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Abstract: The realization way of snake rolling was introduced. Flow velocity, strain and stress distribution of 7075 aluminum alloy
plate during snake rolling and symmetrical rolling were analyzed in Deform 3D. Effects of velocity ratio, offset distance between two
rolls and pass reduction on the distribution of equivalent strain and shear strain were analyzed. The results show that flow velocity
and equivalent strain on the lower layer of the plate are larger than those of the upper layer because of the larger velocity of the lower
roll and the gap is increased with the increase of velocity ratio and pass reduction. The shear strain of rolling direction in the center
point is almost zero during symmetrical rolling, while it is much larger during snake rolling because of the existence of rub zone. The
shear strain is increased with the increase of velocity ratio, offset distance and pass reduction. This additional shear strain is

beneficial to improve the inhomogeneous strain distribution.
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1 Introduction

Aluminum alloys have been widely used in
aerospace and marine vessels because of their low
density, high strength, good formability and damage
resistance. Aluminum alloy plates with high strength and
high toughness, are widely used in main frames, wing
boxes, stringers and other key components of aircraft.
70%—81% of the materials used in the civilian aircraft is
aluminum alloy [1] and it makes about 1400 pounds
lighter than the designed weight in B777. Hot rolling is a
critical process of manufacture of aluminum alloy plate
with high performance. Large deformation of the plate
can be achieved and casting defects can be eliminated in
hot rolling. Studies show that the structure in the center
portion of thick plate will be totally changed from cast
structure to processed structure when deformation rate of
hot rolling reaches more than 75% for aluminum alloy
[2]. Therefore, to produce a plate with thickness of 250
mm, the original thickness of the billet must be more
than 1000 mm. However, such a large thick billet cannot
be prepared using the existing technology and equipment

and cannot be rolled by the largest existing mill.
Symmetrical rolling causes large deformation on the
surface of the thick plates and small deformation in the
central portion, which will result in inhomogeneous
deformation in the height direction and coarse grains in
the central portion.

In this study, we focus on a new technique of snake
rolling to solve severe inhomogeneous strain distribution
of aluminum alloy plate during symmetrical rolling,
which has been used in 4064 hot rolling mill in Germany
[3]. Aluminum alloy plate with thickness of 250 mm and
homogeneous performance in height direction can be
prepared from a square billet with thickness of 500—600
mm by snake rolling [4]. With the development of
manufacture of domestic aircraft, thicker aluminum alloy
plates (even to 200 mm) with homogeneous properties
are in great need. A new method of snake rolling could
be used to provide theory basis and technical support for
independent preparation of high-performance aluminum
thick plates.

The stress—strain field, microstructure evolution and
mechanical properties of rolled plate were discussed in
rolling process [5—7]. MOVSAVI et al [8] studied the
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effect of speed ratio on distribution of normal stress and
shear stress, shear zone length, curvature of rolled plate,
rolling force and moment in asynchronous rolling. ZUO
et al [9] and YUAN and SUN [10] studied the effects of
pass reduction and speed ratio on shear strain distribution
in asynchronous rolling. LIU and KAWALLA [11]
studied effects of different diameter ratios with the same
angular velocity between upper and lower rolls of
asymmetrical rolling on microstructure and rolling force
with austenitic steels and smaller average grain size can
be generated when the diameter ratio is 1.05. Grain
refinement and the texture evolution of rolled plate were
studied and compared with conventional rolling [12—16].
Many theoretical models of calculation on rolling force
and curvature of plate in asymmetrical rolling were
established and they had good agreement with
experimental data [17—24].

However, few studies have been conducted on
effects of rolling parameters of snake rolling on the
distribution of strain and stress, especially on the
variation of shear strain, as shear strain is an important
factor to the inhomogeneous strain distribution of thick
plate. In this study, flow velocity, strain and stress
distribution of aluminum alloy thick plate during snake
rolling and symmetrical rolling were analyzed. Also,
effects of different velocity ratios, offset distances
between upper and lower roll and pass reductions on the
distribution of equivalent strain and shear strain of thick
plate were analyzed.

2 Realization way of snake rolling

Figure 1 shows the schematic of different rolling
methods. Figure 1(a) represents symmetrical rolling,
velocities of two work rolls are the same, which results
in equal neutral angle. In symmetrical rolling, the plate is
only subjected to compression stress. Figure 1(b)
represents asynchronous rolling, the lower roll has a
larger velocity and a smaller neutral angle. A “rub zone”
where friction forces are in opposite direction on the
upper and lower surface is formed in the deformation
zone between two neutral points of two rolls. Snake
rolling is achieved by an offset distance of upper roll in
outlet direction on the basis of asynchronous rolling. The
plate is subjected to not only compression strain in the
vertical direction, but also shear strain in the horizontal
direction in “rub zone”. Shear strain is beneficial to
penetrate the deformation into the center portion of the
plate and improve the inhomogeneous strain distribution
in the height direction. The plate will bend to the
direction of slower roll in asynchronous rolling and it
may affect the following passes. In snake rolling, a force
or moment will be applied to the plate in the opposite
direction of bending by an offset distance of the slower

roll in outlet direction. As a result, the plate is not only
subjected to a large shear strain, but also can be
processed smoothly in the following passes with a small
curvature in snake rolling.

