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Abstract: In order to establish a new processing technique of producing steels with fine grain, asymmetric hot rolling and symmetric
rolling were performed. The asymmetric condition was introduced by applying mismatched roll diameters. The diameter ratios
between big and small rolls were 1.00, 1.05 and 1.11. The rolling temperatures were between 900 °C and 1100 °C. The thickness
reduction of workpiece was set at 15%, 30% and 60%. The results showed that asymmetric rolling produced higher volume fraction
of recrystallization grain and smaller average grain size at the center layer of rolled sample than symmetric rolling. The diameter ratio
of 1.05 tended to generate the highest recrystallization level and the smallest average grain size. With high temperature and low
thickness reduction value, the grain growth was obvious. The conventional dynamic recrystallization mechanism was prevailing,
while accompanied by twinning. At low temperature of 900 °C, even at thickness reduction of 60%, symmetric rolling cannot initiate
dynamic recrystallization as asymmetric rolling did. The asymmetric rolling force was smaller than that of symmetric rolling, except
at 900 °C and thickness reduction of 60%. The rolling force also increased with descending temperature and climbing thickness

reduction.
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1 Introduction

Asymmetric rolling had been revealed its ability of
reducing rolling force since 1940s [1—11], in the process
of rolling profile, such as, T-section steel [1,2]. Recently,
this technique has been attracting more attention for its
potential to improve microstructure, thus mechanical
properties [9-23].

The concept of asymmetric rolling is derived from
the conventional (symmetric) rolling, where not only the
two rolls in a pair are designed to have the same diameter,
angular velocity, surface quality, but also the flat
workpiece should have symmetric geometry, surface
condition to contact the roll pair at the same time. As a
result, the neutral points related to top and bottom roll
would be on the same vertical plane, as shown in Fig.
1(a). Meanwhile, the workpiece would flow through the
roll gap with a symmetric feature, as shown in Fig. 1(c).

Asymmetric conditions could be generated when
any of those symmetric features is changed. As
demonstrated in Fig. 1(b), when the top roll is smaller
than the bottom roll, the neutral points are no longer on

the same vertical plane. With a small ratio between big
and small rolls, the neutral point related to the small roll
moves towards the entrance side, while the one related to
big roll shifts towards the exit side of the roll gap. In the
region between the two neutral points, friction stresses
have opposite sense on both surfaces, which introduce a
constant shear strain distribution through the thickness of
workpiece [7,24—26]. This extra shear value can
influence the microstructure evolution by increasing the
total value of effective strain, also by changing the stress
field of the plastic deformation. With the extra shear
stress field, the deformation mode would change from
single compression into combined mode of compression
and shear [14,15], which could result in a whole different
dynamic softening mechanism. Currently, the grain
refinement and the generation of ideal texture component
have been reported for various steels and alloys through
asymmetric rolling. A grain refinement of 20% was
claimed for C—Mn steel after asymmetric rolling with
initial thickness of 9.9 mm [12]. For low carbon plate of
2 mm thickness, the grain size reduction reached 72.3%
at 973 °C [12]. Small grain of ~2 um was achieved for IF
steel [16]. For pure iron [18] and magnesium alloys [19],
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asymmetric rolling was studied as new SPD process that
was capable of mass production while small grains of
1.4-2 pum, and 0.2 pm were achieved, respectively. The
ultra small grain size of 1-2 um had been reported for
pure aluminum [20-23].

Fig. 1 Schematic pictures: (a) Symmetric rolling with R;=R,,
Vi=V,; (b) Asymmetric rolling with R;<R;, v;<v,; (c), (d) Metal
flow exiting roll gap of (a) and (b), respectively [13]

There are common features shared by the above
mentioned grain refinement. The smaller grains were
obtained by asymmetric warm and/or cold rolling. Due to
the lower finishing temperature, the required reheating
temperature was also relatively low, which means that
the initial grain size for rolling was depressed. This
contributed to the smaller final grain. Under this
circumstance, the effect of asymmetric conditions on
grain refinement could not be isolated and has not been
clearly explained.

Generally, the hot rolling process is inevitable chain
for producing flat sheets and strips. A hot rolling process
which can achieve rolling force reduction and
microstructure improvement is of great power in saving
energy and introducing high strength and good
formability to the final products. The strictly defined hot
rolling should be carried out with temperature above the
dynamic recrystallization temperature, where the relative
low temperature is not available for grain refinement.
However, the effect of asymmetric condition could be
still available. At present, the research on asymmetric hot
rolling is very few, yet with positive results. One
research on AISI304 austenitic steel showed that when it
was hot rolled at 1000 °C with initial thickness of 14 mm
and pass reduction of 50%, partial recrystallization

reached the center layer of asymmetrically rolled
samples. Concurrently, the same position of symmetric
samples consisted of typical recovery microstructure.
Moreover, the grain distributed more evenly along
thickness direction in asymmetric samples [12].

