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Abstract The research and development of flexible forming technology have a crucial role
in the personalized production and manufacturing of three-dimensional (3D) surface sheet
metal parts. Three-dimensional surface rolling with rigid arc-shaped rollers (TSRRAR), a new
flexible forming technology, was investigated to effortlessly produce 3D surface parts. Numeri-
cal simulation and experimental analysis mainly include data at four values of the difference in
axial radius of roller (-2, 2, 6 and 10 mm) to explore this technology’s forming ability. It was
demonstrated that various shapes could be obtained only based on one group of rollers. The
maximum resultant force decreased from 3.07 to 2.21 KN, and the required maximum com-
pression rate from 4.22 to 2.48 % with the same longitudinal curvature radius (179 mm) to be
obtained. Therefore, the forming difficulty can be reduced by selecting the difference in axial
radius of roller.

1. Introduction

In recent years, the products of aviation, aerospace, navigation vehicles, and the new archi-
tectural decoration consisting of 3D surface aluminum alloy sheets are increasingly used. The
conventional forming methods, such as stamping and hydroforming, are prone to wrinkling,
challenging to ensure the curved surface’s accuracy, and unsuitable to meet the market de-
mand of small-batch and multi-variety production. Multi-point forming (MPF) has satisfactorily
solved similar problems proposed by Li et al. [1]. Many engineering projects, such as the bird’s
nest building engineering in Beijing, China, have adopted this forming technology for the digital
manufacturing of individualized 3D surface parts. However, a multi-point device’s manufactur-
ing cost is still high due to a large number of independent control units and the complex control
systems, limiting its wider application.

To reduce the processing cost, the equipment and technology having flexible characteristics
is an essential requirement, and the processing efficiency is also crucial for forming 3D surface
parts. Single point incremental forming [2] and line heating [3], belonging to the category of
point forming, have a high degree of flexibility, with the simple forming tool. MPF [4] and flexible
stretching forming [5] belong to the category of surface forming. They are more efficient than
point forming but the forming equipment is complicated and large, resulting in equipment trans-
portation difficulty. For the 3D surface line forming methods [6-8] still in the development stage,
the processing efficiency is obviously higher than others due to the continuous forming process.
Besides, the most prominent feature of the method is that when the width of the formed sheet is
within the equipment size, there is no size limit on the length.

Some scholars have investigated in depth the 3D surface forming methods based on the
category of line forming. Yoon et al. [9] developed a flexible roll forming process. Shim et al.
[10] studied the flexible roll forming process by adopting the line array roll set. Li et al. [11] pro-
posed the multi-point continuous roll forming method as a vital branch of multi-point series
technologies, which is the combination of multi-point shape-adjusting technology and roll bend-
ing technology adopting three working rollers whose shape can be adjusted to continuously
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deform sheets. Cai et al. [12] focused on the principle and ba-
sic experiment of the flexible roll bending process. Surface
flexible rolling (SFR) [13, 14] is also a new continuous and
flexible forming method for 3D surfaces. Yoon et al. [15-17]
carried out researches on flexible reconfigurable roll forming.

TSRRAR is a new flexible forming method for producing 3D
surface sheet metal parts. Since only two working rollers are
needed, the equipment is simpler and easier to be controlled
than other 3D flexible forming methods based on roll forming.
The used working roller has variable cross-sections, which is
reflected by the axial radius of roller, and it is a key factor influ-
encing the equipment forming capacity in this study and the
flexible forming characteristic as well as the compression rate
does in the future study.

This work reports on the forming ability influenced by the ax-
ial radius of roller in terms of the technology first proposed in
the previous research [18], and the study on process parame-
ters is crucial in plastic forming of sheet metal [19-21]. The
novelty of this study is to verify the feasibility of forming various
shapes only using one group of rollers by numerical simulation
and experimental results, and to achieve the proper combina-
tion of the axial radii of convex and concave rolls to effortlessly
produce metal sheets, which has reference value for under-
standing the equipment capacity for forming 3D surface sheet
metal parts without changing rollers and adopting rollers capa-
ble of slight bending in the future study.

