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Rolling Recrystallisation Textures
of Commercial Gradeg of Low Carbon Steels
...by..
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SUMMARY

The work in progress concernirg vhe study of rolling-recrystallisation
textures in commercial grades of low-carbon steels i outlined, the influence
of aluminiwm nitride precipitation and recovery phoenomena being the main
lines of research. Resulte to date indicate that the retention of the
{100}<110> component of the rolling texture is more favoured during
recrystallisation as the prior recovery times and temperatures are
increased. Textural variations through the cheet thickness are also
being studied, results to date being presented.
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I. Introduction

The importance of anisotropy, caused by crystallographic preferred
orlentation, upon the forming characteristics of commercially produced,
annealed-low=-carbon steel sheet has long been recognised\l/such that
interest has been shown in the factors thought to influence texture
development.  Annealing textures arise during the recrystallisation and
grain growth of materials exhibiting marked deformation textures,
consequently many wcrkers have studied the development of rolling
textures in b.c.c. metals(2s 35 %; 5, 6). Such work has recently been
reviewed by Dillamore and Roberts\7/. Most workers agree that the
{100}<110> orientation spread about the rolling direction constitutes
the main feature of the texture {112}<110> frequently being highly
developed. Other components have been variously desgribed as spreads
about {111}<110> and {111]<112>. Haesner and Wenrf3 Jdeserived the
minor components as resulting from iwo fibre textures, one being considered
as a <110> fibre axis rotated 35° from the sheet normal towards the
rolling direction and the other as a limited fibre texture of increasing
spread around the rolling direction as axis.

The use of ideal orientations to describe texture is convenient,
but cen be misleading as large orientation spreads are frequently encountered.
Close examination of the pole figures of the different workers is essential’
when comparing results.

Two theories of rolling texture development give answers which
compare reasonebly well with experimental results, namely thoze of Calnan
and Clews(®), and Dillamore and Roberts(®).

Calnan and Clews(s)suggest that in order to maintain grain boundary
confinuity during deformation at least four slip systems must operate
simultaneously in any givewn grain, boundary constraints moving the effective
stress axis to one of the corners of the unit triangle. They suggest
that orientations which simultaneously satisfy the requirements of a
tensile stress in the rolling direction and a compressive stress parallel
to the sheet normal will constitute major components in the rolling texture.
Rolling textures were thus suggested frcm predicted tensile and compression
textures. Three types of elip system were considered {110}<iii> {112)111>
f125}<lll>, giving a total of 48. Each of the three types were considered
individually and the predictions obtained from each did not vary significantly.
The predicted tension texture was <117 spread towards <Z11> whilst the
compression texture was suggested to have a strong <111> component plus a
weaker one corresponding to <100>. The predicted rolling texture hag
{100}<1:0> and {111}<110> as major components.

A major tlaw in this theory is that the stable texture is assumed to
be a combination of those obtained for tension and compression, no account
being taken as to how the end points are arrived at. Dillanore and ‘
Rdbertsz7 have pointed out that all the possible starting grain orientations



cannot, during rotations to form a tension texture, simultaneously

satisfy the requirement of an orthogonal compressive strese; in fact

only 20% can do so. They suggest that a better approximation to the
rolling process is L0 assume a biaxial stress systen and then to

determine the slip systems that would operate under combined stresses.

In reality the stress system is tri-axial but since the process approximates
to one of plane strain it is suggested that the state of yielding is
equivalent to that obtained by considering a tensile and compressive

stress equal in magnitude parallel to the sheet normal and rolling
direction respectively.

Unlike Calnan and Clews(8>, Dillemore and Roberts(9)suggest that
multiple slip need only be invoked in close proximity to grain boundaries,
the main body of all grains being deformed by duplex slip. They also
noted that the slip systems {112)}<111> and {123}<111> are geometrically
equivalent to different proportions of primary and cross slip on
{110}<111>. Using these assumptions and by considering the suggested
biaxial stress system they predicted a texture chowing a spread between
the ovientations (001) [1T0] and (112) [iI0]. This prediction differs
from that of Calnan and Clews(®)in that the orientation {111}<110> is
not suggested. This component is not universally reported in the
literature and Dillamore and Roberts(9 did not find it in cold rolled
varadium.

