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CONTROL OF TEXTURE AND FORMABILITY
IN:- FERRITIC STAINLESS STEELS

CATHERINE DOROTHY BOULTON

ABSTRACT

The effects of processing variables on the
microstructures, textures and press-formability of
commercial 17 Cr, 0.05C (430) steel and low-interstitial
Ti-stabilised 12 Cr (409) and 17 Cr (430 Ti) steels
have been studied. The annealing textures have been
correlated with tensile strain ratio measurements
and from this correlation it has been possible to select
combinations of cold rolling reduction and annealing
treatments for texture control to improve deep drawability.
Electron microscope examination has been used to identify
possible nucleation mechanisms for the observed
recrystallisation textures. Cold rolling texture
development and tensile strain ratios have been discussed
from theoretical considerations of slip in becc metals.

Pronounced differences in microstructural
features between high interstitial 430 and low-interstitial
Ti-stabilised steels are reflected in differences in
texture development at all stages. Hot band condition is
an important variable, affecting texture development during
subsequent cold rolling and annealing.

A1l three steels develop similar cold rolling

textures, consisting mainly of ~{100% 011> ,

~ {1118 <112> and ~{112% <110% components. The

~ {1123 <110> orientation is more prominent in 430 Ti
steel than in 430 steel, and it is suggested that this
difference may be due to irregular flow in high interstitial
430 steel. Other differences in cold rolling textures are
attributed to texture inheritance from the hot band.

Recrystallisation textures in 430 steel are
mainly ~{114Y <841> , with ~ {223} <962> present after
high reductions, and r-values are generally low.

Recrystallisation textures in 409 and 430 Ti
steels are mainly ~{110y <001> after low cold rolling
reductions, ~{554y <225> after moderate or high reductions
and ~ {223% <962>" after very high reductions. In most
cases, ~{100y <011> is only a minor component. Batch
annealing of the hot rolled strip followed by cold rolling
to 90% RA and rapid final annealing promotes maximum

~ {554 <225> intensity with low ~ {100} <uvw> intensity,
and a correspondingly high r-value.

The ~{223} <962> and ~{114% <841> orientations,
attributed to grain boundary nucleation, have not been
reported previously in 17 Cr ferritic stainless steels,
although they have been reported occasionally in other
low-carbon ferritic steels.

(vii}w
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1. INTRODUCTION

Since the advent of the AOD process,
commercial production of low interstitial grades of
ferritic stainless steels has become viable. Coupled
with the possibility of stabilising with niobium or
titanium, or of alloying with molybdenum, this has led
to a new generation of ferritic alloys which are weldable
and have enhanced corrosion resistance. Although
ferritic stainless steels still cannot rival austenitic
grades in terms of general cofrosion resistance and
stretch formability, they are readily cold worked and
have adequate corrosion resistance for many applications.
New markets are emerging for these alloys, especially as
cheaper replacement materials for more costly grades of
steel, and/or as improved replacement materials for lower
grades of steel with inferior corrosion resistance.

Recent interest has been shown in the
crystallographic textures of ferritic stainless steels
and their effect on formability, but there are still areas
of dispute that require further study. Little attention
has been devoted to commercial steels, most of the previous
studies having been performed on vacuum melted laboratory
casts. The present investigation is concerned with the
effects of processing variables (in particular, annealing
treatments before and/or after cold rolling, and cold
rolling reduction) on the microstructures, textures and
press-forming characteristics of 17% Cr, 0.05%C@30)steel,
low-interstitial titanium-stabilised 12% Cr (409) steel,

and low-interstitial titanium stabilised 17% Cr (430 Ti).

steel, supplied in the as-hot-rolled condition.
-1 -



2. ZZVIAEY Of LITEZATURS

2.1, TEXTURE IY M=TALS

2.1.1. Orizins of Texture

2 texture can arise as a result of directionzal

solidifcation, and columner grains in an ingot usually
exhibit preferred orientation. For exarple, the growth
direction in bece metals is invariably 100> , i.e.,

<100> éirections are normal to the mould wall and parallel
with the direction of heat flow and hence the axis of

. (1) ma, ) 3

columnar grains. The central eguiaxed zone of an

ingot does not show preferred orientation.

(p) Deformation

A deformation texture is developed due to rotation
of crystals by slip under the action of imposed stress/
strain. The re-orientation is gradual, proceeding until a
texture is reached that is stable against indefinitely

(1)

continued flow of the same type. The nature of the
stable texture is influenced by the imposed stress systenm
and the slip systems operative in the material. Under
tension the stress axis moves towards the operative slip
direction whilst in compression it moves towards the pole
of the operative slip plane. (2)
Uniaxial stressing causes alignment of specific
directions parallel with the axis of stressing. This
type of preferred orientation is known as a "wire" or
"fibfe" texture. In general there are no special radial
orientations, although in wire drawing radial compressive
.stresses may cause certain planes to lie parallel with

the surface of the wire to produce a "cylindrical®

-2 -



texture. - A Sinple 110Tre texture 1S usually
described in terms of a direction <uvw®> parallel with
the stress axis.

Rolling of gheet or strip under plane strain
conditions causes alignment of specific crystallographic
directions with the rolling direction and specific planes
with the rolling plane. Yence rolling textures are often
described in terms of one or more ideal orientations
expressed as {h}:lk <uvw> where {hl«:l’s is the rolling plane
and <uvw> the rolling direction.

Ceformation textures can be influenced by
temperature, pérticularly if it is high enough to permit
recrytallisation, e.g., hot rolling produces a much less
pronounceé texture than cold rolling due to dynamic
recrystallisation. The occurrence of a phase
transformation may fufther randomise the crystal
orientations. (1)

Second phaseé may also have an effect, e.g., high
carbon steels form less pronounced textures than low
carbon steels due to ?eBC teing harder than ferrite and
(4)

forecing it to flow in irregular directions.

(c) Recrystallisation

Yhen a cold worked metal containing a strong
preferred orientation is annealed there are a number of
possibilities. The final annealing fexture could be :

(i) the same as the deformation texture, particularly
if recovery alone occurs,

(ii) a different texture due to recrystallisation into
new grains with orientations different from but
crystallographically related to those of the

-—>3 =



deformation texture, or
(iii) a randomised texture, especially if a phase
transformation occurs during annealing..
Recrystallisation téxtureé are‘affected by
composition, time and temperature of annealing, and prior
processing. In particular, important factors include
the deformation texture, microstructure and presence or

absence of a phase transformation.

2.1.2.. - Representation of Texture

Although a texture can be labelled by a single
ideal orientation, <uvw> or {hkl} Luvw> , this type of
description is often inadequate in practice. More
usually, descriptionsAare in terms of more than one ideal
orientation or the spread between ideal orientations.

A more complete description of a texture is
given by a pole figure, determined by X-ray texture

(5)

goniometry. A pole figure is a stereographic

projection which shows the variation 'in pole cdensity with
orientation for a selected set of crystal planes. (5)
Intensities are plotted as multipleé of the intensity
expected from a randomly oriented specimen and the pole
figure is contoured. Ideal orientations may be plotted
on the pole figure for reference. For cubic crystals,
-a particular orientation on a pole figure can be

described by any of the following (6) :-



Three ilOOS poles

Four {111% poles
Six {1103 poles
Twelve {hk0} poles

Twenty-four {hk1l} poles

For simplicity, practical selection of poles is
normally limited to {100} ’ {;li} or {110% . However,
since there is no Bragg reflection from the {100% planes
of bee or fcc metals, the second order {2003 reflection
must be measured, and it is usual to refer to the pole
figure in terms of the {200} reflection used in its
determination. A similar situation arises with the {2223
reflection in becc metals and the {220} reflection in fcc
metals. Bee fextures are therefore described by {1103 ’
' {200} or §222% pole figures and fec textures by {111) ,

{200} or {220} pole figures.

Conventional pole figures are the most common
method of présenting tektural data for processes
requiring specification of two perpendicular directions.
For deformation processes of higher symmetry that require
only one axis to be specified, an inverse pole figure or
axis distribution chart can be useful. This figure
uses a stereographic unit triangle as a reference frame
and contour lines to show the frequency at which various
directions in the crystal coincide with the specimen axis
under consideration. (7) |

An alternative description of texture is
provided by the orientation distribution function (odf),

which specifies volume densities of crystallites having

-2 =



(8)

a given orientation. Methods of calculating the
orientation distribution function from conventional pole
figure data are now available (9) and have been used for
quantification of relationships between texture and

nechanical properties. (8,10)

Three-dimensional odf's
are computed from data obtained from several pole figures
of different reflecting planes. Preferred orientations
can be described by density functions within the three-
dimensional figure, using contour surfaces to separate
volumes of higher and lower orientation density. In
order to present the results it is usual to take a series
of sections through the figure, shoving the contour

(8)

surfaces as a seriesAof contour lines. 0df's have
not be applied as widely as conventional pole figures and
axis distribution charts, due to their greater

complexity and the large amount of data needed.

2.1.3. General Observations in BCC Hetals

(2) Tension and Compression Textures

Body centred cubic metals invariably have a
simple <110> fibre texture after cold drawing. (1,3)
Compression textures consist of a major <111> fibre
texture component plus a weaker <100> component. (1,3)

(b) Rolling Textures -

The cold rolling textures of all bcc metals are
essentially the same and are largely unaffected by alloy
additions, except possibly those causing precipitation. (3)
The textures develop gradually with increasing deformation

and comprise a continuous spread of orientations from



1200 <011> through {211Y <011Y to {111} <1127 (7)
The spread has also been described in terms of partial
fibre textures.

Barrett and Levenson, (11)investigating rotations
of single crystals of iron, recorcded two continuous sets of
orientations :-

(i) ..... <1107 parallel with RD and {001Y between

0° and 45-55° from the rolling plane,

(ii) ..... 1111Y parallel %ith the rolling plane and a

spread about the sheet plane normal (ND);
(i.e. a partial tension axis along RD and a partial
compression axis along ND (RD// <110> , ¥D//<111> ).

Richards and Ormay (12) preferred to depict the
cold rolling textures of low carbon steels in terms of
two partial <110Y fibre textures A and B :-

(A) ..... <110> parallel to RD, with orientations in the
spread from (211) Lo11] - (100) [011] -

(2T1) [o011] ;

(B) ..... <110> %0° away from RD (30° from ND) in the
plane containing RD and ND, and comprising the
spread from (21T) [110] - (55%) [225] -

(121) {101] .

In general, it is found that the strongest
conponent is'{lOOX <011> and that {112} <1109 is always
present. The {lll} {110> orientation has been reported
less frequently and {lll} <112 has been reported as a
strong component in some instances but not in others. (3)

(c) REecrystallisation Textures

Reported recrystallisation textures of cold-rolled

-T-



and annealed bcc metals have included the following
components :- {111} <110> , {110} <001>, 1100% <011>
and {111} <112> (or more precisely {554) <225 which is
within‘V6° of {111y <112> ). (3,7,13) Development of
recrystallisation textures is ﬁarkedly affected by
material and processing variables, to the extent that
quite different annealing textures can be obtained from
two specimens exhibiting essentially sinilar cold rolling
textures. The primary recrystallisation textures of low
carbon steels, in particular ferritic stainless steels,

are considered in detail in a later section.

-8 -



2.2, ' -~ THZIORIES OF DEFORMATION TEXTURES IN RBCC METALS

2.2.1. Slip Svstens

Development of a deformation texture is brought
about mainly by crystal rotations due to slip. In bece
crystals the slip direction is invariably <111> , but the
slip plane is not well cdefined. For many years there has

been a dispute (14-20)

as to whether bcc metals deform by :-
(i) <111> pencil glide (non-crystallographic slip in
closest packed directions on planes of maximum
shear stress),
(ii) a combination of $110% <111> , {112% <111 and
§1233 <111> slip, or
(1ii)  elementary slip on £110% and/or {112% planes
giving the appearance of (i) or (ii).
It is often assumed that, when all three slip planes
( {110y , {112} and t123% ) operate, the critical resolved
shear stress for slip (‘1; ) on.each plane is equal.

(21)

However, Smoluschowski and Opinsky suggested that the
magnitudes of the critical resolved shear stresses for
slip on {110} , {1123} and {123% planes are in the ratio

1:1.03:1.05 respectively.

2ol Deformation iodels

Theories of texture development tend to fall into
two categories depending on the deformation model chosen,
i.e., either the imposed stress model (Sachs) or the
imposed strain model (Taylor).

(22)

According to the Taylor model, all crystals

undergo the macroscopic shape change. At least five

independent slip systems are required and the choice of
- T - -



operative slip systems is governed by the principle of
minimum internal work, i.e., the combination which will
operate is that giving the lowest algebraic sum of shears.
An indication of the work necessary to carry out the
deformation of a grain in a particular orientation is
given by the Taylor "M-Factor" or stress factor, which
is the ratio of the applied stress to the shear stress
developed on the operative slip plane(s). (22,23)
Grains of low M-value deform easily, but high M-value
grains are crystallographically hard. (22,23)
Although Taylor failed to recognise the necessity
of ensuring that the yield criterion ﬁas not violated, it

(24,25)

was later shown that Taylor's minimum shear su=m
was in fact equivalent to fulfilment of the yield criterion.
The equivalence of Taylor's theory with a later analysis,

developed by Bishop and Eill (29

and based on maximum
external work, was also demonstrated. (24,25)

Wlhereas the Taylor model ignores stress
egquilibrium requirements and concentrates on grain
continuity, the reverse is true of the Sachs constant stress
model (27) which, for a uniaxial tensile test, leads to
results that would be obtained assuming a series of
parallel but free single crystals. (25) The component of
strain in the tensile direction would be the same for every
grain, although all other strain components would vary
from grain to grain; the tensile stress would differ from
grain to grain but all other stress components would be
Zero. This situation would fulfil stress equilibrium
and yield criteria, but would violate compatibility

(25)

requirements.
- 10 =



The Sachs model is considered a lower bound
theory and the Taylor model an upper bound ‘theory. The
Taylor analysis generally leads to superior predictions

of the flow curve, strain ratios and deformation
(10,28)

(29)

textures. Recently VWiergbanowski and

Jasienski concluded from numerical predictions that
the essential difference between the two models is the
occurrence of latent slip in Taylor-type deformation, i.e.,
principal slip systems account for the macroscopic shape

change but differences in shape between individual grains

are accounted for by latent slip.

2.2.3. Rolling Textures
(22)

Taylor considered only fcc metals in his
analysis, and for a long time this mathematical solution
was considered too unwieldy to apply to bcc metals, in which
the large number of slip systems available results in there
being over a million ways of choosing five. (4) Zowever,
more recently a number of authors have applied computer
simulation studies to the deformation of bcec metals, using
the generalised Taylor model to predict the combination of
slip systems which would operate for any given initial
orientation and hence. to calculate lattice .

2
rotations. (20,23,30,31)

Barlier theories of bcc texture
development required additional assumptions to make the
data manageable.

Calnan and Clews (2) were responsible for one of:
the earliest theories of rolling textures in becc metals.
They reasoned that, due to the symmetrical disposition of

slip planes, no grain rotation would occur during multiple

-1 -



slip. For the high degree of preferred orientation
observed after severe plastic deformation, there must,
therefore, be a considerable amount.of single and duplex
slip‘to effect the nécessary grain rotations, with some
nultiple slip to maintain grain boundary cohesion.

Once the effective tensile stress reaches a direction
sufficiently symmetrical for multiple slip to take place,
no further rotation would occur and a stable end
orientation would be achieved. In order to predict
rolling textureé, it was assumed that orientations would
persist which satisfied both tension and compression end
points simultaneously. The bece rolling textures predicted

(2)

for slip on various systems were listed as follows.

Slip Systen Textures in order of decreasing magnitude
y g g

110y <111> J{211y <110 « 311>, {111}<¢110> ,{100} <01D>
112y <111> K1113 €110 «— 211y , 110034011

f123% <111> [311¥ <110 ¢ 311>, {1113<110> {100} <01D>
3 systems }{411% <110 «— ~511>, {111} <110> , §100% <01D>

(32)

Dillamore and Roberts developed a theory of
rolling textures based on primary and conjugate slip
followed by cross-slip, assuming a bi-axial state of
stress. For becc metals, assuming operative éiip systems
of type {1103 € 111> , they concluded that most material
would rotate under the action of primary and conjugate
slip to orientations of type 112% <110> and that, after
cross slip, the rolling texture should be adequately

described by the spread from 1100y <011y towards

- 12 -



{211} <011y .
(2)

Neither Calnan and Clews nor Dillamore and
Roberts (22) accounted for the strong {111% <112>
compénent observed in some, but not all, rolling textures.
However, Dillamore, Butler and Green (33) later predicted,
from the results of a total strain analysis of slip
rotations during rolling, that the stable end orientations
for bcec metals were {112% <1107 , {001} <110> and

{11, 11, 8¥ <4, 4, 11> . They concluded that {111} <112>
was not a stable end orientation.
Kamijo (34) used a method similar to that of
Dillamore and Roberts (32), considering slip on {110}‘,{i123
and {1233 planes and assuming “PC {;23} = V?c {;lé& =
1.05 ‘T‘c {1103 » to study slip rotations towards stable
end positions on a stereogréphic projection. Ee proposed
that the operation of slip systems of types 1011}y <111>
and {;123 <111% would account for development of
texture components {111¥ 112>, 112F <1107 and

{1003 <011> , although only the latter two components
would remain as stable end orientations. - The gradual
displacement of {1113 <112>£owards 1112% <110Y was
attributed to conjuga%e slip on {110} <ilL> sretens.
Kamijo (34) also concluded that the {110% < 00
orientation (when present), although not developed by slip
rotations, is stable provided that the rolling direction
does not deviate even slightly towards <111> . If this

deviation does occur, slip rotations lead to development

of the {111} <112 orientation (inevitably via

{5543 <225> ).

-13 -



Dillamore and Katoh ‘““/ compared theoretical
pole figures and odf maps, derived using both Sachs and
Taylor theories and assuming <111> pencil glide, with
experimental results for iron cold rolled to 70% RA.
Discrepancies between predicted and observed data were
attributed to non-homogeneous &eformation. It was pointed
out that, if favourably oriented grains (low Taylor
M-value) are to undergo exactly the same strain as harder,
less favourably oriented grains (high Taylor M-value), the
stress continuity condition is violated. In reality the
softer grains will yield first and it will require stress
concentrations within these grains to cause the harder.
grains to deform. Hence the softer grains will incur
more lattiée curvature, since they will be forced to
accommodate any harder grains which fail to conform to
the imposed shape change. Dillamore and Katoh (28)
suggested that it would be more favourable for the harder
grains tb deform hetérogeneously, with a strain different
from the mean strain, if this resulted in a reduction of
the total energy of deformation. The softer grains must
then accommodate these heterogeneities.

In view of the complexify of deformation of real
polycrystals in which equilibrium, yield and
compatibility requiremente must be met simultaneously and
there is the additional complication_qf non-homogeneous
flow and deformation bands, discrepancies between
observations and predictions of deformation texture, based
on either constant stress or constant strain, are
inevitable. However, most workers are in agreement that
the framework of the Taylor model allows the most

- 14 -



2.3, THEORIES OF RECRYSTALLISATION TEXTURES IN
BCC METALS _

2.3.1. - Oriented Growth versus Oriented Nucleation

Historically, two principal mechanisms have been

proposed to account for annealing textures (10)

(i) The Oriented Growth theory assumes that
all possitle orientations are present at the
start of recrystallisation and that
selection of favoured ones occurs during
growth.

(ii) The Oriented Nucleation theory assumes that
the growth rate is independent of the
orientation of newly formed grains,and that
this orientation depends on the availability
of nuclei in the deformation substructure.:

More recently, compromise theories have been

proposed in which both nucleation and growth conditions

have to be satisfied. There has been much

experimentation and discussion in trying to decide which

approach best describes the observed behaviour. (13,35-38)
It is found thaﬁ'recrystallisation textures often

bear crystallographic relationships to the original

deformation texture. For bcc metals, the relationship

is described as a 25°- 35° rotation about a <110> axis

which is common to both the cold working and

(3’7119’36)

recrystallisation textures. Such

relationships were supposed to correspond to high rates
(19)

of growth associated with high boundary mobility,

and experimental evidence does show that mobilities of

- 16 =



low angle (< 15° misorientation) and possibly of very high

angle (> 45°) boundaries are restricted compared with the
(10, 38)

(13)

intermediate raﬁge.
‘Dillémore used a purely geometric method,

based on oriented growth, to predict major components of
annealing textures. Under conditions of high growth rate,
the major components were predicted as {hhlY <110 with

{lll} <110% predoninating, whereas for low growth rate,
the major components were predicted as {5543 {225 and

110,8,7Y <1,3,5> . (It should be pointed out that the
latter is not actually a true orientation and was possibly
meant to be {J1,8,73 £1,3,5> ).

