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Steel rolling within the temperature range intermediate between hot and cold rolling
represents today a very economical and technically viable operation. The present work
investigates the microstructure and the texture developed in a Ti microalloyed IF steel by
rolling at 400C and 600C. Reductions of 40% and 60% were applied to a set of as hot
rolled strip specimens part of which was subsequently annealed at 800C for 5 minutes.
Both the microstructure and the texture were examined by scanning electron microscopy.
The texture was analysed by Electron Back Scattering Diffraction (EBSD) and Orienta-
tion Image Microscopy (OIM), and represented via the ODF method. The plastic aniso-
tropy was also characterised. It was found that the textures developed by warm rolling
are similar to those obtained by cold rolling, the intensities being also of comparable
value. The microstructure is characterised by the presence of many shear banded grains
whose amount was also quantified.
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INTRODUCTION

Rolling is the most frequently used method of metal processing its
main characteristics being high productivity and considerable dimen-
sional precision. In this process, the metal is subject to high compres-
sive stresses, as a result of which both texture and microstructure
are quickly developed.
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The rolling operation may be performed at relatively high tem-
peratures or at room temperature (cold rolling). During hot rolling,
the steel plates are heated between l00C and 1300C. The final
rolling passes are performed between 900C and 700C and the strip
is coiled immediately after. When the hot coil cools down to room
temperature, the material is ready for the cold rolling process.

In the case of the IF steels, in which the C and N contents are
smaller than 50 ppm, hot rolling may finish either in the austenite or in
the ferrite region. When hot rolling is finished in the austenite region,
the texture of the strip is generally weak (close to random). However,
when rolling is finished within the ferrite region, a strong { 111 } (uvw)
fiber texture may be obtained. These components are responsible for
the excellent drawability of the steels.

Currently, the steel industries are greatly interested in warm rolling
due to the better properties and lower cost of the finished product.
Steel working within the range intermediate between hot and cold
rolling represents a more economical operation, having that hot
rolling implies considerably higher costs in order to conserve the
high temperature. Also, in cold rolling, the working loads and roll
wear are high, which also reflect in high costs. Besides, the holding
time required for the hot strip to cool down to room temperature
before cold rolling is also reduced.

According to Harlet et al. (1993), a reduction of 200C to 300C in
the slab reheating temperature, which is possible when rolling the IF
steels within the ferrite range, implies a significant reduction of costs.

This paper aims at characterising the texture and microstructure of
an IF steel warm rolled at 400C and 600C. Additionally, the poten-
tial for recrystallisation of these materials and the resulting plastic
anisotropy are investigated.

EXPERIMENTAL

The steel used in this work was a Titanium IF steel supplied in the
form of hot rolled strips, 3.64mm thick, with the nominal chemical
composition shown in Table I.
Warm rolling reductions of 40% and 60% were applied to 100mm

square strip samples at 400C and 600C. Part of this material was
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TABLE Chemical composition of the I.F.-Ti steel

C AI Ti Mn Ni P N S Nb

0.003 0.052 0.075 0.18 0.006 0.017 0.0047 0.007 0.002

subsequently annealed at 800C for 5 minutes. 60% reduction is the
limit imposed by the need to obtain distinguishable Kikuchi patterns
in the EBSD analysis used here for texture measurement. The patterns
would be indistinguishable under the 85% reduction normally used
in industry. A separate specimen was 60% cold rolled and annealed
at 800C for 5 minutes. The data obtained from the latter formed a
reference set for the other treatment conditions.
A two-high laboratory mill was used for rolling the specimens while

maintaining their original rolling direction. All the reheating and
annealing treatments were done in a muffle type furnace. The spe-
cimens were sectioned along the rolling direction and the sectioned
surfaces were polished using a lxm grit diamond paste followed by
electrolytic polishing. The samples were initially observed under the
optical microscope in order to measure their mean grain sizes, ac-
cording to the ASTM E112 standard. This grain size was a guide for
the determination of the scanning step in the EBSD analysis. The
latter was always taken as smaller than about 50% of the mean grain
size so that, on average, at least one pattern per grain was obtained.