2. Process analysis of TSRRAR

TSRRAR is a new 3D surface continuous forming method
that combines the rigid arc-shaped roller and the conventional
cold rolling technology. Conventional cold rolling uses rollers
whose transverse section line is straight. Whereas the trans-
verse section line of roller in this method is a circle arc, which
enables it to produce 3D surface sheet metal parts. This form-
ing method is a different type of rolling because the used rollers
are both rigid. The opposite rotation of rollers feeds the sheet,
and 3D surface parts with various shapes can be obtained by
adjusting the compression rate to sheet metals.

While the deformation principle of TSRRAR is similar to that
of SFR, the new technology of using variable cross-section
rollers is different and novel which can both ensure the device
rigidity and simplify process parameters, thereby ensuring the
shape accuracy of roller during the rolling process and making

the adjustment process less sensitive and less time-consuming.

Therefore, the non-uniform deformation principle adopted in
TSRRAR is more practicable than that in SFR to realize the 3D
surface forming, which is the benefit of this forming method.

The uneven roll gap with a specific regular distribution is util-
ized to non-uniformly compress the sheet metal passing, thus
achieving the continuous plastic deformation in the rolling di-
rection (longitudinal direction). Besides, deformation occurs
under the bending force whose direction is perpendicular to the
rolling direction (transverse direction). Finally, a 3D surface part
with bending radii in both directions is obtained.

convex roll

circle arc radius:r, A \
circle arc radius: ry |

Fig. 2. Schematic diagram of the new 3D surface rolling device.

The intersection between the surface of roller and the trans-
verse middle section is a circle arc. Also, the axial radii of roll-
ers (the circle arc radius of convex roll » and that of concave
roll », shown in Fig. 1) need to be reasonably selected ac-
cording to the sheet size to obtain the target part with a better
profile.

First of all, the ultimate goal of the method is to realize flexi-
ble forming through parametric flexible control of the rollers, as
shown in Fig. 2, and the work in this paper is the prior study on
verifying the feasibility of forming various shapes only using
one group of rollers.

The flexibility of this study refers to the effect of maximum re-
duction on the longitudinal deformation of the formed sheet
without changing rollers, and the longitudinal curvature radius
significantly varies only by a slight change of thickness. Al-
though it is necessary for this forming method to change rollers,
there are only a few that need to be prepared for various 3D
surfaces because the future study including an advanced
equipment with several controlling units along the transverse
direction will be designed to realize a slight bending of the roller
to be more flexible on the transverse deformation of the formed
sheet.

The roll gap distribution of 3D surface rolling is the critical
factor affecting the part shape. In order to obtain a 3D surface
part, a profit combination of the axial radii of convex and con-
cave rolls is not only critical for the transverse bending radius,
but also influences the type of shape of the formed sheet.

Fig. 3 shows the forming process with different distribution
rule of roll gap. When it is narrow in the middle and wide on
both sides, the metal elongation in the middle of the deformed
surface is larger than that on both sides, that is,
AL > AL', AL > AL". The forming result in this condition is a
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Table 1. Simulation conditions and results of the longitudinal bending radius with various differences in axial radius of concave and convex rolls (mm).

x-coordinate Roll gap value
r, =10 r,=8 r,=6 r,=4 r,=2 r,=-2 r,=-4 r,=-6
0 (middle) 2.650 2.650 2.650 2.650 2.650 2.700 2.700 2.700
10 2.652 2.652 2.651 2.650 2.650 2.699 2.698 2.698
20 2.658 2.656 2.654 2.651 2.649 2,695 2.693 2.691
30 2.668 2.663 2.658 2.653 2.648 2.689 2.684 2679
40 (side) 2,683 2673 2.665 2.656 2.647 2,680 2,671 2.662
Difierence between | 4 33 0.023 0015 -0.006 0.003 0.02 0.029 0.038
x=0 and x=40
Longitudinal curvature 1068 (reverse | 219 (reverse | 168 (reverse 160 (reverse
: 253 239 268 o L - -
radius direction) direction) direction) direction)
e N
/ C
P A,, - : _% B
\ O(aa ) |
\ 4
i A

Fig. 3. The forming process when the distribution rule of roll gap is non-
uniform: (a) narrow in the middle and wide on both sides; (b) wide in the
middle and narrow on both sides.

spherical sheet. If the roll gap distribution rule is wide in the
middle and narrow on both sides, the elongation of metal fiber
on two sides will be larger than that in the middle, namely,
AL <AL', AL < AL" . The curved surface deforms in the oppo-
site directions along the cross-section lines in the two principal
directions, resulting in a saddle part.

