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SYNOPSIS 

The influence of seven different rolling schedules upon R values and 

textures of cold rolled and of subsequently annealed rimmed steel strip 

has been studied. The effect of increasing the annealing time upon R 

value and texture was also examined. R value measured in a tensile test 

was related to the corresponding texture determined by inverse and (110) 

pole figures. 

The seven rolling schedules consisted of three constant roll gap 

schedules, in which roll gaps of 0.001 in/pass, 0.005 in/pass and 0.02 

in/pass were kept constant during the cold rolling process. The other 

three rolling schedules involved constant geometry and were designed to 

maintain constant shear plane angles of 55°, 45° and 35° to the strip 

surface, from one pass to the next. The seventh rolling schedule 

represented a pendulum mill schedule. 

Measurements of R values revealed that R values of the cold rolled 

materials were very low but improved after annealing. The longer the 

annealing time the more the R values became dependent upon the rolling 

schedules and total rolling reductions. However, after 6 hrs annealing, 

R values of strips previously cold rolled ‘using constant roll gap schedules 

increased with the magnitude of the roll gap and with the total rolling 

reduction to a maximum and thereafter decreased. On the other hand, R 

values of corresponding strips cold rolled using controlled geometry 

schedules increased with decreasing the shear plane angle and remained 

constant when the total rolling reduction was increased. R values of 

equivalent strips cold rolled by the pendulum rolling schedule decreased 

with increasing the total rolling reductions.



The cold rolling textures observed were typical of b.c,c. iron with 

<110> direction parallel to the rolling direction and {111} planes parallel 

to the rolling plane. For a given total rolling reduction, intensities 

of the {100} and {111} planes were dependent upon the rolling schedules 

and total rolling reduction. Rolling with constant roll gap was assoc- 

iated with a decrease in the {100} intensity and an increase in the {111} 

intensity with increasing the total rolling reduction up to certain 

reduction then increased and decreased respectively. The total rolling 

reduction corresponding to the minimum {100} and maximum {111} intensities 

increased with increasing the magnitude of roll gap. As a result of 

rolling with constant geometry schedules, intensity of the {100} and {111} 

planes remained constant with increasing the rolling reduction but their 

intensities increased and decreased respectively with increasing the 

shear plane angle. When rolling on the pendulum mill, intensities of 

the {100} and {111} planes increased and decreased respectively with in- 

creasing the total rolling reduction. 

Annealing for 0.5 hr was associated with a significant decrease in 

the {100} and {111} intensities. Increasing the annealing time resulted 

in a further decrease in the {100} intensity and an increase in the {111} 

intensity. The relative intensities of the {100} and {111} planes varied 

with the rolling schedules and with increasing the total rolling reduction 

in the same manner as for the cold rolled material already described.
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ua INTRODUCTION 

It is generally known that deep drawability of steel sheets depends 

upon the number, nature and distribution of non-metallic inclusions which 

arise during smelting and casting operations. These considerations are 

excluded in the case of rimmed steel which is the material to be studied 

in the present project. However, there are still a number of 

possibilities influencing the deep drawing capacity of the final strip 

in hot rolling, cold rolling and annealing. It is of interest to this 

project to establish to what degree cold rolling and annealing may 

influence texture and R value of rimmed steel strip. 

Deep drawability of rimmed steel strip is governed by anisotropic 

behaviour originating from crystallographic preferred orientation. The 

degree of plastic anisotropy is measured by the strain ratio or R 

value. A high strain ratio is indicative of good deep drawing capacity 

and vice-versa. Good drawability is associated with high intensities 

of {111} planes and low intensities of {100} planes parallel to the strip 

surfacé, It is to be expected that the increase in R value corresponds 

to a similar increase in the {111} texture intensity. On the contrary, 

it was reported“) that R value of rimmed steel strip increased to a 

maximum at 70% total reduction, thereafter decreased with further rolling 

reduction, while intensity of the {111} planes continued to increase as 

shown in fig. 1.1 and fig. 1.2. Recently‘) » it was shown that R value 

of rimmed steel strip increased when rolling with constant heavy draughts 

and by increasing the total rolling reduction to a maximum at 75% then 
: 

decreased. The reduction in R value after 75% total reduction was 

related to the reduction in the {111}/{100} relative intensities.
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Ideally, cold rolling can be regarded as a combination of tension 

in the rolling direction and compression normal to the rolling plane. 