Dillamore, Smith and Watson (37) later compared
growth and nucleation theories on the basis of results
obtained from electron miscroscope examination of pure
iron and low carton steels. Having evaluated the
driving force for recrystallisation as a function of
orientation, they concluded that, although both theories
forecast broadly similar textures, oriented nucleation
predicts a component neaf {0013 <110> (arising from
grain-boundary nucleation), which is in fact observed
experimentally but is not accounted for by orientea
growth. |

It is now generally agreed that experimental
evidence is more in favour of:.oriented nucleation, at
least as far as bcc metals are concerned. (7,10,39,40)

(40)

Dillamore has criticised his earlier geometric
approach, deciding that, although simple formal
transformations may be found to convert one texture into

another, this should not be taken to imply a mechanism.
- 17 -



The "special growth relationship" concept of pure

oriented growth theory was refuted on the basis of electron
microscope observations which showed that all probable
nucléation sites occur in regions of high lattice
curvature where, by definition, a special growth
relationship cannot te sustained. (40)

Although oriented nucleation is more widely
accepted, it is still recognised that growth processes can
be important, e.g., in situations where pfecipitation and
recrystallisation interact. (40) During recrystallisation,
precipitates forming preferentially on new grain
boundaries inhibit growth of the first formed grains,
forecing further nucleation to occur in unrecrystallised
regions from less favourable nuclei. In such cases, the
resultant annealing texture tends to be similar to the
deformation texture. Also, alloying elements in dilute
solid solution have the effect of increasing the ratio of
nucleation rate to growth rate, thereby reducing the
sharpness of the annealing texture and causing it to
resemble the deformation texture more closely. The effect
of decreasing solute content is seen in steels with very
low manganese ahd/or interstitial contents, where the {111%
sheet plane texture component is markedly strengthened

(41)

during recrystallisation.

2.3.2. Nucleation

Modern theories of recrystallisation tend to
nullify the classical argument between oriented growth

and oriented nucleation. Recrystallisation is now

- 18 -



envisaged as a continuous process of growth, in which the
enmbryo is stable with respect to its surroundings at all
stages. However, the velocity of growth is not constant:
there is an initial slow growth or incubation period
corresponding with the nucleation stage, followed by a
sharp increase in growth rate coinciding with the start
of the classical growth stage.

(42-45)

Most workers now agree that no new
orientations are developed during recrystallisation, so
that a nucleus must either pre-exist in the deformed state
or be evolved in the recovery process. A nucleus
comprises a nearly perfect lattice region, of the order of
lraem diameter, which is separated from the deformed matrix
.by a newly formed high angle boundary and is capatle of
growth into the matrix in at least one direction. (45’46)_
The nucleation process consists of development of such a
region, usually by growth of subgrains in the deformed

(46)

matrix, and electron microscope observations have

shown a number of configurations in which such nuclei are

likely to occur. (10)

Nucleation sites available at low

strains (< 40% RA) differ from those at higher strains. (43)
In general, nucleatioh occurs in regions of high

lattice curvature, although continuous recrystallisation

by subgrain growth without high angle boundary movement

is possible in regions of very low lattice curvature

under certain circumstances. For normal, discontinuous

recrystallisation, nucleation is associated with grain

interiors (in-situ), grain boundaries, transition bands,

shear bands or second phase particles.

- 19 -



(a) - In-situ Nueleation

For a subgrain to act as a nucleus it must be
capable of growing into the deformed matrix and quickly

(47)

achiéving a high angle boundary. High local stored
energy (associated with small subgrain size but large
variation in size) and sharp lattice curvature (which
allows the growing embryo to develop a high angle grain
boundary quickly) are necessary for rapid subgrain

(46-49)

growth. Consequently, nuclei develop
préferentially in those regions where there are high local
misorientations, e.g., grain boundaries and transition
bands. However, after moderate to high cold reductions,
individual subgrains in the graih interiors may be
sufficiently misoriented to achieve these conditions. (44)
| The distribution of stored energy within a
deformed structure can vary with orientation of individual
grains, but conflicting results exist as to the ranking of
various orientations. According to Smith and DillamoreSAg)

the stored energy of cold working (V) in bcc metals

increases in the following order :-
v {100} <01 <=v F211) <011>=v {111 <ww<v {0115<00) .

In-situ nucleation should, therefore, normally occur in

the reverse order, i.e., 1011%, 11115 , {2118 , L1003 .

waever, Takechi, Kado and Nagashima (50) found that, in
low carbon steel rolled to very high reductions

(~ 90% RA), the order of stored energy of the main

components changed to :-
v §2118 =v {41y =>v {21158 > v {111%>v {100} ,
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whereas, in low carbon, niobium-stabilised steels cold

rolled to 72% RA, Willis and Hatherly (51) recorded :-

vV {211% > v {100y > v {111% .

In the absence of restrictions to growth, nuclei
formed earliest should constitute the largest grains in
the recrystallised material and should, therefore, dominate
the recrystallisation texture, provided that there are
sufficient numbers of viable nuclei of that component.
In heavily cold worked bcc metals, the fact that in-situ
nucleated {1103 grains do not constitute a major component
of the recrystallisation texture is attributed to limited
availability of 11103 nuclei in the deformed structure. (47)

(b) - Grain Boundary Nucleation

(47)

According to Eutchinson there are two
possible mechanisms for grain boundary nucleation .-

(i) an existing high angle boundary may bow
out into the grain which has the higher
stored energy at the interface (termed
strain induced boundary migration), or

(ii) a nucleus may develop from a subgrain

close to thebgrain boundary.

Strain induced boundary migration (SIBM) is
accepted by many authors as an. important origin of new
grains at low to moderate (10%-50% RA)
deformations, (42,43,46,47) although Doherty and Cahn (46)
suggested that preferential subgrain growth close to the
boundary might be a necessary precurso£ to this mechanism.

Doherty and Cahn (46) proposed that nucleation

should occur preferentially at grain edges in deformed
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metals, according to the following diagrams‘:-

After Cold Deformation _ During Annealing

Rolling direction —

& >120° 7 &,

o, ~7 !

The shape change produced by deformation causes the
triple point to deviate from 120°. During annealing, as
the boundaries attempt to re-establish the equilibrium
angle, subgrains in the 91 region may become enlarged and
more favourable as nuclei.

Grain boundary nucleation favours orientations
close to, although often rotated slightly away from, the
(42,47)

stable deformation texture. Dillamore and

Katoh (42) considered that material at the extremities of
the'deformation texture spread would probably be
associated with grain‘boundary regions. Bee
recrystallisation texture components believed to originate

from grain boundary nuclei include {1003 <011> ,
{554 <225> , {111} <110) and {114} (841> . (42:46,47)

(c) Transition Band Nucleation and Shear Band
~Nucleation
(i) -~ Transition Bands

During constrained deformation of polycrystals,
individual grains are often observed to deform

inhomogeneously, leading to mutually misoriented blocks
- 22 -



known as deformation bands. These are sepearated by
fairly narrow microbands, known as transition bands,
accommodating the misorientation but containing a small
volume of the original orientation. Within a transition
band, the high local stored energy and rapid change in
orientation create a suitable source of potential
recrystallisation nuclei. (46,48) Deformation bands and
transition bands may arise in several ways :- (52)

(i) local differences in stress may cause
different parts of a crystal to undergo
different strains, inducing relative
rotation within the grain,

(ii) different combinations of slip systems may
separately accommocdate the imposed strain
in different parts of the crystal, giving
different slip rotations,

(iii) orientations which are metasable during
deformation may split into two twin-related
orientationg during rol;ing.

A {11038 <001> texture component in bec metals
can, with increasing deformation, split into two twin-
related _{1113 112> components, (52) and transition band
nucleation is responsible for reproduction of the original
1110% <001> component on annealing. (39) Hu (53) reported
that microbands separating neighbouring deformation bands
in silicon iron, cold rolled to 80% RA, were sources of
{1133 {uvw> recrystallisation nuclei.

Dillamore et al (52) analysed the conditions

under which transition bands develop and proposed a model

for nucleation by subgrain growth in a transition band.
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They envisaged the structure of a transition band to be

of the form shown in the following diagrams :-

After Cold Rolling During Annealing

[
o

%
¢t = energy of vertical sub-boundaries
o, = energy of horigzontal sub-boundaries
dr = length of average subgrain
Dr = length of large subgrain angfdb
dt = width of average subgrain.

The vertical sub-boundaries of energj o, are parallel with
the transition band and would have a relatively large
misorientation; the horizontal boundaries of energy a.
may have smaller misorientations. During annealing,

" the triple point angles should relax to anvequilibrium
configuration, as shown, with the angle ¢ given by :-

cos ¢ = oy

2o
t

ceeeeeesss Bquation (1)

In order that the large subgrain ahgfdb may continue to
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grow, points b and ¢ nust come into contact before this

equilibrium angle is achieved. This will only occur if
the particular subgrain has a sufficient size advantage

compéréd with the average subgrain such that :-

2
r g (a, + dy [(40%

) - 119 ....Equation (2)

o 2
r

Under these conditions, it will be able to grow both
normal to the transition band and along it. Growth
perpencdicular to the transition band would increase the
misorientation of the subgrain boundaries and hence their
nobility. From their analysis, the authors (52) concluded
that intermediate lattice curvatures were necessary for
transition band nucleation. At high strains the critical
value of Dr increases such that transition bands may cease
to be viable nucleation gites, whereas at low strains
transition bands are not sufficiently well developed for
equation (2) to be satisfied.

(ii) Shear Bands

After heavy cold rolling reductions (€ > 1.0),
instabilities may develop during deformation and "shear
bands" of elongated subgrains may form, inclined at an
angle of ! 35° to the rolling direction (as viewed
perpendicular to the transverse direction). These
macroscopic shear bands cross grain boundaries without
deviation, and the planes of the shear bands are related
to specimen geometry rather than crystallography. (54)
Unlike transition bands, changes in orientation across

=4
shear bands are not systematic. (54,55) In becc metals,

only one set of shear bands forms in 2 particular volume
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of material, and neighbouring volumes develop bands of
opposing image. (54)

Shear band development is preceded by formation
of microbands of elongated subgrains, which form initially
on the slip planes and become aligned with the rolling
plane at strain levels of &€==1.0 ( ~ 60% RA). (54,55)
These microbands are separated by low-angle boundaries.
They do not cross grain boundaries.

Shear bands are reputed to provide favoured sites
for nucleation. However, in ferritic materials,
macroscopic shear bands do not appear to develop at strains
below € =~ 1.6 (80% RA) and they are not abundant at strains
< € ==/ (98% RA). (54) Osterle, Wever and Bunge (55)
observed shear bands optically in alpha-iron cold-rolled
to 85% RA, but were unable to detect shear bands in the

sane material using the electron microscope

(d) Affect of Dispersed Second-phase Particles

A dispersion of second-phase particles may affect
recrystallisation in the following ways :-

(i) . Precipitation after cold work

Precipitation after cold work but before
recrystallisation influences the mobility of dislocations
during recovery, inhibiting subgrain growth except for
a few "breakaway" subgrains. The resultant structure
tends to be coarse grained with a relatively sharp
recrystallisation texture. (39)

Precipitation during recrystaliisation occurs
predominantly on moving grain boundaries, impeding their

motion and allowing time for less favoured nucleation

sites to operate tefore growth of the first formed grains
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consumes the deformed matrix. In this instance, the
annealing texture is likely to be similar to the
deformation texture, but reduced in intensity. (39)

(ii): Particles present before cold work

The effect of second phase dispersion present
before cold deformation depends to a large extent on
particle size and distribution: a coarse dispersion
accelerates recrystallisation whereas very fine
precipitates inhibit fecrystallisation. (41,56-59)

Coarse particles stimulate nucleation at or near
their surfaces, generally promoting a relatively fine

grained structure with a texture similar to the

(56,57) (60)

deformation texture. Chan and Humphreys
have recently studied particle~stimulated nucleation
in situ using the Eigh Voltage Electron Microscope (HVEM).
In an aluminium-nickel alloy containing a coarse
dispersion of AlBNi particles, the majority of suph nuclei
were misoriented by 15°-45° to the matrix. It was also
noted that some particlé-nucleated grains stopped growing
at an early stage. The authors concluded that particle
stimulated nucleation causes a randomisation of texture
in the early stages of recrystallisation, and that sharper
textures observed after completion of recrystallisation
could be associated with more rapid growth of selected
orientations. (60)
Fine particles interact with dislocations,
retarding recovery and hindering subgrain boundary motion.

Only the largest subgrains can act as nuclei, leading to

a coarse grained structure showing marked texture

(56,57,59) (57)

selectivity. Dillamore and Hutchinson
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actually utilised this effect to enhance the -Lllﬁ <uvw>
component of aluminigm-k%lled, low-carbon steel,at the
expense of the {1003;<§vw;>component.

Hes (61) found that co-existence of fine and
coarse dispersions reduces the effectiveness of the coarse
particles in stimulating nucleation. Pe argued that
this reduced performance is inevitable, given that the
fine dispersion introduces subgrain growth selectivity
in the manner outlined.

In a study of the effect of carbide and nitride

particles on the recrystallisation of ferrite, Gladmean,
(56 '

3

McIvor and Pickering reported that particles

~ 0.5 - 20anm (5 x 10° - 200 x 103 A°) diameter
acclerated nucleation whereas fine particles ~ 5 nm (50 A%)
diameter retarded nucleation. It was also found that
small volume fractions of intermediate sized particles

~ 20 nm (200 A°) diameter had little effect on
recrystallisation, although they could be effective in
inhibiting subéequent grain growth. Other studies (62)
indicated a marked retardation of recrystallisation at
interparticle spacings equivalent to the deformation

cell diameter.

Hodel for particle-retarded nucleation

(63)

lTes developed a quantitative model for

the effect of finely dispersed second phase particles

on nucleation within a transition band. In addition

to the critical condition for nucleation predicted by
Dillamore (equation 2), the following criterion must also

be satisfied if nucleation is to occur in the presence

of a fine dispersion :-
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b, = 2 & : eee...Bquation (3)
1- B8z £ 4a)
4 o T
where

Dr = length of favoured subgrain parallel with
transition band

d = length of average subgrain parallel with

r s
transition band

dt = width of average subgrain

0% = energy of vertical sub-boundaries

0; = energy of horizontal sub-boundaries

& = a constant of the order of unity

f = volume fraction of precipitate

T = mnmean particle radius.

This model implies that it is the relationship betwéen
cell size and interparticle spacing which is important.
For a constant volume fraction of precipitate, smaller
particle sizes can be tolerated without risk of inhibiting
nucleation as the average subgrain size decreases.

Models for particle-stimulated nucleation

Particle stimulated nucleation in deformed
aluminium was studied extensively by Humphreys, (58) who
noted that the cell structure in the matrix remote from
coarse particles showed well-developed plate shaped
subgrains elongated parallel with the rolling direction,
vhereas subgrains in a narrow region around each
particle were much smaller and more equiaxed.
Misorientations of up to 35° were observed between these
regions, termed deformation zones,and the matrix. It
was suggested that the size of these deformation zones

was of the same order of magnitude as the particles



themselves. Humphryes (08) proposed a model for
nucleation within such zones from pre-existing subgrains.
Theinucleus is envisaged as growing towards and around
the particle to consume the entire deformation zone, as

illustrated in the following sequence of diagrams :-

(a) After cold (d) Entire deformation zona
deformation 18 consumed by A

__deformation
zone

particle

favoured
subgrain A

(b)-(c) Subgrain A grows towards
and around the particle

At this stage growth may continue into the matrix, or it
may cease and eventually the nucleus will be consumed by
more favourable growing grains. The critical particle
diameter for effective particle stimulated nucleation is

given by the following equation :-

r >

2 g vesessacen Equation (4)
where :
r = radius of nucleus (assumed = particle diémeter)
¥ =

~grained boundary energy

53}
1l

stored energy.
In a subsequent analysis, Nes (59) suggested a

resemblance between the type of deformation zone

- 30 -



substructure envisaged by Humphreys (58)
(42)

Dillamore's representation of a transition band, such

that the Dlllamore analysis could be used to determine the

ecritical dlmen31ons for nucleation fron a favoured over-
size subgrain. Nes ‘59) re-expressed the critical
condition for continued growth of a nucleus beyond the

deformation zone as follows :-

S = %E _‘gl eeeeee... Equation (5)

where :

a,
)

mean diameter of new grain (= particle
diameter)

= mean matrix sub-boundary spacing

= gpecific energy of new grain boundary towards
natrix

¢ o< 3O
!

= mean matrix sub-boundary specific energy
K = dimensionless constant ~ 1.
. 1 1
Since ¥ is 2 ¥ (for small misorientations, ¥ > ¥
]
for misorientations 2‘150, 7f =~K "), the value of §
must be greater than the average subgrain size, or at least

equal to it at high strains.

2.3.3. Grain Growth

Grain growth occurs after completion of primary
recrystallisation, with larger than average grains growing
at the expense of subcritical grains.  The driving force
for grain growth is a reduction in grain boundary
onergy. (45+47)

In general, if the grain size distribution for =a

particular component is biased towards the larger grains,
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this component should be enhanced by grain growth. The
dominant components of a primary recrystallisation texture
will often have this size advantage and s0 grain growth
normélly makes the primary recrystallisation texture
sharper and more well-defined. (47,64)

Tine second phase particles may present a
restriction to the movement of grain boundaries, causing
a transition from normal to abnormal grain growth. Only
the most favoured grains may be able to grow, rencdering

the process even more orientation selective. (47,64)
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2.4, PRZSS FORMABILITY OF METALS

There is no single index which will enable the
press formability of a specific material to be reliably
predicted for all products or production conditions. (65)
However, for a given tool configuration and lubrication
conditions, the forming limit (which relates primarily to

the exhaustion of ductility (°0767)

is governed by the
inherent formability of the metal itself. The most
influential characteristics are plastic anisotropy, work
hardening ability and grain size.

Anisotropy caused by mechanical fibering may have
a profound effect on both stretching and drawing
charactéristics. However, mechanical fibering is not
a significant source of anisotropy in low carbon, clean
steels and will not be considered further.

Preferred orientation is the other source of
plastic anisotropy, which affects mainly deep drawability.
The orientation of grains affects the ease of deformation
in a particular mode and determines whether the material
is resistant to thinning, (68) e.g., in bcc metals texture
components with {111% planes parallel to the sheet surface
are effective in improving deep drawability whilst
{1003 <uvw) components are most detrimental. (69)

Stretch formability is controlled by the work
hardening rate, which is largely unaffected by
orientation. Increasing grain size is beneficial,
although grain sizes coarser than ASTM 6 (average grain

diameter ~45um) promote orange peel defects during

press forming.
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2.4l Principles of Press Forming Operations

Most press forming operations are a complex
interaction of stretching and deep drawing. Usually one
of these processes will predominate, tut both will be =
taking place simultaneously. However, in order to analyse
the. factors which influence pressing behaviour it is
necessary to consider their effect on simple stretch
forming and deep drawing operations.

(a) Simple Bi-axial Stretching

The tool configuration for simple bi-axial

stretching is shown in the following diagram :-

Punch Pressure (or hydraulic pressure)

~l Blankholder pressure

The blankholder pressure is sufficient to prevent the
inward movement of material in the flange. When
pressure is applied, either hydraulically or via a round
nosed punch, the material over the die becomes stretched
biaxially to form a dome-shaped cup. ' The operation is
completed when the maximurm:or required depth of cup is
obtained.

Using hydraulic pressure the stress system is

pure biaxial tension, with the principal stresses in the
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plane of the sheet ( CTl and CTz) being of equal
magnitude and the normal stress Cr3 = 0. Also, since

dEl =d€2=-—d8

_ 2
only by sheet thinning. When a punch is used, the

3? deformation and failure can occur

material which is in contact with the punch is restrained
and the stress system is not pure biaxial tension.

(b) Flat-bottomed Cup Drawing

The tool configuration during simple flat-
bottomed cup drawing, starting with a circular blank, is

shown in the following diagram :-

Punch Pressure

Blankholder pressure

punch ;
‘\ profile [

radius -

N\

Stretch-formed zones .

—=Blankholder
ange
Die profile radius

Ironing

Drawing zone”

The pressure on the blankholder is insufficient to

prevent inward movement of material in the flange, so

that as the punch descends it causes material to flow
inwards over the die profile racdius to form the walls of
the cup. The operation is complete when the periphery of
the blank is reduced to the circumference of the cup wall.
Since there occurs a zone of material which is stretched
over the punch profile radius the operation is not,
strictly speaking, pure drawing. The extent of this zone

depends on the tool geometry.
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The requirement of blank holder pressure becomes
apparent from the following argument. The following
diagram shows a sector from a circular blank prior to

drawing :-

During movement into the die mouth, arc Ll and
radius Rl have to reduce to L2 and R2 causing a
displacement of material in the shadeé areas, This
condition prevails throughout the circular blank, éetting
up a hoop compressive stress around the annular rim
outside the die aperture. Without some blankholder
pressure this stress would cause buckling or wrinkling.

The blankholder also restricts the tendency of
the metal to thicken uniformly around the annular rim and
progressively between the die mouth and outside edge, and
so produces an elongation outwards. A differential speed
of movement is thus set up, with material near to the die
mouth moving over the die face at a greater speed than the

metal at the outer edge of the blank.
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The following diagram shows the directions of
the principal stresses in the flange and the wall of a

partly-drawn cup :-

In the flange,the.effectof blankholder pressure is
relatively smell and can be ignored (07, = 0). The
important stresses are therefore, O (radial tension) and
op (circumferential compression). Also, since little
thickening occurs, d€,2 = 0, and a condition of plane

strain is imposed.