Much work is repcrted in the literature concerning the rolling-
recrystallisation textures of b.c.c. metals?s: 7, 10, 11, 12, *3§. Tbe
and Lucke(lé)suggested from their results that a rotation cf close to 27°
about a <110> pole common to both deformation and recrystallisation texture
could sdequately account for the majority of orientation changes that occur

during annealing. Dillamore(ls)noting this observation, developed a
theory of rolling-recrystallisation texture formation based on a criterion
of oriented growth. In predicting possible nuclei orientatlons Dillamore(ls)

increased the angle found by Ibe and Lucke and considered a range of

hetween 20° and 60° in order to simultaneously satisfy the growth relation-
ships between a growing grain and two components of the deformed matrix.

The nuclei most favourably oriented for growth into the various components
of the deformation texture were then suggested to produce orientations
corresponding to the main features of the recrystailisation texture.

From this analyesis it is reported that the principal componente of the
rolling-recrystallisation texturaes are accounted for and that the temperature
dependence of annealing textures is qualitatively explalred.

IT Experimental Work

The research programme is designed to study rolling-recrystallisatiown
textures in commercial grades of low carbon steel. Coupong of hot-rolled
rimming, silicon-balanced and an aluminium-killed steel have been supplied
for this work, pit analyses being given in Table I. Final analyses are
not yet available. The killed and rimming steel were supplied at a nominal



gauge of 1/,”, and the balanced steel of 5/;/".

Current theories of texture development suggest that the relative
intensities of the varioug components commonly found in the rolling-
recrystallisation textures of low carbon steels are, for a given annealing
temperature, dependent upon the magnitude of the recrystallisation
temperature. Factors such ag prior recovery treatments and time at
annealing temperature are also considered to be of importance in *that
relative boundary displacements during growth will be influenced.

It is proposed to vary the recrystallisation temperature of the
killed steel by controlling the level of aluminium and nitrogen in
solution prior to cold rolling. This wili be effected by suitable -
qme%athmﬁ%ommﬂm&~Bﬂmqmmﬁmfmm%weﬁm%
will be used, temnering operations being conducts at lower temperatures
(-~ 700°C) for various times. 'Recrystallisation' temperatures are to
be determined using hardness measurements and isochronal annealing
treatments at different temperatures. The annealing time will Dbe short,
5 minutes, in order to avoid effects caused by the precipitation of
aluminium nitride. For a material of a given 'recrystallisation’
temperature, increased annealing treatments will be given at various
ratios of the 'recrystallisation' temperatures. Pole figures and
electron microscopy will be uged to study the end results.

The effect of recovery upon rolling~recrystallisation textures is
being ctudied in both the killed and rimming steels, some results being
given in this report. This work is to be extended to incliudz studies
of the dislocation configurations that results from cold work and recovery.
Transmission electron microscopy will be used.

The pole figures given in this report were obtained from samples of
the stock material that had been thermally cycled four times through the
a/7 phase change. It was thought that this treatment would help to
ranComise any hot~-rolling textures which may have been present. During
the final cycle the macerials were slowly cooled from 900°C. Rolling
was carried out using 51/,” diameter rolls, the reductions per pass being
betweer 0.010" and 015”.

Air-recirculation furnaces were used for recovery treabtments, final
annealing at 680°C (30 mins.) being carried out in a resistance wound tube
furnace through which dry argon was passed.

200 pole figures were obtained, O - 75° out from centre, using the
Schulz reflection technique on a Siemen's texture unit.

Textural variation through the sheet thickness after rolling,and
rolling and recrystallisation, are also being studied.



IIT Recults and Discussion
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i. Textural variations through the sheet thicknessg

During rolling the stress system acting upon a workpiece surface
ig dependent upon the frictional conditions pertaining to the roll-metal
interface, increasing friction favouring deformation of the surface
layer by chear in the rolling direction.

The depth in the through thickness direction below which surface
conditions no longer influence deformation texture formation is not well
documented since variations in rolling conditions are thought to have a
significant influence. It ie likely that the shape of the slip~line
field is of prime importance, this being determined by variables, many
of which are inter-related, such as the shape of the friction hill, roll
diameter, reduction per pass, nominal sheet thickness and the flow
strength and work hardening capabilities of the material.