By cold rolling, therefore, it is possible to develop mostly tensional 

texture or mostly compression texture or a combination of both, depending 

upon the mode of deformation, which is defined by the magnitude of the 

rolling draughts. Furthermore, by using constant draughts throughout 

the whole rolling operation, the percentage reduction per pass increases 

from one pass to the next. As a result, the mode of deformation varies 

with the progress of rolling, and texture is developed under varying 

rolling conditions. After heavy reduction, the high percentage reduction 

per pass might be an important factor contributing to the formation of 

more {100} texture leading to a reduction in R value. 

Controlling the geometry of deformation, during cold rolling is, 

therefore, necessary in order to control the mode of deformation, texture 

and hence R value. In the present study, coils of rimmed steel were 

cold rolled according to three constant geometry schedules in which the 

shear plane angle is maintained constant from one pass to the next. 

Using the 2 high mill, reductions per pass equivalent to shear plane 

angles of 55°, 45° and 35° corresponding to the previous rolling schedules 

were used. In order to demonstrate the difference between rolling with 

constant geometry and rolling with constant roll gap, coils of the same 

material were cold rolled using light, medium and heavy roll gap Yet 

another set of the same coils was cold rolled using the pendulum mill. 

The effect of these seven rolling schedules upon texture and R value was 

studied. Since texture developed after annealing is dependent upon 

texture of the matrix in which it is formedas well as the annealing time, 

effect of the latter upon texture and R value was also studied.



Since R value is measured in a tensile test, a knowledge of the 

behaviour of the material under investigation to tensile strain is 

fundamental. This is necessary to explain the reduction in R value 

after heavy rolling reduction in constant roll gap schedules and shows 

how this reduction can be avoided. Crystal reorientation after tensile 

extension was therefore examined.



2. LITERATURE REVIEW



2.1 THE GEOMETRY OF COLD ROLLING 

Controlling the geometry of deformation during cold rolling received 

little attention in the literature though it was noted by Crane and 

(3) Alexander that the rolling condition in the deformation zone is 

Significant to the development of cold rolling texture. Dillamore and 

Roberts (4) .concur at least for cold roliing condition close to sticking 

friction. They used the slip line field of a compression test to 

illustrate the relative crientation of maximum resolved shear stress axes 

through the thickness of a strip. They indicated that under both low 

and high friction conditions (not reaching the sticking friction) the 

stress distribution at the surface is not altered on passing through the 

neutral point, as shown in fig. 2.1.1. 

For a material between the surface and centre of a strip, the stress 

system on the exit side of the neutral point is a mirror image of the 

stress system on the entry side. However, the stress systems at the 

centre are similar regardless of the cold rolling condition but varied at 

the surface according to the rolling condition. They assumed also that 

texture developed during cold rolling is dependent upon the amount of 

deformation occurring on either side of the neutral point. A parameter 

P was therefore invoked to calculate the percentage deformation per pass 

on either side of the neutral point as follows: 

R.2 
) Ry] x 100 2a hn 1 tae R SOE yee Gn 

where 1} is the ccefficient of friction, R is the rolling draught and D 
: 

is the roli diameter. According to equaticn 2.1.1, increasing the 

rolling draughts decrease the amount of deformation after the neutral 

point, for all values of the coefficient of friction.
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Fig. 2.1.1 Shows the slip line fields for (a) completely 

rough-platens; strip thickness: platen breadth 1:6.6, 
4 

(b) zero friction; strip thickness: platen breedth 1:6 i ;



(3) Crane and Alexander 

(4) 

in discussion were critical of the approach of 

Dillamore and Roberts in that by cold rolling of an aluminium strip to 

96% total reduction using 0.04 in/p rolling draughts, the percentage 

reduction per pass varied from 8% to 80%. The effect of the zone of 

deformation, however, had varied considerably within that range and 

maintaining a constant geometry of deformation was therefore necessary to 

(5) 
control texture developed. Tucker was critical of Dillamore and 

Roberts! treatment “) because of the failure to maintain the rolling 

direction accurately from one pass to the next. Hellewe11 2) reported 

that the mirror image condition for stable orientations which was 

suggested by Dillamore and Roberts <7) is only applicable if deformation 

on either side of the neutral point was equal. However, texture developed 

during cold rolling using light draughts where the deformation is equal on 

either side of the neutral point, may be accounted for on the basis of 

mirror image condition. During cold rolling using heavy draughts the 

majority of deformation occurs on the entry side of the neutral point 

provided the friction conditions do not approach the sticking friction. 

