nUI'!1I'C f)fcflhalt 

content and rolling reductir)ll on the :-;W-prediclcd UDF'::, Ag'nin th.: lWf) ~d~ of 

simulated ODF's are simllar and the rescmblanee., :\rr~ c',en r~1Urf~ "trikJl1i-, ~h:ln wlth 

Bain. However, the maximum tnten,:,ltIe:, :1S weil ~\::, the ::.cvcnty p.lr~lrnetcr) LHe 

about lO-15C"c higher in the )i\V-related ODF'.., l'ompared tu their rcspe('tI\(~ It:vd., for 

the corresponding KS-derived nnes, as indic:Jted in Table., .)-18 :Incl ~-19 ff)r .:\i-:3UCu 
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Figure 5-26 ' ~ l-section ODF's obtained by transforming the texture of 

(a) Ni-lOCo, (b) Ni-20Co, (c) Ni-40Ca, (d) Ni-60Ca after 95% prior reduction 

with the NW orientation relationship (levels 1,2,3",), 

a 
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Figure 5-27 ~ <Pl-section ODF's obtai ncd by tran::.forming the texture of ~ï-3()Co 

according to the ~ orientation relation!:>hip after (a) 4W"c, (b) 70~"'n, (c) 9OC"o, and (d) 

95% reduction prior to trandormation (levcls 1,2,3 ... ). 
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reduction 40% 70% 
1 

90% 95% 

location 1 location l location l location l 

severity 65 - 88 . 
1 

88 1 06 

'Tl:1Xlma <l13}<1l0> 30 {l1.3}< 110> .+0 {1l3}< 110> -1-0 '113}<1I0> ' -~:J 

- - {554}<225> 30 i554} <225> 25 {554: < 225:> 3.5 
-----
~rd order - t20l}< 102 > 20 {:::!O1} < 102> 30 {20l; < 102 > 30 

ma:<lma 1100,<011 > 20 {100}<011 > 20 \100i<011> 20 {lOO}<Oll:> 30 

Table 5-18: :\'Iain characteristies of the bec textures ~"\V-transformed From 0ii-30Co. 

reduction 40% 70% 90 C1(' 95% 

location l location l location l location 1 

severity - 87 -
1 

75 - 1 051 81 

maxima {lOO}<Oll> -1-0 {l00}<011 :> 30 nOO}<OII> 50 \100;<011> 20 

{55{·<225 > 40 {55'+}< 2:25 > 30 t55.+} < 2:2.5 > 50 :55'+' < 225 > .+0 

2nd arder . - {lOQ}< 012 > 30 {10O}<OI2:> :2 0 (100:<012> 20 

maXIma - - - - - -

Table .5-19' },Iain characteristics of the bcc textures XI,V-trnnsforrned from Xi-60Co. 

and Xi-GOCo. respectively The positions of the maxim.1 are globally in agreement, 

except that {S.54} < 22.5> rather than {332}< 113 > is predicted for heavily cold rolled 

Xi-lOCo and Xi-ZOeo and for .::\i-30Co irrespective of the rolling reduction (figure 5-

27). Also. {554} < 225 > is )/\V-predicted for Xi-60Co as oplJosed ta {111} < 112 > with 

the KS relation. Lastly. for );"i-30Co, the X\V orientation relationship predicts a 

maXImum nt {113} < 110 >. irrespective of the nmount of prior reduction, whereas KS 

predicts {112}<110> after40% reduction, which grndually rotates to {114~<l10> 

through {113} < l10 > \vith increasing degrees of rolling. 
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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 experimcntnl ODF's in order 

to evaluate the assumptions and methods used; (ii) the different types of simul:üiol1 

methods are then compared brieny: and finally nii) the influence nf ::,Ul1lC simulation 

parameters on the resulting transformation textures is presented. 

V.3.1 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 ODF's measured on : 

(i) ferrite in controlled rolled steels, (ii) martensite, and (iii) cold roller! ferrite. 

ferrite in controlled rolled steels : 

The extent of correspondence between the nnalytically preclicted bec ODF's and 

experimental textures determined on HSLA steels will now be c(jn~ldcred. IIere, the 

Roe notation (1(1,9,11) is employed for the Euler angle~, as in the original puhlications. 

For this purpose, the ODF reported by Inagaki for a controlled rolled 0.1 ()C-1.24~Jn­

O.03:\b-O.067V steel [.57] has been selected and i~ pre::,('nted in Figure :)-28 (a). This 

)Tb- V steel \Vas first hot rolled in the recrystallized y r:Jl.gc and tht.!n l'on trolbd rolled 

to a total reduction of about 85 percent at a fini~hing tcmpl~ratllre (Jf S50"C. The 

presence of ~b and V ensured that the '( rolling texture \va::, retained hefore 

transformation into a. Moreover, as mentioned previ()u~ly (V 1 1.), the ~tacking fault 

energies of the fcc Xi-30Co alloy and the 3ustcnlte of the expenmental steel are 

expected to be comparable. The '~-section ODF':) calculateri for thf_' :-.ri-30Co nlluy, 

after 95% reduction prior to transformation, Me dlu;,tratf'd in Figure') :)-~R (h), (e) 

and (d) for the KS, Bain and);W orient:ll!fln l"f:Lüion-,hip':>, rt~::,pectlvely. 

Although the general features of the tèxture~ reprl.:~C'nt 'd by the~e f{Jur figure~ 

are similar, the intensity levels ln the experirncntal ~teel cUfrI!':>pnnd hf:~t with thl)~e 

calculated fllJP.l the KS or ":':W rclati(m~ 8nd are ~nmewh;lt ::,h~1rpf:r than predictecl. 

The maximal intensities in each section of the BaIn-related UDF arc about ~ to ~.5 

times the respective values for the expcrimen~al texture, in agrf!ement with what 

was said earlier about the relative numher of variant::, assCJèiutcd with the three 
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Figure 5-28: (a) experirnental '-jJ-sedlOn ODF (Roe notation) for a controlled rolled:\b 

steel containing 1.24% }'In; (b), (c), and (cl) . lv-section ODF':; (Roe notation) obtained 

by transforming the texture of the 95c~ cald rolled ~i-30Co alloy according ta the KS 

(levels 1,2,3 .. ), Bain (levels 2,4,6 .. ) and ':{\V (levels 1,2,3,.) relatlOnships, respectively. 
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transformation laws. The global dispositions and shapes of the iso-densi t.y lines, 

however, are nearly identical in the four textures. The ~-W and KS simulations ('~ln 

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 {1l3} < 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 ~\V, which 

correspond better to reality (see the 'P = 0° and \li = 45) seetion~, for Instance). 

Ail the experimental peaks appear on the sim'lÏated OD1"'s but, conversely, one of 

the maxima of secondary importance predictecl by the three types of derivation docs 

not exist in the expenmental texture. As reported ln the sedion dealing with the 

continuous results (V .23), a second order peak is exhibited al {201} < 102> in nearly 

al! the simulations. However, this calculated peak is not visible on the experimental 

ODF, as can be seen frum a comparison of the èxperimental and simulated 1jJ -= 90° 

sections, for example. On the other hand, the other second orcier maximum described 

in section V.2.3 and predicted near {lOO}<Oll> is effectively present 

experimentally with a shape and spread close to those predicted by the KS- and ~\V­

related textures (1jJ = 0° sections). The Bain orientation relation!:>hip predld~ narrOWE'r 

and sharper second order peaks, as already pointed out for the calculnted inlen~iUes 

and shapes of the overall maxima. 