2.4.2. Baringe

Earing is the waviness of the rim of cylindrical

(70),

cups deep drawn from circular blanks 5 it is not
observed in articles produced by pure stretch forming.
The waviness appears in the extremities of the wall and in

(70)

the cross-section of the cup wall. Material beneath
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a trough is significantly thicker than material beneath
an ear, the variation in thickness being most pronounced
at a level corresponding with the bottom of the troughs.
For duantitative comparisons, the extent of earing is
usually calculated from the following formula :- (70)

% Earing =

(Peak height - trough height

Hean cup height 1) x 100

..... Equation (6)

2.4.3. -~ The Erichsen Test

The Erichsen test is a widely used simulative

test for stretch formability. (65,71,72)

In this test
a spherical ball punch is used to bulge sheet metal at a
specified rate until either necking or fracture occurs,

punch movement to drop-in-load, necking or fracture being

recorded. (72)
g (72)

The test is covered by an ASTH
d (73)

standar and a British standar describes a

modified version, although the only difference is the
specification of a range of blankholder force. (73)
Test results can vary with blankholder force,
type of lubrication and choice of end.point criterion. (72)
Use of polythene sheet over the punch as a lubricant seems

(71)

to give the most reproducible conditions.

2ededo -~ The Swift Cupping Test

The usual simulative test for deep drawability

(65,71,74)

is the Swift Cupping test. It is not covered
by a British or ASTM standard but the ASM handbook does

refer to proposals for its standardisation, as reported by

- 38 -



\i(4)

Kemmis. In this test, a standard sized punch

(32 mm. diameter or 50 mm. diameter) is used and
drawability is measured as the maximum blank diameter (Dc)
which can be drawn without failure. Blank sizes are
increased by increments of 2.5 mm. and sheet metal is

rated in terms of the limiting drawing ratio (LDR)

defined as :- (65,66)
LDR = 22
dp eeees. Bquation (7).
where
DC = critical blank diameter
dp = punch diameter

The test results can vary with deformation rate,
type of lubrication and die clearance/design. Kemmis (74)
recommends die sizes appropriate to various sheet
thicknesses in the range of 0.3 mm. to 1.86'mm., and a
drawing speed which is constant but below 35 mm. sec.'l.
Use of polythene sheet lubricant appliedvonly to the die
side of the blank seems to give the most reproducible
conditions. (71)

The Swift test is essentially a trial and error
method of determining the LDR. As such, it is time
consuming and requires relatively large amounts of
material. Modified tests (75-77) have been developed
which make use of the fact that for many materiéls,
including ferritic stainless steels and other low carbon

steels, there is a linear relationship between maximum

drawing load and blank diameter. The slope (K) and
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intercept (Po) of this relationship can be obtained by
testing two subcritical blanks.

(75)

In one approach Thorpe used a relationship
between DC and a parameter N, which is related to K, Po
and the‘UTS, to determine Dc from two subcritical blanks
and a tensile test.

(77)

Wilson, Sunter and Martin used the principle
that, if the flange of the blank is clamped after the
maximum drawing load is achieved (secondary clamping),
then both the drawing load (Pd) and the fracture load (Pf)
can be measured using one blank of subcritical size. If
the value of Pd for a second subcritical blank size is
determined then the relationship between punch load and
blank size is established, and the value of Dc at the

fracture load can be predicted, according to the

following diagram ::-

£ !
'
1
Ao - o ———— - ———— - \
P2 , |
)
l ]
|
Punch ' ;
Load P1- ........... : 2
(P) ) 1
' 1
-
°P ! :
0 1
' |
! |
1 !

e e - e wm e -

-

D2 Dc-
Blank Diameter (D)
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2ebhoede + Uniaxial Tensile Data

(a)~‘; - Maximum Uniform strain ( & u)

The maximum uniform strain (Q-u) in uniaxial
tension is an indication of stretch formability and is,
in principle, simple to determine from the maximum point
on the load/extension curve. However, this is often
flat and extended, making direct determination of €u
difficult and inaccurate.

(b) Work hardening coefficient (n)

For many engineering materials, (including
ferritic stainless steels), whose flow curves are of the
familiar form O'y =Y+ XK€%, the work hardening
coefficient (n) is equal in value to €u and is more easily
determined, being the gradient of a QA‘T/Q\Q graph. (78)
The n-value effectively controls the increase in yield
stress or strength of the maferial during deformation.
The higher the n-value,the steeper is the stress/strain
curve and the larger the uniform elongation.'(éé) Low
carbon steels and ferritic stainless steels have n-values
in the range 0.2 - 0.3 whereas austenitic stainléés,steels
have n-values of the order of 0.45-0.5, reflecting their
superior stretch formability. (67,79)

The method of determining strain hardening
exponents 1s covered by an ASTM standard. (80)

(e¢) - Plastic strain ratio (r)

A useful index of plastic anisotropy, which also
reflects deep drawability, is the plastic strain ratio (r).
This is defined as the ratio of the width true strain (f.w)

to the thickness true strain ( Et) in the testing of a
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illav uvesuL piece. ine vaiue 01 I 1S given Dy «-

- (2)
W, .
r £/ eee.. Bquation (8)

" ()
tf_

or, since there is less inaccuracy involved in measuring

length (L) than thickness (1), (6+81) py

1n w
r = (;}; «.... Bquation (9)
in (Lf Vo )
Lo Wy
where
w, = width before straining
We T width after straining
Lé = length before straining
Lf = length after straining
(81) give a detailed_procedure

Dripke and Worner
for measurement of r-values, which is also covered by an

ASTM standard. (&%)

Only r-values»measured at
equivalent straiﬁs are comparable, and it is normal
practice to use a specified elongation of Either 15% or
20%.

For anisoﬁropic materials, r can vary with the
direction of teéting, and it is usual to measure plastic

strain ratios at three orientations within the sheet, i.e.,

with the tensile axis inclined at 0°, 45°, and 90° to the
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rolling direction. The index of mean normal

_ (¢6)

anisotropy (Tr) is given by :

ro = (ro +oer s+ Tog)

JA

........ Equation (10)

If r is greater than unit&_the material has high
resistance to thinning and should, therefore, possess
good drawability. (66) In low carbon ferritic steels,
it has been found that preferred orientations of the
"cube-on-corner" type, in which {1113 planes lie parallel
with the sheet surface, produce the highest r values. (83)

The variation of r within the plane of the sheet

is known as planar anisotropy (A r) and is given .
by :- (66,81)

Dr

i
—
H
+

45) +e... Bquation (11)

The degree of planar anisotropy affects the earing

(66,70,81)

tendency of the sheet. The nmaxinum ears form

in positions around the circumference of a blank where a
tensile4test piece ~: taken from the " blank

at that point would show a maximun re-value. The
height of the ears is close to being proportional to
lAar] ;5 the higher |Arl the greater the earing .
(66,70)

tendency. If Ar is positive (rg» g >»r45),

earing occurs at ~0° and ~ 90° to the rolling direction,

whereas a negative Ar-value (r45 >r

, r90) leads to
(66,70)

0

~ 450 earing. An exception to this is
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sometimes observed in ferritic stainless steels
exhibiting a strong {1113 <112> recrystallisation
texture, whose six-fold symmetry favours the formation
of ears at 0° and 60° to the rolling direction. (84,85)
For optimum drawability, a high value of T and a
low value of |Dr\ are required. However, it is usually

(66)

found that as T increases, so also does |Arl .

2.4.6. Comparison of Mechanical and Sinulative Tests

There is no universal agreement as to whether
mechanical or simulative tests give the more reliable
information about sheet metal press formability, and
both are of limited value for prediciting performance in

(71,77)  gometimes the only way of

complex operations.
determining what is actually happening is by use of

visible strain patterns, assessed from distortion of
regular patterns applied to the sheet before

(86,87)

forming. The main uses of formability testing

are for ranking materials and for acceptance purposes.

2.4.7. Theoretical Predictions of r-values and
Baring Characteristics

A number of authors have studied the relationship
between crystal orientation and plastic anisotropy

theoretically. (88-90)

Vieth and Whiteley(89) were the
first to.devise a model for calculation of r-values and
earing profiles for bec single crystal orientations,
assuming deformation occurred by slip on system(s) of

highest resolved shear stress. The authors considered

crystallographic slip on {1105 , {112%} and {1233
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planes (with equal [ ,6 on each plane), and also pencil
glide. For prediction of r-values,they considered
situations in which either no rotation or a large
rotation of the tensile axis occurred. The latter
assumption of a large rotation gave more realistic
predictions of r-values for single crystals. Vieth and
Whiteley (89) also reported that-troughs and ears
predicted according to their calculations corresponded
with positions of minimum and maximum r-values, but that
no quantitative relationship between r-values and radial
strain could be established.

More recently, Lee and Oh (90) used a similar
method to predict r-values for ideal orientations,
although they assumed that slip occurred only on

{1103 <111> systems in bcc metals, and that all slip
systems contributed té the deformation in proportion to

their Schmid factors.
(Schmid factor = cos Ncos § = T ...Bquation (12)
o

where A= angle between stress axis and slip direction

\

angle between stress axis and slip plane

normal
T = resolved shear stress on slip system
o = applied stress . A )

Lee and Oh ‘99) used the results of their calculations to
estimate r-values of sheet metals, whose textures could
be described by one or more ideal orientations, as

follows :-

r = Zr. V, cessssesss Bquation (13)
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where T r-value of texture component 1

V.
i

volume fraction of texture component i.
The authors claimed reasonable agreement between observed

and predicted r-values.
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2.5. - PHYSTCAL HETALLURGY OF FERRITIC STAINLESS STEELS

2.5.1. - Compositions

Fefritic stainless steels occur over a wide range
of chromium contents, from~l1l% to~25%. These steels
are generally nickel-free but may contain other additions
such as aluminium, molybdenum, niobium or titanium.

The following iron-chromium equilibrium diagram
indicates that a éimple Fe - 16% Cr alloy would be

ferritic at all temperatures up to the solidus :-

Iron-Chromium Equilibrium Diagran -

\goo 4 liquid
1¢o
liquid + ferrite
1400
Tempgrature ferrite
( C) l12co04

Y Perrite +3

1oood

ferrite + O

Tood
o
Goo 4
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extends the gamma loop and broadens the (X + Y )
region. (91) Lower chromium varieties, such as AISI 410
(lZ%_Cr, 0.19C) are austenitic at temperatures around
1000°C and transform to martensite on cooling. (92)

By comparison, a 17% Cr steel has a duplex (A + Y )
structure at high temperatures and transforms to a mixture
of ferrite and martensite on cooling to room temperature.
A 20% Cr steel should be ferritic at all temperatures up
to the solidus. (92) Ferrite promotiné elements such

as niobium, titanium, molybdenum and silicon extend the

- . 91,93
fully ferritic range to lower chromium contents. (91,93)

2.5.2. Transformations

Castro and Tricot (94-96) made.extensive
investigations into isothermal transformations in 17% Cr
steels. They reporfed that steels containing 15-17% Cr
and 0.05-0.1%C consist of carbides and ferrite at rooﬁ
temperature in the equilibrium state. Eeating to
8500-90000 results in partial transformation to austenite,
the temperature at which‘X first appears being designated
the Al temperature. At this stage there is little
dissolution of carbides. As the temperature increases
above Al, the amount of austenite in the structure
increases progressively to a maximum at the Gm
temperature (temperature of maximum X'content), which
coincides roughly with completion of carbide dissolution
( ~ 1050-1100°C). Thereafter the proportion of austenite
decreases until it disappears altogether at the |

A5 temperature ~ 1250-1300°C. (94)  pe1ta rerrite
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is then stable up to the solidus ~ 1450°C.

Quenching from above A5 produces first a m%x?grgr__'
of ferrite with intergranular and intragranular austenite,
the latter in a Widmanstatten pattern. (94) This is
unavoidable even by energetic quenching of small samples.
On further cooling, the austenite transforms to
martensite, the Ms temperature being ~ 150-260°¢.
Untempered martensite may thus be a source of brittleness
in steels not tempered after high temperature treatments.(94)
Precipitation of intergranular and intragranqlar M2306
carbides and intragranular Cer nitrides also occurs on
cooling, even dufing water quenching. (95,97)

Further investigations (96) led to the following
regression equations for approximate determination of the
Al temperature and the maxiﬁum amount of ¥ at the Gm

temperature as functions of composition :-

A, (°0) = 30(%Cr)+73(%81)-250(%C)-280(%N)
. -66(%Mn) -115(%H1i)+405 ....Bquation (14)
X nax (2) = 470(9N)+420(%C)+30 (%) +7(%Mn)

-11.5(%Cr)~-11.5(%S1i)+186 ....Equation (15)

Castro and Tricot.(gé) also found that nitrogen
restricts grain growth by promoting austenite formation
and by formation of Gr2N nitrides. Nitrogen has no
apparent effect on the solidus temperature, whereas
‘carbon was found to lower it by ~ 7°C for an increase of
0.010%C.

(98-100)

Later studies concentrated on 17% Cr

steels containing titanium and niobium, used to improve
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was sometimes added to reduce the incidence of roping.

For the range 15-19% Cr, they proposed the following
formulae for estimating the Al temperature and the maximum

austenite content at the eh temperature :-

4, (°0) = 35(%Cr)+60(%Mo)+73(%S1)+170(%Nb)
+290(%V)+620(%Ti)+750(A1)+1400(%3B)
-250(%C)-280(%M)-115(%101) -66(%Mn)
-18(%Cu)+310 ....Bquation (16)

¥ max (%) 420(%C)+470(%N) +23(%N1)+9(%Cu)
+7(%Mn) -11.5(%Cr) -11.5(%S1) -12(%Mo)
-23(%V)-47(%8b) -49(%5Ti) -52(%A1)

+189 . ....BEquation (17)

These empirical formulae do not allow for possible
interactions between elements because they wére determiﬁed
using experimental melts of 17%Cr steels containing single
alloying additions. In the presence of carbon and
nitrogen, the ferrite forming effect of titanium is higher
than wQuld appear from its coefficient, due to its
effect in removing these austenite stabilisers from solid
solution (which outweighs the effect of simultaneous
titanium removal). It is, therefore, necessary to
eliminate titanium, carbon and nitrogén locked inside
Ti(CN) particles from the calculation and consider only

titanium remaining in solid solution, (98) i.e.,

Lrid ., = i -4C - 3.40 ....Equation (18)
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Similar considerations apply to niobium and aluminium.'”®’
Although dissolution of chromium carbides and
nitrides is complete at ~ Gm temperature, the solubility

of complex carbides and nitrides of niobium, zirconium

and titanium is restricted and remains partial even near

the solidus. (92,98)
(91)

Kaltenhauser derived a formula for a
"ferrite factor" F(a) which he used to describe the
ability of steels to remain fully ferritic at all

tenperatures :-

F(a) = =40 (C+N) - 2Mn - 4¥i + Cr + 6 Si

+ 8 Ti + Mo +# 2 A1 .... Zquation (19)

Austenite is formed on heating if F(a) is less than an
experimentally determined level, which Kaltenhauser found
to be T(a) = 17 for 17% Cr steels and F(a) = 13.5 for

12% Cr steels.

2.5.3. 47500 Embrittlement

Ferritic stainless steels containing more than

13% Cr are susceptible to 475°C

(62,101,102)

embrittlement. Holding in, or slow cooling

through, the range 320-550°C results in a continuous
increase in hardness accompanied by a decrease in impact
strength (92) ang is, therefore, to be avoided.  This
phenomenon has been attributed to precipitation of fine
particles (~ 20nm diameter) of the chromium rich becec

f .
phase <K ., (97,101) The effect is reversible, e.g.,

by annealing at~815°C. (102)

- 51 -



Kodoelo LOIrTOS1OIl ifiesSlsuvalice

The corrosion resistance of ferritic stainless
steels is very much superior to that of mild steel,
although it cannot rival that of most austenitic
stainless steels. Ferritic stainless steels are
virtually immune to stress corrosion cracking in chloride
environments, but are susceptible to intergranular attack
in the heat affected zone of a weld or after incorrect

(92)

heat treatment. This sensitisation is caused by
precipitation of chromium rich carbides in the grain
boundaries during heating above~900°C, resulting in a
chromium-depleted region adjacent to the grain

(103)

boundaries. It can be rectified by annealing in
the range 650-85000, which permits diffusion of chromium
to the denuded areas. Additions of titanjium or niobium
reduce susceptibility by removal of carbon from solid
solution as titanium or niobium carbides. (92,97)
However, Devine and Ritter (104) found that heating
above ~ 1000°C may cause some decomposition of titanium
carbides and nitrides, releasing carbon and nitrogen
into solid solution. If the steel is quenched and
subsequently aged < 60000, chromium carbides are
precipitated at grain boundaries and the material becomnes
sensitised. Aging above ~ 600°C prevents such
sensitisation by preferential precipitation of Ti(CN).
This has important implications for post-welding heat
treatment, especially for service conditions above room
temperature. Devine and Ritter (104) found that
sensitisation could be avoided altogether in 12% Cr
steels by a very high Ti/C ratio ( = 57.5), nitrogen
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apparently having little effect on susceptibility.
Titanium additions are to be avoided for nitric acid

service since HNO3 attacks Ti(CN). (102)

2.5.5. Low Interstitial and Stabilised Steels

Since the advent of modern techniques, such as
AOD and VIM, it has been possible to produce low
interstitial ferritic stainless steels with improved
toughness, corrosion resistance and weldability, coupled
with reduced tendency to form austenite on heating and
hence martensite on cooling. Low interstitial steels
are usually annealed in the range 750-500°C. It is
generally found that rapid cooling promotes superior
toughness, by suppressing precipitation of carbides and
nitrides and delaying the onset of 475°¢C
embrittlement. (102)

Stabilising additions of titanium and/or niobium
combine with carbon and nitrogen to form carbonitfides,
the stability of which enables low interstitial steels
containing as little as 12%Cr to retain a fully ferritic
structure at all temperatures, avoiding martensite

(92,93,102)

formation. However, the lower carbide
content and lack of transformation does allow easier grain
coarsening of these steels during heat treatment.

Also, excessive stabilising additions can cause problems
with heat treatment because lower temperatures do not
allow completion of recrystallisation whereas higher
temperatures lead to grain coarsening. Titanium
additions also increase the impact transition

temperature. (102)
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alloy content which, in the case of titanium, is
somewhat higher than predicted from stoichiometric

(93)

considerations. Hooper found that titanium
additions of at least 10 x (C+N) were required to avoid
sensitisation in a 12%Cr, low interstitial steel.

Steigerwald et al (102)

suggested that titanium may also
combine with other elements such as sulphur, and that
this might explain the need for higher levels than
stoichiometry requires. EM analysis of cuboid Ti(CH)
particles by Ball and Hoffman (105) indicated that they

are frequently associated with aggregates of sulphides.

The optimum niobium content is reported as

~ 8 x (C+N), which approximates to stoichiometry. (10€)
2.5.6. - Roping
Roping is a surface phenomenon occurring to
varying degrees in ferritic stainless steel sheet. It

becomes evident after tensile straining above ~ 10%
elongation and appears as corrugations which are always
parallel with the sheet rolling direction, irrespective

(107) It also occurs

of the direction of testing.
during press forming operations, impairing the surface
appearance of a product. Sometimes 'a batch 6f steel
may be totally unsuitable, particularly for applications
requiring a good surface finish. '

Most authors agree that roping is a manifestation
of anisotropic plasticity of bands of contrasting
textures, but there are several theories of the actual

(108-113)

‘mechanism. Although roping is thought to be
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associated with texture, the difference between severely
affected sheet and good sheet is not revealed by pole
figure texture representations because these show only the
‘existence 6f components, not their distribution within

the mnicrostructure. Etch pitting techniques have,
therefore, been used to demonstrate texture banding in

sheets showing high roping tendency. (108)

Hore recent studies (114,115)

have associated
roping not with texture but with segregation of carbon
and chromium in the two-phase (A +Y) region of non-
stabilised steels during hot rolling. Such
segregation is retained after cold rolling and

(114,115) (114)

annealing, and Suzuki and Asani reported
good correlation between the height of roping
corrugations and the undulating segregation pattern
observed in transverse sections. No explanation was
given for formation of the undulating pattern and its
retention in the final product. (114)

The tencdency for roping to occur increases with
increasing carbon content but decreases with increasing
nitrogen content, the effect of nitrogen being ~ 3 times
that of carbon. Decreasing the chromium content .reduces
roping, although there is some loss of corrosion

(107)

resistance. Stabilisation of 17%Cr steel is also

¥nown to be beneficial, but Ti-stabilised sheet is not

immune to surface wrinkling during pressing because of

the tendency towards easy grain coarsening. (116)

Niobium and aluminium additions reduce roping but, in

common with titanium, reduce the polishability of the

‘steel. (107)
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Various processing variables also affect the

severity of roping. The phenomenon is not normally

(107)

observed in cross rolled sheet, but cross rolling

is not applicable to a production route involving
continuous coils. Reducing the hot rolling finishing

temperature is reputedly one of the most effective means

(107)

of reducing roping, whereas omission of the

annealing treatment prior to cold rolling has been found

to accentuate the phenomenon. (117)

(118)

Valloire, Penelle
and Bavay related roping in Titanium-stablised
17%Cr steel to bands of coarse {1003 <011Y grains in
the centre of the hot rolled strip. Increasing the
overall grain size of the hot band, by raising the
annealing temperature to 950°C, was reported fo reduce
roping without impéiring the grain size of the final

product. (118)

High cold rolling reductions with
intermediate treatments have been found to improve the
surface quality of 17%Cr steel sheet appreciably, the
beneficial effect increasing with increasing cold
reduction before a given intermediate heat

treatment. (107)
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2.6. - PREVIOUS UORK ON TEZXTURE AND FORMARILITY OF
: FERRITIC STEELS

2.6.1. Hot Rollinz Textures

Ordinary low carbon steels show substantially
random textures after hot rolling in the austenite
region. (119).. By contrast, ferritic stainless steels,
in which the ferrite-austenite transformation is lacking
or only partial, exhibit quite pronounced hot rolling
textures even when processing commences from temperatures
as high as 1100-1200°¢. The major components reported
are those in which {1003 planes are parallel with the

(120-122) (122) also

sheet surface. Dickson and Cooke
detected- 1112% <110¥ and {111} <112 as minor
components in Ti-stabilised, 12%Cr steel. These
orientationé are normally observed in the cold rolling
textures of bcc metals, implying that the material had
received some deformation below the dynamic
recrystallisation temperature.