(a) Vi=V;

(b) Vi<V,

(C) ]:l{]:z

Fig. 1 Schematic of different rolling methods: (a) Symmetrical
rolling; (b) Asynchronous rolling; (c) Snake rolling (H: Inlet
thickness; A: Outlet thickness; v: Velocity of upper roll; v,:
Velocity of lower roll; s: Horizontal offset distance)

3 Numerical modeling

3.1 Model description

Single-pass rolling models of symmetrical rolling
and snake rolling were established in Deform 3D. In this
study, effects of velocity ratio, offset distance between
upper and lower roll and pass reduction on the
distribution of equivalent strain and shear strain of thick
plate were analyzed. The parameters for rolled plate
and rolls are shown in Tables 1 and 2, respectively. The
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Table 1 Parameters for rolled plate

L, B, H Initial Heat transfer coefficient to Heat transfer coefficient to Environment  Friction Radiation
mm temperature/°C  work roll/(W-m 2K™")  environment/(W-m 2K ") temperature/°C coefficient coefficient
1000, 800, 400 420 10000 5 20 0.8 0.7
Table 2 Parameters for roll
Work roll Upper roll velocity/ Transfer roll i Velocity Offset
. o . Pass reduction (A#)/mm . .
diameter/mm (mm-s ) diameter/mm ratio (vo/v;) distance/mm
1.05, 1.10, 10, 20,
20, 30,
1000 50 100 1.15, 1.20, 30, 40,
40, 50
1.25,1.30 50

material of roll was 4Cr5SMoSiV1 and rolls were defined
as rigid bodies because the deformation of rolls in hot
rolling is so small that it can be neglected. The material
of the plate was 7075 aluminum alloy, its flow stress
model [25] is defined as

& =1.27743x10"[sinh(0.8326205)]"'***° -

—-316178.1
exp| —————— 1
p( RT j (1

3.2 Boundary condition
3.2.1 Heat transfer due to convection and radiation

The free surfaces of the plate may exchange heat
with the environment by means of convection and
radiation. The mathematical expression is defined as

q:(hr+hc)(T_Te) (2)

where %, and k. represent heat transfer coefficients due to
radiation and convection, respectively; 7 and T, represent
temperatures of plate and environment, respectively. In
this study, the total heat transfer coefficient due to
convection and radiation is defined as 5 W/(m*K).
3.2.2 Heat transfer due to contact

There is large heat transfer between plate and roll in
rolling process, it is defined as

q=—(0T/dy)=h(T-T)) 3)

where Ay represents heat transfer coefficient due to
contact 7, represent temperature of work roll. Heat
transfer due to contact is a complex process and it is
connected with surface topography, temperature and
pressure during hot rolling. In this study, the heat transfer
coefficient due to contact is defined as 10 kW/(m*K).
3.2.3 Friction boundary conditions

As the normal stress is very large in hot rolling,
using the Coulomb friction model may bring large error.
In general, the shear friction model based on the shear
stress is widely used. The mathematical expression is
defined as

% (4)

NE)

where oy and o represent shear stress and equivalent

O <—m

stress respectively; m represents the friction coefficient.
4 Results and discussion

Single-pass rolling models were established to
analyze the difference of flow velocity and strain
distribution between snake rolling and symmetrical
rolling. The pass reduction is 45 mm, offset distance
between two work rolls is 30 mm, the velocity of upper
roll is 3 m/min and the velocity ratio is 1.20.

4.1 Comparison of flow velocity between symmetrical
rolling and snake rolling

Figure 2 shows flow velocity distribution in height
direction of the plate in symmetrical rolling and snake
rolling. The flow velocity distribution of symmetrical
rolling is symmetrical, and the velocity of the subsurface
(about 1/8 thickness of the surface) is larger than that of
the surface. The velocity of the surface point is slower
because the friction force is larger, which hinders the
metal flow on the surface. In snake rolling, flow velocity
in the lower layer is much larger than that of the upper
layer because of larger velocity of the lower roll. As can
be seen, the flow velocity in snake rolling is larger than
that in symmetrical rolling.