In this work, systematic experiment was designed to
reveal the possibility to produce flat product with less
energy input and improved microstructure by asymmetric
hot rolling.

2 Experimental

The received materials were continuous-cast with
thickness of 30 mm. The rolling samples were cut out
with length of 40 mm along the original rolling direction.
The width was 60 mm. The nominal composition of the
chosen austenitic steel is shown in Table 1. Asymmetric
conditions were created by using a small top roll, as
shown in Fig. 1(b) and Fig. 2. The diameter ratios
between the big and small rolls were 1.00, 1.05 and 1.11.
The values of 1.05 and 1.11 were chosen because they
are not only available in the laboratory, but also are
possible to be applied in actual industrial practice. With
diameter ratio of 1.00, the symmetric rolling was carried
out for comparison. The samples were pre-rolled to the
thickness of 20 mm, length of about 40 mm and width of
64 mm. All samples were reheated at 1150 °C for 30 min,
then cooled down to 1100 °C, 1000 °C and 900 °C for
symmetric and asymmetric rolling. The thickness of
samples was reduced by 15%, 30% and 60% in one pass.
Water quench was used right after hot rolling to preserve
the dynamic microstructure changing. The rolling force
was automatically recorded during rolling.

Table 1 Nominal composition of austenitic steel (mass fraction,
%0)
C Si Mn P S Cr Ni

<0.07 <l <2 <0.045 <0.045 17.5-19.5 8-10.5

The starting microstructure was captured by water
quenching a sample directly after reheating. The samples
for microstructure observation were cut out in the middle
of the workpiece. The optical micrographs were taken on
the normal-rolling plane along the whole thickness. For
hot rolled samples, only the microstructure of the centre
layer would be presented and discussed in this paper.

Figure 3 shows that the starting microstructure
consisted of recrystallized grain and twins. Judging from
the random direction of twinning boundaries, those were
recrystallization twin grains. The analysis along the
thickness  direction showed that the starting
microstructure was homogeneous with an average grain
size of about 46 um.
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Fig. 2 Schematic picture of roll set (Unit: mm)
3 Results and discussion
3.1 Microstructure evolution

Figures 4—6 show that, compared to symmetric
rolling, asymmetric hot rolling generated higher volume

Fig. 3 Starting microstructure for asymmetric and symmetric
hot rolling

fraction of recrystallization grain and obtained smaller
average grain size in the center layer. The diameter ratio
of 1.05 tended to produce the highest recrystallization
level and the smallest average grain size.

Figure 4 demonstrates that at the pass reduction of
15%, even though the volume fraction was low, the new

Temperature: 1100 °C
Lo B @I
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Diameter
ratio=1.05

Diameter
ratio=1.11

Fig. 4 Microstructures after hot rolling at reduction of 15% (rolling direction: horizontal)



Jie LIU, et al/Trans. Nonferrous Met. Soc. China 22(2012) s504—s511 s507

grain appeared at 1100 °C for both symmetric and
asymmetric rolling. The average grain size was around
67 um, about 142% of the starting grain size. This can be
explained by grain growth. During deformation, the
energy transmitted by the external force into the material
was stored as defect, for example, point and dislocation.
Due to the localization of the plastic deformation, at
some area the stored energy was high enough to initiate
nucleation and stimulate the nuclei growing into a new
recrystallization grain. At some other area, the stored
energy might not be high enough or the rate of energy
accumulation was lower than the rate of consumption
(dynamic recovery), where the grain growth could be the
possible approach to release the absorbed energy, so that
the lattice could regain the equilibrium.

It can be seen in Fig. 4 that when the rolling
temperature was 1000 °C, the grain growth was more
obvious than that at 1100 °C. The twinning boundaries
which located in the center line of the sample were

almost parallel to each other and rotated to form an angle
with the rolling direction. This feature indicated the
occupation of dynamic recovery. The grain and twin
grain growth were less remarkable in asymmetric rolling,
which made the microstructure more homogeneous. Yet,
the new grains were rare. In another word, at this low
thickness reduction level, higher temperature of 1100 °C
has more advantage to precede recrystallization than
1000 °C.