The above considerations just if y the de~aiption of the austenite lp'\turè by that uf 

an fcc alloy \Vith a similar SFE, and als0 give strung support ta the gencr:ll vlew that 

ferrite does indeed transform from austenite accOl·ding to the KS relationship, even 

after heavy deformation. Sirnilar conclusions could aIso have been dr:lwn frum the 

ODF's of a 0.18C-1.28.\In-O.031:-;b-O.042V steel finish rulled at 7.so"e [37], a O.lC-

1.3~fn-0 03~b steel controlled rolled with Tf=800~C [58], or a 012C-l...t7.\In­

O.051~b steel finish rolled at 815"C after 80";_ reduction. as shown fur the btter in 

Figure 5-29 (ill-section ODF·s). 

Camparisons can aIso be drawn between the e:{pf:nments and the textures deri'lcd 

analytically for Xi-30Co after lawer reductlOn~ pnur t() tr[ll1 .. ,formalÎl)/1. In th~ same 

manner as for Figure 5-28, the simulatcd ODF';:, aftel' ~(J"~, 70"'é· ~Jl1ci no";.. rulling in 

the fcc phase are compared to the texture of the controlled rolled ~ted reported by 

lnagaki [57] in Figures 5-30.5-31 and .5-32. respectively. As pOll1ted nut during the 

presentation of the results, the severity of the tran':>[I)rt1wrl textures mcrely de pend on 

the amount of reduction given tl) the material beftJn~ tran~formatl!ln. lIowever, the 
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Figure .5-29 (:1) experimental t!>-section ODF (Roe notatiOn) f(Jr 3. hot r.)llcd );b steel 

containing 1.47C'10 },In; (b), (c). and (d) ~-section ODF's (Rue notatlOn) obtained by 

transforming the texture of the 95% colcl rolled ~i-30Co alloy according ta the KS 

(levels 1,2,3 .. ), BJ.in (levels 2,4,6 .. ) and N\V (levels 1,2,3 .. ) relatianships, respectively. 
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Figure 5-30: (a) experimental'v-secti'Jn aDF moe nut;\Unn) ff)r u curlrollcd ru!led );b 

steel containing 1.24% Mn; (b). (e), and (d) 1.IJ-section OOF's (Roe notaUun) oblained by 

transforming the texture of the 40% cold railed l\'"i-30Co alloy a<.:cording ta the KS 

(levels 1,2,3 .. ), Bain (levels 2,4,6.,) and :-.r\V <levels 1,2,3 .. ) rebtionships, re~pècti ·..,,1; ly. 
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Figure 5-31 : (a) expe rimental '~-secti0n ODF (Roe nota tion) for a con trolled rolled 0i"b 

steel containing 1.24CC :'fn; (bL (c), and (d) tV-section ODF's (Roe notation) obtained by 

transforming the texture of the 70% cold rolled ~i-30Co alloy according to the KS 

(levels 1,2,3 .. ), Bain (levels 2,4,6 .. ) and ';1W devels 1,2,3 .. ) relationships, respectively. 

1 
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steel contaimng 1.24% Mn; (b), (c), and (d) '~-scction ODF's fRoe notatiun) obtained by 

transforming the texture of the 90% cold rolled 0ri-30Co alloy 3ccorcli ng tü the KS 

Oevels 1,2,3.,), Bain (levels 2,4,6 .. ) and ~w rlevels 1,2,3 .) rcl:llionships, rc~pectively. 
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correspondence with experiment remains valid to a rea30nable extent even if the 

level of reduction is lawered ta 90% or 70(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 . .) apd i t leads to poorer agreement wi th the ODF of the 

controlled rolled steel (Figure 5-301. 

The major components of the transformatiOn texture, namely the {332}< 113> 

and {113} < 110 >, have been suggested as originating from the {llO} < 112 >(Bs) and 

{112} < Ill> (C u) components, respective ly, of the texture in the '( phase [5 .. LSi]. This 

is supported by ~he results of the present study, where the repeated high intensIty of 

the {332} < 113 '":-' \.'omponent in the den ved 0. textures is assoeinted with the hlgh 

intenslty of the D:o ('umponent, {110}<ll2>, in the origInal rolling texture ofall the 

Ni-Co allojs SWlllarly, the strong {113}< 110> Ct texture componentcan be linked to 

the presencf' of a strung Cu penk, {112}<111>, in the starting ODF, and a law 

{113}<11U> \VIth Its:1b~ence. 

The exp;rimt:nt.:d Ij;-section ODF for a C'ontrolled rolled steel containing 2.48''70 }In 

(57]ls shown in Figure 5-33 (a). As for the previous steel, it can be compared with the 

textures derived ::malytlcally from ~i-30Co 95% co Id rolled according ta the KS, Bain 

and 'Yi\V orientation relation:3i~lpS, which are represented in Figures 5 .. 33 tb), (e) and 

(d), respectlvely. The expenmentai texture wa:::; measured on a 0.08C-2.48~In .. 

O.050:\b-O OIOV steel finIsh rolled at SOOee (i.e weil below the no-recrystallization 

temperature of austenite l'nI', thaugh higher than the transformation temperature 

Ar3). From Figure .5-33 (al, it .should first be noted that the sharpness of the measured 

texture is much higher in the case of the 2,487c }In steel than in the l :28C'é \In grade 

shown in Figure 5-:28 (a), although the two ODF's are of the same type The KS- and 

~-W-simubtl'd GDF's obt3ined from 9.5% cold rolled :\1-30Co thus do not show the 

same good agreement with experiment, because the calculated intensities are about 

three limes tOI) low. The Bain .. simulated GDF, on the contrary, predicts these high 

intensity jp\'pls, centered on the {332r< 11.'3-> and {113}<110> posltlOns, more 

accuratl'!:, l[1)\ve\er, th .... difference ln severity between the measured and den\ed 

textures :~ not likely tl) he rl'lated to ;,electlOl1 between the variant::; of the 

transfOrril.l~(on la\\'. Dy l'umparing the di::-;l'teLe orientations derived frclm the fcc Cu 

and Es cumpuI1t.:nts \~'ith the pe[lk~ of the expenrnental GDF's, the original ~1U:)tenite 

textures (il' tht> twù stee1s arc both scen ta be of th!;:' pure metal type [.57]. :'-Ioreover, 

the second order maximum. predicted by the three laws ta be near {~Ol}<102>, is 

indeed observed on the actual ODF of the 2.48C
;', .\In steel as an inde;Jendent peak, 
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Figure 5-33 : (a) experimental ~-section ODF moe not.:1tion) for a contrulled rolbl :\b 

steel containing 2.48% Mn; (bl, (c), and (d) w-sectlOn ODF's moe notatIon) obtnined 

by transforming the texture of the 95% cold rolled Ni-30Co alloy accnrdlng to the KS 

(levels 1,2,3 .. ), Bain (levels 2,4,6 .. ) and NW (levels 1,2,3 .) relationship5, rcspectively. 
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which was not the case for the steel containing 1.28% ;\-ln. The experimental tex.ture 

is thus simply more severe th an predicted, and this therefore indicates that the effect 

of ~In as an alloying element is far more important on the transformation itself than 

on the transi tion of the y rol1ing texture from the pure metal to the a110y type. 

martensi te : 

An attempt is made here ta compare experimentally determined martensite 

textures \vi th the analytically predlcted ;). texture':3 for the :\'"i-40Co alloy. The SFE of 

Fe-30~i is expected to be ~lbout -15 r..ü rn 2 [11-1:]. this 1S not very ddTt?rent frum that of 

the present );i--10Co alloy, whicn is about 53 mJ rn' ll16.11ïJ (sec 31so Table 5-2), 

Figure 5-34 (a) present::. the q,~-~ectlOn ODF of an Fe-30Xi alloy rolled 111 the 

austenite phase ta a total reduction of 80 percent and transformed into n1::utensite 

[72]. The q,2-sectinn ODF's preclicted from the texture of the i\i-40Co alloy usmg the 

KS, Bain and --::-:'W relatllms are shown in Figures 5-34 (b), (c) and (d), respectively. 