Dickson and Cooke (122)

dlso reported a strong

illO} <0017 surface texture. This is a common
recrystallisation component in bec metals subjected to
low or moderate cold reductions, and suggests that the
surface had undergone recrystallisation in the later
stages of rolling.

Similar hot rolling textures have been observed in
other low carbon steels (including silicon steels) which
have been rolled in the ol or (X + ¥ ) phase fields,
below ~ 900°0, (12,50,51,119,123,124) g0 posp
component is generally {_lOO} {uvw > , except in steels

stabilised with niobium or titanium in which a strong
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{112Y <110 component has been detected. ¢oLr124)
Through~-thickness texture variations, with strong

{110} «(OOI) surface textures decreasing in intensity
with'depﬁh below the surface, are also a feature of

ordinary low carbon steels rolled between 200°C and
900°¢. (12,50,119,123)

2.6.2. (Cold Rolling Textures

The cold rolling textures of ferritic stainless
steels and other low carbon steels are most commonly
described in terms of the ideal orientations {1003 {0117,

{1128 <110> , 11118 <112) and sometimes {111} 110> .
Variations in the rates of development of these textures
and the prominence of each component within the spread at
a particular rolling reduction have been reported by
different authors. (84,106,122,125-129)

Most workers report that, as cold rolling
reduction increases, the {lll} {1127 component (which
is usually a constituent at low or moderate reductions)
is progressively replaced by 'LllZ} {1107 and that there
is a simultaneous increase in the intensity of the

{1003 <011 orientation. (84,119,122) However, it has
been noted that, as the hot rolling temperature or
temperature of annealing prior to cold rolling is raised,
the proportion of {111% {112) at any given cold
reduction increases but the fraction of 1_100.3 {011
decreases. (119,122)

Stabilisation with niobium or titanium has been
claimed to enhance the {111} <112> and/or {1128 110>

cold rolling texture components in both ferritic
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stainless steels ‘1<°?=<%/

(124,130-132)

and ordinary low carbon

steels. Miyaji and WVatanabe found a

similar effect in 17%Cr steels containing fine

2N or €-Cu. (120,127)

It seems likely that some of the differences

dispersions of either Cr

observed might arise as a result of variations in the
condition of hot rolled material prior to cold rolling,
which 1s often not discussed. A strong hot rolling
texture would be expected to have some effect on the
development of the cold rolling texture.  Stabilisation
with niobium or titanium reputedly enhances the

{112Y <110 orientation in the hot rolling
(51,124)

texture, and since this is a stable end

orientation it would be expected to become more. prominent

(131)

during subsequent cold rolling. The presence of

a significant {llO} {001y texture prior to cold
rolling has been found to enhance the {111} <112>

component at high cold rolling reductions. (122)

Again,
this is not surprising since, during cold rolling, the
metastable §110y <£001> orientation is believed to
split gradually into two twin related {111} {112>

(133)

orientations, separated by a transition band.

2.6.3. Recrystallisation Textures

The major recrystallisation texture components
observed in ferritic stainless steels have generally
been described in terms of the ideal orientations

{111y 12> , {554% <£225> (which is very close to
{1113 Q12> ), {111} <110> , {110} <001 and
{;OO} 011> . A1l these components have been
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.reported in other becec metals, (3) and particularly in

low carbon steels. (124,128,129,134)

Although
relatively few ideal orientations have been used to
deScfibe thé observed textures, the prominence of a
particular component is markedly affected by composition
and processing. These variables have a much more
pronounced effect on recrystallisation textures than on

(84)

deformation textures.
Most workers have sought improved drawability,

associated with a high volume fraction of grains having

{1113 planes parallel to the rolling plane and a low

9
volume fraction of {100} <uvw> components. (69)

However, Miyaji and Watanabe (121)

purposely developed a
strong {100Y <011> texture for optimum magnetic
characteristics in 17%Cr, low interstitial steel to be

used in cover sheets for encased motors.

(a) Effects of Composition and Cold Rolling Reduction

The recrystallisation textures of steels
containing 12%-28%Cr have been examined by varioﬁé
workers. Within this range, variations in chromium
content appear to make little difference to

(84)

recrystallisation textures,. although its presence
in solid solution may be expected to alter the
recrystallisation temperature to varying degrees. The
most important compositional variables seem to be the
interstitial content, presence of stabilising additions
such as niobium or titanium, or presence of other
additions which cause precipitation within thé matrix.
However, Hutchinson and Ushioda, (135) investigating

* low-carbon deep drawing steels, suggested that carbon
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in solid solution only affects the recrystallisation
texture adversely in the presence of manganese in solid
solution, and they proposed an optimum manganese level of
~'(§% 28 + %? 30) - for {111% <uvw> textures.

(i) - Low Interstitial Steels (& 0.05 (C+N))

In lightly cold rolled, low interstitial, ferritic
stainless steels the recrystallisation texture components
observed are mainly {1103 <001> plus a minor

J100% o1y . (84,121)

The strnegth of {110Y <001> decreases with
increasing cold reduction so that eventually {100} <o11?
becomes the major component. Lewis (84) found that
the intensity of 1113 type orientations also increased
with increasing prior cold work, but was still relatively
weak after 75% reduction.

Miyaji and Watanabe (121)

found a strong

{110 <001> final texture even after 70% reduction
in a 17%Cr steel which had been annealed at 1100°C before
cold rolling. However, in the same steel cold :rolled
without prior annealing, the recrystallisation texture
was completely dominated by {}003 '<5ilf7 (121)
This difference may have been due to an initially coarser
hot-band grain size in the pre-annealed material. A
similar effect was recorded by Matsuo, Hayani and

(136)

Nagashima for high-purity,kvacuum melted iron

having a coarse initial grain sigze.

(84)

Lewis interpreted the observed textures in
terms of nucleation potential. A% low reductions, in
the absence of second-phase particles, transition bands

and grain boundaries compete as nucleation sites. The .
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grain boundary area of an initially coarse-grained
structure is relatively small and deformation band
nucleation, favouring {1105 <001> recrystallised grains,
predominates. (84) At higher cold reductions (or at low
reductions in a structure having a fine or elongated
prior grein structure, as in non-annealed hot-tand

(1zlb

studied by Miyaji and Watanabe the increased

grain boundary area encourages {1003 {011 nucleation
close to the grain boundaries. (84)
Lewis (84) attributed the increase in the {1113
recrystallisation texture component with increasing prior
cold work to in situ nucleation by growth of the higher
energy 1111% subgrains within the grains interiors.
Grain dboundary nucleation is considered another possible
origin of {111} <110 and {111y <112) grains,
since these are "hard" (M ~ 3.5) orientations lying close

to the stable deformation texture. (42)

(ii) = FEigh Interstitial Steels

Texture development in high interstitial
stainless steels has not been widely studied. Lewis (84)
looked at high (C+N), 17%Cr steel and found a major

{1100} <011> recrystallisation texture but only a
weak 1110y <001> component even after prior reductions
as low as 35%RA. He attributed this to the
microstructure of the steel in which a highly "pancaked"
grain structure persists throughout processing, due to
the pinning action of austenite at the hot rolling
temperature and martensite at lower temperatures.
Consequently, a large grain boundary area is available

even after low cold rolling reductions, promoting grain -
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boundary nucleation of €100¥ <011> grains.

(iii) -+ Steels Stabilised with . Niobium or Titanium

It is generally agreed that additions of titanium,
niobium; or even zirconium promote the development of
{111y <112> / U554y <225> recrystallisation
textures in l7%Cr stainless steels, especially after high

cold reductions.~(84’85’125’126’137’138)

Niobium
additions favour textures which have an appreciable degree
of rotation about the {1113 sheet plane normal, whereas
titanium and girconium additions reputedly produce more
sharply defined 1111Y <112> / {554% <£225% textures

with less rotational freedom. (84,85,138)

It has also
been noted that, although both niobium and titanium
retard recrystallisation, the latter has a greater effect.
The grain size of Nb-stabilised steel is usually fiher
than that of Ti-stabilised steel . (54285,125)

Most authors report that {110} <001> . is
present at low reductions (35-50% RA), but that its
strength rapidly decreases with increasing prior cold
work, so that it is not observed in samples cold-rolled

) e
to 75% RA before annealing. (84,85,125,139)

After
higher cold reductions, annealing textures in which the
sheet plane is near {111%  are considerably enhanced.
At prior reductions greater than 70% RA, all workers
report a major {111% <112> or ‘{5543 {225 texture,
sometimes with spread towards {£111% <110> , and only
a minor {100y <011> component. The intensity of the
{1113 112> +type orientétion increases progressively
with prior cold reduction up to A | . | |

907 ma. (84,85,125,126,137,139)
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. 12 .
Sawetani et al (125) and Dickson and Cooke

also considered prior reductions over 90% RA in titeanium
stabilised, 17%Cr and 12%Cr steels respectively. The
former (125) recorded a major {1123 <1107
recrystailisation texture after 95% prior reduction.

Dickson and Cooke (122)

reported an exclusive

{223% <10,7,2> texture in 12%Cr steel which had been
hot rolled, cold rolled (without pre-annealing) to 95% RA
and subsequently heat treated at 900°¢. This
orientation is virtually identical with {223% <962> ,
which has been identified in ordinary niobium-stabilised,
low carbon steel cold rolled to 80% RA before
annealing. (124)

The beneficial effect of titanium and niobium in

enhancing {1113 textures in ferritic stainless steels
has been widely attributed to the presence of Ti(Ci) or
Nb (CN) particles. However, there is disagreement as to
the mechanism by which the precipitates act. Sawatani
et al (125) and Kado et al (137) attribute the effect to
a fine dispersion of particles, which restricts nucleation
in grain interiors to the most favoured subgrains. This
particle-pinning mechanism has also been proposed to
account for the effects of ﬁitanium and niobium in other

(130,140) (84)

low carbon steels. By contrast, Lewis
found evidence of particle-stimulated nucleation by coarse
carbonitrides, and he reported that, after short annealing
times, the majority of nuclei at particle/matrix
interfaces had {}ll} planes parallel with the rolling
plane. This is contrary to the conciusions of other

(106,141)

authors, that particle-stimulated nucleation is
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essentially random in low carbon steels.

v There is an alternative view, expressed by
Hutchinson, (19%) thrat the benefial effect of titanium
'and niobium is due to purification of the matrix, for
which coarse particles are more effective. This is
supposed to aid in-situ nucleation .of {111% <uvw?
grains and is in agreement with work by Takahashi and
Okamoto (142) which suggests that nitrogen in solid
solution interferes with recovery by stabilising
dislocations. The process of recovery obviously favours
in situ nucleation, whereas migration of existing high
angle boundaries (SIBM) is more likely to occur in the
early stages of recrystallisation when recovery is

inhibited.
(125)

Sawatani et al reconmended a titanium
content bf 0.2% for optimum {111% <uvw> texture
enhancement in 17%Cr, low interstitial steel.. This
corresponds with a level of titanium ~ 10 x (C+N)% for
the steel studied. Kado et al (137) made a more
systematic study of the effects of varying titanium and
carbon contents. They concluded that the <{554% <225>
texture was most prominent when the amount of titanium
in solid solution, expressed as equation (18), khad a
value between 0% and 0.07%. At lower titanium contents;
{llOS 001> persisted as the major recrystallisation
texture component even after prior cold reduction as
high as 82% RA. Excessive titanium caused a decrease
in the {111% <(uvw® intensity which Kado et al (137)
assigned to excessive precipitation or coarsening of the

precipitate. However, solute drag seems a more likely .
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éxplanation for the reduced texture selectivity since

the maximum precipitation must coincide with removal of
all carbon and nitrogen from solid solution, although in
praétice a slight excess of titanium is needed to account
for combination with sulphur and oxygen.

In the case of niobium the optimum level,
recommended for full stabilisation and for {§111% <uvwd
texture control, is usually considered to be
ﬁf8bx (c+1)%, (106,140) which approximates to the
stoichiometric ratio. Excessive niobium restricts post-
recrystallisation grain growth, reducing the {111% <uvw?
texture intensity . This orientation is normally
augmented by grain growth when present as the major

recrystallisation component.

(iv) Steels containing other precipitates
(120,126,143)

A dispersion of €-Cu R (127)

or Cr2
particles has been found to encourage “’{lli} £112%
textures, the effect becoming more pronounced with

increasing prior cold reduction over 60% RA. Miyaji

(120)

and Yatanabe found that excessive precipitation

resulted in retention of the cold rolling texture after

annealing.
(b) Lffects of other processing variables
(i) Hot rolled condition

There does not appear.to have been any systematic
investigation of the influence of annealing treatment
prior to cold rolling on final recrystallisation textures
in ferritic stainless steel sheet. However, Dickson and

(122)

Cooke demonstrated the importance'of this variable

in Ti-stablised, 12%Cr steel. They found that pre-
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annealing at 1050°C promoted a €110% <001
recrystallisation texture after cold rolling reductions
up to 75% RA whereas after 95% reduction the annealing
texture was mainly <5543 <2255 . Omission of the
hot-band annealing treatment prior to cold rolling led
to development of different recrystallisation textures :
a strong {554} 225> after only 75% RA and a new
component, €223} <10,7,2> , after 95% RA.

The grain size of the steel prior to cold rolling
is likely to bpe an important factor and might explain
the differencesin behaviour observed by Dickson and

Cooke, (122>

since 1050°C is nigh enough to cause
substantial grain coarsening in Ti-stabilised steels.

A similar effect of coarse initial grain sige in

displacing {111% <uvw > recrystallisation textures to
higher cold reductions has been observed in pure iron.(136)

Z
(138) ,ttrituted the effect of initial grain

ilatsuo et al
size to discrepancies in the development of local
inhomogeneities during cold working, iégding to
differences in subsequent ﬁucleation behaviour.

Horta, Wilson and Roberts (144) suggested that
control of the hot-band condition is more critical for
"rapid" final annealing (fast heéting'rate, AC or HQ,
treatment time ~ 2 mins) than for "box" type final
annealing (slow heating rate, FC - total treatment time-
~ 2, hrs). For initially coarse-grained material, they
noted a large increase in {1103 {uvwy intensity
(compared with initially fine-grained material) after

rapid annealing, but not after box annealing.

' For ordinary 1low carbon steels cold rolled without
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pre-annealing, the hot-strip coiling temperature is an
important variable. The coiling temperature is
optimised in conjunction with the final annealing

treatment after cold rolling, according to the following

schedules :- (106)

Hot ~ | LOW COILING | J|Cold | BOX ANNEAL

rolling| ~ |TEMPERATURE |~ |rolling|” | (slow hegting
(achieved by rate ~50
spray -1
quenching) hr,” FC)

or,

Hot ~ |HIGH COILING| \ {Cold > RAPTD ANNEAL

rolling|” |TEMPERATURE | 7 |rolling (Fast heating
(hot » rate, AC,~ 2
coiling) mins)

According to Hutchinson and Ushioda, (135) hot coiliﬁg of
low-carbon deep drawing steels (before cold rolling and
continuous (rapid) annealing) ensures wide interparticle
spacings of cementite and hence a relatively pure matrix
remote from the particles, favouring <111} <uvwd
textures for short-time, high temperature annealing.

For niobium .and titanium stablised steels, hot coiling
ensures re-precipitation of any titanium/niobium
carbonitrides dissolved during soaking for hot-

rolling. (135) Hot coiling hés the disadvantage that the
ends of the coil tend to cool more.qﬁickly.than the

centre, resulting in some inconsistency of properties.

(ii) Annealing temperature of cold rolled sheet

Raising the final annealing temperature above

that required to just complete recrystallisation has been
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feported to enhance the ~ {1118 <112> texture component
in Ti-stabilised ferritic stainless steels. (125)
However, rapid grain coarsening occurs above ~'9SO°C, so

that utilisation of this effect is restrictéd.

(iii) Heating rate for annealing of cold rolled sheet

The heating rate for final annealing has been
found to have an effect on the relative intensities of
components in the recrystallisation textures of both
ferritic stainless steels and ordinary low carbon steels,
especially after reductions < 60% RA. (106,126,144,145)
Slow heating, as in box annealing, generally strengthens

1111% <uvw> components. (126,144,145) However, the
condition of the steel prior to cold rolling also affects
the response to final annealing. With continuous (rapid)
annealing of low carbon steels, the combination of
highest intensity of {1113 <uvwd> recrystallisation
texture components with minimum {100Y <uvw> intensity
is achieved after higher cold reductions than with box
annealing, where 60-70% RA is usually considered
optimum (106)

(iv) Two-stage cold rolling

Some workers have claimed further strengthening
of the ¢111% <112 recrystallisation texture, in
stabilised ferritic stainless steels, by two-stage cold -
rolling incorporating an intermediate annealing
treatment. (85,137) |

The best results were achieved with a high second
cold reduction, ~ 80-85% RA. Kado et al 137) founa
that the {100% <011> orientation persisted in the

recrystallisation texture even after high single-stage
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reductions, whereas with two-stage cold rolling it was
practically eliminated from the annealing texture when
the second reduction exceeded 80% RA. However,

(125)

- Sawatani et al detected no significant differences
between annealing textures developed after single and

two-stage rolling.

2.6.4 Formability

(a) Effects of Texture

Deep drawability is improved by a texture that
gives high through-thickness strength, i.e., high
r-values. High r-values are also associated with dent
resistance and low tendency towards edge splitting. (106)

It is generally acknowledged that, in low carbon
steel sheet, texture components with €111 planes
parallel to the rolling plane are effective in increasing
r-values whereas {100% <uvw> components are most
harmful. (131,139,140,144,146) Studies of strain ratios
and recrystallisation textures have shown that this is
also true for ferritic stainless steels. (84,85,125,147)
Various authors have correlated. r-values with parameters
based upon the volume fraction of material with specific

{hk1y planes parallel. to the sheet surface.
Lewis and Pickering (84) derived the following

relationships for ferritic stainless steels, from

regression analysis :-

T = 0.77 +0.36 log __ X {1113 ...Equation (20)
' I §100%

LDR = 2.17 + 0.13 log ___ L {11} ...Equation (21)

T gody '



The average strain ratio has also been found to depend

on the ratio :E{llﬂ/.:[{lOO}in ordinary low carbon

steels. (131,139,144)

"“_ﬁﬂutchinson, et al, (134) found that r could not be

{1003 .

intensities, attributing a reduction in r in heavily cold

correiaﬁéd soléi& wifﬁﬁ_{iii§W%j ”{1i6§""a£é

rolled (¥ 85% RA) and annealed electrolytic iron to the
development of a {114} <841> recrystallisation texture.
(146) ‘

Messien and Greday found no simple
relationship between r and texture, but determined the
following empirical formulae, relating texture components

to Ty r45 and r90 in Ti-stabilised, low carbon steels.

r, = 0.045 ( L 31n )+ 0.89 ...Equation (22)
| Lo

rg, = 0.058 ,( L {111 )+ 1.16 ...Equation (23)
Loy

r,5 = 2.86=0.62 ( X332} ) ~ ...Equation (24)

T2y

Planar anisotropy nust also be considered, since
this results in earing. Ears occur in the directions
where T100% pole densities are highest. (148)  High
planar anisotropy can also have other effects on deep
drawing performance. Thomson'(149) quotes an example of
an automotive body component that could only be

successfully formed when the blank was placed

transversely, so that its high g0 direction lay along the
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direction of maximum depth of draw.

Yantac, Roberts and Wilson (147)

correlated
A r-values in a 12% Cr steel with T i2lﬁ’ the volume of
material having {2113 planes parallel to the rolling
plane. Or decreased as f {2113 increased, the optimum
value of f {2113 being ~ 25%, since above this level
A becomes negative. Horta, Wilson and Roberts (144)
g
associated low Ar in ordinary low carbon steels with a
low value of the ratio 1&101/1{1123 . The effect
of the {112} sheet plane component is to increase r45,
which leads to lower (eventually negative) values of
Ar (146,149)

The work hardening coefficient is largely
independent of texture. Brickner and Berger (150)
noted that, in general, as T increases in ferritic
stainless steels, n also tends to show a slight increase.