62
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—e— Snake rolling

60

581

56

541

Velocity/(mm-+s™)

52¢

S50+

48

0 100 200 300 400
Distance from upper surface/mm

Fig. 2 Velocity distribution in height direction of symmetrical
rolling and snake rolling
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4.2 Comparison of equivalent strain between

symmetrical rolling and snake rolling

The comparison of equivalent strain distribution in
height direction between symmetrical rolling and snake
rolling is shown in Fig. 3. The equivalent strain
distribution is symmetrical in symmetrical rolling and the
maximum equivalent strain locates at the subsurface
(about 1/8 thickness of the surface). As the metal flows
slower on the surface because of the influence of the
friction force from direct contact with work rolls, the
equivalent strain is smaller than that of the subsurface.
The equivalent strain distribution is inhomogeneous in
snake rolling. The equivalent strain in the lower layer is
larger than the upper layer and it is also larger than the
same position in symmetrical rolling. However, the
equivalent strain in the upper layer is smaller than the
same position in symmetrical rolling. This phenomenon
can be explained as follows: the metal flows more
quickly due to larger velocity in the lower roll, which
results in larger strain in the lower layer of the plate;
when pass reduction is fixed, the strain in the upper layer
becomes small correspondingly. The equivalent strain in
the center point of the plate is 0.143 in symmetrical
rolling and 0.146 in snake rolling. Compared with
symmetrical rolling, it is 2.1% larger in the center point
in snake rolling, indicating that snake rolling is beneficial
to penetrate the strain into the central portion of plates in
the height direction.

0.44

—s=— Symmetrical rolling

0.40
—— Snake rolling

036
032+
0.28
0.24 -

Equivalent strain

0.20 +
0.16 +

0.12

0 100 200 300 400
Distance from upper surface/mm
Fig. 3 Equivalent strain distribution in height direction of
symmetrical rolling and snake rolling
4.3 Comparison of equivalent stress between
symmetrical rolling and snake rolling
The comparison of equivalent stress distribution in
height direction between symmetrical rolling and snake
rolling is presented in Fig. 4. The stress distribution is
symmetrical and is similar to the strain distribution,
while the stress in the lower layer of the plate is larger
than that in the upper layer in snake rolling. However,
the stress in the center point is almost the same in

symmetrical rolling and snake rolling. In snake rolling,
larger velocity in the lower roll results in larger strain
and shear stress in the lower layer of the plate. Therefore,
the stress distribution is inhomogeneous in snake rolling.
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Fig. 4 Equivalent stress distribution in height direction of

symmetrical rolling and snake rolling

4.4 Effect of velocity ratio on strain distribution
Figure 5 shows the effect of velocity ratio on the
shear strain along the rolling direction in the center point
of plate. It can be easily found that the shear strain in the
center point is increased with the increase of velocity
ratio and this phenomenon is consistent in different offset
distances in Fig. 5. With the increase of velocity ratio,
the area of the rub zone where friction force is in
opposite direction in the surface is becoming larger in
deformation zone. In rub zone, the shear stress applied to
the plate is quite large. Therefore, a large rub zone will
make a large shear strain in the center point of the plate.
However, under the given offset distance, the curvature
of the rolled plate is increased with the increase of
velocity ratio and large curvature will seriously affect the
following passes. A proper speed ratio should be selected
to acquire large shear strain in the center portion of the

-0.01
—s— 5=10 mm
-0.02 —e— 5=20 mm
—— 5=30 mm
_ —v— =40 mm
.5 0.03 —— 5=50 mm
§ -0.04
73
-0.05
-0.06
-0.07

115 120 125 130 135
Velocity ratio

105  1.10

Fig. 5 Effect of velocity ratio on shear strain along rolling

direction in center point
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plate and to ensure that the following passes can be
conducted at the same time.

From the preceding section, the strain distribution is
inhomogeneous and the strain in the lower layer is much
larger. To study the effect of speed ratio on the
inhomogeneity of the strain distribution in the height
direction of rolled plate, a non-uniform coefficient a is
defined as follows:

0=(&,—¢€1)/e1x100%

where ¢; and &, represent the equivalent strains in the
upper and lower surface, respectively. The effect of
velocity ratio on the non-uniform coefficient of the strain
distribution is shown in Fig. 6. From Fig. 6, it is obvious
that the non-uniform coefficient is increased with the
increase of velocity ratio at a given offset distance. As
the velocity ratio increases, the strain in the lower layer
increases quickly and the strain in the upper layer
becomes smaller correspondingly, thus increasing the
inhomogeneity of the strain distribution in the height
direction of rolled plate.