Texture measurement was performed in a scanning electron micro-
scope using the EBSD technique. The resulting data were analysed
using the OIM method to process and index the Kikuchi patterns
automatically. The orientation distribution function (ODF) was cal-
culated by fitting a Bunge (1965) type Gauss function series to the
data. This is necessary for the characterization of the textures and
calculation of the mechanical and forming properties. Property
prediction was done by means of the computer programmes available
in the laboratory.

Generally, scanning a single area by EBSD is usually not enough
to cover a sufficient number of grains to obtain a representative ODF
comparable to that obtained by X-ray diffraction. In this work at least
2300 grains were used per ODF analysis. This was the result of
measuring up to ten areas, depending on the average grain size, and
adding up the orientation data in a single file. The scanned areas
were all located along the longitudinal midplane of the specimens
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(Matheus, 1999) to avoid misrepresentation of the specimen texture,
due to texture gradient through the thickness.

RESULTS AND DISCUSSION

The microstructures of the specimens rolled at 400C and 600C are
shown in Figure 1. It can be seen that they are characteristic of steels
deformed within the ferrite range, containing elongated grains and a
distribution of in-grain shear bands. The percentages of shear banded
grains are shown in Figure 2. This figure shows that the percentage
increases with both deformation and deformation temperature. This
fact had also been observed by Barnett and Jonas (1997), for a similar
material, with respect to the temperature dependence only.

(a) (b)

(c) (d)

FIGURE Elongated grains: 40% rolling: (a) at 400C; (b) at 600C; 60% rolling:
(c) at 400C; (d) at 600C.
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FIGURE 2a Percentage of shear banded grains as a function of the deformation
temperature.
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FIGURE 2b Percentage of shear banded grains as a function of rolling reduction.

Figure 3 shows the microstructures of the annealed specimens.
Figure 3a shows the cold rolled material; (b) and (c) show the results
for 40% and 60% warm rolling at 400C and (d) and (e), for 40% and
60% at 600C, respectively. All samples were annealed at 800C for 5
minutes and air-cooled. The average grain sizes obtained were 19 lxm,

13 lxm and 14 lxm, for the microstructures shown in Figures 3(a), (c)
and (e), respectively. These were the specimens that recrystallised. The
40% warm rolled specimens, shown in Figures 3(c) and (d), did not
recrystallise.
The ODFs of the materials, shown in Figures 5 and 6, may be

analysed using the diagram of Figure 4. This allows the proper
identification of the orientations belonging in the RD and TD
fibers.
The left-hand side of Figure 4 shows the components belonging in

the RD fiber and the right hand side shows the components of the
TD fiber. Figure 5 shows the textures of the materials warm rolled
at 400C and 600C. The main components are the {112}(110),
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(a) (b) (c)

(d) (e)

FIGURE 3 Microstructures of material: (a) 60% cold rolled; (b) 40% rolled at 400C;
(c) 60% rolled at 400C; (d) 40% rolled at 600C; (e) 60% rolled at 600C; All annealed
at 800C for 5 minutes.

FIGURE 4 qo2 45 section in Bunge notation showing the main texture components
and the RD and TD fibers.
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FIGURE 50DF of the 40% reduced samples at: (a) 400C, (b) 600C; ODF of the
60% reduced samples at: (c) 400C; (d) 600C. Contour values under figures.

{113}(110) and {001}(110). The latter is characteristic of steel de-
formation textures and, here, showed the highest intensity increase
with increasing deformation (from about 3 to 5). In general, for the
same reduction, the intensifies differed only marginally as function of
temperature.
A careful analysis of the RD and TD fibers of the deformed

materials indicates that, for 60% reduction, the orientations are nearly
the same and have approximately the same intensities for both 400C
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FIGURE 6 RD and TD fibers for the material rolled at 600C: (a) 40% rolled; (b) 60%
rolled.

and 600C. Figure 6 shows the two fibers for the material rolled
at 600C. For 40% reduction, the peaks occur at about 5 from
{112}(110), for the DL fiber, and 5 from {111}(112), for the DT
fiber; the orientation {001}(110) is also very intense. For 60%, the
peaks are on {001}(110) and near {113}(110), on the DL fiber, and
on {001}(110) and near {554}(225), forthe DT fiber. The texture
components obtained for both 400C and 600C are typical of the
textures observed for low carbon steel rolling textures; even the
intensities are similar despite the unavoidable recovery effect intro-
duced by the high deformation temperature.