(b) Effects of Composition

Brickner and Berger (150) found that, in general,
increasing carboﬁ, manganese and chromium all tehded to
reduce r whereas increasing silicon and niobium contents
improved r. Molybdenum appeared to have very little

effect . All the elements studied altered T, and r9o, but
(150)

not r45. The authors. therefore, concluded that

raising r by compositional control inevitably raised Ar,
Other authors have found that £111} <uvwd

texture components are favoured by very low manganese

(135,137)

contents, that molybdenum has no significant

(84)

effect on texture, and that increasing carbon

promotes 2100} <uvy> texture components. The
(150)

observations of Brickner ana Berger

-T2 -
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‘explained by the effects of compositional changes on
texture.

Niobium and titanium are widely recogﬁised as
effective additions for increasing deep

(84,85,116,125,137) and are known to promote

drawability,
~ $1115 <1123 recrystallisation textures at the
expense of <{100Y <uvw> and <110} <uvw)> components.
Tﬁe LDR and r -values of Ti-stabilised steels are higher
than those of Nb-stabilised steels. However | Arl,
and hence the earing tendency of Nb-stabilised steels
is also lower, due to the greater rotational freedom of
the {111} <uvw> texture components. (84,85)
The effects of composition on work hardening
coefficients have been studied by Miyakusu, Uematsu and

(151) who found that alloying elements in solid

Hoshino,
solution decrease n-values. Multiple regression analysis
yielded the following relationship between n-value:'and

composition for ferritic stainless steels, and the

authors (151) reported a correlation coefficient of 0.91:-
n = 0.3274 - 10.015 Si + 0.003 Mn + 0.560 P
+ 0.050 [ 417 __ +0.069 01 3
_é_
+ 0.094 fc+w] ssak ... Equation (25)
(c) Effects of Processing Variables

Most workers have found that increasing the cold
rolling reduction prior to final annealing increases the
value of r and hence the LDR in stabilised ferritic

stainless steels, the highest F values being realised
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after reductions > 80% RA, ‘*r7rrssrmsramniy In
ordinary Ti-stabilised steels, the optimum cold reduction

is ~90% RA, at which level r is high and lAr\ goes

~(116)

through a minimum. Above 90% RA, T decreases as a

consequence of an increase in {1003 A<uvw>> components
in the recrystallisation textufe, even though {lll} (uvw>

components also continue to increase.

There is some dispute as to whether maximum T

values are promoted by a single~stage cold rolling

(116,125) or by a two-stage process

(102,137)

reduction

incorporating an intermediate anneal. In

either case, the important factor is the proportion of
{1003 {uvw > oriented material in the recrystallisation

texture, which must be as low as possible for good

(147)

drawability. . Although two-stage rolling has been

claimed to enhance r in some cases, it is also reputed’

to increase planar anisotropy in both ordinary and

stainless Ti-stabilised steels. (137,139)

~ Nakagawa et al (;17) énd Kado et al (137) reported
that omiséion:of the annealing treatment prior to cold
rolling in 17-18% Cr, Ti-étabilised steels resulted in
high * values with low planar anisotropy. However,

1 (117) found that this omission led to an

Nakagawa et a
increase in the severity of roping. Lowering the hot
rolling finishing temperature is known to reduce the
incidence.of roping, and is also suppésed to promote

higher T values. (117»125, 147)
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3.8.2. Strain Hardening Exponents (n-values)

Strain-hardening exponents were determined in
accordance with ASTM E646-78 (which applies to sheet
0.13-6.4mm thick), using load-extension curves produced
during straining to 15% elongation. The load and
corresponding extension were determined for five
different peints between the end of the discontinuous
yielding (Lgders band) section and the maximum load

region, as shown in the following diagram.

Load

Extension

The strain hardening exponent was determined from the
logarithmic form of power curve representation of true

stress versus true strain within the plastic range :-

In ¢ = Ink + n.ln¢g
where
o = S (1 + e)
€ =1n (1 + e)
S = engineering stress = load/original area
e = engineering strain = extension/original
length

The value of the slope(n), intercept(ln k) and

standard deviation,%m for the linear relationship between
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lno and 1ln € were determined by linear regression.

3.9. SIMULATIVE FORMABILITY TESTING

3.9:1. Swift Cupping Test

Swift cupping tests were carried out on a Hille
machine, which is equipped wifh a calibrated load cell,
using a standard 50mm diameter punch travelling at a
constant speed of 160mm min'l. Polythene sheet was used
as a lubricant, placed between the die face and the blank.

The two-blank 'Secondary Swift Test' suggested

(77) was used for

by Wilson, Sunfer and Martin
prediction of limiting Drawing Ratios (LDR) using two
subcritical blanks of diameters 80mm and 100mm. The
80mm diameter blanks were drawn using only primary
blankholder restraint of 1000kgf,whereas an additional
secondary clamping force of 1000kgf was applied to the
100mm diameter blanks once the maximum drawing load had
been achieved. | |

The fracture load was determined from the 100mm
blank by failure under secondary clamping. Critical
blank diameters were.predicted, from graphs of maximum

drawing load versus blank diameter, according to the

following diagram.

fra&ture T 4
oa '
Maximum ' X
Drawing W : '
Load . ’ X
Ps ! ' '
. t '
. |
' : 1

AI‘D, 'mL bf_

Blank diameter D



Depending on the availability of material, a second
100mm diameter blank was fully drawn without secondary
clamping, for measurement of earing pféfile.

Preliminary tests on-commercially cold rolled
and laboratory annealed sheet, using a larger variety of
blank sizes, confirmed a linear relationship between
blank diameter and drawing load for ferritic stainless
steels, and indicated good agreement (within ~ 5%)
between valueé of Dc and LDR obtained via the two-blank

test and via the convehtional, multiblank Swift test.

3.9.2. Erichsen Tests

Erichsen stretch-formability tests were carried
" out in accordance with B83855:1965, using the Hille
machihe.. 'Sheet specimens were clamped with a blank-
holder force of 1000kgf, and stretched under the action
of a spherical ball punch of diameter 20mm, travelling
at a cénstant speed of'BOmm min-l. VPolythene~sheet was
used as lubricant between the punch and the blank. The
test was halted when a crack appeared through the fﬁli
thickness of the sheet. The test result is the depth

of penetration Of‘the punch.

3.10 ASSESSMENT: OF ROPING SEVERITY

Roping severity can be assessed‘qualitafively
by visual examination and comparison with arbitrary
standards. However, profilé'measurement using a
Talysurf was used in the present work to give more
quantitativé results. Roping assessment was performed

on the same tensile test pieces (strained to 15%
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elongation) used for r, evaluation.

The Talysurf stylus traces the contours of
the surface, perpendicular.to thé folling direction;
recording both surface roughness and waviness. Opposite
surfaces were scanned along exactly the same 1ine, to
demonstrate the cofrugations associated with roping.
Optimum horizontal and vertical magnifications of
X20 and X500 respectively were chosen for the test.
The equipment is capable of filtering out any slope
associated with setting up error or bowing of the sample,
but over a limited scanning distance only. Howevér,
in order to scan the full width of the specimens used,
a direct (uhfilteréd)”profile measurement was preferred,
-and the resultant trace does include any distortion of

the test piece.‘

3.11 POLE FIGURE DETERMINATION

Quantitative pole figures were determined by
the Schulz X-ray refiection method using a Siemens
texture goniometer. |

The geometric arrangement of the goniometer
and corresponding stereographic projection are

illustrated schematically by the following diagram.
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A monochromatic X-ray beam from the source (1) is
restricted by divergence slits (2) and subsequently
passes through a narrow horizontal slit (3) to the
specimen (4). The major circle of the égg{g;éféf is
set so that its axis makes the Bragg angle QB,for a
particular set of {hkl} planes ,with the central ray of
the incident bean. The arm holding thé receiving slits
and the counter is set at the ang1e429B so that the {hkl}
diffraction plane normal remains fixed in space. Unaer
these conditions, for any position of the specimen, ohly
those grains oriented such that an {hkl} plane normal
coincides with the fixed normal will contribute to the
measured intensity of the reflected beam received at the
counter. The reflected intensity is thus proportional
to the {hkl} pole density on the pole figure for the
position under investigation.

In practice the angle OB is not critical to
within ~ %9 and is Simply set to the calculated value.
The angle QGB requires fine adjustment with the specimen
positioned in the holder in order to maximise the
measured intensity of the diffracted beam.

When mounted on the goniometer the specimen is
subjected to three types of movement 1-

(1) simple translation to and fro, which improves the
‘statistical averaging of the texture measurement
by increasing the number of érains that are .

a. sampled.

(ii) Rotation about an axis perpendicular to the
specimen surface (azimuth angle W ).  The

sample is initiallylaligned'such that Yy = 0
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corresponds with the rolling direction.

(iii) Rotation about an orthogonal axis (radial or

 inclination angle @).
w"33‘3-7/prc>rv';Lﬁchi-i-“171g'si._mul‘lmr_leously a fast rotation of
the angle ¥ with a slow rotation through the angle @, the
diffracted intensity along a spiral trace is determined,
as indicated in the diagram.

The radial angle @ was changed by 5° during a
complete revolution around the b’axis, which took 6
minutes. Hence, the total time required to scan from
g = 90° (specimen horizontal) to ¢ = 0° (specimen
vertical) was 108 minutes. = The curve re?resenting the
reflected infensity in relation to the azimuth (y/ ) and
inclination (¢) angles was recorded by a Siemens chart
recorder as counts/sec v. seconds. A digital readout
of the total integrated intensity (i.e. total counts)
was also obtained.

The main problem with the Schulz reflection
method is the defocussing effect which causes a drop in
measured intensity at high values of the angle @.

There is a slight loss in intensity when ¢ is between
50° and 70°, but this is so small that it can be
neglected. However, serious defocussing occurs ab§ve

g = 70°, but, by allowing for the theoretical decrease
in intensity, reasonable accuracy can be;obtained in the
range @ = 70° - 85°, Provided that the measurements

in this region are not used for quanfitétivé comparison
they are useful for completing the definition of the

texture.
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Both "zero" (background) and "randbm" (no
preferred orientation)_intensity must be determined in
order to find the interval between these which corresponds
to 1x random intensity. |

Zero intensity was assessed as the éverage
intensity of diffracted radiation measured when the
counter was moved to either side of the 29B position.

In certain highly textured samples,.this corresponded
with the minimum intensity observed in the range
¢ = 0° - 50°.

The random level was obtained by total
integration of the diffracted intensity (i.e. total
counts) over the whole angular rangé, éssuming the
decrease after ¢ = 70° to be linear.

A series of reference lines was drawn on the
chart, representing multiples and sub-multiples of the
"random" diffracted intensity. " When plotting a
contourAbn the pole figure, marks were made on the spiral
path (illustrated in the diagram) at each point
corresponding to the values of ¢ and 3,' where the
measured intensity,tracevcuts the reference line
concerned. These marks were then joined to give a
contour line which separates areas above the reference
level from those below it;

.Havihg plotted the pole figure, the intensity
levels of ideal orientations describing the main texture
components can bevbbtained from the chart, to give.
semi-quantitative information about the texture. Care
is required in the interpretation of such déta since the

intensity recorded at a discrete point says little about



the distribution of poles around that orientation. Also,
when evaluafing the intensity of ideal»orientations,
account must be taken of the fact that textures such as

{100} <0117 are described by a single set of poles,
whereas components such as {211} {0117 consist of two
complementary orientations (211) [ 01T) and (211) ( 0I1},
whose intensities, if not equal, must be averaged to give
the true intensity of {'211} £ 01D in terms of x randon
units. Other textures, for example {223} <<962> ,
consist of four, symﬁetrically disposed, equivalent sets
of poles. |

In.the present study, [2003 pole figures were

determined using MoKX radiation monitored by a
scintillation counter. Table 1 indicates the positions
at which the intensities of the main texture components
were measured. Selected {222} pole figures were also
determined, mainly to distinguish components with poles
at the periphery of {200} pole figures, especially

{100} <001> and {110} <001% where the peripheral

poles in {ZOU} pole figures coincide.

3.12 TEXTURE PARAMETER. EVALUATION

Texture parameters (P-values),which indicate
the volume fraction of material having {pkl}, planés
éarallel with the sheet surface,were measured using a
Philips diffractometer and MoKe radiétioﬁ,monitOred by
a scintillation counter. The speciﬁen énd detector
were rotated such that a series of Bragg reflections,
for which the diffracting plane normals were all

perpendicular to the plane of the sheet, were scanned.
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The following nine reflections were recorded using a
Philips Chart recorder :-
{110% , 200} , {e11} , {310y , {=222% ,
{322} , {411 + 3303 , {420y , {332}
The relative integrated line intensities (I {thE )
were determined by area evaluation using an Optomax
image analyser. The errors involved in measurement of
relative peak areas were usually within ! 5%, although
fdr very small areas this could rise to : 12%.

Texture parameters were calculated as follows :-

L Shrl
R
hk1}
P fnkay
1 Z L {nkd
N B fpiay
where

1]

| P {hkik texture parameter
I-{hkl} = relative integrated line intensity
of the textured sample, determined
experimentally. |
R {hki& = relative integrated line intensity
of a random sample, as calculated
in Table 2.
N = number of reflections used
(= 9 in this case).
P-values defined thus are automaticaliy self-corrected
for non-texturai factors governing line intensity.
Since the {411Y - and {330% reflections coincide,
the {All} line intensity must be obtained by peak

separation. This involves subtraction of the area of
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the {330} peak, calculated from its known relationship
with the ¢§110% peak, from the total peak area.
Texture parameters are useful for the purpose of

correlating textural data with measured properties.

Y
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be EXPERIMENTAL RESULTS

Commercial, high-interstitial 17% Cr (430) steel
and low interstitial, Ti-stabilised ~17% Cr (430Ti) and
12% Cr (409) steels, whose compositions are listed in
Table 3(A), have been studied ﬁsing material in the
following starting conditions :-

(i) as hot rolled;
(ii) hot rolled and "rapid" pre-annealed (heating

1

rate ~ 5000°C hr™*, AC);

(iii) hot rolled and "batch" pre-annealed (heatin
g

1 Fc at 50°C nr-1).

rate = 50°C hr”
(Hot rolling temperatures are recorded in Table 3(B))

The sequence of texture development and variation in
microstructure as a result of subsequent cold rolling and
annealing have been investigated. Selected samples have
also been examined using uniaxial tensile measurements
(re, r, &r, n, roping severity), Swift and Erichsen
tests and electron miscroscopy.

In Tables 8-25, texture data taken from pole
figures is presented in terms of the main ideal
orientations observed. By implication, such
descriptions are simplified and limited, but they do
serve a useful purpose in summarising major differences.
Selected {2003 pole figures, with the positions of
relevant ideal orientations superimpoéed, are also
included in fhe results. Intensities of ideal
orientations, derived from pole figures have been plotted

against various parameters, e.g., cold rolling strain,

to highlight any variation. Carbide particle sizes have
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been evaluated using SEM and also TEM of carbon
extraction replicas. Thin foil electron microscopy

has been used to identify possible nucleation sites and
orientations of possible nuclei in partially
recrystallised sheet samples. Strain ratio (r-value)
‘measurements have been correlated with texture
parameters. (obtained from X-ray diffractometry) and also

with Limiting Drawing Ratios (Swift Test results).
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L.l. MICROSTRUCTURAL FEATURES

L.1.1. General Microstructural Features in High
Interstitial 430 (17 Cr, 0.077 (C+N)) Steel

Table 4 summarises the main microstructural
features and Fig.l shows the variation in hardness with
increasing annealing temperature for both hot rolled
strip and cold rolled sheet. A selection of
photomicrographs (Figs.2-<7) illustrates the main
microstructural observations.

The hardness-annealing curves (Fig.l), indicate
that a thr. treatment at 750°C was sufficient to promote
full recrystallisation. Annealing above 900°C, followed
by air cooling, caused an increase in hardness which
coincided with the appearance of martensite in the
microstructure at grain boundary triple points (Fig.3b)
indicating that annealing had been carried out in the
two-phase (& + ¥ ) field. The structure was two-phase
up to = 1200°C, the A5 temperature being between 1200°C
and 1250°C.  Grain growth was slow in the (% + ¥ )
region (Fig. 3b & 3c¢), but extremely rapid above the Ag
temperature (Fig.3d).  Cooling from above Ag through
the (& +3) field, caused partial transformation of
ferrite to austenite, which formed in Widmanstatten
patterns and which transformed to martensite on further
cooling to room temperature (Fig.3d).  The steel was
characterised by a "pancaked" grain structure after
annealing below the A5 temperature (Fig.&).

Microexamination of as-hot-rolled strip revealed

a difference between surfacé and centre (Fig.2).
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Grains at the centre (Fig.<Xb) were heavily aelormed,
indicating working below the dynamic recrystallisation
temperature in the lafer stages of hot rolling. By
contrast, surface grains (Fig.2a)-were'smaller and more
equiaxed, implying that recrystallisation of the surface
had occurred during the later stages of hot rolling,
although probably not after completion of hot rolling
since there was no appreciable difference in hardness
between surface and centre. Microstructural changes
occurring during annealing of the hot rolled strip
between 850°C and 1250°C are illustrated by Fig.3.
Although recrystallisation was largely complete after
thr. at 750°C, unrecrystallised grains persisted at the
centre of the section after annealing at 850°¢ (Fig.3a).

Grain sizes were small after cold rolling and
annealing and fhere was little difference in final grain
size between material cold rolled without prior
annealing (Fig.Aa) and material’whichlreéeived a "rapid"
anneal at 1000°C before cold rolling (Fig.Ab). "Batch!
annealing at 1000°¢ prior to cold rolling tended to
promote a mofe equiaxed grain structure ih the finished
product (Fig.4c). Annealing at 1000°C after cold
rolling (Fig.4d) produced a coarser grain size than
final annealing atv900°C;

Carbide size and morphology in hpf rolled strip
was markedly affected by annealing (Figs.5-7). The
as-hot-rolled strip was heavily banded,.wi£h the majority
of carbides located at the original deformed boundaries
(Fig.5a). Rapid annealing between ~ 750°C-850°C (Fig.5b)

caused some spherodisation and slight coarsening of the |
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earbides, the mean particle size (average of length and
width) being ~ lAum with some fihe_intragranular
particles € 0.5 am. Batch annealing ~ 850°C (Fig.5¢)
'causedbpronounced spherodisation and coarsening of
carbides, giving rise to a more uniform distribution of
partiples ~ 1l-2am diameter, with some fine particles

< 0.5An diameter still present.  Annealing in the

(& + ¥ ) phase field resulted in grain boundary carbide
films and colonies of irregular shaped carbides
correspdnding with the austenite regions of thé high~
temperature microstructure (Fig.6). Batch annealing at
1000°C (Fig.b6a,7a) gave rise to a semi-continuous grain.
boundary carbide film, with colonies of rather coarse
lamellar carbides and some near-spheroidal intragranular
carbides ~ 1-2.4m diameter. Rapid annealing at 120000,
followed by water quenching and tempering (Fig.6b),
resulted in a fine, discontinuous grain boundary
precipitate, colonies of tempered martensite containing
carbide precipitates (Fig.6b) and also some fine,
intragranular precipitates ~ 0.lam diameter

(Fig.6b and 7b).

4.1.2; General Microstructural Features in Low
Interstitial 430 Ti Steel
(a) ~ 17 Cr, 0.5 Ti, 0.029 (C+N) Steel

Table 5 summarises the main microstructural
features and Fig.8 shows the variatioﬁ in hardness with
increasing annealing temperature, for both hot rolled
strip aﬂd cold rolled sheet. Figures 9-20 illustrate
microstructural observations. o |

The hardness-annealing curves (Fig.8) indicate
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-that a ¢+ hr. treatment at 8007C was suftficient to promote
full recrystallisation. The microstructure of the steel,
at all temperatufes, consisted of ferrite containing a
dispersion of Ti (CN) particles, i.e., there was no

(L +'X ) phase field and hénce'no risk of introducing
martensite into the structure. Annealing promoted an
equiaxed grain. structure, and grain growth was rapid
above 900°C (Figs.11,14 and 15).

Microexamination of hot rolled strip (Fig.10)
revealed a finer structure at the surface than at the
centre of the section, aithough no such difference was
observed after annealing above 800°¢C. The changes
occurring during annealing of hot rolled strip between
750°C and 1000°C are shown in Fig.ll. Differences in
. hot band structure were reflected in the cold rolled
microstructures after reductions of 70% RA (Fig.lz), but
were less obvious after very high cold rolling
reductions (Fig.13). |

Grain sizés of sampleé subjected to the same cold
rolling and annealing schedule tended to be similar |
(Figs.9,14 and 15), despite differences in hot-band
condition and.cold rolled microstructure. Batch
annealing after cold rolling‘resulted in a slightly
coarser grain size than rapid annealing at the same
temperature (Table 5).