Therefore, the mirror image condition does not apply during cold rolling 

using heavy draughts. According to Hellewe11 7) texture ceveloped by cold 

rolling using light draughts varied from surface to centre while texture 

developed by heavy rolling draughts wes homegeneous through the thickness 

of the strip. This is contrary to what was expected from Dillamore and 

) 
Roberts 'treatnent Ga) : Hetlewe11©) on the other hand confirmed their 

observation that texture developed at the strip centre was independent of 

the cold rolling condition. 

More recently, Vandermeer and Ogles Me defined the rolling geometry 

by a new parameter ~ given by the following equation: 
m



(Sy 22)! 
a (D) Dees 

m F(ty + Bd] 

where 1 is the length in the rolling direction of the geometrical zone of 

deformation, th is the average thickness of that zone, D is the radius of 

the work rolls, ty and t are the entry and exit thicknesses respectively. 

The parameter t although it was related to texture segregation in niobium 

is not satisfactory to control the geometry of deformation during cold 

rolling, since the = parameter is likely to increase with the total 
m 

rolling reduction. 

Mathur and Backofen‘/®) pointed out that the geometry of the defor- 

mation zone is an important factor contributing to the state of strain 

during cold rolling. An index of such geometry is the ratio of the mean 

zone thickness, Ty» to the zone contact length, Lor A = Ty/L. For 

strip rolling 

As Ty 
aor @ - 

where D is the roll diameter and R is the rolling draught. R = 1 - d,/T, 

R) 2.1.5 

i 
a and Ty being the exit and entry thicknesses. The index A tends to be 

near 1 because the horizontally directed friction forces must be large 

enough for the rolls to bite and deliver the well-lubricated strip. Cold 

rolling cannot usually be carried out with A much higher than unity. It 

was shown that texture and R value responded to the change in A. 

7) Yeomans and Richards related the geometry of deformation during 

cold rolling to the relative magnitudes of principal strains for all in- 

finitesimally small increments of the total strains. Since rolling is a 

combination of tension in the rolling direction and compression normal to 

the rolling plane, they assumed that crystallographic slip during cold
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Fig. 2.1.2 Shows that during rolling, a rectangular element . 

ABCD deforms by simple tension from the commencement of 

desorepuinaey slip on planes of maximum resolved shear 

stresses, in the nearest closed packed direction to the 

direction inclined 54° 44' to the rolling direction, With 

progressive increasing ‘strain, the operative slip planes 

continue to rotate towards the 45° position until the 35° 

position is reached where deformation occurs mostly by 

compression, without changing the length of the diagonals 

DB and DF.



rolling is operative over an angular range around the 45° angle to the 

stress axes (see Appendix I). The extreme limits of that angular range 

correspond to the most favourably orientated crystallographic plane to 

slip in the directions inclined 54° 44' and 35° 16' to the tension and 

compression axes. Furthermore, tension and compression components are 

conjugately related, hence equal extension could be affected by equal 

shear on conjugate systems. Thus in cold rolling, it would be expected 

that the operative slip components would switch from that corresponding 

to tension to that of compression depending upon the magnitude of the 

rolling draughts. This is illustrated in fig. 2.1.2. 

2.2 THEORIES OF COLD ROLLING TEXTURE FORMATION IN b.c.c. 
  

POLYCRYSTALLINE METALS 

All explanations put forward to account for the origin of cold 

rolling texture in b.c.c. polycrystalline metals are based on the 

assumption that plastic deformation occurs by a process of crystallo- 

graphic slip on the {110}, {112} and {123} close-packed planes in the 

<111> close-packed direction. Since there is a total of 48 slip systems, 

each has a slip component acting along all possible slip planes, slip 

occurs only on the slip system which has the maximum resolved shear 

stress, As Mises @] and Taylor 9) assumed, five slip systems must 

Operate simultaneously in order to preserve the external form of the 

material and maintain cohesion at the grain boundaries. Several 

(9) objections to Taylor's analysis arose on the grounds that it assumes 

a homogeneous deformation and that the active slip systems were to be
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determined by the condition of least shear. Bishop and nits 

however, introduced the principle of maximum shear strain and considered 

that although deformation is known to be inhomogeneous, it may be regarded 

as sufficiently homogeneous for consideration of the problem of texture 

formation. 

