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Two experiments were conducted to clarify the roles of grain size, solute carbon and strain in determining
the recrystallization textures of cold-rolled and annealed steels. In the first experiment, samples of coarse-
grained low-carbon (LC) and interstitial-free {IF) steels were cold-rolled to a 75 % reduction in thickness. One
sample from each steel was polished and cold-rolled an additional 5 %, while the remaining samples were
annealed for various times at 650°C. In the second experiment, three samples from a commercial LC steel
sheet were rolled 70 % at 300°C. Two of the samples were given a further rolling reduction of 5% of the
original thickness, with one of the samples being given this additional reduction at 300°C and the other at
room temperature. Goss recrystallization textures are strengthened by coarse initial grain sizes, the pres-
ence of solute carbon and rolling at a temperature where dynamic strain ageing occurs, but are weakened
by additional rolling beyond a reduction of 70 %, especially when this extra rolling is conducted at a temper-
ature where dynamic strain ageing does not occur. Characterization of key features of the deformed and re-
crystallized steels using optical microscopy, scanning electron microscopy (SEM) and electron back-scatter
diffraction (EBSD) supports a rationale for these effects based on the repeated activation and deactivation of
shear bands and the influence of solute carbon and dynamic strain ageing on the operating life of the bands
and the accumulation of strain within them.

KEY WORDS: steel; low-carbon (LC) steel; interstitial-free (IF) steel; cold-rolling; recrystallization; texture;
shear bands; Goss; electron back-scatter diffraction (EBSD).

1. Introduction

The recrystallization textures of cold-rolled and annealed
steels strongly influence their mechanical and electrical
properties. A strong, even (111)/ND-fibre texture provides
planar and normal anisotropies favourable for deep-draw-
ing, while textures with significant Goss components are
detrimental to formability.” In contrast, strong Goss or
Cube textures facilitate magnetisation and are preferred for
electrical steels.” Improved understanding of the mecha-
nisms controlling the formation of Goss recrystallization
textures is required in order to optimise the properties of
steels for each of these applications.

Goss recrystallization textures are promoted by coarse
initial grain sizes® and high amounts of solute carbon.”
Shear bands within {111}{112) grains are the main sources
of Goss nuclei in cold-rolled steels and both shear bands
and Goss nuclei form readily in {111}{112) single crystals
and {111}(112) grains within coarse-grained poly-crys-
tals.>*® The formation of shear bands is favoured by in-
creasing the amount of solute carbon®” and rolling at tem-
peratures where dynamic strain ageing occurs.® Recent
work® indicates that both a sufficient level of solute carbon
and a sufficiently coarse grain size are required to generate
a Goss recrystallization texture. Furthermore, the strength
of the Goss component has been shown to be a complex
function of strain, increasing with cold-rolling reduction up
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to 70 % (true strain=1.2), but reducing with further strain.”
While the overall effects of grain size, solute carbon and
strain on the formation of Goss recrystallization textures
are known, the mechanisms that cause these effects are not
fully understood.

2. Experimental Procedure

This paper presents results from two experiments con-
ducted to clarify certain aspects of the mechanisms by
which grain size, solute carbon and strain influence the for-
mation of Goss recrystallization textures in cold-rolled and
annealed steels. The first experiment was conducted on a
coarse-grained LC steel (Sample A in Table 1) and a
coarse-grained Ti-stabilized IF steel (Sample B in Table 1)
to clarify the role of solute carbon in coarse-grained steel.
Some initial results from this work have been published
elsewhere.'? The second experiment was conducted to fur-
ther clarify the role of solute carbon by investigating the ef-
fect of a small amount of additional rolling at room temper-
ature on the recrystallization texture of a low-carbon steel
of commercial grain size (17 um) that already had been
rolled to a moderately-high reduction at 300°C. These tem-
peratures were chosen because reasonably high levels of
shear banding would be expected at 300°C due to dynamic
strain ageing (DSA), whereas less shear banding would be
expected at room temperature.'!'> Samples C, D and E are
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Table 1. Compositions and initial grain sizes of the steels.