It is apparent from thi::; figure that, although the overall intensity maxima in the 

experimental and pred1cted textures appcar at about the sarne locations in 

orientatlOn space, narne ly near {332} < 113> and {1l3} < 110 >, they are much 

weaker in the simuhted textures than in the measul'ed one. Even certain second 

order maxima, e.g. near {201}<102> in the <1>2=0° or -!>2=9(r section, are under­

predicted compared to the experiment. Furthermore. there are additional peaks in 

the simulated ODF'::" especially along the < lOO>//::--;D fibre (along the ~ = 0° axis in 

every 1l:-; = constan t :::.ectlün), \1; hich are not present in the experime n tal texture. 

Th1s is confirmed ln Figure 5 35 by comparing the <P~ = 0° and ,,~= 45~ sections of 

an expenmental ODF for the martensite formed from an Fe-30?\"i alloy rolled 70 

percent in t.h~ y phase [-10,-111 (Figure 5-3,:) (a)) \vith the cOtresponding simulated 

section':> p)',·dlcted from the );i--WCo alloy 95 percent cold rolled according ta the KS 

and B3111 n:Lltion~hjps, shown in F1gures 5-3.5 (b) and (c). re::,pect.ively. Again the 

peaks ~lfI_' ..,h,lrper in the mea::,ul'ed texturf3 (-il~ =-1.5' section for the overall ma.ximum 

and -t>~ = () - sedion for sorne second orde r peaks) An extra peak is observed 

expenmcnL1 tly ne:.1r the {lon; <011> t.:ornpnnetlt. whlch was not \'lslble in Figure 1-

3-1 (al in the Cbe of "'1e Fe-3ü--::-:'i texture repol'ted by Humbert ct al L1fter SOc; rulling 

reduction In thè :lustenlte r:J.nge [/':2]. It IS. however. nalrOWèr :lnd ::,trongez' than the 

KS-predi,.'ted one. The Bam-related ,p~ = 0" sedion, on the other hand. exhib1 ts ~1 

broad peak of secondary importance at:l location best de::,t.:ribed by {10t)}<Ol~>. 

compared to the observed {100}<011 > (rotated-cube componenU also visible in the 

corner of the ~'2 = -1,s" section and predicted by the KS transformation law. 
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Figure 5-34 : (a) experimental ?'2-section OD F fur the m~lllcn~l te forml!d frlJm ,ln sur; 
y rolled Fe-30)ii alloy; (b), (c), and (d) ql2-Sccti on 00 F'::, obl:1J ncd by tra n )form in g the 

texture of the 95% cold rolled ~i-40Co alloy 2.ccording ~I) the 1\.8 Oeveb 1,2,3_.}, Bain 

(levels 2,4,6 .. ) and :\W Oevels 1,2,3 .. ) rela ti onships, respect! velyo. 



, 

\ 
1 

, 

;1 

1 

/ 

162 

(a) 

(b) 

(c) 

Figure 5-35 : ~2 = 0° and ~2 = 45° sections from (a) the experimental ODF for the 

martensite formed from a 70% y rolled Fe-30Ni alloy; (b) and (c) the textures 

obtained by transforming the ODF of the 95% cold rolled ~i-40Co alloy according ta 

the KS (h~vels 1,2,3 .. ) 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]. 

cold rolled ferrite: 

The annIytieally predicted transformation texture~ derived From the series of ~i­

Co alloys, represented by their ~l = constant sections, exhibit sorne points of 

similarity with certain experimental ODF's obsef\~d in cold rolled steels and iron 

alloys. As an illustration, two experimental L'Gld ndl~d bec texture:, are presented in 

Figure 5-36 : the ~l-section ODF of an Armco iron. rulled 90~ at room temperature 

[131,132], is shown in Figure 5-36 (a) and the ~l-section ODF of a 7U i
;- cold rolled low 

carbon steel [133] is illustrated in Figure .)-36 (b). In Figures 5-36 (c) and (d), on the 

other hand, the simulated textures derived from ~i·30Co 95 (',e cold rolled according 

to the KS and Bain orientation relationships, respectiveIy, are presented for 

comparison. 

The general trend of the four figures shows sorne degree of correspondence 

between the textures of the bec materiais obtained by (i) deformation + 
transformation, and (ii) transformation + deformation. However, the spverity is 

higher in the eoid rolled materiaIs, as confirmed by others workers [e.g 13-t-137]. It 

also appears that the nature of the maxima are different ln the two prnces::,es : the 

simulaled ODF's have been described earlier by a set of Ideal orientations of various 

strengths. On the contrary, the experirnental cl)ld 1 ()Ilecl textu l'es are be~t described 

by fiber type components, as shown in Figure ,:)-;37, whieh cl)mpare~ the '~-section 

ODF's (Roe notation) for an S0C10 cold rolled low carbun ~teel [1381 with th,1t KS­

predicted From ~i-30Co 95 CTc cold roUed. 

Figure 5-38 eonfirms this result by comparing the ~:2 = 45 - sedums I)f :1 72';- cold 

rolled ~b containingsteel [137] with the corresponcling section ~~xtraLt('d fmm Figure 

5-37 (bl. A partial CL and a complete y fibre therefore appear :1" hettr!r dec.,cn ptlOns of 

the eold rolled textures than two ide;}] orientations in the 'viclnit:/ I)fi:tt~; -:: Il:L> and 

{113} < 110>. The CL and '( fibres correspol1(lintj' te) tht: (e·..:tllr 1.", ,~hflwn ln FI~\lrl.~ ,)-31) 

are illustrated in Figure 5-30 From thi~ figure. it can clcarl) lw ,>I;t'n lh~lt. In (.'old 

rolled steels, (i) the inten!:>ity is glrJbnlly high':l, (ii) the n:ltllrt: l)f the m,tin 

component::, i~ more of a fibre type, and (iil) the pw,ltlUn u[ thl' ma:O!1l11rn 1'> ::,hiflcd 

From near {113}<110> towards about {~:2:3}< Ilf).>, compared tu the pl'l~'ient 

simulated results. 

.. 
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Figure 5-36 _ pl-section ODF's of(a) an Arrnco iron, rolled 90~c at room ternpernture; 

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

transforming the ODF of the 95% cold rolled ~i-30Co alloy according to the KS 

(levf'ls 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 (h) the texture obtained by transforrning the ODF of the 95% co Id rolled Ni-30Co 

alloy according to the KS relationship (levels 1,2,3 .. ). 