(12) 
Boas and Semidass and Pickus and Mathewson relaxed the 

Taylor's treatment ©) by assuming that unequal participation of the 

three most favourable slip systems brings the deformation axes to 

symmetrical end positions, where the resolved shear stresses are equal 

and the rotations cancel out. The most favourable system to slip is 

that for which the Schmid factor) defined by the product of the 

resolved shear stress and the cosine of the angle between the slip 

direction and direction in which free flow may occur, is highest. No 

explanation was given as to how the other crystals reach that position. 

More recently.) » it was reported that at room temperature, no unique 

slip system was operative in the early stages of deformation. Some 

slip systems, having low resolved shear stresses were observed, while 

some slip systems with high resolved shear stress were missing. There 

was, therefore, a breakdown of the Schmid law. 

In all assumptions that slip occurs on many slip systems simultan- 

eously, the stress within a grain or part of a grain must be such as to 

give equal resolved shear stresses in all the operative slip systems. 

No explanation was given to the means by which the most favourable 

system or systems can withstand resolved shear stresses greater thaa 

the critical value until the resolved shear stresses on less favourable 

systems have reached the critical value for slip. Calnan and crews 15? 

overcame this problem by introducing in each crystal an effective stress,



Te, which because of the constraints by neighbouring grains is so 

orientated on several systems simultaneously. When an increasing 

applied stress, Ta, is applied to the polycrystalline aperepate, the 

effective stress (initially coincident with Ta) moves away from Ta so 

that Te which is resolved on the most favourable system is always less 

than the critical value for slip. Using this treatment, Calnan and 
(15) 

Clews determined the tension and compression textures. <110> texture 

with spread towards <311> was predicted as the tension texture, while a 

duplex of <100> + <111> texture was predicted for the compression texture 

with the <111> component predominating. Although the Calnan and Clews 

treatment assumes inhomogeneous deformation, it is complicated when 

applying to the b.c.c. structures, Since the resolved shear stresses on 

the three families of slip planes have to be taken into consideration. 

(16) Dillamore and Roberts assumed that multiple slip operates only 

in the vicinity of the grain boundary, while one or two slip systems 

only are operative in the grain body. Their assumption is supported by 

an earlier experimental observation by Clareborough and Hargreaves ‘t”) 

that this is so. Accordingly slip rotations in the grain body should be 

more rapid and dominant relative to multiple slip in the boundary. 

Dillamore and Roberts (16), therefore, assumed that deformation of in- 

dividual grains in polycrystalline material is closely similar to the 

deformation of single crystals of the same orientation. Slip rotation 

during rolling was considered to be due to a biaxial stress system. 

Viewed in this light, the determination of the b.c.c, rolling texture 

was simplified and a spread of orientation between {112}<110> and 

6 

{110}<110> was predicted. It was also noted“) that the {112}<111> and P



{125}<111> slip systems are geometrically equivalent to different 

proportions of primary and cross slips on the {116}<110> systems. Each 

primary system has two available cross slip systems one of which must 

always sustain some component of the applied stress. Tucker (18) was 

critical of cross slip in that it is enhanced by failure to keep the 

rolling direction accurately from one pass to the next. Taylor and 

a4 Christian reported that cross slip in b.c.c. polycrystalline metals 

is difficult to initiate at low temperature because of the high stresses 

needed to move individual screw dislocations. 

The foregoing analyses of texture formation presuppose that slip 

elements are known and derive the mode of deformation from texture. 