Sample Description

C Ti

Composition (wt%)

Initial Grain Size (um)

Mn Al N

A CGLC
B CGIF
C,D,E Comm.LC

0.06
0.003
0.05

0.00
0.07
0.00

0.2
0.2
0.3

0.4
0.02
0.04

0.004
0.002
0.003"

105
160
17

" Nominal (not measured)

identical in composition and initial grain size (Table 1),
having been cut from the same piece of commercial-grade
LC steel, but are identified separately due to differences in
their subsequent processing.

2.1. Coarse-grained LC and IF Steel

The compositions and initial grain sizes of the coarse-
grained LC and IF steels (Samples A and B, respectively)
are given in Table 1. The steels were cold-rolled to 75 % re-
duction and annealed for various times at 650°C in a fluid
bed furnace. Specimens were prepared in the cold-rolled
state and after annealing for various times, including fully-
recrystallized specimens. Optical microscopy was per-
formed on etched RD-ND sections of the two steels in the
75% cold-rolled state to characterise the degree of the
shear band formation in each steel. The proportion of mod-
erately-to-severely banded grains in each sample was mea-
sured by point-counting on a grid. The nature of the shear
bands in each steel was characterised in greater detail using
back-scattered electron imaging on unetched specimens in
the scanning electron microscope. In order to allow an as-
sessment of the quantity and nature of the shear bands still
operating at high rolling reductions, the RD-ND face of a
75% cold-rolled sample of each steel was polished and the
samples were rolled to reduce their thickness by a further
5% of the original thickness. The proportion of moderate-
ly-to-severely banded grains in each sample was measured
by point-counting on a grid and the nature of the bands was
characterised by optical microscopy. Macro-textures of the
specimens in the cold-rolled state were measured by X-ray
diffraction (XRD). Macro- and micro-textures of fully- and
partially-recrystallized specimens were obtained using elec-
tron back-scattered diffraction (EBSD) in a field emission
gun scanning electron microscope (FEG-SEM). Rockwell
B hardness measurements were used to obtain percent re-
crystallized versus time data for sample A. Similar data was
obtained for sample B from optical micrographs using grid
point counting and a sigmoidal curve was fitted to each set
of data.

2.2. Commercial LC Steel Rolled at 300°C and Room
Temperature

Figure 1(a) shows the processing routes of the samples,
together with the points at which deformed (Cp, Dpp
Epe and fully-recrystallized (Cpe,, Drexs Erex) SPecimens
were extracted. Figure 1(b) shows the details of each stage
of the process. All samples were given a pre-heat treatment
to ensure that they were in the fully-annealed state prior to
rolling and to maximize the amount of carbon in solid solu-
tion. Next, all of the samples were rolled at 300°C to a 70 %
reduction in thickness in three passes. Two of the three
samples were rolled to a further 5% reduction on the origi-
nal thickness, one of these at 300°C (Sample D) and the
other at room temperature (Sample E). To ensure the pro-
cessing of all three samples was as similar as possible (ex-

| Pre-heat treatment |

t t !

| Rolling I |

Precipitation treatment |

Pre-heat treatment

33% 20% 17% 5%

300°C

/

I Il 5 %
> » RT:
A AC A AC
Rolling schedule

300°C
200°C

/ 24hr \ /_\
AC

24 hr
AC

Precipitation treatment

700°C

/_15_.:?\

AC
Annealing

Fig. 1. (a) Processing routes and (b) processing details for sam-

ples C, D and E (RT=room temperature, WQ=water
quench, AC=air cool).

cept for the different rolling temperatures and reductions),
the precipitation treatment was given to all three samples,
although its main purpose was to ensure that as much car-
bon as possible was precipitated in Sample E prior to the
final room temperature rolling step. Macro-textures of the
deformed specimens were measured by XRD, while macro-
textures of the fully-recrystallized specimens were obtained
using EBSD in a FEG-SEM.