The bending of the formed sheet in TSRRAR occurs after
the non-uniform deformation generated by a specific distribu-
tion of roll gap. This non-uniform deformation is mainly re-
flected in the difference of longitudinal strain generated in vari-
ous positions of the formed sheet. The additional internal stress
formed between adjacent metal fibers with different longitudinal
elongations causes non-uniform deformation. The content of
additional internal stress is discussed in detail in Sec. 4.2.

Fig. 4. Schematic diagram of arc length fitting.

3. Process control method

In order to realize the control of the 3D surface rolling proc-
ess, it is necessary to analyze the longitudinal flow of the metal
inside the formed sheet with different maximum compression
rate, which can be represented by the distribution of longitudi-
nal strain and the change of longitudinal arc length. It is easy to
obtain the longitudinal strain result through numerical simula-
tion, whereas the longitudinal arc length needs to perform circle
arc fitting on the longitudinal arc of the formed sheet adopting
the user-defined curve fitting algorithm in Origin 2018. The
premise of curve fitting is that the accuracy of the formed sheet
satisfies the longitudinal arc on the concave surface is a pre-
cise circle arc.

First, the node coordinates (x,y) on the longitudinal arc

along the longitudinal and thickness direction are fitted, and the
fitting equation is y =5+ (rz —(x—a)z)h2 , where a and b are

the center coordinates of the fitted circle; r is the radius of the
fitted circle. After assigning initial values to a, b, and r, respec-
tively, their fitted value can be obtained. According to the coor-
dinate values of the starting point A and the end point B of the
circle arc, the value of AC can be obtained by the length of the
chord AB. As shown in Fig. 4, in the right triangle AOC

sin? = A€ 1)
r
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Fig. 5. Plastic strain distribution of the formed sheet with various differences in axial radius of roller.

Therefore, in the sector AOB

L =r-6. (2)

According to Egs. (1) and (2), the longitudinal arc length of
the formed sheet can be calculated with different distributions
of roll gaps.

Thickness reduction, transverse bending and longitudinal ex-
tension co-exist when the sheet is deformed. Since the roll gap
is uneven, the elongation of metal at different positions in the
transverse direction of the formed sheet is also different. It is
assumed that the length of the metal fiber after deformation
with an initial length AL, at the point s is AL(s), and the
longitudinal strain increment is de, (s)=d(AL)/ AL . Since
the main direction of strain remains unchanged during defor-
mation, the total longitudinal strain at point s is

% d(AL) . AL(s)
g, (s)= [ L2 o 228) 3)
(s) { AL AL

After the process of 3D surface rolling, the longitudinal fiber
length of the metal with an initial length AL, atthe point s is

AL(S):ALO exp[f,‘L (v)} . (4)

TSRRAR is a process dominated by compression deforma-
tion and with large plastic deformation, so the elastic deforma-
tion can be ignored. According to the condition of constant
volume, the strain at a point in the sheet satisfies

£ +€ +8=0 (5)

where ¢, is the transverse strain; ¢, the longitudinal strain;
g5 the strain in the thickness direction.

The deformation of the formed sheet in 3D surface rolling is
mainly reflected in the thickness reduction and the longitudinal

elongation, whereas the width of the formed sheet changes
little. Therefore, the lateral spread can be ignored during de-
formation analysis, namely &, =0. Since the thickness of the
formed sheet is obviously smaller than its length and width, the
strain distribution along the thickness direction is assumed to
be uniform. Thus

o) 6)

£, (s)=—¢;5(s)=—In s

where ¢, is the initial thickness of the sheet before deforma-
tion; & (s) the thickness at the point s on the curved surface
after deformation.