(a) (b) 

Figure .5-38: 4>2 = 45" sectIOn of (a) a 72% cold rolled)rh steel, 

and (b) the texture obtained by transforming the ODF of the 950/( cold rolled 

:--ri-30Co alloy Gccording ta the KS relationship. 
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figure 5-39 : Orientation density along the (a) Cl fibre and Cb) '( fibre 

of the textures shown in Figure 5-36. 

Finally, the silnulated textures are compared with the results reported by 

Sehlippenbach et al. [134,135] in the form of the respective Cl fibres. In their work, the 

latter authors studied an Armeo iron (AI), ::ln aluminum killed (AK) and an 

interstitial free (IF) steel, each with 80% cold reduction, and a vacuum degassed (VD) 

steel rolled to difTerent reductions. The Cl fibres are shawn in FigurE: 5-40. Again, the 

same differen~es appear between the materials produeed by the two different 

processes. 
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Figure 5-40: Orientation density along the Ct fibre for: (3) four 80% cald rolled steels; 

(h) the textures KS-related to 95% cold rolled Ni-Co alIoy'3 with various Co contents; 

(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 ASSESR~Œ0iT OF THE METHODS 

As discus~ed above, the sim ulation techniques for the study of transformation 

textures can be divided into the tran.'i{ormatwn anollntrans{ormat/On methods and 

also between the discret'! and contulllous methods. These two types of appro:1ches are 

compared brieOy in turn below. 

transformation vs unti'nn:5formation methnds . 

In the present work. the llntran~formatil)n procedure wa:-, unly ll~(:d tu confirm the 

origin in the austenite of ~ome well-defined ferrite idcnl orientation:::., sllch as the 

{332} < 113> anri {113} < 110>. As expected, 5l'ch specIfie den va tlOn~, carricd ou t in 

an identieal manner for each variant of the transformation law, did nnt lead ta any 

new results compared tü those of the direct transfurmation meUwd. :';0 continuous 

untransformatlon simulations were. however, attcmpted in the course of this 

research. )l"everthele"s, these are expected tu produce results similar tü those 

obtained From the transformation procedure, as long as no varIant selection is 

involved. Kalrend et al have indeed reported ~uch global agreenv"'nt between the two 

types of methods [55], although a detailed analysis shows sorne rninor differences 

between the analytical ODF' untransformed From that of a l'erritic steel and an fcc 

pure metal type rolling texture. 

continuous vs discrete methods : 

:Ylethods based on both continuous and discrete des('riplion~ of the ODF have been 

used to derive simulated transformation textures. It is the airn of this section to 

compare such results. As recalled earlier, Inag::lki l54,57] suggc:-,ted that the 

{332}<113> and {113}< 110> onentatiuns, ob:served in controlled rolled steels, 

originate from the {llO} < 112 >(Bs) and {112}< 111 >(Cu) compunents of the y phase 

texture, res,?ectively. This result has been confirmed by the present researeh and the 

analysis ha~ leen extended ta the roIe of the {123} < 634:> (8) componcnt. 

To illustrate these relationships, it was assumed that the 'f rolling texture 

cünsists solely of the Bs, Cu and S componen ts. The orienta tions obtained hy 

transforming these thfE:e components according tü the KS l'elationship are shown in 

Figure 5-41, superimposed on the ODF calculated by transforming the texture of the 

9590 cold rolled ~i-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: Orienta tions de ri ved from the three principal fcc rolling texture 

components (Cu, Bs and S) according ta the KS relatianship. These are superimposed 

on the ODF obtained with the sJ.me transformation law from the texture 

of the 95% cald roUed Ni-30Co alloy (levels 1,2,3 .. ). 
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the different <Pl =constant sections are made up of the transformed Bs, Cu and S 

orientations. In addition, manyofthe minor maxima arc also accounted for. 

One of the twelve 01 ientations transformed from the Bs is the {332} < 113 >, 
whereas {113} < 110 > is one of the tweive obtained from the Cu. AIsù, in each case, 

three of the remaining transformen Bs and Cu orientations lie withm 10° in Euler 

space from the {332} < 113> and {113} < 110>. In addition. two out of the twenty four 

orientations transfnrmed from the S lie close ta the ahove orientations. 

Sorne other findings. summarized in Tables .5· 7 tn .5-10 above, are worth noting. 

The {201}< 102> orientation is seen ta be produced l'rom the {1l2} < 111> (Cu) and 

3.1so from the {1l2}< 53-1 >, which is close te the Cu compnnent. The prest>nce in the 

transformation text'.lres of a second arder peak near {20 l} < 102 > is not therefore 

surprising, as long as there is no variant seledion in the transformation law. The 

other maximum of secondary importance observed on the ODF's near {l OO} <011 > 
can be explaiped by the fact that the Bs and S components both lead to the 

{IOO} < 011 > (rota ted-cube) orientation The KS-derivation of the fcc recrysta llization 

components aiso forms this orientatIon. 

Finally, the discrete tran~forrnation 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 steeb and weil predicted by 

the continuous method. The origins of these peaks are dearly establishcd in this way. 

as demonstrated ubove. In addition, with the nid of the discrete technique, the 

maxima of secondary importance derivcd by the serie::, expansion method near 

{201}<l02> and {lOO}<Oll> are also shown to be for'med from the:::ie fce rollmg 

eomponents. Discrete simulations thus help to ascertain qualitatively the fcc parents 

of the major bec orientations, whereas continuous mcthods give quan titative 

relations between the two complete ODF's. 
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V.3.3 INFLUENCE OF SIMULATION PARA::YIETERS 

Finally, the l'ole and importance of certain parameters of the simulation will now 

be presented and their influence on the derived results emphasized. Attention will he 

focussed on the l\;i-30Co alloy, 95% cald rolled and KS-transformed, as this material 

has an SFE close to that of y-iron and its texture after KS-transformation compares 

weIl with actual transformation textures in steels. The conclus;ons drawn below, 

however, apply equally to any of the simulations carried out in the course of this 

research. 

presence ofghosts in the starting texture: 

Since the correct representation of ODF's req uires consideration of both the even 

and odd terms in the series expansion, and since pole figures are determined only by 

the even terms, il tS not in principle possible to produce true ODF's from 

experimental pole figure::> [e.g. 139). Although the correct positions of the strongest 

maxima are Yieided in a satisfactory nlanner when only the even coefficients are 

used, the ODF's reproduced From pole figures in this way also contains false peak 

profiles and strong fluctu:ltians which suggest non-existent maxima. These are 

denoted as ·'ghnsts". 

The "ghost" phenomenon also affects transformation textures. Twa methods were 

used to correct the experimental ODF's measured for the )l"i-Ca alll1ys : first. each 

ODF \IjQS analyzed in term:; of a limitcd nllmber of "gaussian" cOl11ponents g. each 

with a stati:-.tical weight :\1
1 
and an angular spread wu" This family (gl' ~1\, U)f),) was 

then used ta calculate the odd CIIl\) coefficients [e.g. 13,14:0,141]. An iterative 

positivity methnd [1-1:2] was a[50 employed, which basically develops the negative 

regions of the 00 F into a series of odd coefficients. This second meLhod \va~ applied in 

turn ta the cxperimental fcc and simlllated bcc textures tü see whether any major 

difTerence C\ro~e depending on the location of the correction in the simulation 

proced II re. 