Carbide distributions in hot band material
(Figs.16-18) consisted of two dispersions; one of large
angular, pinkish carbides A~ 2-54m diameter (typically
referred to as Ti (CN)), which was unaffected by

annealing, the other of finer (=< lwmn diameter)
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éarbideé (Figs.16-18) whose size and frequency varied
with annealing treatment as follows :-

(i) As hot rolled

Only occasional particles 0.1-0.54xm diameter were
present (Fig.l6a).
(ii) Hot rolled and annealed at 850°C

Rapid annealing at 850°C caused precipitation of many
small partibles 0.0Z-O.BALm’diameﬁer (Fig.léb,lSa,lSc).
Batch annealing resulted in a somewhat lower frequency
of carbides 0.05-0.34xm diameter (Figs.l6c,18Db).

(iii)  Hot rolled and annealed at 1000°C

With fapid annealing at 100090 (AC or WQ).only occasional
fine particles 0.05-0.3Am diameter were observed,
(Figs.17a,17b,18d4). By contrast, slow heating

(50°¢C hr'l) or furnace cooling (50°C hr—l) resulted in

a high frequency of fine precipitates =< 0.3Awmn diameter
(Figs.17c¢,17d), similar to the dispersions obtained by
annealing at 850°C.

| Anaiysis‘of;tpg larger (> 2-m) diameter
carbides using the EDAX facility or the SEM confirmed
that they were titanium—rich, and X-ray mapping indicated
that sulphur was also associated with titanium at the
peripheries of some particles (Fig.l9). Diffraction
patterns obtained from particles =1 Am diameter during
TEM examination of thin foils were coﬁpatible with the
reciprocal lattice of titanium carbonitride. (Fig.20).

(b) ~17 Cr, 0.3-0.4 % Ti Steels

Microstructural features for 0.3% Ti and 0.4% Ti
steels are summarised in Table 6. The lower titanium

content of these steels reduced the % hr recrystallisation
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femperature of heavily cold worked sheet from ~ 800°C

for 0.5% Ti steel to ~750°C for 0.3% Ti steel (Fig.21).
Grain sizes and microstructures of 0.4% Ti and 0.5% Ti
steels were very similar (Table 6), but grain coarsening
occurred above ~850°C in the 0.3% Ti steel, so that
average grain diameters after cold rolling and annealing
were ~ 65Am compared with ~'25/um for 0.4/0.5% Ti steels.
In the 0.3% Ti steel, pronounced stringers of large

Ti (CN) particles were present throughout the structure,
but especially at the surface (Fig.22). Such

segregation was not observed in the 0.4/0.5% Ti steels.

4L.1.3. General Microstructural Features in Low
Interstitial 409 (12 Cr, 0.5 Ti, 0.039 (C+N)) Steel

Table 7 summarises the main microstructural
features and Fig.23 shows the variation in hardness with .
increasing annealing temperature for both hot rolled
strip and cold rolled sheet. Figﬁres 24 and 25
illustrate microstructural observations.

Micreostructures observed in 409 steel were
essentially similar to those reported for 430 Ti
(17% Cr, 0.5 Ti) steel, with some slight differences in
responsé to heat treatment. The 4+ hr recrystallisation
temperature for heavily cold rolled 409 sheet was *’75000 ,
compared with ~800°C for 430 Ti (0.5 Ti) sheet.

Complete recrystallisation of hot-rolled 409 strip proved
more difficult, requiring a minimum temperature of »
850°C (Fig.23).

Average grain sizes in hot rolled and annealed

409 strip were slightly coarser than in 430 Ti (0.5% Ti)
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strip (for equivalent annealing treatments), whereas ’
grain sizes of cold rolled and annealed 409 sheet (Table 7)
were slightly finer than 430 Ti sheet. Rapid grain
coarsening of 402 steel occurred above A'90000 (Fig.24),

as in 430 Ti steel. Carbide sizes and distributions in
hot rolled and annealed 409 steel (Fig.25) also resembled

those observed in 430 Ti strip.-

Lol.l Examination of Partially Recrystallised Samples

Selected samples of 430 and 430 Ti steels were
examined optically and by TEM, after cold rolling
60-90% RA and annealing for 5 minutes at 650—70000, in
order to identify possible sites and orientations of
recrystallisation nuclei.. Thin foils were obtained
parallel to the rolling plane, and therefore contained
the rolling direction and transverse direction in the
plane of the foil. ‘Although several thin foils
( ~ 8-10) were examined from each sample, it is
recognised that the total area subjected to TEM analysis
was still very small, so that the information yielded by
the results must necessarily be limited as an
identification of possible sites and orientations of
recrystallisation nuclei.

(a) High Interstitial 17% Cr, (430) Steel.
Optical Examination

Optical resolution of possible nucleation sites
was difficult due to the highly elongated nature of the
deformed grains and the large number of carbides present.
Deformed grain boundaries appeared to be the main source

of possible nuclei (Fig.26). With tmtch annealing at
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1000°C before cold rolling, occasional nuclei associated
with large carbide particles were also observed (Fig.2éc),
although the particles themselves were often located at
the original deformed boundaries.

TEM Examination

Most of the potential nuclei (oversized subgrains

>~2um diameter and having a significant size
advantage over their neighbours) observed in 430 steel
were associated with, or close to, grain boundaries
(Fig.27). Occasionally, large subgrains were found in
grain interiors (Fig.28), apparently remote from features
such as grain boundaries and large particles. No
examples of particle-stimulated nucleation were
observed. The following orientations were determined

for possible grain boundary nuclei :-

(i) Material annealed < 850°C before cold rolling
~ {1375 <851 ; ~ 113y <Ks21> ; ~{111) <o11y .

(1i) Material annealedia-lOOOOC.before cold rolling
~1113Y 521> 3 ~ D11y 123> 5 ~ {111 <121
~{112F <uvw) .

(b) Low Interstitial, Ti-stabilised,.17% Cr

(430 Ti) steel
Optical Examination

For cold rolling reductions up to ~ 80% RA,
possible nuclei associated with carbide particles and
nuclei in grain interiors (apparently remote from grain
boundaries and particles) were observed (Fig.29).
Possible nuclei were also odcasionally associated with
grain boundaries. | For higher cold roiling reductions,
optical resolution of embryo recrystallised grains in

the heavily cold-wbrked structure was very difficult.
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. TEM Examination

Figs. 30-36 are TEM photomicrographs illustrating
the main observations. It was found that annealing for
5 minutes at 650-750°C caused precipitation of fine
particles in material which had been either (i) cold
rolled without pre-annealing (Fig.30) or (ii) rapid
annealed at 1000°C before cold rolling'(Figs.Blb and 35b).
(These pre-treatments had resulted in a much lower
frequency of fine carbides in the strip and hence in the
cold-rolled sheet than pre-annealing at 750-850°C).

Potential recrystallisation nuclei in 430 Ti
steel were associated with the following features :-

(i)  Grain interiors.

(ii) Large carbide particles.
(iii) Microbands.

(iv)  Grain boundaries.

(i) Grain interiors

Nucleation within grain interiors, apparently
remote from large particles and grain boundaries (although
it miéht be associated with particles or grain boundariesv
above or below the plané of the foil) was observed
frequently with cold rolling reductions =>-=80% RA, and
especially with rapid pre-annealing at 1000°¢ (Fig.31).
The majority of such nuclei observed had ~{111§ <uvw

orientations.

(ii) Carbide particles

Nucleation within the deformation zones of coarse
Ti (CN) particles ( 2> ~ 2m diameter) was observed

frequently in 430 Ti steel for cold reductions up to
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80-90% RA (Fig.32). Particle stimulated nuclei almost
invariably displayed ~ 11113 <uvw® orientations.
However, it appeared that not all particles were active
in Stimulating nucleation, and deformation .zone subgrains
with lower stored energy orientations (e.g.,ﬂl{lOO} luvw))
remained comparatively small (Fig.33).

(1ii) Microbands

Microbands of subgrains elongéted in the roliing
direction (on the section examined), and often located
adjacent to or close to grain boundaries, were observed
(Figs. 34 & 35). Such microbands were sources of
~oversized subgrains, especially at high cold rolling
reductions (Figs. 34b and 35), and most of the potential
nuclei originating in microbands had'V{1133 <uvw>
orientations, in particular “'i1133 £741) and

~ {1135 <521> .

(iv) Grain boundaries

Recrystallisation associated with prior grain
boundaries (Fig.36) was observed occasionally in samples
cold rolled to 70-80% RA, and more frequeﬁtly in samples
cold rolled to 90% RA. Orientations of oversized grain
boundary subgrains included ~ {1113 {123>',

~ {112% <2415, | 1001} ¢340>, ~ {113} <uvwd
and ~ {0127 <1217 .

- 105 -



b.2. HOT ROLLING TEXTURES

L.2.1. High Interstitial 430 (~17Cr, 0.077 (C+N)) Steel

Table 8 summarises the observed textures in terms
of the main ideal orientations and Figs.37-43 represent
a selection of {2005 pole figures illustrating these
observations. Fig.44 shows the through-thickness
variation in intensity of texture components, and
Figs.45-46 show the effects of annealing on the
intensities of the same components.

The texture of 5mm. thick hot rolled strip
consisted of a surface texture (Fig.37), mainly

~ §$110% <00I> , and a centre texture (Figs. 39 & 42)
mainly -~ {100} <011 + minor ~ {554% <225 and

~ §112% (110> components. Fig. 44 shows that

~ {llO} <001>'persisted as the major . component to a
depth of ~ 0.75mm., but below this it was gradually
replaced by ~ 11003 <011> , whose infensity increased
as the "quarterplane" (midway between surface and centre)
was approached (Fig.39).

The surface texture was unaffected by annealing -
of the hot rolled strip (Fig.38). - Fig.45 shows the
effect of increasing annealing temperature on the
intensities of the main ideal orientations at the
quarterplane. Annealing 7 650°C resulted in an increase
in intensity of the ~ {110} <001 component
(Figs.40 & 41) accompanied by a progressive décrease in
the intensities of ~ {100} <011> and. ~ {5543 <225>
with increasing annealing temperature (Figs.40 & 41).

The «~ {112% <110> component was absent from the
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guarterplane of samples annealed 2>6507C. Fig.46
shows the variation in texture intensity with increasing
annealing temperature for the midplane. Again, annealing
= 650°C caused a reduction in ~ 15543 <225-> intensity.
Annealing }'VlOOOOC (Fig.43) also caused a reduction in
~ $100% <€011» and ~ {1123 <110> intensity,
although ~'{1003 <011> remained the major component
at the midplane for all annealing tneatments explored.
Batch annealing at 1000°¢ (Fig.43) resulted in a higher
~ {110y <001> intensity (1.6:xrandom) at the midplane

than rapid annealing at the same temperature (0.8 x random) .

Le2.2. Low Interstitial 430 Ti Steel
(a) 17% Cr, 0.5 Ti, 0.029 (C+N) Steel

Table 9 summarises the observed textures in terms

of the main ideal orientations and Figs.47-53 represent .a
selection of {200} pole figures illustrating the
observations. Fig.54 shows through-tnickness variation
in intensity of texture components, and Figs.55-56 show
the effect of annealing on the intensities of the same
components. Figs.47-49 and Fig.54 show. that, in 4mm
thick hot rolled strip, a strong ~{1103 <001> surface
texture persisted to a depth of ~ 0.75mm, but below this
depth the texture changed prdgressively'to ~1100Y <01I>
plus minor ~{112} <£110> and ~ {554} <225> components.

! The surface texture was unaffected by annealing
at temperatures up to 1000°C, still consisting mainly of
a strong ~{110§ <£001> component (Fig.50). Fig.55

shows the effect of increasing annealing temperature on

intensities of the main ideal orientations at the
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quarterplane (lmm below the surface of the strip). The
main feature was the sharp decrease in intensity of

~ {_1123 {110> intensity when annealing was carried
out above ~800°C (Fig.51). The intensity of

~ 1554F <225 was a minimum when annealing was carried
out between 800°C and 900°C. Fig.52 is a typical pole
figure for the quarterplane of a sample batch annealed at
850°C (for comparison with Fig.48), showing that the
minor ~ {110% <001 component became more prominent
as a result of batch annealing.

Fig.56 shows the variation in intensity of the
main ideal orientations with increasing annealing
temperature, for the midplane. Annealing above 750°¢C
caused a decrease in ~ 1100y <011 and ~{112% <110)
intensities, éccompanied by a simultaneous increase in

~ {554} <225 intensity, although ~{100j <01I>
remained the most prominent component (Fig.53).

(b) 17% Cr, 0.3-0.4% Ti steels

There were no appreciable differences between hot
rgi}ing textures observed in 430 Ti steel containing
0.5% Ti and 430 Ti steels containing 0.4% Ti and
0.3% Ti (Figs.57 & 58).

L.2.3. Low Interstitial 409 (12 Cr,0.5 Ti,0.039 (C+N))
Steel , :

Textures of hot rolled and of hot-rolled and
annealed 4mm thick strip are summarised in Table 10 and
Figs.59-62. A strong ~3110% <00I> surface texture
persisted to the quarterplane, at a depth of lmm
(Figs.59 & 62). Below this depth, it was replaced
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progressively by constituents of the centre texture,
mainly ~3100} <011> , ~3112% 110> and minor

~ {554} <£225> (Fig.60). Fig.6l shows that, for

the midplane, annealing at 850°C caused a reduction in
intensity of the “’[1003 <011> component and promoted
a minor ~ {110) <0019 component, but had little effect
on the intensity of the ~ {112} <110> component.

L.2.4. Comparison between High Interstitial 430 and
Low Interstitial 430 Ti and 409 Steels

Tables 8-10 show that the hot rolling textures

of all three steels were similar, consisfing of a centre
texture, mainly ~ {100} <011> + minor ~ {1125 <110%
and ~ {554} <225> components, and a surface texture,
mainly ~ {1103 001> . The main differences were
the considerably higher intensity of ~{112% <110>
and lower intensity of “’{1003 €011> in the centre
textures of low-iptersitial, Ti stablised 17% Cr (430 Ti)
and 12% Cr (409) steels compared with high interstitial
17% Cr (430) steel. High temperature annealing > 1000°¢
was necessary to_‘reduce the intensity of the ~{100} <011>
component in 430 strip to the same order as its intensity
in 430 Ti and 409 strip. Comparison of the two
low-interstitial, Ti-stabilised steels shows that the

~ {110} <001> surface texture persisted to a greater
depth in the 12% Cr steel (Figs.48,54,59,62) and that the

~ {112} <110> component of the centre texture was not
so readily removed by annealing in the 12% Cr steel as

it was in the 17% Cr steel (Figs.53,5%1).
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L.3. - COLD ROLLING TEXTURES

L.3.1. High Interstitial 430 ( ~ 17 Cr, 0.077 (C+N))
Steel

The cold rolling textures observed in high
interstitial 430 steel are summarised in Table 11, in
terms of the main ideal orientations, and selected {2063
pole figures are presented-in‘Figs.63-69. Variations
in intensities of the main texture components have been
plotted as functions of processing variables (Figs.70-74).

After low cold rolling reductions (50-60% RA),
the texture was mainly ~{110% <001> with a minor
~ {100y <011» component (Fig.63). With increasing
cold reduction, the ~ $1105 <001> orientation was
replaced gradually by ~ {554y <2257 /~{111§ <112> ,
and- there was an increase in the intensity of the
~{$1003 <011> component (Figs.64-67). At 80% RA
(Figs..65 & 66), ~{110y <001 was only a minor
component, and-iﬁ was not detected at higher reductions
(Figs.67-69). After very high cold rolling reductions
('9 95% RA), the texture consisted of a spread between
three orientations : ~ {1003 <011> , ~ {11} <112>
and ~{112% <110> , although  {100§y <01I> was
always the most prominent component (Figs.68 & 69).

Fig.70 shows the effect of increasing cold
rolling strain ( ﬁl) on the intensities of the

~ {100% <011 ~{1113 <112 and ~ {112} <110
orientations. The intensity of =~ {1003 <0117
increased progressively with increasing cold reduction,

and the intensity of ~ {111% <112> also increased
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(El =1.,2-1.6). The ~ i_li2‘_‘) £110> orientation became a
significant component of the cold rolling texture only

above 80% RA (€, = 1.6).

Figs.71-73 show the effects of increasing rapid
pre-annealing temperature on the main components of the
cold rolling texture. For cold reductions in the range
70-95% RA, the intensity of «'{1003 <011> was maximised
by pre-annealing at 750-850°C (Fig.71), which minimised
the intensity of ~{111} <112% (Fig.72). The

~ illZ‘k {110 component became important only at
high cold rolling reductions, when it was maximised by
pre-annealing between 750°C and 850-1000°C (Fig.73).

‘ Batch annealing prior to cold rolling caused a |
slight reduction in ~ {100% <011> intensity compared
with rapid pre-annealing at the same temperature (Fig.74),
but otherwise had little effect on development of cold
rolling textures (Figs.68 & 69).

4L.3.2. Low Interstitial 430 Ti Steel

Cold rolling textures observed in 430 Ti steel
are summarised, in terms of the main ideal orientations,
in Tables 12-14, and Figs.75-86 are selected 12003 pole
figures illustrating the observations. Variations in
intensity of the main texture components are shown in
Figs.87-91, as functions of cold rolling strain and
pre-annealing temperature.

(a) ~17% Cr, 0.5 Ti, 0.029 (C+N) Steel

The cold rolling textures are summarised in

Table 12. After low cold rolling reductions (50-60% RA),
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.the texture was mainly <~ 1103 001> , with a minor
~ {1003 {011 component and spread towards.

~ {111% <112% (Fig.75). With increasing cold
rolling reduction (Figs.76-80), {1103 <001> was
replaced by ~ {554} <225> /~ {1113 <112> , which
became a major component at ~80% RA (Figs.78-80 ).
After very high cold rolling reductions (90-95% RA)
(Figs.81-84), the texture consisted of a spread between
three orientations : ~1100}y <011> , ~ ill23 110>
and ~1111§ <112> . Of these, ~ {100} <011> and
~ 112§ <110> were approximately equal in intensity
and stronger than o {1113 <112)> (Figs.82-84).

Fig.87 shows the effect of increasing cold
rolling strain on the intensities of the main texture
components.  The intensities of both ~{ 1003 <0117
and {}123 £110> increaéed with cold rolling
reduction, although without pre-annealing ~ {1003 <011%
exhibited a slight drop in intensity above 90% RA
( e.l = 2.3), coinciding with a sharp rise in intensity
of ~{1123Y €110> . A peak in ~ {111y <112>
intensity occurred at ~80% RA ( € = 1.6), the effect
being most pronounced with a high pre-anneéling
temperature (1000°C). The ~ {1103 <00I> intensity
decreased rapidly with increasing cold rolling
reduction above 60% RA (£1‘= 0.9). |

The effects of increasing rabid_annealing
temperature prior to cold rolling are shown in Figs.88-90.
For cold rolling reductions of 70-90% RA, the intensity
,of “’{1003 £011> decreased with increasing prior

annealing temperature above the recrystallisation
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.temperature ( ~ 8007C). For very high reductions

(~ 95% RA), pre-annealing appeared to make little
difference (Fig.88). A similar trend was observed for
the .~ {112% <110 orientation (Fig.89), although in
this instance the decrease in intensity with prior
annealing >800°C wés'most marked after cold rolling to
95% RA. By contrast the ~ {111y <£112> intensity
increased with prior annealing temperatures above

~ 800°c, the sharpest rise occurring after cold rolling
to 70-80% RA (Fig.90).

Fig.91 compares intensities of the main ideal
orientations for samples batch annealed at 850°C and
rapid annealed at 850°¢ prior to cold rolling. For
reductions between 70% RA and 90% RA, batch pre-annealing
resulted in a lower ~ §100% <£011> intensity and
delayed the development of the ~ $1123 <110
component. Also the <« {1103 <001 component was
more persistent (Fig.77). The intensity of

~ {111 <112> was higher at reductions of 80-90% RA
(e = l.§-2.3)'with batch pre-annealing.
(b) ~ 17% Cr, 0.3-0.4% Ti Steels

Cold rolling textures of low interstitial 430 Ti
steels containing 0.3% and 0.4% Ti were similar to those
of 0.5%4 Ti steel, with some subtle differences
(Tables 13 & 14). The ~{554y <225> /~{111) (112>
compbnent developed at lower cold rolling reductions
(60-70% RA) at the expense of the ~ {110 <00I>
texture (Fig.85). The ~ £112% <110> component was

~less prominent after high cold rolling reductions
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(~ 95% RA) with lower titanium content steel

(Figs.84 & 86).

4.3.3. Low Interstitial 409 ( ~ 12% Cr, 0.5 Ti,
0.039 (C+N)) Steel

Development of cold rolling textures in low
interstitial 409 (12% Cr, 0.5 Ti) steel is summarised in
Table 15 and Figs.92-95. These results show the same
sequence of texture de#elopment as in low interstitial
430 Ti (17% Cr, 0.5 Ti) steel (see Table 12 & Fig.87).
The main differences were greater persistence of the
~ {1103 001> texture, and delayed development of
~ {111y <112% and ~{112% <110> components in the
12% Cr steel (Figs.92 & 93).  However, after very high
cold rolling reductions ( ~ 95% RA), especially without
pre-annealing (Fig.94), the texture of 409
(~ 12% Or, 0.5 Ti) steel was similar to that of low

interstitial 430 Ti steel.