3. Results
3.1. Coarse-grained LC and IF Steel
Macro-textures for the two coarse-grained steels in the
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cold-rolled state are shown in Fig. 2. The differences be-
tween the two textures are minor. The texture of the IF steel
is a little stronger, with higher intensities along the
(011)//RD- and (111)//ND-fibres and spreads towards the
cube and {110}(110) orientations above 1x random.
Microstructural analysis of etched RD-ND sections of
samples in the cold-rolled state showed large amounts of
shear bands in both steels (Fig. 3), with 60% of the mi-
crostructure being moderately-to-severely banded in the IF
steel versus 50% in the LC steel. Although grain boundary
displacements associated with the bands can be identified in

Fig. 3, these displacements are much clearer in the samples Fig. 2. Orientation distribution functions (¢,=45° sections with
that were rolled an additional 5% after polishing, which are levels 1, 2, 3,..., 8) for samples A (coarse-grained LC
discussed in the following paragraph. Backscattered elec- steel) and B (coarse-grained IF steel) in the deformed

state.

tron images of shear bands and possible shear bands in the
two different steels are shown in Fig. 4. Other researchers

Fig. 3. Optical micrographs of etched RD-ND sections of (a) Sample A (coarse-grained LC steel) and (b) Sample B
(coarse-grained IF steel). Reproduced from'® courtesy of Materials Science Forum.

Fig. 4. Backscattered electron images of shear bands and possible shear bands in (a) a near-{110}{110) grain and (b) a
near-{111}{112) grain in sample A: coarse-grained LC steel; (¢) a near-{112}{112) grain and (d) a near-
{111}(112) grain in sample B: coarse-grained IF steel. The locations and widths of some of the bands are indicat-
ed with short white lines. Each micrograph has the same scale and orientation with respect to the sample coordi-
nate system, as indicated on the top-left micrograph (a).

© 2004 ISIJ 1074
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Fig. 5. RD-ND faces of (a) sample A: coarse-grained LC steel and (b) sample B: coarse-grained IF steel. The contours
are a result of deformation during a further 5% rolling reduction after the faces of the specimens were polished.
Some displacements of the grain boundaries associated with shear bands are marked with white arrows.
Reproduced from

10)

courtesy of Materials Science Forum.

Fig. 6. Part of a {111}(112) grain in Sample A (coarse-grained LC steel) showing orientations within 15° of the ideal
Goss orjentation in black. The (111) direction of the {111}(112) grain that lies in the RD-ND plane and is ap-
proximately parallel to the shear bands (and lines of Goss orientations) is marked as well. The image background
consists of a grey-scale orientation map showing up to 15° deviation from the ideal {111}(112) orientation super-
imposed on a grey-scale Kikuchi band contrast map, both digitally-brightened.

have observed similar microstructures and arrangements of
bands in cold-rolled®” and warm-rolled steels.'” In some
grains (e.g. Figs. 4(a), 4(c)), the shear bands clearly cut
across a microstructure that consists of cells aligned in mi-
crobands. These bands are considered shear bands since
there are distinct displacements of the microband structures
parallel to the shear bands from one side of the shear bands
to the other. In other grains, (e.g. Figs. 4(b), 4(d)), the cell
structures and microbands were much less distinct and were
crossed by sets of approximately parallel but slightly wavy
lines. While the microstructures between the pairs of lines
are distinctly different to those outside them, it is quite dif-
ficult to establish whether the bands have carried localized
shear and thus to classify them as shear bands with convic-
tion.

Optical microscopy on the (un-etched) polished surfaces
of the specimens that were cold-rolled an additional 5 % re-
vealed a higher proportion of moderately-to-severely band-
ed material in the LC steel (40%) compared with the IF
steel (30%). Furthermore, the deformation appeared to be
more heavily localized in the LC steel, than the IF steel. An
example of this is shown in Fig. 5, where a set of shear
bands in the LC steel has caused grain boundary displace-
ments of approximately 20 um (Fig. 5(a)), while the grain
boundary displacements associated with the shear bands in
the IF steel are approximately 5um (Fig. 5(b)). These