The 4> l-scL'tion ODF ,)btained by transforming the texture of the 95"( cald rolled 

Ni-30Co altu)' according tll the KS ['elation~hip with no correction (figure 5-·~2 (a)) is 

compared WI th the ODF's reslliting From the three types l)f correl'tion describcd above 

in the followlDg figures: (i) the gallssian peak rnethod (Figure 5-4:2 (b)); the iterative 

zero condition technique applied tii) before (Figure .5--12 (cl) and (iii) after tFigure .5-

42 (cl)) transformation. Figures 5-4:3 and .5--!-! illustrate the S,1me points in terms of 

the KW and Bain relations, respectively. The 'l and '( fibres are a150 compared, for the 
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Figure 5-42 : ~l-section ODF's obtained by transforming the texture of the 95% rolL 

rolled ~i-30Co alloy according to the KS relationship : (a) without ghost correction; 

, (bl corrected with a gaussian peak method; and corrected with an iterative positivi ty 

method (c) before and (dl after transformation (levels 1,2,3 .. ). 
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Figure 5-43 : '~l-section ODF':3 obtained by lransformi ng the texture of the 95('1(' roid 

rolled Ni-30Co alloy according ta th~ ~\V relationship : (a) without ghost correctlon; 

(b) corrected with a gaussian peak method; and corrected with an iterative posi tivity 

method (c) before and (d) after transformation (levels 1,2,3.,). 
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Figure 5-44 : <t> l-section ODF's obtuined by transformi ng the texture of the 95% cold 

rolled :-.Ii-30Co alloy according to the Bam rela tionshi p : (a) wi thout ghost correction; 

(h) corrected with a gaussian peak method; and corrected with an iteralive positivity 

method (e) before and (d) after transformation (levels 2,4,6 .. ). 
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four conditions, in Figu res 5-45 \ a), (b) and (c} for the KS, ':\.W and Bai n 

transformation lnws, respective\y. 

The main innuence of the ghost correction process thus appf':1rs tn he that the 

severity of the transformation texture is increased sltb'htly t'umpared tl) the L'ase 

where no correction is Dpplied :\0 m,lJt)r change is observed in the '!> I-;,ectinn ODF\. 

except that the m:1'OI11a are somewh .. lt sh.lrpened. The negati\,~ 1nten~lties .. 1re nnt 

represented on thl:' '!lI =constant sections, so that the effect \)f the L'orrectt')D 

procedure can nrit be fu lly apprpciated. These oh:,er\ a tions are l'oniirmed hy the plut.:; 

of the orientatiun densltIe'3 a\ong the a and '( fibres, The g3.u::;.",ian type L'OrrectllJn 

seems tu shdrpen tht' final te-.;:ture more th:ln the two iterati\t' P()~itl\'lt.Y method.:>. 

which in turn gi\f' sirnilar results. The strong maxima are further strengthened and 

certain second I)rrier pe:lk~ ar-e l()wert~d 

Finally. although sorne m()difications are apparent. they remain far he\ow the 

degree of certainty of the e:<pt~rirncntal mea5urement~, sa that the gh()st phenomenon 

ean be conduded li) have Itttle innuence on the study of transformation textures by 

such types of simulation:,. 

orde r of tru ncation in the se ries exp~l nsions : 

In the series expansion method, the summatinn~ on the first index - denoted 1 -

should range From zero tü infinlly. However. they are S"enerally truncated at l(!ld\ =::!2 

for simpliClty and bec:luse the weight of the higher order indices 15 well below the 

degree of precision of the orientation density Hg). The innuenl'e I)f trunl'ation at a 

lower level was therefore in\estigated 'Jn the transformation texture KS-dertved 

from the 951~ cold rolled ~i-:':OCo data. 

Here. the li!11ltation on \ l'an originate from any of the three harmonie functions 

involved in the simulation of tran:,formation textures: (i) the ODF of the parent fcc 

phase, (ii) the \IODF of the orientation relationship, or (iii) the ODF of the product 

bec phase. Tbese three functions, when expanded into series form, l'an a prwn be 

truncated at three different values of the first index. 1. The transformation relation, 

which relntes the corresponding three types of coefficients. however, takes the 

smallest 11ll .. 1 \ in tu account, the coem.:-ients of higher order being annihi lated. 

The q, 1-section GDF's KS-derived from 9'::>% cold rolled :\i-30Co are pre~en ted in 

Figure .5-46 \Vith different orders of truncation (Jm~1\.=22, 18, 12 and 6). The 

corresponding orientation densities along the ex and y fibres are illustrated in Figures 

5-47 (a) and lb), respectively. The severity of the transformation textures increases 

with Imd\ , although the strengths of certain peaks can be influenced in different 
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Figure 5-45 : Orientation density along the a and '( fibres of the textures shawn in 

Figures 5-!2 ta 5-44 pertaining ta the: (a) KS, (b) NW, and (c) Bain relationships. 
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Figure 5-46 : ~l-section ODF's obtai!1ed by transforrnhg the texture of the 9SQ, cald 

." rolled Ni-30Co alloy according ta the KS relationship with clifferent orders of 

truncation . (a) lmax = 22, (b) lmax = 18, (e) Imux = 12, and '.cl) lmux = 6 Oevels 1,2,3 . .). 
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Figure 5-47: Orientation density along the (a) a fibre :Ind (h) y fibre 

of the textures shown in Figure 5 .1(;. 

ways. The abave remarks do not apply pcrhap~ ta the lm,\'(:-: f) c:t::'l!, which difTers 

somewhat frum the others. probably bec3use of the over ~lTnplilication of the 

description orthe texture. 

departures from the exact orientation rclationship": 

In the course of this work, the orientation relationship was always as!:tumed ta 

apply strictly and identically ta each individual grain It has becn said, huwever, that 

phase transfonnations are seldom characterized by such high degrees of ideality. 

Certain discrepancies can thcreforc be inlroduccd inta the simulations when 

calculating the MODF coefficients of the transformation bw . (i) a gaus::.ian angular 

spread wo abolit the ideal value ~g of the orientation reJationc,hip C:ln be assumed. 

and/or (ii) a percentage Pr of the transformation can be carned out in a random 

manner. The effects of these two parameters - WQ and Pr - arc presen ted below on the 

transformation texture KS-rlerived from 95% cald rollcd NI-30Co. 

(a) influence of a gaussian sprcad in the orientation rclationship on the 

simuJated transformation texture: In Figure 5-48, the 4> l-section ODF'5 arc shawn 

for different values of the angular spread wo (00, 5°, 10° and 15'» and the 

corresponding orientation densities along the a and y fiores are presented in Figure 
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@J 

Figure 5-48 : QI-section ODF's obtained by transforming thé texture of the 95% cold 

rolled Ni-30Co alloy according ta the KS relationship with four angular spreads away 

from the exact Iaw : Ca) WQ = 0°. (b) wo = 5°, (c) WQ = 10° and (d) wC' = 150 (levels 1,2.3 .. ). 
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Figure ,5·49 : Orien tation density along the (a) a fibre and (b) '( fibre 

of the textures shl)wn in Figure 5·48. 

5·49. The severity of the texture decreases wÎth wo 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 ta the 

ove raIl maxima of the texture, as well as ta the peaks ofsecondary 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 0 ta 7.5?; it then remalns in this position for higher values of the W() pararneter. 