This helps to account for texture developed but does not help to control 

tts Yeomans and Richards (7) however, firstly assumed the mode of 

deformation then identified the slip system and texture from the magnitude 

of the principal strains, i.e. in reverse of other theories. Accordingly, 

the operative slip systems are uniquely defined by the mode of deformation, 

such as deformation in uniaxial extension, uniaxial compression and pure 

rolling. Each of the previous modes of deformation is characterised by 

the relative magnitudes of the principal strains for all infinitesimally 

small increments of the total strain. Thus, an incremental uniaxial 

plastic extension in length is associated with equivalent contractions in 

width and thickness of a rectangular specimen, on the assumption of no 

change in width. It was, therefore, concluded (see Appendix I) that 

deformation as occurred by slip is accompanied by rotation of the slip 
‘ 

planes of maximum resolvedshear stresses in the close packed direction 

which is nearest to the direction inclined 54°44' to the tension axis.
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Similarly, for an incremental wniaxal compression, the contraction in 

thickness is equivalent to elongations in both width and length, and 

the most favourable slip systems are those corresponding to the planes 

of maximum resolved shear stresses and in close packed directions which 

arenearest to the 54°44' to the compression axis. In pure rolling where 

the incremental strain parallel to the rolling direction is equivalent 

in magnitude to the contraction in strip thickness and the strain in 

the transverse direction is zero, the operative slip systems are those 

of maximum resolved shear stresses in the close packed direction lying 

nearest to the 45° to the shear axes, that is 45° to the strip surface. 

(7) According to Yeomans and Richards the crystallographic rotations 

during the early stages of cold rolling of a randomly orientated material 

tend to move the <11l1> slip direction towards the compression axis until 

the {100}<110> orientation is formed. This rotation brings the four 

<111> directions into symmetrical positions with respect to the rolling 

direction and the perpendicular direction. The symmetrical arrangements 

of the <111> slip directions defines the operative {112} slip plane, the 

pole of which lies on the tension axis, as shown in fig. 2.2.1. It 

would appear then that the stability of the {112}<110>orientation arises 

from the fact that the <110 >direction lies between both the compression 

and tension circles. Therefore if slip is only operative on the {112} 

slip planes, it would result in sharpening of the {112}<110> texture 

with increasing the amount of cold rolling. 

With further increase in the rolling reduction, rotation of 1i° 

around the rolling direction brings the {123} into equilibrium position 

to allow for further deformation, as shown in Fig. 2.2.2. This is
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Fig, 252.1. Ideal {100}<110> texture, with four 

   
Fig.2.2.2. Predicted spread in {110} pole figure due 

<lll> slip directions on Uc and the pole of the to the rotation of{ 23} poles about <111> slip direction 

{112} slip plane on U,. and {110} poles about the rolling direction to equilibrium 

or symmetrical positions.
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equivalent to fixing the operative slip direction on Uc and allowing 

some rotation around it. In the ideal {100}<110> orientation, four 

poles of the principal {110} slip planes are symmetrically situated 

around the rolling direction. Rotation of +5° of the {110} poles 

on the U, circle around the rolling direction account for the 

{311}<110> orientation. On the other hand, rotation about the rolling 

direction on the compression circle results in the formation of the 

{111}<110>orientation, as shown in Fig. 2.2.3. In the {111}<110> 

texture, rotation of the six {110} poles about the strip normal result 

in the {111}<112> orientation, as shown in Fig. 2.2.4. 

In the {111}<112> orientation, the six {110} and three {100} poles 

are symmetrical about the strip normal. Furthermore, one of the {112} 

poles is coincident with the {100} slip planes. Slip can then occur on 

the {100} planes, if the critical resolved shear stress on these planes 

is reached. This results in the formation of the {100}<110> orientation. 

Yeomans and Richards' analysis of the cold rolling texture can be used 

to select certain modes of deformation and to control texture developed. 

2.3 THEORIES OF ANNEALING TEXTURE FORMATION IN b.c.c. 

POLYCRYSTALLINE METALS 

The origin of annealing texture has been subject of controversy 

over the relative importance of nucleation and growth as controlling 

factors. No attempts will be made here to. review the historical 

development of the subject, but emphasis will be placed on the cold 

rolling and annealing variables which influence the recrystallization 

texture produced,



  
Fig. .2.2.3 Ideal {111}<110> texture, with six “Fig. 252.4. Ideal {111}<112> texture, obtained from 

{110} slip planes tangential to Uc. {111}<110> by 30° rotation about N. The six {110} 
| 

planes are still tangential to Uc. -
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During recrystallisation of a heavily deformed steel the formation 

of a viable nucleus depends on the driving force available for sub-grain 

growth which is dependent upon the amount of stored energy of deformation. 