Through thickness textural variations, particularly in the annealed
condition, are of significance both industrially, where foming properties
may be affected, and in the laborgtory where the problem of texture
representation is to be congidered.

In the cvrrent research programme consideration is being given to
this source of texture variation but major work, involving slip line
field aznalysis, is not being conducted. Textures are being d:temmined,
both after rolling snd after rolling and annealing (50 ming. 680°C in
dry Argon) in samples of the killed steel cold rolled from 0.25" to 70%
reduction in increments of = 0.012" between dry 5%/, diameter rolls.
Pole figures are being determined at approximately 0.00%" increments
from the sheet surface.

Figures 1 and 2 give the deformation textures at the sheet surface
and middle respectively. In figure 2 an intense region at the centre
of the pole figure shows a spread agbout the rolling direction of the
orientation {100}<i10>. The intensity falls from 3% times random at
the centre of the pole figure to 2 timeg random 30° out from the centre

The remainder of the texture may be described by the fibre components
observed by Haesnner and Weik(j) he maximun inteneities recorded in this
case being between 2 and 24 times random.

The surface texture is shown in figure 1. Again the {100}<110>
component and its spread about the rolling direction predominates but
the whole texture is less well developed than that at the centre of the
sheet. At the middle of the pole figure the intensity is Qé-times random
but as the spread increases to 23° gbout the rolling direction the intensity
drops to 2 times random. ‘



The gpread in texture, both at +he surface and at the centre of
the material, makes exact analysis of the pole ngurec difficult but
it would appear that the relative int en51tv of {111}, mpared to the
rest of the pole figure is higher at the surface of bhe mat rial than
at its centre. This may be of importance during the development of
recrystallicsation textures.

The effect of increasing the amount of cold reduction upon the
development of surface te }twre may be gauged by reference to figure 3,
a 200 pole figure of the surface of the killed stesl after 8% cold
reduction. Compared to the resgults shown in figures 1 and 2 the texture
ig more highly developed. The intensity at the centre of the pole Tigure
is 5§-t¢mes random and the spread about the »olling direction is such that
for orientation of up to 40° out the intensity level is greater than 2
times random. The fibre texture is more marked but evidence of the onset
of ites depletion is chown by the presence of intense regions not observed
in material rolled to 70% reducticn. These new peaks correspond to a
spread about the {112}<110> orientation.

Further results are required for intermediate depths below the sheet
surface in order to map the deformation textural "arlaLloh» through the
cheet thickness. The effect on material annealed for % hour at 680°C
hag also to be studied. A separate report on this aspect of the work will
be given on completion.

IT  Rolling texture development (ineide textures)

The rolling textures developed in low carbon steels and other b.c.c.
metals are well known. The main object in including such a study in the
present work is to characterise the starting materials to be used in recovery
and recrystallisation experimente.

i.  Aluminiun-killed steel

The well-develioped texture shown in figure 4 ie typical of the cold
rolling textures produced at high deformationq in b.c.c. metals. This
particular cheet was cold rolled § O0%. The texture consists of two major
orientations: {100}<110> spread about the rolling direction pius a component
spread sbout {211}<110>. Comparison with Tigure 2 shows t1aﬁ the {211}<0110>
orientation does not chow such & marked relative intensiby, compared to the
{100}<110> component at the emaller amounts of cold work (T70%).

ii. Rimming steel

Figure 5 shows the 200 pole figure at 95% cold reduction. The result
obtained is similar to that shown in figure 4 except that in this case the
intense regions are more maerked. This is almost certainly due to the higher
rolling reduction given to the rimming steel.



TITI Recrystallisation textures

i. A large number cf factors influence the development of preferred
orientations during the commercial production of annealed low-carbon
gteel sheet. These may be sub-divided into the two groups below,
interaction between factors listed under the different groups frequently
being of importance.

(a) Process variables

- o - - - -

1 Casting technique.

23 Sogking temperature.

3)  Soaking time.

L)  The initial and finishing hot rolling temperatures.

5) Cooling rate during water cooling after hot rolling.

) Coiling temperature.

7) Total amount of cold reduction,

8) Reduction per pass.

9) Rolling variables, (e.g. magnitude of front or back tensions.
lubrication conditions etec.)

10) Time at ambient temperature prior to annealing.