For wo greater than about 20°, the simulated textures exhibit inten::.Îtics close ta the 

random distribution. 

AIl these findings are in agreement with the faet that the spectrum of the 

transformation law is enlarged when wo is increased, 50 that the product orientations 

are distribu ted 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 ~l-section ODF's obtained by transforming the 

texture of95% cold rolled Ni-30Co according ta the KS orientation relationship with 

different percentages of randomnesfJ in the transformation (0%, 15%, 25%, and 40%) 

are shown ln Figure 5-00 In th~ 15% random case, for example, 8.5% of the initial 
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Figure .5-.50 : ~ l-sectioll ODF's obtained by transforming the texture of the 95% cold 

rolled Ni-30Co alloy ::.ccording to the KS rela tionship with four percentages of 

randomness: (a) Pr =; 0°0, (b) Pr = 15%, (c) Pr == 25%, and (cl) Pr == 40% (levels 1,2,3 .. ). 
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Figure 5-51: Orientation density along the (a) Ct 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. SimiIar .": gures 

apply to the other random levels. The corresponding orientation densities along the Ct 

and'f fibres are presented in Figure 5-51. 

As can be seen from Figures 5-50 and 5-51, the main influence of randomness is to 

lower the intensi ty of the transformed ODF. The severi ty of the texture decreases 

regularly as Pr increases. However, this strength reductioll is not accompanied by any 

change in the position of the maxima of the ODF, as W2S the case with wo; the ove raIl 

maxima and second order peaks are decreased in intensity but do not undergo any 

shift compared ta the Pr = 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%. 

FinaIly, the influence of the abave departures from the strict orientation 

relationship is mainly to lower the intensities of the derived transformation textures, 

as can be se en from Figures 5-52 (a) and (b), which show the dependence of the 

severity parameter on the two simulation parameters wo and Pr, respectively. 
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Figure 5-52 : Dependence of the severity parameter of the transformation texture on 
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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, wi th particular reference to the case of 

controlled rolled steels. The mathematical formulation of phase transformation, as 

applied to texture evolution. has been revlewed, 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-ta-a transition in 5teels 

have a150 been reviewed, as weIl as sorne 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. :\-Iethods, 

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 ohtained in earlier studies 

between analytically predicted and experimental textures has also been presented in 

sorne detail. In the present investigation, transformation textures in steels have been 

estimated by transforrning the ODF's according to cerUlIn 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 requlres the use of the 

complete ODF and :\-rODF descriptions rather than that of ideal orientations 

and crystallographic relationships, so that the continuous series expansion 

method gives the best results. 
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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 al! three cases, however. due ta the muitiplicity of the 

transformation variants. the transformed textures are invariably weaker than 

those of their a usteni te parents. 

(3) The ferrite textures determined in controlled rolled steeIs heavily deformed in 

the austenite range generally agree with the ODF predicted on the basis of the 

KS relation, without variant selection, frorn the caid rolled ~i-Co alloy with 

sirnilar stacking fault energy. 

(4) The two major texture cornponents of the ferrite derived from deformed 

austenite are the {332} < l13 > and {113}< 110 >; these originate from the 

{llO}<112>(Bs) and {112}<111>(Cu) orientations, respectively, which are 

the two major rolling components of fcc materials. Several of the transformed 

orientations derived from the third most important fcc rol1ing compone nt, the 

{123}<634>(S), also lie close to the above ferrite orientations. In addition, the 

transformation of these three components partially predicts sorne of the second 

order maxima observed in experimental textures. 

(5) The overall severity of the texture predicted from the ~i~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. 

(6) Compariso~ 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. 

(7) Although sorne of the features of the 'h -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 ~he ::t and y 

fibres) rather than by peak type maxima. As a result. the two processes of 



1 

(8) 

T 

186 

deformation + transformation and transformation.J.. 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. su ch as the arder of truncation and departures from 

the exact orientation relationship Igaussian 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 

LIST OF THE VARIANTS OF SOi\IE TRANSF'OR:\IATION LA WS 

rotation 
variant Euler angles 

aXIS angle 

1 (O~. 45°,0") [100 ; 45 ? 

2 (90~, 45°, -90") [010J 4 - J .J 

3 (45?, 0", 0°) [00 1] 4 - ') :) 

Table A-1 : Variants of the Bain orientatÏ'Jn rebtionshlp 

rotation 
variant Euler angles 

aXIS angle 

1 (45°,90°, -9.74°) [uvw] 9.5.26" 

2 (-174.23°,48.19°,9.5.71") [uvw] 95.26) 

3 (174 23°,48.19", -9.5.77") [uvwJ 95 26) 

4 ( .5 .7 7 ~ , 48.19 _0 , - 84.23') [uv'.v 1 95.26~ 

5 (138.77 J
, 80 41', -94.36') [uvw] 9;').26' 

6 (41.23°, 30A1", -8.5.64") [uvwJ 9526') 

7 (-41.23'.8041",8564') ruvw] 95.26' 

8 (-138 7i J
• 80 41",94.36') , l 

lUV\V J 95 26 0 

9 (436", 80Al', -48.71') ~ UV\v] 95 26' 

10 (17.5.64', 30A1 J, -131 2:)') . , g.) 2W lUV\V J 

11 ( -1 7,j 64 J , 8 f) 4 l -, 1:31 :2 3 ' ) ~uV'.v] 95 26' 

12 (-4.:36~, BOA1', 4877') [uvw] 95 26' 

Table A-~ . V .lrian ts of the )iishl:;am8.- \Vas2ermann Orten tatliJn re Ltti'mshlp 

h = -1 -:- ",' 2 -:- .,/ 3 k = 1 + 'V' 2 + ",'.3 l = \.,' ~ 
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1"'-"--
rotation 

variant Euler angles 
aXIS angle 

1--

l (-5.77°,4-8.19°,84-.23°) [1-J 2] 90" 

2 (-174 :23°, 48 19~. 95.77°) [-1-1-.2] 90° 

3 (174.23).48 19°. -9S 7'j") [ -112] 90° 

..), (5.77'.48.Hr.-84.23') [ 11-2J 90° 

::J (138.77'.81) -l J'. -94 3ôC
) [-121] 90° 

6 (41.23', 80.·H '. -3) 64°) [1:2-l} 90° 

7 (-41.23), 80A1'. 8.) 64') [1-21] 90'0 

8 (-138.77°, 80A1 '.94.36°) [-1-2-1] 90° 

9 (-1,,36°, 80A1 '. _48.7,') [21-1J 90° 

10 07564",80,41°.-1:31.23') [-211] 90° 

11 (-175 6r. 80 -!l'.1.31.23') [-2-1-1] 90) 

12 (-4.36°.80 _1:1°, -!8.7T) [2-11] 90° 

13 1131 23',80,41\-17."5 64') [ -21-1] 90° 

14 (..l8. 77', 8n 41 " ·4.36~) [211j 90° 
. 