Figure 5 demonstrates the results of the other two
reduction levels at 1000 °C. It can be seen that the
recrystallization level increased clearly with ascending
thickness reduction. At the reduction of 30%, the
microstructure was of average grain size less than
starting value by 20%, and featured in ‘“necklace”
structure, which is a signature for conventional
recrystallization (nucleation and growth). The symmetric
rolling again showed higher percentage of large twinning
grain inside huge deformed grain. At thickness reduction

Reduction: 60%

Reduction: 30%

Diameter
ratio=1.00

Diameter
ratio=1.05

Diameter
ratio=1.11

Fig. 5 Microstructures after hot rolling at reduction of 30% and 60% under temperature 1100 °C (rolling direction: horizontal)
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Fig. 6 Microstructures after hot rolling at temperature 900 °C (rolling direction: horizontal)

of 60%, the volume fraction of recrystallization grain
reached even above 80%. The average grain sizes were
about 24, 19 and 21 um for diameter ratios of 1.00, 1.05
and 1.11, respectively. It indicated a grain refinement of
21% and 13% corresponding to diameter ratios of 1.05
and 1.11.

When rolled at 900 °C, the reduction levels of 15%
and 30% were not enough to initiate dynamic
recrystallization. The microstructure was the result of
dynamic recovery. At the reduction of 30%, the average
grain size under diameter ratio of 1.05 was also 67 um,
as shown in Fig. 6. However, there was no sign of
recrystallization grain. Yet, the grain boundary started to
serrate, which indicates that subgrain boundary was
forming and tangling with the original grain boundary. If
the deformation kept accumulating, and the new grain
generated by the contact of opposite curve boundaries,
then it was so called geometric recrystallization. Yet, at
this stage, the reason for smaller grain under diameter
ratio of 1.05 could be the result of continuous
recrystallization mechanism. This mechanism is featured
between
neighbored subgrains. New grain generated by the
transformation of low angle sub-boundary to high angle
sub-boundary. Since no nucleation is involved, it is
classified as dynamic recovery. To sum up, it seems that

by the growth of misorientation angle

even with dynamic recovery, asymmetric rolling was still

able to achieve smaller average grain than symmetric
rolling.

When the thickness reduction was up to 60%, the
symmetric rolling was still not able to carry out dynamic
recrystallization at 900 °C. Instead, the microstructure
was composed of elongated grain along the rolling
direction. While in asymmetric rolling, the new small
grain appeared around the original boundaries of the
elongated grain.

It can be concluded that asymmetric rolling has
advantage in refining grain size and improving the
homogeneity of microstructure at the tested temperature
and deformation region for AISI304 austenitic steel.

3.2 Rolling force

The results showed that the rolling force of
asymmetric rolling decreased with increasing the rolling
temperature and descending thickness reduction, just as
in conventional symmetric rolling. Two examples are
given in Fig. 7.

Figure 8 demonstrates that the required rolling force
to perform asymmetric rolling was smaller than that for
symmetric rolling, except at the lowest temperature of
900 °C and the highest pass reduction of 60%. Except for
this condition, the rolling force decreased monotonously
with increasing diameter ratio.

The highest rolling force reduction was up to 10%,
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obtained at 1000 °C, diameter ratio of 1.05 and reduction
of 15% and 30%. The asymmetric rolling forces
increased by 5% and 1% at 900 °C, at diameter ratio of
1.05 and 1.11, respectively. Three samples were rolled
under each of those three conditions to confirm this
result. And each time asymmetric rolling had higher
rolling force. Microstructure changes are suspicious for
this phenomenon. More analysis is needed for a
reasonable explanation.

At present, the asymmetric rolling showed its ability
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Fig. 8 Rolling force according to different
(a) Reduction=15%;
(b) Reduction=30%; (c) Reduction= 60%

diameter ratio:

to reduce rolling force by less than 10%, which was not
as high as the number reported by the former researches.
This result has to be interpreted by the combination of
the current rolling parameters and the applied material.

4 Conclusions

The asymmetric condition was introduced by
mismatched roll diameters. The asymmetric diameter
ratios of 1.05 and 1.11 were chosen, because they can
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also be realized in industry without major rebuilding of
the current roll mill. The results showed that, compared
to symmetric rolling, asymmetric rolling produced higher
volume fraction of recrystallization grain and smaller
grain at the center layer of rolled sample above 900 °C.
The diameter ratio of 1.05 tended to be stronger in grain
refinement and homogeneity improvement than diameter
ratio of 1.11. At low thickness reduction of 15%, the high
temperature of 1100 °C showed superiority in
introducing new recrystallization grain to the other two
temperatures. The “necklace” structure indicated that
conventional dynamic recrystallization was the
prevailing mechanism for AISI304 austenitic steel in
symmetric and asymmetric rolling.

The rolling force of asymmetric hot rolling on 20
mm-thick austenitic steel decreased with increasing
rolling temperature and descending reduction as in
conventional symmetric rolling. It also had a clear trend
to decrease with increasing diameter ratio, except at
900 °C and thickness reduction of 60%.
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