If the influence of elastic deformation and work hardening on
the forming result is not considered, the thickness 5(s) after
deformation and the roll gap distribution function #(s) at point
s on the curved surface are the same, so the relationship
between longitudinal strain and roll gap distribution function is

h(s)=4, exp[—&‘L(s)J. 7)

Egs. (4) and (7) show that the longitudinal strain of the
formed sheet depends on the roll gap distribution, and the roll
gap distribution directly determined by process parameters
affects the longitudinal arc length. Therefore, the longitudinal
strain and longitudinal arc length of the formed sheet are ana-
lyzed to understand the TSRRAR process and realize the
shape control of the formed sheet.

4. Numerical simulation of the TSRRAR
process

4.1 Finite element model and the selection of
axial radius of roller

Finite element models of spherical and saddle shapes estab-
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Table 2. Material properties of Al1060-O.

Material properties Value

Density (kg/m®) 2705
Elastic modulus (GPa) 69

Poisson’s ratio 0.33
Yield strength (MPa) 28
Tangent modulus (MPa) 48

Sheet metal

Concave roll

™ Convex roll b’

Fig. 6. Finite element model.

lished by ANSYS Workbench environment were used to study
the influence of the axial radius of roller on the type of surface,
the mechanics of longitudinal deformation, the variable range
of longitudinal curvature radius of the formed sheet produced
only by one group of rollers, and the variation in forming force.

Fig. 6 shows that the convex roll, the concave roll and the
sheet metal adopt solid elements. The mesh size of the roller is
set to be 0.6 mm, and so does that of the longitudinal direction
of the formed sheet after the mesh refinement process consid-
ering the calculating time and precision. The mesh size in the
transverse direction is defined as 1.8 mm to reduce the calcu-
lating time. There are three layers in the thickness direction for
a better bending analysis and the initial dimensions (length x
width x thickness) of the sheet are 250 x 80 x 2.7 mm.

Aluminum 1060-O is used in the simulation and Table 2
shows the material properties. The sheet metal conforms to the
elastoplastic constitutive relationship with bilinear isotropic
hardening. The static friction coefficient is 0.1, and the dynamic
friction coefficient is 0.05. Since the analysis is mainly about
the sheet metal, rollers are defined as rigid bodies and to be
hollow, and the difference of torus radii is 0.5 mm. After all finite
element model settings are completed, a keyword file is cre-
ated, and the LS-DYNA solver is adopted for explicit dynamic
analysis.

Table 1 lists the roll gap values with various differences in
axial radius of concave and convex rolls. The axial radius of the
concave roll is 216 mm with », > 0, and the axial radius of the
convex roll is 216 mm with r, < 0. The relationship between
the roll gap distribution and the curvature radius of formed
sheet is complicated in the SFR method. With the adoption of
rigid arc-shaped rollers, the roll gap distribution function in SFR
is simplified to two constants in TSRRAR, the axial radius of

Table 3. Roll gaps with different maximum reduction rates and differences
in axial radius of roller.

Number of roll gap Maximum reduction rate r, fmm
a 1% 6
b 1.5% 6
c 2% 6
d 1% 10
e 1.5% 10
f 2% 10

roller and the maximum reduction. That is to say, the relation-
ship between the axial radius of roller and the longitudinal cur-
vature radius of the formed sheet can be regarded as a one-
variable function. It reflects the flexibility of this forming method
as well as the reduction does if the new device in Fig. 2 is
adopted.

The corresponding results in Fig. 5 indicate that the plastic
strain of saddle sheets in the middle is smaller than that on
both sides, while it is the opposite of spherical sheets, which
results from the difference of roll gap value between the middle
and sides of the formed sheet. Besides, the relationship men-
tioned above is not monotonic and the maximum longitudinal
deformation occurs with , =8 mm. There is a matching prob-
lem between process parameters, which affects the longitudi-
nal deformation range of formed sheet if only using one group
of rollers.