L.3.L4. Comparison between High Interstitial (430) and
Low Interstitial Ti-stabilised (430 Ti and 409)
Steels

At.low to moderate reductions (50-60% RA), the
~ {1103 £00I> texture component was present in all
steels. With increasing cold reduction, =~ 110§ <001
was replaced by ~ {554% <225 / ~Ql111% <112> ,
and theré was. also an increase in intensity of the
~ {100Y €011> component.
At high cold reductions ( 2> 90% RA),
"~ {112% <110> became a definite component of the

texture. However, it was more prominent in 430 Ti and
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09 steels than in 430 steel, for which the intensity of
~ illl} £112> continued to increase up to 95% RA,
even without pré-annealing.

After very high cold rolling reductions (95% RA)
- the steels éxhibited similar textures, consisting of a
spread between three orientations: ‘.iOOB {01> ,
~ {_112] £110> and 5’{111}3 112> . However, the
most prominent orientations in the low-interstitial
Ti-stabilised (430 Ti and 409) steels were ~ 100} <011>
and ~ {112} <£110% , whereas ~ {100} <011} and
~ {lli} {112> predominated in high interstitial
430 steel.

For high interstitial steel and for low-
interstitial Ti-stabilised steel, a 1oﬁer'intensityvof
~ {lOO} £011> in the hot rolled and annealed strip
resulted in a correspondingly reduced intensity of this
orientation in the cold rolling texture. Similarly,
a higher intensity of the f\'{,110-5 <OOI> compohent in
the hot band made this orientation more persiétent in
the cold rolling texture, with a corresponding delay in
development of the “'{lll} <112 and subsequently the
~ {1125 {110 orientations.
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4o PRIMARY RECRYSTALLISATION TEXTURES

4L.h.l. High Interstitial 430 ( ~ 17 Cr, 0.077(C+N)) Steel

Primary recrystallisation textures are summarised
in Tables 16-18, and Figs.96-115 are selected pole figures.
Figs.116-120 show variations ih intensities of the main
texture components, as functions of processing variables.

The recrystallisation textures were complex.

For reductions of ~50-80% RA (Figs.96-104), the most
prorﬁinent components were generally ~ 1114 <uvw?
(especially ~ {114% <841> ) or ~(100} <uvwd
(especially =~ 11005 <001y ) and also. ~ {110} <o001> .
Figs.1l00 and 101 show respectively {200} and i2223
- pole figures for 430 steel, to illustrate the presence
of a ~{100% <001> component. After high cold
rolling reductions (90-95%.RA), a spread between

~ 11147 <8415 " anda  §223% <962> was usually
developed (Figs.105-108). Certain combinations of high
temperature ( 2 1000°C) pre-annealing (especially batch
pre-annealing at 1000°C), followed by cold rolling to
high reductions (90-95% RA), promoted the development of
a ~ {11118 <110> component, on a spread bétween

~ 1554 <2257 and ~ {111} <110> , but

~ 1114 <841> was always present (Figs.109-112).

Effect of final annealing temperature

If annealing was carried out below N75000; thé
texture was similar to the original cold rolling téxtﬁre
(Fig.113). TFor a common prior processing schedule,
recrystallisation textures of specimens annealed in the

range ~ 800~ ~ 1000°C were similar (Table 16), but

- 116 -



showed slight sharpening of the texture with increasing
annealing temperature, especially between 6'80060 and

~ 900°C. This effect was most pronounced after high
cold rolling reductions (Figs.106 & 114). |

Effect of temperature of annealing prior to cold rolling

The effects of increasing (rapid) annealing
temperature prior to cold rolling on the recrystallisation
textures developed by both rapid and batch final
annealing at 900°C are shown in Figs.116~-120. For prior
cold rolling reductions € 80% RA, textures developed by
batch‘annealing at 900°C or by rapid annealing at 900°¢
were indistinguishable, 'although differences in behaviour
were observed after very high reductions ~ 90-95% RA.

" The main features of Figs.1l16-120 are summarised as
follows :-

(i) ~ 31108 <00D> (Fig.116)

For 50% RA, ~ 11103 <001> was maximised when the

annealing temperature prior to cold rolling was ~ 850°C.
For cold reductions between 60-80% RA, ~ ¥110% <001
was enhanced by annealing > 1000°C before cold rolling.
(ii) ~ $100) <uvwd> (Fig.117)

Annealing before cold rolling had little effect on the

strength of the ~ 1100 <uvwd recrystallisation
texture component for cold rolling.reductiéns < 80% RA.
After very high cold reductions ( ~ 95% R4),

~ {1003 <uvw> was maximised by annealing ~ 850°C
before cold rolling, and by batch annealing after cold
rolling. '

(ii3) ~ {3143 841> (Fig.118)

The intensity of ~ 3 114% 4£B841> generally increased
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with increasing cold rolling reduction above ~ 70% RA,
except with batch annealing after cold rolling to 95% RA,
when the intensity was very much lower than for rapid
final annealing. Annealing before cold rolling had
little effect on the « {114% <841> component unless
the pre-annealing temperature was > 1000°C, or after

95% cold reduction, when pre-annealing caused a decrease
in its intensity.

(iv) ~ 1223% <962> (Fig.119)

The “’{2233’ <962> orientation became a significant
component of the recrystallisation texture only after
cold rolling reductions > 90% RA.

(v) ~ 1111% £110> (Fig.120)

With rapid annealing after cold rolling, the

~ $111% <110> component was developed éfter high

cold rolling reductions ( ~ 90% RA), but only if the
annealing temperature prior to cold rolling was > 1000°c.
Batch annealing after cold rolling allowed its development

with lower pre-annealing temperatures (»850°C) (Fig.115)

Leh.2. Low Interstitial 430 Ti Steel

The primary recrystallisation te#tures are
summarised in Tables 19-24, and Figs.121-152: .are selected
pole figures. Variations in intensities of the main
texture domponents are shown in Figs.153-165, as functions
of processing variables. |

(a) ~ 17Cr, 0.5 Ti, 0.029 (C+N) Steel

After low cold rolling reductions (50-60% RA),
the texture was mainly ~1110% <001> (Figs.121 & 122).
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Moderate to high cold reductions ( ~ 70-90% RA) promoted
mainly ~ 155473 <225 textures. (Figs.123-131 and
Figs.133—136), and very high cold rolling reductians

(95% RA or 90% RA if pre-annealing was omitted (Fig.132))
promoted mainly ~ {223Y <962> (Figs.132,137-139).

Prior processing had a pronounced effect on the
recrystallisaﬁion textures, and the hot band condition

was one of the most influential variables (Figs.127-131"

and 132-136). The type of final annealing treatment,
whether rapid or batch, was also important (Figs.139 & 140).

Effect of final annealing temperature

If annealing was carried out below ~f750°C, the
texture (Fig.l4l) was similar to the original cold
rolling teiture. For cold rolling réductions < 90% RA,
recrystallisation textures. of samples annealed at 800°¢
were similar to those promotéd.by annealing at 900°C but
reduced in intensity (bompare Figs.1l42-144 with Figs.124,
128 & 134). However, with very high reducéioﬁs (95% RA),
provided that the hot rolled.strip was pre-annealed
beforé cold rolling, final annealing at 800°¢C (Fig.145)
promoted a texture centred on ~ {5543 <225> with a
minor ~ {100Y <011> component, instead of the sharp

~ {223} <962> texture developed by final annealing
at 900°C (Fig.146). ' |

Raising the final annealing temperature from
900°C to 95000 caused. pronounced graiﬁ growth (Table 5)
and enhanced the dominant téxture.component developed
after a given processing schedule; i.e., <~ 1554% <225
was enhanced for cold rolling reductions < 80/90% RA,

whereas ~ {2233 <962> was enhanced for very high cold.
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rolling reductions ( ~ 95% RA) (Figs.l46 & 147).

Effect of cold rolling strain

Figs.153-156 show the effects of cold rolling
strain on. the intensities of the main recfystallisation
texture orientations, for three different conditions
prior to cold rolling and for fapid and batch final
annealing at 900°C :-

(i) ~ {110} <001> (Fig.153) .
The intensity of the ~ {110y <001> component decreased

with increasing prior cold rolling reduction above

~ 60% RA ( 21.==O.9). It was not present as a true
component for reductions > 70% RA unless pre-annealing
was carried out at ﬂ’lOOOOC, when it persisted for
reductions up to ~ 80% RA (21 =1.6).

(ii) ~ {554 £225> (Fig.154)

The intensity of the 15543 <225> component increased

with prior cold redﬁction, to a maximum at ~ 80-90% RA
(€, =1.6-2.3). The maximum ~ 1554% <225> intensity
was slightly lower after batch final annealing -than after
rapid final annealing, unless the pre-annealing treatﬁent
before cold roliing was omitted.

(iii) ~ $223% <962> (Fig.155)

The {2233 {962>' component was significant after cold

rolling reductions 280% RA- ( El.z 1.6) and, in general,
the intensity of this component.increaséd with increasing
cold rolling strain. The highest'iﬁtensity was given by
rapid finél annéaling, either without pre-annealing or
with rapid pre-annealing < 850°¢C. The maximum

~ {2233 '<962>'Aintensity was. generally lower after

batch finsl annealing than after rapid final annealing,

- 120 -



unless pre-annealing before cold rolling was at 1000°¢C.

(iv) - -~ 1100% <CuvwS (Fig.156)

The ~ {100y <uvw> orientation was a minor component
of the recrystallisation textures, and did nof generally
show much variation with cold rolling'strain._ It was .
most prominent when pre—anneaiing was omitted.

Effect of Pre-annealing Temperature

Figs.157 & 158 show the effect of incréasing rapid

pre-annealing temperature on the intensities of the

~ {554 (225> and ~ {100y <uvw) components
developed by both batch and rapid final annealing at
900°C.  For cold rolling reductions =>80% RA, the
intensity of ~ {554 <225> (Fig.157) generally
increased with increasing pre-anneéling temperature above
~ 750°C. Rapid final annealing promoted'maximum
intensity after pre-annealing at ~ 850°C and cold-rolling
to 80-90% RA. Fig.1l58 shows that the intensity of

~ 1100% <uvwd decreased with'increasing pre-annealing
temperature.

Fig.159 compares intensities of the main
orientations in the recrystallisation textures of samples
which had been batch pre-annealed at 850°C and rapid
pre-annealed at 850°¢, as a function of cold rolling
strain. Both rapid and batch final annealing treatments
at 90000 are considered. The main differences are in
the ~ 1110y <001> and ~1554% <225> components.
With low cold rolling reductions (50-60% RA),

“"[1103 <001> was stronger with batch pre-annealing
and ~ {554} <225> was correspondingly less prominent.
At high reductions (80-90% RA), the ~ 1554y <2257
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orientation had a higher maximum intensity with batch
pre-annealing. For both pre-annealing treatments, higher
nl'£55431~<225>' intensities were developed by rapid
final annealing than by batch final annealing.

(b) ~ 17% Cr, 0.3-0.4% Ti Steels

Recrystallisation textures observed in 430 Ti
steels containing 0.3 and 0.4% Ti are summarised in
Tables 21-24, Figs.l48-152 and Figs.l60-165. Comparison
of these results with those for ~ 17% Cr, 0.5% Ti steel
demonstrates the effect of titanium éontent in the range
0.3-0.5%.

The sequence of texture development following
increasing cold reduction corresponded with that .
observed in 0.5% Ti steel; i.e., 01{1103 001> =

~ {554} <2255 > ~1223) 962> (Figs.148-152).
Figs.159,160 and 161 show respectively the variations
in intensity of the main texture components with prior
¢old rolling reduction for 0.5% Ti, 0.4% Ti and 0.3% Ti
steels. These graphs show that the maximum intensity
of the ~ 1554y <225» orientation decreased with
decreasing titanium contént, and that the following

conditions maximised ~{554Y < 225> intensity :-
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0.3% T3 _ Rapid Cold rolling Batch
I -, pre- 3to 70-90% RA|-) lannealing
(12554} {2255 annealing '
~ 4.5 x random
' Rapid Cold rolling Rapid or
/| pre- D1to 90% RA >—batch
0.4% Ti annealing ' annealing|
=
(—-z554§ <229 Batch AAC 14 111 Rapid
~ ate 0old rolling api
4=5 x rando pre- —to 90% RA )—|annealing
. 7
annealing
0.5% Ti Batch Cold rolling Rapid
T pre- >1to 90% RA. ‘> annealing
(—{.5543 <225>) annealing
~7 x random

Figs.162-165 show the variation in intensity of
~ {100 <uvw® and ﬂf{5543 '<225> orientations as a-
function of calcﬁlated percentage of titanium in solid
solution ( [Ti],ss), for different processing schedules.
The ~4{1003 £uvwy component varied only slightly.
For cold rolling reductions < 70% RA, low [Til gg and
batch final annealing promoted highest ~ {5543 <225
intensities (Figs.1l64 & 165). For 80-90% RA, higher
[Ti] Ss contents maximised «~ {554& <225> -intensity
(Figs.164 & 165), especially with rapid final annealing
(Fig.l64). For cold rolling reductions > 90% RA, the
intensity of the “’i554} <225>; orientation decreased
in favour of the ~{223] <962> oriéntation (Fig.152).

- 123 -



(C+N)) Steel

Primary recrystallisation textures developed in
409 steel (for rapid final annealing at 900°C)-are
summarised. in Table 25, and Figs.166-174 are selected

{ 200% pole figures. Fig.175 shows variations in
intensities of the main texture components'as functions
of prior cold rolling strain.

Fig.166 shows that, for specimens annedled below
~ 800°C, the texture was similar to the original cold
rolling texture.  For rapid final annealing at 900°¢c,
the sequence of texture development with increasing prior
cold reduction was the same as for ~17% Cr, titanium
stabilised (430 Ti) steel; i.e., ~{110% <001> =

~ 1554 <2250 > ~12231 962> (Figs.167-174).
However, with high cold rolling reductions (> 90% RA),
the "{223} £962> texture was less developed in 409
steel than in 430 Ti steel (compare Figs.l72 & 137,
173 & 146, 174 & 139).

| Batch.ﬁre-annealing of 409 steel at 850°C promoted

higher ~{554%. <225> intensities than rapid fre-
annealing at 850°C (Figs.169,170 & 175). Rapid pre-
annealing atllOOOOC, cold rolling to 90-95% RA and rapid
final annealing at 900°¢ promoted a "'{,lll.i Luvw>
texture (Figs.1l71 & 174), with intensity peaks near

~ {554F <2255 . |

Fig. 175 shows the variaﬁion in intensity of the
main orientations with prior cold rolling strain, for

different hot band conditions and rapid final annealing

at 900°¢, The main features are summarised as follows :-
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(1) ~ {100 Luvwd

Omission of the pre-annealing treatment resulted in a

higher A’LlOO} {uvwy> intensity in the recrystallisation
texture. Otherwise variations in “’LlOO} {uvw)
intensity were small.

(ii) ~ (110§ <o0o1>

The intensity of ~ {1103 <001> decreased with

increasing cold reduction, although it became more
persistent as the temperature of pre-annealing was
increased.

(iii) ~ 1554 <225>

Without pre-annealing, the maximum intensity of the
~~ {5541 {225» orientation was ~ 2 x random. This.
was achieved with reductions of ~ 80-90%RA ( € = 1.6-2.3)
and corresponded with maximum ~'{100} <011> intensity
(2.5 x random). ' |

The general effect of pre-annealing was to
increase its intensity. Maximum ~ {554} <225>
intensity (~6 x random) was achieved by batch
pre-annealing at 850°C and cold rolling reductions
~ 90%RA (€, = 2.3).
(iv) ~ 1223% 962>
This component developed only'after cold rolling

reductions > 80%RA (ij_= 1.6), generally increasing
with increasing cold reduction. It was most prominent

when pre-annealing was omitted (Figs.172-174).
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L.h.h. Comparison between High Interstitial ~ 17% Cr,
Steel (430) and Low Interstitial, Titanium
Stabilised, 17% Cr, Steel (430 Ti)

The pfimary recrystallisation textures of high
interstitial 430 and low interstitial, 430 Ti steels
were very different. A major ~ {lllk luvw) texture
did not occur in high interstitial 430 steel, whereas a
strong ~ {554y <225) (near ~ {111} <1127 )
recrystallisation texture occurred in 430 Ti steel.
Textures developed in high interstitial 430 steel were
more complex, and not as strong as textures developed in
430 Ti steel. Processing variables, especially hot
band condition, had a more pronounced effect on 430 Ti

than on 430 steel.
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be5. UNIAXTAL TENSILE DATA

L.5.1. High Intersitital 17% Cr, (430) Steel

‘ Strain ratios (r-values) and wbrk-hardenihg
coefficients (n-values) for selected cold rolled and
annealed samples are listed in Tables 26 and 27.

r-values (Table 26)

The r -values were low (always < 1.0) but generally
increased with increasing pre-annealing temperature.
The effects of cold rolling reduction and pre-annealing
temperature on the relative magnitudes of T,5 and

r9o-values are sunmnmarised as follows :-

70% RA; Al]l pre-annealing treatments :- r9oj> T;5
( A7 positive)
80% RA; (i) Without pre-annealing or
with pre-annealing 850°C :- .5 > Tg90
( A r negative)
Say . o) .
(ii) Pre-annealing > 1000°C  :- Tgg > Ty5
( &r positive)
90% RA; (i) Without pre-annealing or
with pre-annealing
o
< 1000°C t- T,5>> Tgg
( Ar negative)
s . o) .
(ii) Pre-annealing 1200°C . : Tg0 > T,5
( Ar positive)
Values of r were generally low, the highest values being
given by pre-annealing at 1000°C + cold rolling to
80-90%RA + rapid final annealing at 900°cC.
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n-values (Table 27)

Values of n were all in the range 0.22-0.26. No

systematic effects of processing variables were observed.

L.5.2. Low Interstitial 17% Cr, Ti-stabilised (430 Ti)
Steel

Observed r-vélues and n-values, for selected cold
rolled and annealed samples, are listed in Table 28.
Shortage of material restricted the amount of 100mm wide
strip that could be produced, and so Tables 29 & 30 show
additional results, as T, only, for specimens from 25mm
wide cold rolled and annealed 430 Ti strip of varying
titanium contents (0.3-0.5% Ti).
(a) r and n values for 0.5% Ti Steel (Table 28)

Values of To» Ty50 Top and T were generally much
higher than for 430 steel. Average strain ratio (r)
measurements ranged from 1.98-2.42, and a combination of
high T and relatively low \Ar\was achieved by annealing
(rapid or batch) at 850°C + cold rolling to 80-90%RA +
rapid final annealing at 900°C.

Values of n ranged from 0.23-0.25, similar to
430 steel.
(b) r,-values for 0.3-0.5% Ti Steels

(i) Rapid final anneal at 900°C (heating rate

~ 5000°C hr~t, AC) (Table 29)

With moderate (60-70% RA) cold rolling reductions,
lower titanium-content steels showed higher ro-values
after rapid final annealing, whereas, with reductions of
80-90% RA, highest r_-values were realised for 0.5% Ti

steel. Batch pre-annealing generally resulted in higher
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ro-values than rapid pre-annealing, except for the 0.3%
Ti steel where the effect was reversed. For all cold
rolling reductions, omission of the pre-annealing
treatment resulted in the lowest fo-values.'

(ii) Batch final anneal at 900°C (heating rate =
50°C hr~t, FC) (Table 30)

Values of r  were generally lower than with rapid
final annealing, especially with high cold rolling
reductions. Highest ro-values we;sugiyen for 0.3% Ti
steel with rapid pre-annealing +,cold rolling to~80% RA. The

r -values were lowest when pre-annealing was omitted.

L.5.3. Low Interstitial, ~ 12% Cr, Ti-stabilised
(409) Steel '

Observed ro-values and n-values for cold rolled
and annealed 409 steel are presented in Table 31. The
Tor T450 Tgp and r-values were generally higher than for
430 steel, but lower than 430 Ti steel. The r-values
increased with increasing cold rolling.reduction. Batch
pre-annealing promoted higher L and T90 values, whereas
rapid pre-annealing maximised r45—values. Consequently,
similar r-values were observed with rapid and batch
pre-annealing followed by cold rolling to a common
reduction.

Average work hafdening coefficients were similar
to those measured for 430 and 430 Ti steels, varying
between 0.2/ and 0.26.
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L.5.4. Relationships between r-values and
Texture Parameters

The r_ and T values for 430, 430 Ti, and 409
steels were plotted against various combinations of
texture parameters (P {hkl} ) determined by X-ray
diffractometry. These relationships were quantified
by linear regression analysis, which shows the highest

correlation for the following :-

r, (Fig.176)

(i) r, = 0.114 [P {111-5 / P ilOO} ] + 0.711
(Correlation coefficient = 0.761)

(i3) T, = 0.265 [P mn P By ] +0.372

(Correlation coefficient = 0.749)

r, . (Fig.177)
_43 _
r45 = 0,013 [P{2113 / (P £3213 + P {1103)]

+ 1.078 '
(Correlation coefficient = 0.730)

Tog (Fig.178) .