bands can confidently be classified as shear bands due to
the significant, discrete displacements of the grain bound-
aries where they are intersected by the bands.
High-resolution orientation maps (0.15 um pixel spac-
ing) collected on a {111}(112) grain in each steel revealed
a marked difference in the frequency of near-Goss orienta-
tions within the grains. The {111}(112) grain in the coarse-
grained LC steel, contained a significant proportion of near-
Goss orientations, located along lines of heavily-localized
deformation (Fig. 6). In contrast, hardly any near-Goss ori-
entations were present in the {111}{(112) grain in the
coarse-grained IF steel. Point-to-point misorientation pro-
files were measured in the {111}(112) grain in each steel
along five lines, each 15 mm long and parallel to the sample
rolling direction. The combined results for the five lines on
each steel are presented in Fig. 7. While the {111}(112)
grains in both steels exhibit a reasonably high degree of ori-
entational fragmentation, the grain in the LC steel con-
tained a higher proportion of high-angle (>15°) bound-
aries. Being measured on only a single {111}{112) grain
for each steel, these results should be treated with caution.
However, it may be noted that the higher degree of frag-
mentation in the LC steel is consistent with the more heavi-
ly-localized flow in the LC steel than the IF steel in the
samples that were cold-rolled an additional 5% (Fig. 5).
Recrystallization occurs much more rapidly in the LC
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steel (90% complete within 2 min) compared with the IF
steel (90% complete in approximately 100 min), as shown
in Fig. 8. In the fully-recrystallized state, there are strong
differences between the macro-textures of the two samples
(Fig. 9). The IF steel displays a strong ND-fibre with peaks
near the {111}(112) orientations, whereas in the LC steel
the ND-fibre is much weaker and the texture is dominated
by the Goss orientation.

3.2. Commercial LC Steel Rolled at 300°C and Room
Temperature

The bulk textures of samples C to E in the deformed

1

Steel
BHIF BLC

Proportion

0 5 10 15 20 25 30 35 40 45 50
Misorientation Angle {(deg.)

Fig. 7. Misorientation angle distributions for {111}{112) grains
in the coarse-grained LC and IF steels.
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state are shown in Fig. 10. The textures are typical of cold-
rolled steels and the differences between them are very
minor. There is a slight strengthening of the texture with
the additional 5% rolling and this strengthening is more
marked in the sample rolled the additional 5% at room tem-
perature (compare Fig. 10(c) with Fig. 10(a)) than in the
sample rolled the additional 5% at 300°C (compare Fig.
10(b) with Fig. 10(a)).

The bulk textures of samples C, D and E in the fully-re-
crystallized state are shown in Fig. 11. The texture of sam-
ple C (CR75% at 300°C) consists of an ND-fibre with
stronger intensities near the {111}(112) orientations than
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Fig. 8. Percent recrystallised versus time for samples A (coarse-
grained LC) and B (coarse-grained IF).
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Fig. 9. Orientation distribution functions ((p,=45° sections) for (a) sample A: coarse-grained LC and (b) sample B:

coarse-grained IF in the fully-recrystallised state.

Fig. 10. Orientation distribution functions (¢,=45° sections with levels 1, 2, 3,..., 8) for (a) sample C (CR 70% at
300°C), (b) sample D (CR 75% at 300°C) and (c) sample E (CR 75 %, with 70% at 300°C and 5% at room tem-

perature), in the deformed state.

0 L 80

kg €0

Fig. 11. Orientation distribution functions (¢,=45° sections) for (a) sample C (CR70% at 300°C), (b) sample D
(CR75% at 300°C) and (c) sample E (CR75% with the first 70% at 300°C and the final 5% at room tempera-

ture), in the fully-recrystallized state.
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the {111}(110) orientations, plus strong intensities near the
{1103(001), or Goss, orientation. Sample D (CR75% at
300°C) has a similar texture although the intensities near
the Goss orientation are somewhat weaker and those near
{1113}(112) are just slightly stronger. In sample E (CR75 %,
with 70 % at 300°C and 5% at room temperature) the inten-
sities near {111}(112) are slightly stronger than in either
samples C or D and the intensities near the Goss orientation
are considerably weaker than for sample D and much weak-
er than for sample C.