100
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40
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Fig. 6 Effect of velocity ratio on non-uniformity of plate in

height direction

4.5 Effect of offset distance on strain distribution
Figure 7 shows the effect of offset distance on the
shear strain along the rolling direction in the center point
of plate. The shear strain in the center point is increased
with the increase of offset distance and this phenomenon
is consistent in different velocities ratios in Fig. 7. In
symmetrical rolling, neutral points of the upper and
lower roll are in the same vertical line, so the rolling
forces applied to the plate from two work rolls are also in
the same vertical line. As a result, the rolled plate is
mainly subjected to compressive deformation. However,
two rolling forces will form a rolling moment because
there is an offset distance in the rolling forces applied to
the plate in snake rolling. For a given velocity ratio, as
offset distance increases, the distance between two
rolling forces increases and the rolling moment increases

accordingly. As a consequence, in addition to
compressive deformation, the plate is subjected to a
strong shear strain, which contributes to large shear
deformation in the center portion of the plate.

viv,:  —a—1.05 ——1.10
-0.03 ¢ 15 ——120
- 125 =130
-0.03}
£
£-0.04}
o
=005}
-0.06}
-0.07

0 20 30 40 50
Offset distance/mm

Fig. 7 Effect of offset distance on shear strain along rolling
direction in center point

4.6 Effect of pass reduction on strain distribution
Effects of pass reduction on equivalent strain
distribution in height direction of symmetrical rolling
and snake rolling are shown in Fig. 8 and Fig. 9
respectively. As can be seen, as pass reduction increases,
the equivalent strain distribution is symmetrical and the
strains on the surface and the center portion are both
increased in symmetrical rolling. The strain increase in
the lower layer is much larger than that in the upper layer
in snake rolling, thus enlarging the inhomogeneity of the
strain distribution in the height direction of rolled plate.
In snake rolling, the strain in the lower layer is larger and
the deformation can be quickly penetrated into the core
portion because of larger velocity in the lower roll as
pass reduction increases. While the strain is smaller in
the upper layer and the deformation is difficult to
penetrate into the center point. Therefore, the strain in all

0.40
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Z 025+ - Ah=50 mm
5
“3’ 0.20
=
=
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0 100 200 300 400
Distance from upper surface/mm

Fig. 8 Effect of pass reduction on equivalent strain distribution
of symmetrical rolling
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Fig. 9 Effect of pass reduction on equivalent strain distribution
of snake rolling

positions of the plate is increased as pass reduction
increases in both symmetrical rolling and snake rolling.
The strain increase in the lower layer is much larger than
that in the upper layer in snake rolling. The equivalent
strain in the center point of the plate is 0.1506 in
symmetrical rolling and 0.1583 in snake rolling when
pass reduction is 50 mm. Compared with symmetrical
rolling, it is 5.1% larger in the center point in snake
rolling, indicating that snake rolling is beneficial to
penetrate the strain into the central portion of plates in
the height direction with a larger pass reduction.

Effects of pass reduction on the shear strain along
the rolling direction in the center point of plate in snake
rolling are presented in Fig. 10. It can be easily found
that the shear strain is increased with the increase of pass
reduction and offset distance, which is in good
agreement with the previous discussion in this article.
When pass reduction increases, the depth of the strain
which can be penetrated into is substantially increased.
Besides, the center point is subjected to large shear

-0.01

-0.02

=-0.03

Shear strain

~0.041 —a v,/v,=1.20, s=30 mm
—— v,/v,=1.20, =30 mm
-0.05 F = v,/v,=1.20, s=30 mm
—— v/»,=1.20, =30 mm

—0.06 L~ . '

20 25 30 35 40 45 50
Pass reduction/mm

Fig. 10 Effect of pass reduction on shear strain along rolling
direction in center point

stress, which generates large shear strain with the
increase of pass reduction.

5 Conclusions

1) The metal in the lower layer of the plate flows
more quickly in snake rolling, which results in larger
equivalent strain in the lower layer and inhomogeneous
strain distribution in the height direction.

2) As velocity ratio increases, the equivalent strain
in the lower layer increases more quickly and the strain
in the upper layer becomes smaller correspondingly, thus
increasing the inhomogeneity of the strain distribution in
the height direction of rolled plate.

3) The shear strain along the rolling direction in the
center point of thick plate is almost zero during
symmetrical rolling, while it is much larger during snake
rolling because of the existence of rub zone. Also, the
shear strain in the center point is increased with the
increase of velocity ratio and offset distance, which
indicates that the deformation can be quickly penetrated
into the core portion of the thick plate in snake rolling.

4) As pass reduction increases, the equivalent strain
distribution is symmetrical and the strains of the surface
and the center portion are both increased in symmetrical
rolling. In snake rolling, the strain increase in the lower
layer is much larger than that in the upper layer and the
inhomogeneity of the strain distribution in the height
direction is increased with the increase of pass reduction.
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