11) Heating rate to annealing temperature.

12) Annealing temnperature.,

13) Annealing time.

1L) Furnace atmosphere.

—~
o'
e

Material variables

Solid solution compcsition orior to annesling.

The abundance type, disperson ete. of secondary phages such
as carbides and sulphides.

%)  Cold worked texture

L)  Grain size.

N+
e S

For a steel of any given compositinn the material veriablesg (b) above
are controlled by the process variables (1) to (10) and for a given annealing
treatment the recrystallisation texture will be meinly determined by
the cold worked texcure, materlial variables influencing recrystallisation
mechanicms being able Lo cause modifications. For a predetermined degree
of cold reduction the 'inside' cold roliing texture of low carbon steel
iz not significantly influenced by rolling variables, the only factor of

importance being the texture in the naterial prior to ccld rolling. This
will depend upon hot-mill processing, high temperatures and low strain-rates
favouring the production of a randomly oriented material. Whiteley and

Wicel1€)found that for both rimming and aluminium-killed steels a reduction
in hot mill Tinishing temperature from 860° to T770° altered the hot rolling
texture from that of random to one having a {110} component in the plane
of the sheet. Subsequent cold-rolling followed by annealing showed that
the randomly-oriented hot-rolled material gave a higher {111} components in
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the final recrystallisation texture. Work by Atkiﬁson(l7)et al hes
shown this component to be {111}<110>.

The effects of other process variables are not thought to influence
the formation of the 'inside' rolling texture. Surface textures, and
the depth to which they penetrate the sheet should be dependent upon
process variables Nos. 7, § and 9 in that these should influence glip
line field configuration. Available information showing the effects
of such factors is very scanty.

The influence of annealing temperature upon rolling-recrystallisation
textures developed in b.c.c. metals has been reported in the literature

(3} 7s 105 11 125 13)’

- At temperatures just above that required for recrystallisation the
major components of the rolling texture tend to be retained but there ig

a tendency for a <i110> fibre texture to form about the rclling direction,
{111}<110> and (112}<110> usraliy predominating. At intermediate
temperatures above the recrystallisation temperature the component {111}<012>
forms al the expense of the others. At etill hicher temperatures a

further major component is formed which, according to Stablein anﬂ,Moller(lo),
may be described as {335}<7,12,%>.

It is kﬁ@Wﬁ(lT)tkat for a given aluminium-killed steel aunealed at a
set temperature the irtensity of the {1213<110> component is enhanced the
lower is the hot-~band coiling temperature. Low coiling temperatures
favour the retention of al-minium and nitrogen insolideclution, such that
after subsequent cold work aluminium nitride will be precipitated during
the final annealing treatment. The precipitation of aluminium nitride
during the annealing process ig thought to elevate the recrystallisation
temverature suck that the Tormation of the {111}<110> component is favoured.

4
L
.
L

As ig indicated in the foregoing discussion the rolling-recrystallisation
texturce obtained in commercial grades of low carbon steel sheet are, in
general terms, ressonebly well understood, although ruch more Information
ig needed concerning the recrystallisation processes involved and their
kineticg. It is considered that effects due to precipitation, clements
in go0lid solution and recovery will be of importance in determining the
relative intensities of the varicus components commonly found in recry=-
stalligation textures. The work at Cranfield is designed to study some

ol these factors.

i1) Becovery

s a result of recovery the amount of gitrain energy in a given crystal
decreases with time at recovery temperatures and since recovery is
orientation dependent the relative driving forces for the growth of the
various major ccmponents of a recrystallisation texture will probavly be
influenced by prior recovery treatment. Results obtained to date indicate

that thig is true.



Figure & is the 200 pole figure obtained from the killed steel

after 90% cold reduction followed by an ammeal in dry argon for 30

minutes at 680°C. The specimen, approximately 0.025" thick, was

placed in the furnace at temperature in order to minimise recovery

effects prior to the onset of recrystallisation. Certain features

of the cold worked texture are unaltered by annealing in that the
{100}<110> component and its spread sbout the rolling direction is
observed to be retained, but it is to be noted that the intensity is
diminighed (C.f. Fig. hs to 2 times random at the centre falling to 13/4
timeg random 20° out. Other components may be descrived as spreads

about the {111}<112> and {111}<110> crientations. The effect of recovery
prior to annealing upon the recrystallisation texture chown in Fig. 6 is
given in Fig. 7. The recovary treatment was for 10 minutes, at 210°C.