4. Discussion

The results of the experiments conducted on the coarse-
grained LC and IF steels clearly demonstrate that Goss re-
crystallization textures do not form in IF steel with a coarse
initial grain size, but do form in coarse-grained LC steel
(Fig. 9). This is the case despite the two different grades of
steel having relatively similar deformation textures (Fig. 2).
These two results confirm earlier work by Lesne et al.” The
results presented in this paper indicate that the difference in
recrystallization texture arises from a much higher frequen-
cy of Goss nuclei at shear bands in the cold-rolled LC steel
(Fig. 6). Although the shear bands in the two steels are pre-
sent in reasonably similar proportions and have similar
morphologies (Figs. 3, 4), a smaller. proportion of shear
bands are still operating at high rolling reductions in the IF
steel and the deformation is not as strongly localized in the
IF steel as it is in the LC steel (Figs. 5, 7). These results
provide a basis for understanding the relative scarcity of
Goss nuclei within the cold-rolled microstructure of the
coarse-grained IF steel, as discussed in more detail below.

The results from the experiments conducted on the
(much finer-grained) commercial LC steel show that a re-
crystallization texture with a substantial Goss component
can be generated by rolling to a reduction of 70 % at 300°C,
but that the strength of the Goss component decreases a
small amount with additional rolling at 300°C and much
more markedly with additional rolling at room temperature
(Fig. 11). As in the experiment involving the coarse-grained
steels, this substantial difference in recrystallization texture
occurs despite very little difference between the cold-rolled
textures of the steels (Fig. 10). The reduction in the intensi-
ty of the Goss component of the recrystallization texture
with additional rolling is consistent with the work of
Schlippenbach and Liicke® that showed the Goss compo-
nent to decrease with additional rolling at room temperature
beyond a reduction of 70%. However, the results presented
in this paper demonstrate that the decrease in the Goss
component of the recrystallization texture at high rolling re-
ductions is sensitive to the rolling temperature. In a steel
that has been rolled at a temperature where dynamic strain
ageing occurs (in this case, 300°C), there is only a small re-
duction in the intensity of the Goss component when addi-
tional rolling is carried out in the dynamic strain ageing re-
gion, but a much larger reduction when the additional
rolling is performed outside this region (in this case, at
room temperature).

It is known*® (and confirmed in this work, Fig. 6) that
Goss nuclei form predominantly in shear bands within
{111}112) grains. Also, it is known that shear banding is

promoted by coarse grain sizes® and the presence of solute
carbon,%® for rolling temperatures between 0 and 400°C ¥
Consequently, it would be easy to rationalize the relative
prevalence of Goss nuclei in LC steels that have coarse ini-
tial grain sizes or are rolled temperatures where dynamic
strain ageing occurs simply on the basis of an increased
amount of shear banding. However, the relatively similar
proportion of shear-banded material in the coarse-grained
LC and IF steels, together with the substantial reduction in
the Goss component achieved in the commercial LC steel
rolled an additional 5% at room temperature following a
70 % reduction at 300°C, indicates that the situation is more
complex than this.

The results presented in this paper can be rationalized on
the basis of the following two reasonable assumptions. The
first assumption is that shear bands, once formed, do not
operate continuously for the remainder of the deformation,
but have a finite life. The finite life of shear bands has been
demonstrated in cold-rolled brass'” and it has been sug-
gested that the continual activation and deactivation of
shear bands plays a key role in the orientational fragmenta-
tion of ND-fibre grains in cold- and warm-rolled steels.!5!”
The second assumption is that the shear band life is longer
in the LC steel than in the IF grade. This can be justified on
the basis that the presence of solute carbon in the LC steel
leads to a low rate sensitivity of the flow stress, which
favours flow localization.'’® Some experimental support
for this assumption is provided by the observation that ap-
proximately 80 % of the shear bands evident in the LC steel
following the rolling reduction of 75% were re-activated
during the subsequent 5% rolling reduction. For the IF
steel, only half of the bands were reactivated.