(1) I'90 = 0.294% [P {111} + P {332%] + 0.615
(Correlation coefficient = 0.818)

(ii) rgp = 0.123 [_P {1113 / P {1003] + 1.008

(Correlation coefficient = 0.804)
r  (Fig.179)

(i) r =0.33, P {111y ¢ 0.620
‘ (Correlation coefficient = 0.787)
(1) F =0.243 [P g + P oygun |+ 0.658

(Correlation coefficient = 0.785)
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AT

No simple relationship was found between Ar

and combinations of texture parameters.
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4ob. ROPING TESTS

Roping tests, comprising visual examination and
Talysurf measurements, were conducted on tensile specimens
used for measurement of ro-values. For comparison,
samples of cold-rolled and annealed 430 sheet, representing
typical and severe roping in commercial supply, were also
examined. The visual appearance of severe roping is
illustrated by Fig.180, and a typical example of roping
in a ferritic stainless steel sink is shown in Fig.181.

Talysurf measurements of samples representing
severe roping (Fig.182) and typical roping tFig.lSB)
indicated maximum peak-to-valley heights of ~ 40 Awm and

~ 12 Am respectively. By contrast, for the samples of
labdratory cold-rolled and annealed 430, 430 Ti or 409
steels under investigation, the maximum peak-to-valley

height was ~ 8 am, and roping was not apparent visually.
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,4.7. SIMULATIVE FORMABILITY TESTS

4L.7.1. Swift Cupping Test

(a) Limiting Drawing Ratios

The modified, two-blank Swift Test was used to
assess critical blank diameters (D) and limiting drawing
ratios (LDR) of selected samples (Table 32). In
general, low interstitial Ti-stabilised 430 Ti ( ~ 17 Cr)
and 409 ( ~ 12 Cr) steels showed higher LDRs than high
interstitial 430 ( ~ 17 Cr, steel, especially with cbld
rolling reductions ~ 80% RA.

(b) Earing Profiles

For those samples with sufficient material
available, additional 100mm diameter blanks were drawn
to completion without secondary clamping, for comparison -
of earing profiles. Positions of ears with respect to
the rolling direction were noted, and percentage earing
was calculated (T;ble 33).  Typical earing profiles are
shown on drawn cups in Figs.1l84 and 185, and graphically
in Fig.186.

Because of the very limited availability of
material, it was not possible to check these tests.
For this reason, and the practical difficulty of varying
specimen thickness, the results must be regarded as
indicative of trends in earing behaviour only.

High interstitial ~17 Cr (430) steel cups
developed ears close to (or within ~15° of) 0° and 90°.
By contrast, earing in the 430 Ti and 409 samples occurred

mainly at ~0° and ~60-80°. The earing profiles of cups
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drawvn from blanks <~lmm thick were sometimes non-uniform
(probably due to slight inaccuracies in positioning of the
blank or uneven die clearance), so that the calculated
eéring percentages are of limited value. Minimum cup
wall heights (which indicate the useful cup height for a
given blank diameter), were also recorded, and these

results showed only small variations (Table 33).

L.7.2. Erichsen Stretch-Forming Tests

Results of Erichsen tests are recorded in Table 34.
The results indicate a general increase of punch
penetration to fracture with increasing sheet thickness.
Samples of the same thickness exhibited similar
stretch-forming properties, irrespective of composition
and pre-annealing treatment. This is in agreement with
the previous observation that composition and processing
schedule had'no systematic effect on n-values, which are

also used to indicate stretch-formability.

4Lo7.3.. Relationship between Limiting Drawing Ratio
and Strain Ratios

Limiting Drawing Ratios were plotted against
tensile strain ratio meagurements for 430, 430 Ti and
409 steels. LDRs tended to increase with r-value
(Fig.187), and the follpwing relationship was determined

by :linear regression analysis :-

LDR = 0.166 r + 1.994.

(Correlation coefficient = 0.50)
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The low correlation coefficient may be due to the use
of non-constant blank thicknesses in the Swift tests
(different final thicknesses from different cold-rolling

reductions and different starting thiecknesses).
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5. DISCUSSION

5;1.' TEXTURES OF HOT-ROLLED OR HOT-ROLLED AND

PRE-ANNEALED STRIP

5.1.1. Hot-rolling Textures

The centre textures of hot rolled 430, 430 Ti and
409 steels are typical of cold-rolled bcc metals, and the
deformed microstructure observed at the centre of the hot-
rolled strip indicates that there had been some
deformation below the dynamic recrystallisation temperature
in the later stages of hot rolliﬁg. However, the
relatively low hardness and difficulty of effecting
complete recrystallisation of the centre, especially in
409 steel which had been finished at a slightly higher
teméerature (Table 3B), suggest that substantial recovery
had occurred.

By contrast, the ~{110Y <001) surface texture
observed in all the steels is a bec recrystallisation

(3,7)

texture. Its presence suggesﬁs that
recrystalliéation of the surface had occurred at a late
stége during hot rolling, and this is supported by
metallographic evidence of smaller, more equiaxed grains

at the surfaces of hot-rolled strip. Roll surface
friction (causing a temperature rise at the surface of

the strip during hot rolling) and/or heavier effective
deformation in the surface layers (resulting in an increase
in the driving force for recrystallisation, i.e. lowering

of the dynamic recrystallisation temperature at the

surface) are possible reasons for the observed
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differences between surface and centre. Similar effects,
i.e. ~ {lldk <DOI> surface textures and a recrystallised
surface microstructure with a deformed centre, have been
reported for other low carbon steels rolled between

~ 800°C and 900°cC, although rolling below ~ 800°¢C

resulted in 'cold rolled' structures throughout. (119,123)

Dickson and Cooke (122)

also reported a .strong
~ {110% 001> surface texture and a similar through-
thickness variation in texture in hot-rolled, 12% Cr,
Ti-stabilised ferritic stainless steel.
Texture components observed at the centre of hot

rolled strip were mainly ~ {100% <011 plus minor

~ {112% <110> and ~1554Y <225% components, with

~ {112} (ll@5 much more prominent in the Ti-stabilised

steel. Other authors (12,50,119,123)

have recorded
mainly ~ {100}' {uvw)> hot folling textures in ordihary
low carbon steels and in ferritic stainless steels. The
occurrence of a ~ {112% <4110) hot rolling texture in
Nb-stabilised and Ti-stabilised steels has also been

reported previously. (51’122’124)

Gillanders, Dasarathay
and Hudd (1?4) guggested that the ~ {112} <110>
texture, observed in Nb-stabilised, low carbon steel,
originated from an fcec rolling texture developing in
unrecrystallised austenite at the hot rolling temperature,
and transforming to ~{112% <110> with the
transformation from austenite to ferrite. However, the
present work shows that the ~{112% '<liO> texture is
developed in Ti-stabilised 17% Cr steel, which is fully

ferritic at all temperatures. It is suggested that,

during hot rolling of Ti-stabilised steel, unconstrained.
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deformation below the dynamic recrystallisation

temperature promotes relatively rapid development of
~ {112} 4110> , which is a stable bce cold rolling

(3,12,32,34)

texture, whereas in the high interstitiél
430 steel (without titanium), irregular flow, resulting
from the presence of austenite or a high volume fraction
of carbides, might suppress development of a strong

~ {112% <{110> texture component.

5.1.2. Effect of Pre-Annealing

The pre-annealing of hot rolled strip ehances the
~ {110} { 001> component slightly, whereas components
typical of cold rolling textures, especially ~{112% <110
decrease in intensity. Batch pre-annealing promotes
higher ~{110F <001> intensities near the centre than
rapid annealing at the same temperature. This is
attributed to subgrain growﬁh during slow heating for
batch annealing, which should favour ~ {110} < 001>
nucleation. (47,49)

The ~{1105 <£001I> surface texture persists to
a greater depth in 409 (12 Cr, 0.5 Ti) steel than in
430 and 430 Ti steels, and the ~{112Y <£110> component
of the centre texture is less readily removed by
annealing.  This may be due to its slightly higher
hot-rolling finishing temperature (Table 3B), which would
allow more recrystallisation near the surface during the
final stages of rolling, but would also reduce the
driving force for subsequent recrystaliisationlof the
centre by allowing more recovery. Hardness-
recrystallisation measurements for 409 hot-rolled strip

(Fig.23) confirm that full recrystallisation during
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annealing requires temperatures 22 8507C.

. 5.2. - - COLD ROLLING TEXTURES

After high cold rolling reductions, similar cold
rolling textures are developed in high insterstitial
430 steel and low interstitial 430 Ti and 409 steels,

comprising a spread between three orientations:

~ {100} <oi1> , ~ 111 212> and ~ {112}y &10) .
Figures 188 and 189 show that Richards and Ormay's (12)
description of bce rolling textures (two partial <110>
fibre textures, one parallel with RD and one inclined
at 60° to RD) fits the observed spread better than
(11)

Barrett and Levenson's description (partial

£110> //RD and partial <111> //ND), although neither

description fits the observed spread exactly.

5.2.1. S8lip rotations during cold rolling

Most workers analysing cold rolling texture
development have considered a random starting texture.
However, strong hot-rolling textures were present in the
commercial materials examined, and similar hot rolling

textures have been reported previously in a ferritic

(122) and also in other low-carbon

(12,50,51,120,123-125) -

stainless steel,
steels which had been rolled <€ 900°C.
A limited analysis of slip rotations has, thérefore, been
carried out, assuming a starting texfure containing

~ {1105 <o01> , ~ {111} 112> , ~ {112} <110>
and =~ {1005 <011> components. Slip is considered to
occur when the critical resolved shear stress ( Vpc) is

reached on one or more systems, assuming either :-
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(1) v, {1103 = T, 112} = T, f123% (EQUAL ‘T)), or
(ii) . {1108 : . {112% . = 1:1.03:1.05
le { c {- } H ‘TC {_123} (UNEQUAL \'rc)

Details of equations used for predicting the operative
slip systems (which were programmed for the Apple IIe
microcomputer using Applesoft Bgsic language) are given
in Appendix A,  Table 35 gives operative slip systenms
predicted for selected orientations. |

This method of predicting slip rotations is
similar to the one used by Dillamore and Roberts,(32) who
considered §110% <111> slip only, and later by
Kamijo (34) 4no assumed that the values of . on $110% ,
LllZE and {1233 planes respectively were in the
ratio 1:1.05:1.05.

The criterion of stability'of an "end"
orientation depends not only on symmetry, but also on

whether slip rotations will tend to return the material

to this orientation if fluctuations of the stress axes

(32) (32)

cause it to be displaced. Dillamore and Roberts
suggested that the most likely displacements of the stress
Vaxes during rolling are aé folloﬁs $-

(A Both compression axis and tensile axis are
displaced along the great circle joining them.

(B) The tensile axis is displaced around the great
circle 90° away from the compression axis.

These criteria have been used to test the stability of
various orientations. The behaviour of the various

starting texture components during cold rolling is

predicted as follows :-
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(1) - (011) [LToo]

Due to the symmetrical disposition of slip
systems (Table 35) the (011) [ 100] orientation is sfable
(assuﬁing either equal"‘f‘C or unequal‘rc) provided that no
fluctuations of the stress axes occur.

Displacement (A)  Slip on the (211) [111) system would

cause rotation to (111) [211] along the [011] great
circle, i.e. via (144) [811] , (122) (%11]and

(455) [522] (Fig.190), which was also predicted by
Kamijo (34),  Fig.191 shows that the texture spread,
after moderate ( ~ 70% RA) cold rolling reductions from a
strong ~ {110Y <001) starting texture, is in agreement
with this analysis.

Displacement (B) Conjugate slip on (211) (T11] +

(211) [111] systems, or (321) [T11] + (312) [1II)

systems, or (110) [T11] + (T01) {111\ systems is predicted,
dependihg upon the instantaneous position of the tensile
axis and the assumed ratio of ¥ . (Table 35) The ND

would remain at [Oll], due to the symmetrical disposition
of slip planes, and slip rotations would return the RD

to [100] . ° The {011} 100> component should,

therefore, be stable with respect to displacement (B).

(ii) (111) [312]

The (111) [112) orientation is not stable, (33)
but this analysis suggests that it would be removed only
with difficulty. For both equal and unequal “ré"
(112) [111] slip is predicted, causing a rotation
towards the (112) [111] orientation, along the LT10]}

great circle (Fig.1l92). However, for displacements of
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~ 8°-14°, (i.e. between ~ (334) [2231 ana (335) (3561 ),
slip on (110) -1 T11) + (110) L 1TI1) systems would tend to
return the material towards (111) (112) (Table 35 and
Fig.i92). An oscillating spread of orientations between

~ (111) [7112) and ~ (334) { 2231 would, therefore, be
expected to remain, in the absence of fluctuations of the
stress axes.

Displacement (A) A large (A)-type displacement of the

stress axes, would however, remove the (111) [ 7112\
orientation. If the ND was displaced to [ 112) and the
"RD to [II1] (i.e. a ~19%° displacement), slip on

the (112) [1113‘ system would cause rotation towards the
(001) [110] orientation. (Table 35 & Fig.192)

Displacement (B) Assuming unequal “Té, conjugate slip

on (110) [T117 + (011) {111] systems would cause
rotation of the lattice to (121) [TI01]), for displacements
of the tensile axis 2-~10° (Table 35 & Fig.192).

Kamijo (34) suggested that since the resolved
shear stresses on the (101) Eiill , (o11) (1111 ,
(0o11) [1T1] and (110) [T11] systems are equal for the
(111) [1121 orientation (although lower than the

shear stress on (112) [iﬁl], ), co-operative slip on
either (101) (111l + (110) [lIll systems or

(011) [311] + (110) [T11) systems would be expected,
causing rotation of a (111) [I121 ecrystal to either
(211) [011] or (121) ([To1]l . Kamijo (34)
described this re-orientation in terms of a rotation
about a <110 axis ~60° from RD, as used by Richards
(12)

and Ormay in their description of becc rolling
textures. Fig.193 is a {1103 pole figure showing that’
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the ~{111% (112> (or more precisely {§543 (225> ),
1223y <£962> and {112% <{110> ideal orientations share

a common £110> axis ~30° from ND (i.e..~ 60° from the

RD).

(iii) (001) [1330}

For both equal and unequal %}, the operative
slip systems are predicted as (112) [1I1) and
(112) [iii] , whose symmetrical disposition indicates
that (001) [110) is a stable orientation (Table 35 and
Fig.194). Very large A-type displacements ( > 35°) of
the stress axes are required to prevent slip rotations
returning the material to the (001) [:1101 orientation,
which is also stable against B-type displacements of the
tensile axis (Table 35 and Fig.194).

However, should the.compressive axis be'
displaced along the [1101 great circle, towards [lil\ ’
by > 8° for equal ”?c or >20° for unequal Vrc, slip
rotations would promote (116) [ Ii0} or (1T2) [T10)
orientations respectively (Table 35 and Fig.194).

(iv) (112) f110}

If equal ', is assumed, (112) [ 170} is not
predicted as a stable end orientation, and slip on
(T23) [1T1] + (2T3) [11I) would cause the ND to
rotate to [116]1, resulting in development of a (116) [lib]
orientation (Table 35 and Fig.195).

For unequal ﬁ%, the operative slip systems are
(o11) (111} i (101) (111 , and (112) [1T0] is
predicted as an end orientation. Slip rotations return

the material to (112) [1I0) after an 'A'-type
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displacement of the tensile and compressive axes (Table
35 and Fig.195). The ND would also return to [ 1121
after a displacement along the (170} great circle
towafds [lll] , but after a displacement of more than

~ 10° towards [001)] (i.e. beyond [113] ), slip
rotations .would promote development of the (001) []jbl
orientation (Table 35 and Fig.195).

Comparison of observed and predicted cold rolling textures

This limited analysis of crystal rotations
accounts for the following general observations :-
(i) Persistence of the ~{011% <100> hot-rolling
texture component (stable in the absence of stress
fluctuations) and its gradual rotation to ~{111} <112
via ~{§543 {225> (A-type displacement of stress axes).
(ii) Persistence of the ~{111§- {112 component,
although not a stable end orientation, up to high cold
rolling reductions (difficult to remove in the absence
of stress fluctuations).
(iii) Persistence of,vand spread between, ~1001y <110>
and ~{112% <110> , assuming "unequal T,". (If equal
T, is assumed, ~§112% <110> is not predicted as a
stable end orientation. This is the only important
difference between predictions made assuming equal and

unequal “f )

(iv) Reinforcement of ~{001y <110> and ~{112Y <£110>
at high cold rolling reductions, corresponding with a
decrease in ~{111y <112)> intensity (accounted for,
respectively, by A-type and B-type displacements of the

stress axes).

- 144 -



. 5.2@2.» Effectsuofqproceséihg~and.material_#ariableé on
development of cold rolling textures

Hot band condition, éspecially the presence of a
strong texture in the hot-rolléd or hot-rolled + annealed
strip, can have a marked effect on development of cold
rolling textures. The ~ {1103 <£001> component,
observed after low cold rolling reductions (50-60% RA),
is not a normal cold rolling texture orientation and is
inherited from the hot band. Also, for a given cold
rolling schedule, the intensities of ~ {100% <011
and ~ (112§ <£110> components of the cold rolling
texture are related to their intensities in the hot-band
texture (e.g. the intensities of ~3112% <110)and

~ {100y <011> were much higher in both the hot band
and cold rolling textures of 430 Ti strip when pre-
annealing was omitted than with pre-annealing at 1000°C).
This is not surprising since ~{112y <£110>and

~ Y100y €011> are predicted as stable end orientations,
which would be expected to persist,and also to increase
in intensity at the expense of the ~ £111% <112>
component after high cold rolling reductions.

The behaviour of the r‘{lll} (112> component
(as a cold rolling texture and also as a recrystallisation
texture) is more complex. Most workers report that,
for low carbon steels including ferritic stainless steels,
the cv{lliﬁ {112> component is preéent after low or
moderate cold reductions, but that it is progressively
replaced by ~{112Y <110> and that there is a
simultaneous increase in ~{100% <011>

intensity. (84,119,122) The present results for 430 Ti
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steel indicate that maximum ma{lllS £112> intensity is
achieved by cold rolling reductions ~80% RA, whereas,

for high interstitial 430 steel, there is a progressive
increase in ~ {111y <112> intensity up to 95% RA.
Comparison of Fig.71 with Fig.72, and of Fig.88 with
Fig.90 indicates that, for a given cold rolling reduction,
maximum ~ {1113 Q1> intensity corresponds with
minimum ~ {100% <011» intensity. Again, this indicates
probable texture inheritance from the hot band. Pre-
annealing treatments which minimise ~ {100} <£011> in

the hot rolled. + pre-annealed strip also maximise either
~ {110% £001> or ~{11I }§ £112> in the pre-annealed
strip (Figs.45 & 56). . This would be expected to enhance
the ,4{111} 112> component in cold rolled materiél,
since the ~{110% <001) orientation rotates to

~ 1111y <112% if fluctuations of the stress axes occur.
(119)

Goodman and Hu also observed that maximum {200%
reflection intensity coincided with minimum {2223.
reflection intensity for cold rolled low carbon steel and
an iron-carbon alloy, and that a high {222} / {200} |
intensity ratio in hot rolling textures corresponded with
a high ratio in sﬁbsequent cold rolling textures.
Although a similar spread of orientations is
developed; in the same sequence, during cold rolling of
both high interstitial 430 steel and low interstitial
430 Ti and 409‘steels, the following differences are
apparent from the results :- | | .
(1) ~ 1110% <£001> generally persists to higher
reductions in 430 and 409 steels than in 430
Ti steel.
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(ii) ~ {111y <112> is developed after higher cold
rolling reductions in 430 and 409 steels than in
430 Ti steel.

(iii) ~ 1100y <011) is generally stronger in 430
steel than in 430 Ti and 409 steels.

(iv) ~ {112% <110> is not well developed in 430
steel but is readily developed in 430 Ti and 409
steels, with high cold rolling reductions.

Texture inheritance from the hot band explains the
behaviour of ~{1103 <001> and ~ {111} <112) , and of
the ~{100% <011% éomponent, which is generally stronger
in hot rolled or hot rolled + pre-annealed 430 strip than
in 430 Ti or 409 hot band. However, texture_inheritance
alone may not account for the behaviour of the
~ {112 <110> component.  Although~{112} <110 is a
much stronger component of the hot rolling texture of
430 Ti steel than of 430 steel, its intensity is reduced
rapidly by pre-annealing 3> ~750°C (Figs.55 & 56).
Nonetheless, the rvillZ} £110> component is more
developed in 430 Ti steel than in 430 steel, even when a
higher pre-annealing temperature is used (Figs.68,69 & 83).
This might be due in part, to the greater persistence of
the ~$110Y 001> texture (and corresponding delay in
development of the ~&1115 <112> and~{112% <110>
orientations) in 430 steel compared with 430 Ti steel.
However, a well developed ~{112% <110> Atexture would
not be expected in 409 steel if that was the only cause,
since the ~{110§ <001 texture is equally persistent
in this steel. The large proportioﬁ of coarse carbides
in high interstitial 430 steel may inhibit texture
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