Since the sequence of increasing the stored energy corresponds to the 

total amount of dislocation motion which had taken place (19) , the ease of 

nucleation is therefore orientation-sensitive fig. 2.3.1. Within the 

major texture components, the stored energy increased in the order of the 

{100}<011>, {211}<011>, {111}<UVW> and {110}<011> orientations as shown in 

Fig. 2.3.1. During recrystallisation anneal, the {011} and {111} texture 

components should nucleate first and therefore have the longest time to 

grow before impingement occurs. The very low density of the {011} 

planes in the cold worked metals, however, means that it is unlikely ever 

to become strong after recrystallisation. The least favoured orientation 

is the {100}, and this was predicted to disappear on annealing. Orien- 

tation determination on recrystallised grainsduring recrystallisation 

of rimmed steel confirmed the predominance of tne {111} planes (2+20) | 

During normal grain growth, the relatively strong texture components 

in the primary recrystallisation, are strengthened at the expense of the 

neighbouring weak components, and the density between different components 

are sometimes redistributed. In the case of rimmed steel, the relatively 

strong {111} in the primary recrystallisation texture, is strengthened 

during normal grain growth at the expense of the weak {100} texture. In 

the absence of second phase particles, the growth of the large grain is 

i . G1) 
defined by the equation 

SdBiae ual 1 : . 
eae G—- Pp 2.3.2 

cr 

where R is the radius of the growing grains and Rep is the
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Schematic representation of the dependence of the nucleation 

rate upon orientation in the cold worked iron.
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characteristic or average grain size. Grains which are bigger than Ro 

grow, while those which are smaller shrink and disappear. The difference 

in grain size of the grains determines which grains nucleate first and 

have the longest time to grow. The {111} texture, is, therefore, enhanced 

by normal grain growth, while the {100} texture is weakened. When 

effective second phase particles are present, a constant reaction to the 

movement of grain boundaries is developed. The grain growth rate is 

now given by the equation“) 

dR _ ys he ae Kel oe) 2 2.3.2 

cr 

where Z is a reaction term due to the particles which always acts to 

decrease the absolute value of Rg + The effect of increasing the 

particle reaction Z is to limit the range of growing grains to a smaller 

fraction of those of the largest sizes. Therefore, only much larger 

grains than the average size can grow while those of grain size about 

average are inhibited from growing. Eventually, the growth will siow 

down and stop in the presence of inhibiting particles. A limiting case 

is reached when normal grain growth is no longer possible and abnormal. 

grain growth (secondary recrystallisation) starts. If, however, the 

particles were progressively removed by decarburization, normal grain 

growth may continue. The {111} texture components which have now 

increased in size continue to grow selectively during further normal 

grain growth (19) . 

In isothermal annealing, therefore, texture developed after annealing 
: 

is dependent upon the cold rolling texture and the annealing time.
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2.4 THE RELATIONSHIP BETWEEN TEXTURE AND R_ VALUE 
  

It is evident that R value, being a measure of plastic anisotropy, 

should be related to crystallographic texture. Burns and Heyer (22) 

have studied the effect of three major orientations in b.c.c. steel, 

namely the {001}<110>, {110}<001> and {111}<110> orientations upon the 

strain ratio, on the basis that deformation in b.c.c. steel occurs by 

slip on four <111> directions. Since each of the four slip directions 

is common to three {110}, three {112} and six {123}, a total of 48 slip 

systems is expected. Since it is impracticable to decide which system of 

the 48 systems is to operate during deformation, it was assumed, from the 

stand-point of relative changes in the dimensions of cross section of a 

simple tensile test piece, that it is not necessary to know which plane 

becomes an active slip plane. It was then concluded that the relative 

width to thickness strains are dependent upon the slip direction only, 

the operative slip direction being that of maximum shear stress. Thus, 

when a sheet with (100)[110] orientation is extended in the rolling 

direction, the favourable [111] slip directions Ay and AS are at an angle 

of 35° to the specimen axis, hence 10° from the direction of maximum shear 

stress Fig. 2.4.1. Accordingly, slip occurs in the A, and AS directions 
Z 

resulting in a greater reduction in thickness than in width. Such a 

specimen should have a very low strain ratio, approaching zero as the 

specimen ideally possesses this orientation. In the case of a sheet with 

{110}<001> texture, all the four slip directions of the type [111] are at 

the same angle 55° to the direction of tension in the rolling direction 

and at 10° to the direction of maximum shear as in Fig. 2.4.2. Hence 

the width strain should be the same as the thickness strain, resulting 

in a strain ratio of unity. Finally, in a sheet having the
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Fig.2.4.1 shows the behaviour of a specimen with cube-on face 

orientation (100) [011] under the influence of an uniaxial extension 
in the rolling direction (22) , 
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Fig. 2.4.2. shows the behaviour of a specimen with cube-on edge texture 