A significant difference is observed in that the {100}<110> component is
much more intense (3% times random at the centre of the spread) and is

not much reduced from that observed in the cold rolled material (see Tig.
4). The {111}<110> component is much reduced, its intensity now being
less than randon. The influence of this recovery treatment is surprising
considering the low temperature at which it was earried out. Raising the
recovery temperature to 380°C (Fig. 8) produces similar results to those
obtained at 210°C except that the intensity of {100}<310> is increased
slightly to 4 times random, i.e. equal to that in the cold worked material.

From these results it would appear that prior recovery favours the
retention of the {100}<11C> component of the rolling texture. The work
of Hu{*®)on the recrystallisation of rolled silicon/iron single crystals
has ghown that crystals having the orientation {100}<11C> do not change
their orientation during rolling or during subsequent annealing at 700°C.
Recrystallisation was not observed, crystal softening occuring purely by
recovery. Extrapolation of Hu's results to polycrystalline materials

eads to the possibility that {100}<11C> cold worked textural components
need a large driving force in order to effect recrystallisation. The
effect of recovery will be to increase the driving force required and hence
the probability of recrystellisation is further diminished.

The reason why the {100}<110> component and i
disarpears at higher recrystallisation temperature
two possibilities exist: -

b2 spread about R.D.
¢ ig not understood but

a) Rrcrystallisation occurs due to the large thermal activation.

L) It is absorbed by other growing componente of higher boundary
mobility.

It is thougnt that the former will be more favourable for the larger
orientation spreads, the latter being mcre important at the ideal orientation
{100}<110>.

Pole figures of the rimming steel after various recovery treatments
prior to annealing are not yet avallable. The recrystallisation texture,
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after 95% cold reduction plus 30 minutes at 680°C is given in Fig. 9.
Compared to the recrystallisation texture of the killed steel, Fig. 6J
it is observed that the {111}<211> component shown in Fig. § has a higher

relative intensity. This 1g probably due to the greater amount of cold
reduction given to the rimming steel (95% compared to 90%) such that its
recrystallisation temperature could be lower than that of the killed
steel, the formation of {111}<211> thus being more favoured. An
interesting feature of Fig. 9 is the presence of intense peaks 175°

out from the centre of the pole Tigure. Similar pegks were obgerved

by Stablein and Moller(*®)in silicon-iron alloys annzaled at !intermediate
temperatures’ .

Work on the effects of recovery is to ccntinue, pole figures
measurements and electron microscopy being uvsed as experirental techniques.
The inter-relationghips between the degree of cold work, recovery
treatments and finel annealing time and temperature are to be studied.
Results obtained to date, particularly at 21C0°C are to be verified.
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Steel C S P Mn Cu Ni Sn No Si
8i. Bajanced .100 .018 NopI .39 L0%2 021 . 008 .0022 .018
Al. killed Y 018 | .01k 3L 284 .021 .007 1 .00%k4 -

The pit analveis of the rimming steel is not known.







R.b.

FiG, 3
Al KILLED S8TEEL.
BURFACE TEXTURE AFTER 85% C.R.

206 POLE FIG.
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FIG. 4

Al KILLED 8TEEL.

INSIDE TEXTURE AFTER 90% C.R.
200 POLE FiG,



FIG. &

RIMMING STEEL

INSIDE TEXTURE AFTER 95% C.R.
200 POLE FIG,

FIG. 6

Al KILLED STEEL

INSIDE TEXTURE AFTER 90% C.R,
PLUS 30 MINS, 680°C.
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Al KILLED STEEL.

INSIDE TEXTURE AFTER 90% C.R,
PLUS 10 MINS. 210°C PLUS 30 MINS, 580°C,

FIiG. 8

Al KILLED STEEL.

INSIDE TEXTURE AFTER 0% C,R. ‘o
PLUS 10 MINS. 380°C plus 30 MINS, 680 C,
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95°
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RIMMING STEEL.

INSIDE TEXTURE AFTER 05% C.R.
PLUS 30 MINS, 680°C,

90