In her cold rolling experiments, Avilla (1998) found peaks close to
the {112}(10) and {223}(1T0) orientations, for the RD fiber, and the
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FIGURE 70DF (a) cold rolled and annealed, (b) 400C, 40%, annealed; (c) 600C,
40% and annealed; (d) 400C, 60% and annealed; (e) 600C, 60% and annealed.
Annealing: 800C, 5 min. Contour values under figures.

{554}(225) orientation for the TD fiber. Likewise, when warm rolling
IF steels, Barnett (1996) found maximum intensities at { 111 } (110),
for the RD fiber, and at (554}(225), for the TD fiber. The results of
both authors are similar to those found in this paper.

Figure 7 shows the textures of the annealed specimens. The spe-
cimens in Figures 7b and 7c did not recrystallise and, accordingly,
they still display a strong {001}(110) component. The main orienta-
tions of the recrystallised samples are the { 111 ) (112) and {332} (113),
the latter being the stronger one in all the textures. According to
Daniel and Jonas (1990), strong {001}(110), {223}(110), {113}(110)
and {112}(110) orientations in the material do not favour good
drawability (high R-values). These orientations are not strong in the
recrystallised samples and, consequently, satisfactory results were
obtained for the predicted values of R, AR and R values, as will be
seen below.
Only the 60% warm. roiled materials were able to recrystallise under

the annealing conditions used here. Apparently, the annealing out of
defects of the 40% rolled materials reduced the initial energy available
for recrystallisation. As can be seen, the textures of the recrystallised
specimens bear strong similarities to that of the cold rolled and
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FIGURE 8 Angular variation of R: (a) 60% cold rolled, 800C, 5min; (b) 60%
reduced at 400C, annealed; (c) 60% reduced at 600C, annealed.

annealed material. The same can be said with respect to the warm
rolling textures.

Figure 8 shows the curves for the angular variation of the plastic
anisotropy (R) of the recrystallised specimens. It can be seen that
R-values as high as 2.0 were obtained for 60% reduced materials,
both warm and cold rolled.
The/ and AR values obtained for the materials were 1.74 and

R=0.88; R= 1.50 and AR=0.70; R= 1.63 and AR=0.70, respec-
tively. The values predicted here for the 40% and 60% deformed
specimens are well in agreement with those observed for cold rolled
and annealed materials with the same reductions.
From the angular variation of the R-value a guess can be made of

the ear profile in the Swift-cupping test. So, ears at 90, in the RD and
TD directions, should be expected for all the materials in Figure 8.
This again shows that a plastic anisotropy similar to that induced by
cold rolling is developed in ferrite rolled at warm temperatures. In
general, the results obtained in this paper show that texture de-
velopment in warm rolling IF steels are comparable to those found
in the literature for cold rolled low carbon and IF steels.

CONCLUSIONS

The ODFs obtained in this work, using the sampling techniques
described in the text, are of comparable quality to those obtained by
X-ray diffraction. This permitted deriving several important conclu-
sions about the warm rolling of IF steels. The textures developed in Ti
alloyed IF steels by 40% and 60% warm rolling at 400C and 600C
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are similar to those obtained by cold rolling, both in orientations and
intensity. The deformation temperature does not seem to perturb the
rotations that lead to textural definition even for 40% reduction. On
the other hand, the recrystallisation textures seem to be better defined
for the 60% reduced materials. Again, the 60% warm rolled and
recrystallysed ODF is similar to that resulting from cold rolling and
annealing. The predicted formability parameters are well within the
expected values for this type of sheet steel. These results indicate that a
continuous rolling processing down to lower temperatures is feasible,
for IF steels, capable of yielding a material with acceptable forming
properties.
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