The selection of axial radius of roller is mainly based on the
transverse curvature radius of the target profile, 216 mm. Since
the axial radius of roller is newly found to be similar to the
transverse curvature radius of the formed sheet in the pro-
posed technology (see Table 4), 216 mm is defined as the
concrete value of axial radius of the concave roll.

As described above, there is a matching problem between
process parameters. Based on the simulation and experimen-
tal experience, the difference in axial radius of roller of nearly 6
mm is reasonable for the sheet width applicable to this device.
For comparison, the concrete values of axial radius of the con-
vex roll are selected to be 206 and 210 mm in this study.

4.2 Mechanical analysis of longitudinal defor-
mation

As described above, two combinations of the axial radius of
roller are selected to study the longitudinal strain and stress
field of the spherical sheet, thereby exploring the mechanical
mechanism of longitudinal deformation in the process of
TSRRAR. Simulation conditions for mechanical analysis in-
clude three maximum reduction rates of 1, 1.5 and 2 % (see
Table 3), and the number of roll gap corresponds to the num-
ber of simulation results in Figs. 7 and 9.

The level of maximum reduction rate is obviously smaller
than conventional cold rolling under the tension force that pro-
duces the overall deformation. Particularly, the level of reduc-
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Table 4. The curvature radii and longitudinal arc length of simulated sheets when the roll gap distribution varies (mm).

X-coordinate/mm

Fig. 8. Diagram of longitudinal strain along characteristic line on concave
surface of formed sheet when the roll gap varies.

. . Transverse curvature | Longitudinal curvature Longitudinal arc length in the middle of formed sheet
7, Maximum reduction di di
radius radius Concave surface | Convexsurface | Difference value
6 0.027 214.9 564 250.81 252.05 1.24
6 0.034 2145 320 251.52 253.61 2.09
6 0.041 213.0 259 252.61 255.15 2.54
6 0.047 212.9 228 253.93 256.82 2.89
10 0.027 203.9 688 251.29 251.62 0.33
10 0.034 204.6 344 252.24 253.19 0.95
10 0.041 201.8 227 253.53 255.09 1.56
10 0.047 1971 172 255.21 257.32 2.1
Fringe Levels Convex surface . ) o 0.015- 1%. 6 mm
P o - »
2.517e-02 (a) (b) (c g — . 2% 6mm
2 2028-02] 2 N —a— 1%, 10 mm
1.888e-02 _| Rolling 2 0.010+ A S e ‘ v— 2%, 10 mm
1.573€-02 _ dimection 8 T e
AR " ] v LN
1.258e-02 | / S 0.005- v e
9.439¢-03_| = Aa 2 b v N
s _! | % 0.000 Characteristic :\\’“
3 5e-07 — 5 1 line on concave
s Concave surface o " SUT.[-MZ
-4.001e-07 g i
-3.147e-03 ] (C) © ® S -0.005 1 .
-6.293e-03 _| L]
0 10 20 30 40

4

Fig. 7. Distribution of longitudinal strain of formed sheet when the roll gap
varies.

tion in the simulation is smaller than that in the experiment in
this study due to the high precision of the size and shape of
roller. The roundness of the experimental roller is between 0.01
and 0.02 mm, which significantly decreases the non-uniform
deformation degree of the formed sheet.

In fact, it is an advantage that a relatively small reduction is
required in forming 3D surface parts, because the forming part
with a slight thickness change will benefit to the subsequent
process when used as a weldment owing to an easier matched
cross section, and reduce the forming force to realize the en-
ergy-saving production.

Fig. 7 shows the distribution of longitudinal strain of formed
sheets when the roll gap varies. With the maximum reduction
rate increasing from 1 to 2 %, the maximum values of longitu-
dinal strain with », = 6 and 10 mm become larger from 0.021
to 0.030 and from 0.019 to 0.028, respectively. It can be intui-
tively seen from this figure that the longitudinal deformation of
the formed sheet depends on the value of the longitudinal
strain. In addition, when the difference in axial radius of roller is
small, the increasing rate of the roll gap value from the middle

to both sides is also slow, so the longitudinal elongation of the
metal is large at the same position of the sheet. Thus, the lon-
gitudinal strain will increase with the decreased difference in
axial radius of roller if the maximum reduction rate remains the
same.