15 (-48.7'ï°, 3041°.4 . .36') [2-1-1J 90° 

16 (-131 23-.80 41'.17564') [-2-111 90° 

17 (-94.36°,80 41',1:38 77°) [-1-21] 90° 

1.3 (-8.S.6r. 80 ..ll".·n ~3°) fl-2-11 90° 

19 (8,5 64'.80.-U'.--!1 :23'\ [ 121] 90" 

20 (9·!.3 6-. ,S0.41 " -1:38. '7 7°) [-12-1] 90' , 

21 (-84 2.3'.48.19° . .J. 77 J
) [1-1-2J 90' 

',0 (-9577'.-1:8.19',17-L:23') [-1-12) 9W --
1 :23 (9577'.48 19',-174.:23") [-11-:2] 90' 

~4 (84.:23" 48.19". -J. 77') [112J 90° 

Table À-2 Vanants 'Jfthe Kurdjumow-Sachs onentation rebtlonship 
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APPENDIX B 

SPLITTING THE ODF INTO 18 SECTIONS 

The objective is to calculate the contribution of the 18 q, 2-sections of an ODF to the 

overall integral 
r 

[= 1 ' !(g) dl? 
[D.QU':) 

B-l/The ODFisdefined by: 

so thatits integral Il over section number 'fi" can be calcubted fl'nrn : 

where 

1 90" 90° ,p ~I(U 

1 = - l d4>l l <;tn<1J drt>.J - (,p1,c1J,IP) d'tl , 

1 8n2 0 0 'll:1II --
4>2 mm = 0° and 

4>2 mm = 87.5" and 

4>2 mm = (5i-2.5)O and 

<p
2

1ll.!\. = 2.5~ if i = 0 (1 ,t halO, 

<p:!nt:n=90° ifi=I)(2 nd haIn. 

<Pt.tx=(Si+2.5r' fori=1, ... 17. 

(B-l) 

(B-2) 

(B-3) 

B-2/ In e?f'h section, the integrals of the Tl~v func~il)n'3 are introduccd. Stridly, the 

volume quarJ.tities Vl,UV should be calcula ted, but if;Ï'J~') 15 [l::,:')umt~d tu be i nèependent 

of CP2' the surface integral SI 1u \) is a good approximation of V I.J') The"e quantities Céln 

be compu ted once for aIl, and stored. 

f'1(f .90° '''fU' 

l r ,~o • 

~,I = ,Ln(!> dIt) 
1 d'!ll 

1 . ',~,J 
1 p .. 'II.'~ ,l (1 f t) 1 l , 

l~, ) '11/ • l 1 _ 

Sfl- , ') , 1) , p, 

I<p ;(~t _ ,t>;It"\ ':ft • ',1)'. 

Si = 1 
,/n(!> , f<f) r' ~' ,,~ 'Il (, , ,l'l' l l~, ) l' , '! 

13 1I- JI) , '1 
Œ-4b) 
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B-3/ As a result of these definitions, 1, can be expressed either as: 

1 = "" C\l\ \' t 
1 - 1 [!-IV 

l(..l " 

or, in a simplified manner, as : 
1 =::: "" c\l\ S! 

1 - 1 ~ f(..l' 
ll-l" 

(B-5a) 

(B-5b) 

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

(~l ,tP,4>2) restricted to ranges between 0 and 90 0 as fallows: 

50 that 

J dg = 
rn,m l '< [n,ni" t O.2n: 

J ,((g) dg = ~ 
[0,90" 13 32 

and using the defini tian off( g) given in (B-2) 

CIl _1 + .... - "'- Cil" 1 "T'''' l 
" " r l (g) a!! = -

{) 32 {""O;; 1 J ro.9001 J ~ 32 

. .. 

(B-6) 

(B-7) 

(B-8) 

(B-9) 

Applied to the system of orthogonal functions T; '- 'J, the normalization condition 

relation (B-7) thus leads to: 

I
r :. l 1 

Tl tgl dg = -
J '090ol,J i) - ' 32 1. , 

Consequently : 
,\ 

"" VI 
Oll - 32 

l =: 1 

and, to a lesser extent, 
.\' 

"" SI -- 011 32 
l=l 

and Œ-lO) 

V 

und 
,- VI = 0 l'or l= 0 

(B-lla) 
[11\ 

1= 1 

\ 

und 
"Ç' S l "" 0 FJr l=f) (E-11b) 

Ill' 
t= 1 
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As a means of verification, ~I can be calculated ln two diff('rent W~IV::; : 
1 -

V 

" r 1 " 1 = 3 (I)!,) dt..; -
;";1 1 J lil.9wr l~ 

1 B·12a) 

and 
.V \ , ,,- [ = ''- " cl-l' \.',1 -= " C\I', "- v' ( .11 - (B·12b) 1 - [ l-l' P' l~ ) .l~ 
=1 1= 1 l.!-l. , '!-l .. 1"- 1 

Note B-l: The calculation of the m:.lthematical quantltit.'''; \" : .. \' ~Jr1d ::-;'1 " i~ h:l~l'rI 

on Simpson's rule for integration, whil'l1 n:;ld" 

C {(x) dx= i [f(ah-l{la +h)+21 (a +2h) '2((a -t-12n -~\}11 - -l/lt! -1'2,., - 1111) • f Ihll (B l:n 

wi th h = (b-a)/2n 

Note B-2: The S')4V and VI)4V have been found tu be identic;1I1y eqtlal tn 7('r<1 If! :2 

cases: 

forl=9,13,15,17,19,21 and v = 1, becausc B,I)U =0. 

for \) = 3,5,7,9,11, recalling thn t n = ~(v-l) or v=: n/2 -1- 1 

for which the explanation reads as follows : 
e v' 2n 1:4 r '.J(Y' r é,<l)' 

SI ::: n ,- n4111 i.l l ,l,p l ,..,:/11,1:.,.;: ,,,,'l' 
1 !-l' -! n - 1 J 1) \ 171=0 JI) 

with 

5 4171 n = C cos 1 Il ,l-. ) ~ (' ,1 n 1/1,11 1 
l '1 Yi 2 1 

so that, for n > 1 

( B-14) 

( B-l:») 

~lQ C (' 

f 
. 4 1 n Il ' nr J ( H· If) S m '1 d,p = ~ln - - (1 -, fi , -- 1 
il lin 2 n ,) 

Finally, this integral is identicaIl:1 I;qu:tl tCl 7r:ru for 11 = l :~. i~.) !).~f). I)/" 

\;=3.5,7.9,11. ~Ioreover. in the l>~=(}' and p,=GI)' -,,;cLl'J!1', ('.\!lll'h hy 

the way are identicall. other c()effïcl!~nt:, an.! al,,!) 1f'I', 
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APPENDIX C 

THE GENERATION OF ORIENTATIONS IN ONE ODF SECTION 

The objective is ta distribute ~ grains among the 18 4> 2-sections of an ODF 

according to their respective contributions to the overall integral 

[= J J f(g) dg 
(O.OOOJ 

(C-1) 

The principle of the calculation of the contributions was described in APPE~DIX B. 