Given the assumption of shear bands that are repeatedly
forming, carrying shear and ceasing to operate, the results
presented in this paper can be rationalized as follows.
Crystal plasticity theory predicts that material within a
shear band in a {111}112) grain will rotate towards Goss
while the band is carrying shear,**'¥ but will tend to rotate
back towards {111}{112) under plane-strain deformation'®
once the shear band ceases to operate. If it is assumed that
shear bands that form in coarse-grained IF steel have a
shorter life-span (and therefore carry less strain over their
life) than those that form in coarse-grained LC steel, then
the material within the shear bands in the IF steel will not
rotate as far away from {111}(112) during operation of the
bands and will not require as much subsequent deformation
to rotate back close to {111}(112) once the bands cease to
operate. As a corollary, it is assumed that the shear bands in
the LC steel operate for longer and carry more strain over
their life. Consequently, the material within these bands ro-
tates further towards the Goss orientation during operation
of the shear bands and requires more subsequent deforma-
tion to rotate back near to {111}{112) once the shear bands
cease to operate. It should be noted that, as the shear bands
operate and the material within the bands rotates towards
the Goss orientation, the crystal rotation rate will initially
decrease with strain before increasing again once the mater-
ial has rotated past a critical orientation (a pseudo-stable
orientation in shear).>'® If the shear bands within the
coarse-grained LC steel operate for a longer period of time,
then more material within the bands is likely to be rotated
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beyond this point of pseudo-stability, where the rate of rota-
tion towards the Goss orientation becomes more rapid.

This mechanism is consistent with the results of the sec-
ond experiment, which demonstrated that a recrystallization
texture with a strong Goss component is formed, even in a
relatively fine-grained LC steel, when rolling is carried out
at a temperature where dynamic strain ageing occurs. At
this temperature, the shear bands are more likely to operate
for a longer period of time because dynamic strain ageing
gives rise to low, and even negative, rate sensitivities, which
favour flow localization."' "> Consequently, it is more likely
that material within the bands will rotate to near-Goss ori-
entations. When additional rolling is carried out at room
temperature, where dynamic strain ageing does not occur,
less shear bands are activated. The material within the shear
bands that are not reactivated is rotated back away from the
Goss orientation, leading to a much weaker Goss compo-
nent in the recrystallization texture.

5. Conclusions

The following conclusions can be made regarding the
formation of shear bands and Goss recrystallization tex-
tures in steels and the influence of solute carbon and dy-
namic strain ageing on their formation.

(1) Goss recrystallization textures are formed as a re-
sult of the nucleation of Goss grains at shear bands within
deformed grains having orientations near {111}({112).

(2) Relatively few Goss orientations are generated
within shear bands in {111}(112) grains in interstitial-free
steels, even when these steels have a coarse initial grain
size, so Goss recrystallization textures do not develop in
these steels.

(3) In low-carbon steels, the generation of Goss within
shear bands in near-{111}(112) grains is more prevalent
when the steels have a coarse initial grain size or are rolled
at temperatures where dynamic strain ageing occurs. The
Goss component of the recrystallization texture is strength-
ened as a result.

(4) Goss-oriented material generated in shear bands in
low-carbon steel by rolling at a temperature where dynamic
strain ageing occurs may be rotated back away from the
Goss orientation by additional rolling at a temperature
where dynamic strain ageing does not occur. This results in
a substantial reduction in the intensity of the Goss compo-
nent in the recrystallization texture.

© 2004 1S
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(5) At high rolling reductions, localization of flow is
more severe in coarse-grained low-carbon steel than in
coarse-grained interstitial-free steel and a higher proportion
of shear bands are still operating at high rolling reductions
in coarse-grained low-carbon steel.

(6) The results support the view that the enhanced gen-
eration of Goss nuclei in shear bands when sufficient solute
carbon is present during rolling, and particularly when
rolling is conducted at a temperature where dynamic strain
ageing occurs, is a result of the increased period of opera-
tion of the shear bands and the increased accumulation of
strain within the bands under these conditions.
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