Fig. 8 shows a detailed comparison on longitudinal strain
along the characteristic line of transverse direction. The strain
value regularly decreases from the middle to both sides, indi-
cating that the compressed metal flows more obviously along
the longitudinal direction with the narrow roll gap or the large
maximum reduction.

On the premise of ensuring that the maximum roll gap is ap-
proximately equal to the sheet thickness, the difference in axial
radius of roller represents the degree of non-uniform deforma-
tion of the sheet. Additionally, the non-uniform deformation of
formed sheet is mainly reflected in the stepwise change of the
longitudinal strain along the transverse direction, and this dis-
tribution characteristics should be obtained to ensure the effec-
tiveness of the simulation result.

Fig. 9 shows the distribution of longitudinal stress in condition
that the roll gap distribution of 3D surface rolling is narrow in
the middle and wide on both sides. The number and colors
indicate the stress magnitude on the formed sheet metal, and
six simulation results of longitudinal stress are assigned to be
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Fig. 9. Distribution of longitudinal stress of formed sheet when the roll gap
varies.

the same magnitude for easy comparison. There is an obvious
phenomenon from the distribution diagram that the longitudinal
stress value at the center and both sides on the concave sur-
face of the formed sheet is negative, and that in the middle of
these two positions is positive; whereas the type of longitudinal
stress on the convex surface of the formed sheet is the oppo-
site. Since the sheet is a whole, the non-uniform deformation is
limited, and the mutually balanced longitudinal stress is formed
between adjacent metals, which is called the additional stress.

The reaction between adjacent metals on the concave sur-
face is discussed as an explanation for the distribution of addi-
tional stress. The deformation degree of the metal part b of the
sheet is relatively small, whereas the deformation degree of the
metal part ¢ in the middle is relatively large. If the parts b and ¢
do not belong to the same whole, the metal in the middle will
elongate more in the longitudinal direction than the adjacent
metal on both sides (see the dotted line in Fig. 10). However,
the sheet is a whole, and the metal of the two parts b and ¢
cannot be freely extended with mutual restriction. The free
extension of the metal part c is restricted by the metal part b to
be compressed, and the metal part b is stretched by the metal
part ¢ to be tensioned. Therefore, the balanced internal stress
is generated, with additional compressive stress in the middle,
and additional tensile stress in the adjacent areas of the middle
part. Also, the force on both sides of the sheet metal only
comes from the action of adjacent metal on one side, so the
stress is opposite to that of the adjacent metal, that is, the addi-
tion compressive stress.

The above analysis shows that the additional stress is the in-
ternal force generated for maintaining the integrity and continu-
ity of the sheet to restrict the non-uniform deformation. Thus, it
is the additional stress that causes a flat sheet to perform the
longitudinal bending deformation, which is the mechanical

Additional tensile stress

Additional compressive stress

Concave surface
ab c b a def ed

1e101 fhotis

i WO | 11
[ L J

Fig. 10. Mechanical mechanism of the longitudinal deformation for the
spherical sheet.

Convex surface

mechanism of the longitudinal deformation of TSRRAR.

4.3 Influence on the longitudinal arc length

After the profiles of rollers on the middle section along the
transverse direction are processed into the circle arc shape,
the roll gap and its distribution values can be generated by two
process parameters, the axial radius of roller and the maximum
compression rate. In the process of 3D surface rolling, the
transverse curvature radius of the formed sheet can be directly
determined by the axial radius of roller. Nevertheless, the con-
trol of longitudinal curvature radius is more complicated, and it
needs to be realized by exploring the influence law between
the roll gap distribution and longitudinal bending deformation of
the formed sheet.

Table 4 shows the results of longitudinal curvature radius on
the concave surface of the formed sheet, and the longitudinal
arc length on the concave and convex surfaces in the middle of
the formed sheet under different conditions of the roll gap dis-
tribution. The calculation examples meet the requirements of
forming accuracy, namely the longitudinal arc can be directly
fitted to a circle arc with high precision to obtain the curvature
radius required to calculate the arc length.