(110) [001] under the influence of an uniaxial extension in the rolling 
direction (2?) :
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Fig. 2.4.3. shows the behaviour of a specimen with cube-on-corner 
texture (111) [110] under the influence of an uniaxial extension in the : : ns rolling direction -
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twinned orientation (111)[110], the preferred [111] slip directions 

Ay and AS are at an angle 353° to the axis of the specimen, if extended 

in the rolling direction as shown in Fig. 2.4.3. Hence the width strain 

will be higher than the thickness strain resulting in a strain ratio 

greater than unity. 

The foregoing analysis was based on the assumption that in pulling 

a strip, the width strain e and thickness strain &, caused by a strain 

y in a particular slip direction at angles Ay and re to the width and 

thickness directions respectively is given by the equations 

o 1 y Cos Mw 2.4.1 

and 

o " y Cos A. 2,402 

The correct relation for resolving the crystallographic shear 

strains into linear strains are given by the Schmid law (15) 

ea Y) Cos Me + Cos o 2.4.3 

e, = y Cos A, , Cos Ps 2.4.4 

where o, and o, are the angles between the slip-plane normal and the 

width and thickness directions. Furthermore, no attempt was made to 

account for the varying amounts of slip on different systems within a 

grain. Hosford and Backofen (29) devised a method relating R value to 

texture. This method is a follow up of the Taylor's criterion 9) which 

was later modified by Bishop and Hi11 20) for calculating the tensile 

(or compressive) stress-strain curves of randomly orientated polycrystals 

(9) from the stress-strain curves of single crystals. In Taylor's analysis it
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was assumed that during plastic deformation, the five operative slip 

systems are those which have the minimum value of a parameter M given 

by oe where dy is the sum of the incremental shear strains on all of 

the active slip systems needed to produce an increment of tensile strain 

de. Since slip occurs on five systems simultaneously, an average M 

was used to describe the aggregate over-all texture. Minimum M values, 

obtained for a number of orientations in the unit stereographic triangle 

were found to be M = 3.06. 

The total shear strain increment dy was then related to the stress 

ce required for a grain to flow with axial symmetry by assuming that 

in order to activate slip, a shear stress tT would be the same for all 

systems, Therefore, the work expended in slip throughout a unit 

volume of a material becomes dW = tdy which must be identical to the 

work per unit volume done by the applied stress in producing the 

extension, Hence 

dw = io” da &,* tdy 2.4.5 

and 

o . 
coor dw =f 2 = Mee 2.4.6 

T de, tde 

= 2 . : ir a (Ss) 
Equation 2.4.6 is a multiple slip analogy of the Schmid's law in 

which 

o 
keke OVI RE 1 0 

Tie deme cosAcos ea 

where A and ¢ are the angles between x and slip direction and slip plane 

normal respectively. 

(9) 
Several objections to Taylor's analysis were reported since it 

was assumed that deformation is homegeneous and the active slip systems
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were determined by the condition of minimum shear strain. In 

addition, many possible combinations of slip systems were overlooked 

during the calculation of M. Bishop and HO) however, devised a 

more thorough analysis to calculate M in grains of various orientations. 

They assumed that simultaneous slip on five or more systems can occur 

only when the critical stress for slip, t, is reached on these systems 

without being exceeded on any others. Bishop and Hi 29) showed 

that this condition is satisfied only with a limited number of stress 

states or combinations of the terms 
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where the stresses 0 are taken with reference to the cube axes of the 

crystal. The actual values of these terms are 0, 4U 21, 

By expanding equation 2.4.6, and substituting the constant volume 

  

  

relationship de, = ~ (de, + de.) a formula fer calculating M was derived 

hence, 

de de. de de de 
Ay 1 23 31 12 ’ 

Mm yet Jam 7 Cs) den | Oosideme *Osidem F012 dem os 
x x x x x 

or 

de de de. de de 
: 1 2 28 Sear 12 

M=\v6[-Big-— + A Go +2F G-- +26 4. — +2H Gel 2.4.9 
x x x x x 

The parameter Mis evaluated for a given orientation (of cube axes
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relative to specimen axes) and for a specified shape change, defined by 

the ratios of the strain components along the specimen axes. This 

was carried out in three steps. 