For each orientation, two rand'Jmly generated real numbers between 0 and 1, ro 

and r~l' are required. The corresponding angles~"'Y and 4> 1 y are defined by the system 

generalized From the unidimensional case: 
r <p 'l 

1 ((g) smet> d<P 
J {) 

r =------
<1;> 90" 

Jo fig). smrt> d(!> 

(C-2) and 

y 

J'Pl 
o t'tg) d4>l 

r = IC-3) 
'Pl 90° 

f 0 {(g) d4>l 

Thisisillustrated in the case of<f>"'Y : 

f(g) 

~~~~~~~~~----------~> .~ 

90° 

Fip,"ure Col : 4> 1 y = constant cut of section "i" of an ODF. 

The ha.tched region under the curve represents the integral between 0 and 90", 

whereas the cross-ha tched area ma tches the defini tion of <tl'( given in equation (C-2l. 
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The resolution ofthis system is carriecl out iterntively: 

-a- estimate ûnc of the t\VO angles. for examp!e ,~ ( E [O.!)()]. 

-b- solve (C-3) for ~l '( with the uponted value of ~'(. 

-c- solve (C-2) for ~ f wIth the ne\v value of 1> 1'( , :lnd ~I) tn stt'p-b 

Steps -b- and -c- have tü be performcd ~uceè::;~ivt.?ly. untill/'l'Pl (1 and l'-'''~ (1 b~_'I'I'Il1(' IL'::'.~ 

than a tolerance €. which must be ln agreement \Vith the nurnht't' IJf :.;-r:lll1:-' tll h,~ 

generatecl. 

Problems may arise iff(g) <0 in sorne areas of the 0010' ~ecti()n 

if of'lO' f(g).da>O. there is no major difliculty. eXl'epL th:lt on/' ha::, tl) deL'ide 

whether the negative areas shoulcl be taken into <.il'count ln the integral or 

simply skipped as "zero" regions. If taken into al'L'IJunt, lInlq\lCnp~~ l'an no 

longer be assured. Although, in this case, the negntive reglnn::, n~rlllce the 

value of the integral, the procedure will sti 11 not "stop" in such regil)l1~: 

~------------------------------------ --- ------

f(g) 

\ 90" 

'------------------------------------- --_____ - ____ -l 

Fi gure C-2 : Illustra tian of the nun -lIn iq ue ne~:-, of th t: ~I JI II lilln 1 f n e g"n ti VI' ; 1 n~;b n l'l -,(~. 

if oJ9°° f(g).da < O. it definitely re~ults from a pCil)r chi iil"[~ Id' tht: ;':;UI~"-,( ri '. :dll'~ <lf 

the fixed angle. Another one shuuld thus h\~ l:ho"l'n :Ind th,: J)fl),'pdun~ 

restarted. Indeed, It cannot n:::,ult frr)m a prl;Vll)lh -,tf'p 1 n U1t; ,',d':II!:Jtj'J!1. 

otherwise. the procedure 'N()uld hav'.: :-otlJppfJ1 i·1.1 n"~;ltl\l: rf'~[i()l1, ".,hid1 i.., 

impossible. 
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APPENDIX 0 

CALCCLATION OF THE SYl\l~lETRIC GENEHALIZED 
SPHERICAL HARi\10NIC FCNCTIONS 

The aim of this appendix is to propose ..1 procedure for the calculation of the 

symmetric harmonies in the case of cubic-orthorhombic and cubic-cu bic systems. 

D-ll For cubic-orthorhombic svstems, the symmetric harmonie functions Tl ~ 'J muy be 

obtained as follows: 
-114 • 

~r v (g) :::: en y' 2n "\- B:m Il st>! '1(g) 

m=O 

,1: =v2 
1 Tl 

i <:0=0 

!f '1XI) 

(D-l) 

where n is defined by n = 2( \>-1) 

. 
al The symmetric Ëtj.rt~ coefficients have been defined and tabulated by Bunge[-1} 

and will be considered here as pure mathematical quantities. 

bl The S{'HI functions, for an orientation g = (~l' <P, c;», are defined by: 
1 ( 

m n f...;- mn, 1 f "-"1'1'1 1 rD 2) 
S ( iJ?):::: t .2.. a 'i <.'0-,;15$) ( CO.,I m4)2) co..,! n'Pl) - l 2. Cl l "co'! ,<IJ) f ~lT1( m1> 2) ,'!ll( ntP 1) -

,::,(~2) ,::1'21 

Only the St W function:3 with m + n even are required, and their a'!'nn, 

coefficients are given by : 

a'lmllo = atmnIJ 

a'lmn, = 2alm ,., for s= 0 

The calculation of the almns can be performed with the following formulae: 
a~n'=Q;n., Q;'t w!th Q~n=lrn.'lp;"lrJ(O) (D-3) 

where the Cl mn coefficients ~re defir..ed by 
1-'1 1 

wuh 1:5 l-m and 1- n -1 :5 / - '7! rD-.)1 -" l)l-rz-!( c - 1-
'mn -

:=0 
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which for m ::-. n transforms in to 

( D-11) 
J"'-Il 

The coefficients with m < n are ruund \VI th LIll' a iOllf the rl'l:\ tif III der! "'f'd frum 

the equality of the Legendre polynomia 1::, Pi" , .1 nd P,''' 
Il-mi'll-m)' 

,1- rI Il I[ - Tl l' 

Finally, the 3(1"< coefficient:, m.1,)' ne nO!.llll.·d:n nn 
1 n - "1 -

1- 1 \. ,1- ni' Il - 1/' ' ntrt, 
QI --- ------- l', 

221 ----~---

\l' 1/- Ill)' (1 - f'l) 1 
1"'" 

m-Î) 

(D-H) 
" 

D-2/ For cubic-cubic systems, the symmetric harmt'llic fUlll'twn:::; m.lY Of' cleti I1f.'d by 

!: fl'1~l 'A : .lm ~ 
i t 

: 1/11 ,,-
" 

tJ, , Inl 1" Tl - (g) = 2n B 1 H, 'il 
, 

..:1 - ! 
m=() rn =t) 

and thus are relaterl ta the cubic·orthorhombic functi()n~ by 
•• 114 1 1 1 .. ~" fl 1 - " : 111 ~ 1 :. ~. III 

Tl" c'l?l=V2n2. ~-H! T,· I,,:i 

111 '" 1) trn 

with 

'II '" 1) 
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APPENDIX E 

THE COCNTERPARTS OF 

POLE FIGURES AND INVERSE POLE FIGCHES 

FOR i\IISORIENTATION DISTRIBCTION FCl'iCTIONS 

Given the \Vl..1:2·l t of the ::\IODF. the orientation density of one phase :11 in the 

reference frame of another phase .21 is desired. 

The intensity ofh2!/hl is given by : 

1 (ln 
A{h",h

1
)= - Wlj,g) 

- 2n '0 

with 

J 
:: Il ,Ill 
Tl - (g) 

h2 Il hl 

where the k/J functions are the so-called symmetric surface harmonies. 

Bence, 

The surfDce harmonies can be calculated. for h = (6,<j»E [O°,90c]2. as follows 
1 1 

'\. a;u cos ( mil) ( "'- a'~s co., (S(~ ) ) 

m:::I)I-t1 s =0 (21 

E-l Equivalent pole figure: the product orientation h'2 is kept equal ta hl 
"'- .... - [.fn " ~ ,).11 : ~, l: u p ih 1 = '\ '\ --" iV,- hl-Ih 1 h,l(h ) 

~ 1 - - 2l~ l - , '. 1 
i ~l !l~ 

E-2,' Equivalent in verse pole figure: the parent orientation hl is ke pt equal ta hl 

R (h ' = '\ ,,- -- '\ \V, - q, (h) k -( Il \ [
of n .... - t-l ,p 1 : '"1 l: Il , 

\ 2 -;- ;: '21+1 ~ . ,1 2 