It can be seen from the table that if the maximum reduction is
the same, the difference of longitudinal arc length on the con-
vex and concave surfaces with », = 6 mm will be larger than
that with », = 10 mm. It means metal fibers inside the formed
sheet also possess uneven elongation along the thickness
direction, but the degree of this unevenness is not directly re-
lated to the magnitude of longitudinal bending deformation. As
for the same combination of the axial radius of roller, a 3D sur-
face part with a greater longitudinal arc length possesses larger
deformation in longitudinal direction. Thus, the longitudinal arc
length is found to be indicative of longitudinal deformation
when the axial radius of roller remains the same.
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Table 5. Forming results when the roll gap distribution varies.

Experimental sheet Simulation sheet
No 7, /MM | Maximum compression | Longitudinal curvature | Maximum compression | Longitudinal curvature Maximum resultant
rate/% radius/mm rate/% radius/mm force/KN
® 6 222 456 2.30 450 227
©) 6 293 304 2.96 302 2.59
® 6 3.59 214 3.59 207 2.89
@ 6 4.22 178 4.15 188 3.07
® 6 5.11 167 5.11 164 3.40
® 10 1.30 358 1.33 361 1.60
@ 10 1.96 222 1.78 246 1.86
10 248 180 252 176 221
©® 10 3.15 148 3.26 143 2.55
10 3.89 130 3.70 129 271

Fig. 11. Forming process of TSRRAR and the experimental device.

5. Experimental results and discussion
5.1 Forming device and spherical results

Fig. 11 shows the forming process of 3D surface rolling for a
spherical sheet. The device can form the sheet within a width
of 120 mm. Fig. 12 shows the experimental sheets produced
by two pairs of rollers. For the first pair, the axial radii are
210 mm for the convex roll and 216 mm for the concave roll;
for the other pair, the axial radii are 206 mm for the convex roll
and 216 mm for the concave roll. The initial dimensions (length
x width x thickness) of the sheet are 250 x 80 x 2.7 mm, and
the maximum compression rates are different.

Table 5 shows the measured longitudinal curvature radius on

the concave surface of spherical sheets with , =6 and 10 mm.

Nos. @ and ® show that if the difference in axial radius of
roller changes from 6 to 10 mm, the required maximum com-
pression rate will decrease from 4.22 to 2.48 % with the same
longitudinal curvature radius (179 mm) to be obtained, which
means the bigger the difference in axial radius of roller, the
larger the degree of non-uniform deformation generated by
inhomogeneous compression. The longitudinal curvature ra-
dius of the formed sheet decreases with the increased maxi-
mum compression rate. This phenomenon can be understood

Fig. 12. Experimental sheets when the roll gap distribution varies: (a) r, =
6 mm; (b) 7, =10 mm.

from the principle of TSRRAR that the deformation of the inner
metal of formed sheet along the longitudinal direction becomes
more evident after increasing the compression rate, thereby
increasing the degree of bending. Besides, the corresponding
simulation result of maximum resultant force with Nos. @ and
decreases from 3.07 to 2.21 KN with the same target profile
to be obtained, demonstrating that the difference in axial radius
of roller affects the forming force. Therefore, it can be more
labor-saving to obtain a target profile and the forming difficulty
can be effectively reduced by selecting the difference in axial
radius of roller, which makes this technology with slightly bend-
ing rollers in the future study not only be more flexible, but also
be benefit to the energy-saving production.

5.2 Influence on the type of shape and longi-
tudinal deformation range of the formed
sheet

Fig. 13 shows the forming results of saddle and spherical
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Table 6. Roll gap values along the transverse direction of the formed sheet
while the reduction in the middle is 0.027 mm (mm).