1. The strain components along the specimen axes, x, y and z were 

resolved into components along the cube axes of the crystal, 1,2 and 3 

with the expression, for de, 

2 #4 2: . 
doit cet yee et Lay 8, 2* Ly 222 a iy xy 

and similar formulations for the other normal and shear strain components, 

the 2 term is the cosines of the angles between the cube axes and the 

specimen axes. 

2 The relationship between de, de er coy. and ey was assumed 

to be known for axially symmetric flow, the strains along the cube axes 

were found relative to de, to be 

de 
ee ee ee %, = iy oly. 2 etc. for other components 

ae Finally, equation 2.4.9 was evaluated for each possible combination 

of A, B, C, F, G and H. The largest result was selected as the 

appropriate M value according to the principal of maximum virtual work. 

(23) The foregoing analysis was broadened by Hosford and Backofen 

to include the anisotropy of yielding in textured sheets as measured by 
de. 

the width to thickness strain ratio R = = in a simple tensile test. 
Oy 

In order to do that, it was assumed that if the tensile axis,x, is taken 

parallel to one of the principal axes of anisotropy, hence, 

oe 3 dee dey = 0 and the dey, and de, were incorporated in a
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parameter r given by 

  

de R 
Bes ee eR 

de + de R+1 
y Zz 

By applying the constant volume equation de, = aide, + de.) 

Therefore ey = -rde, 5 de, = -(i-r) de, 

de, de de de de 
< 1 2 23 hE IZ). “ 

The ratios zy &, 5 =e , = and de in equation 2.4.9 were then 

expressed in terms of the parameter r as follows 

de 
decay 2 Cae ra eng? 

a Mx - Thy qa Td, etc. 

By assuming different values of r and calculating the corresponding 

values of M from equation 2.4.9, M.Vs.r plot was drawn(figure 2.4.4.). 

The values of M and r at the minimum of the plot identify the relative 
oq 

strength = and the strain ratio R = cord + The M.Vs.r curve for a 

material consisting of several textural components a, b,... was found 

from the weighted average. 

M= £.M, + £M, ace cie- 

where f, and f, are the volume fractions of components a, b. 

The minimum will occur when 

Mg Chis OP 
dr a dr b dr 

If only (111) and (100) orientations were present, the minimum M would 

occur when 

iM dv{100} dM{111}  _ 
a" £{100} —-—"+ £{ii1y Twice 0 

At R= 1.5 

am{100}_ dM{111}_ 
0.9 and dr dr por
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de 
strain ratio R = - 

Fig. 2.4.4.Mvs r(R) curves for textures which are rotationally 

symmetric about the sheet normal. Curves are shown for sheets in which 

(111), (110) and (100) are parallel to the rolling plane, and also for a 

randomly orientated sheet)
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There the effect of a twofold increase in the amount of {100} material 

would balance the effect of a ninefold increase in the amount of {111} at 

an R level of about 1.5. 

Fukuda (4) reported that if is necessary to examine more than the 

two orientations {100} and {111} to establish a correlation between R 

valife and texture. A new parameter including the {332} and {311} planes 

because of their relative preponderance in the recrystallisation 

texture together with the {100} and {111} textures was defined by 

_ I{111}+ 1{332} 
ee T{100}+ 11311} 

where I is the intensity of the corresponding {hk%} reflection relative 

to a random sample. The {332} orientation was reported to contribute to 

high R values whereas {311} texture results in lower R values because of 

its rotation to {100} orientation only during tensile strain with 

behaviour like crystals of {100} texture. The rotation of {411} texture 

to the {100} texture during tensile strain was also found to decrease R 

(25) value The incidence of {311} texture in heavily rolled and annealed 

steel was attributed later to its high stored energy rather than to its 

predominance (5-27) . 

Although the precise relationship between R value and texture is not 

fully established yet, it is clear that all different analyses generally 

lead to similar results, that a texture with {111} planes parallel to the 

plane of the sheet will give high R value. Also {100} planes parallel 

to the plane of the sheet will contribute to low R value.