Distance from Roll gap value
horizontal center r,=2mm r,=6mm
0 (middle) 2673 2673
10 2,672 2677
20 2,670 2.688
30 2.666 2.706
40 (side) 2.661 2.732
Differen n

@ v
(b) G

Fig. 13. Forming results while the difference of axial radius of roller is posi-
tive: (a) a simulation result with », =2 mm; (b) an experimental sheet with
r, =2 mm; (c) a simulation result with », = 6 mm; (d) an experimental
sheet with 7, =6 mm.

sheets with r, = 2 and 6 mm, which indicates that the forming
results are not all spherical sheets when the axial radius of the
convex roll is smaller than that of the concave roll. That is to
say, the decisive factor that affects the sheet shape is not the
sign (positive or negative) of the difference in axial radii of the
convex and concave rolls.

Table 6 shows the roll gap distribution corresponding to the
results in Fig. 13. The initial dimensions (length x width x thick-
ness) of the sheets are 250 x 80 x 2.7 mm. The difference
between the middle and two sides of the roll gap is 0.012 mm if
r, = 2 mm, and the forming result is a saddle sheet. Neverthe-
less, if the sheet size remains the same and r, = 6 mm, the
difference between the middle and two sides of the roll gap is -
0.059 mm, resulting in a spherical sheet. Therefore, it is the
difference between the middle and two sides of the roll gap that
directly determines the shape type of formed sheet. If the dif-
ference is less than 0 mm, the forming results are spherical
sheets, and the opposite are saddle ones.

With the maximum reduction increases by 0.02 mm, two
saddle sheets with significantly different longitudinal deforma-
tion are obtained in Fig. 14, meaning that the TSRRAR process
only needs a slight change on thickness of the formed sheet to
generate bidirectional bending deformation. The initial dimen-
sions (length x width x thickness) of the sheets are 330 x 80 x
2.4 mm. As shown in Fig. 14(a), the plastic strain distribution of
the sheet on both sides is greater than that in the middle, which
makes the metal fibers of two sides elongate and forms a sad-

Fringe Levels

8.854e-02

7.969e-02

Fig. 14. Forming results with r, = -2 mm: (a) plastic strain distribution of
simulation parts; (b) experimental sheets.

—=a— Simulation results with r, = 6 mm
4 Experimental results with r, =6 mm

500+ —e— Simulation results with r, = 10 mm
£ * Experimental results with r, = 10 mm
E
2 400
2
]
g
£ 300
c
3
Qo
K
5 2004
2
i=)]
=4
=] *
-

100 T T T T

1 2 3 4 5

Maximum compression rate/%

Fig. 15. The longitudinal curvature radius of the simulated and experimental
sheet when the roll gap distribution varies.

dle-shaped surface.

Fig. 15 shows the variation range of the longitudinal curva-
ture radius of simulated and experimental sheets with different
maximum compression rates and r, . Different combinations
of the axial radius of roller produce various shapes of 3D sur-
face parts with », = 6 mm exhibiting a greater longitudinal cur-
vature radius of the formed sheet than r, = 10 mm if the com-
pression remains the same. When the maximum compression
rate varies from 2.22 to 5.11 % and from 1.30 to 3.89 %, the
variation range of longitudinal curvature radius with », = 6 and
10 mm is from 167 to 456 mm, and from 130 to 358 mm, re-
spectively. Moreover, as the maximum compression rate in-
creases, the changing trend of the longitudinal curvature radius
of the formed sheet is from fast to slow. After the maximum
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compression rate reaches 4.22 % with », =6 mm (or 3.15 %
with r, = 10 mm), the change of the longitudinal curvature
radius is insignificant if the compression rate continues to rise.

The principle of 3D surface rolling is the bidirectional bending
deformation after uneven elongation caused by inhomogene-
ous compression, and the compression action is only influ-
enced by the maximum compression rate without changing
rollers. Thus, it is feasible to use only one group of rollers to
effortlessly produce various shapes of formed sheets and the
difference in axial radius of roller affects the longitudinal defor-
mation range.

6. Conclusions

3D surface rolling with rigid arc-shaped rollers is a novel flex-
ible forming method of 3D surface sheet metal parts, and it is
more practicable of the non-uniform deformation principle
adopted in TSRRAR than that in SFR to realize the 3D surface
forming. Numerical simulations and experiments are carried
out to investigate the forming ability of the TSRRAR technology
without changing rollers. The conclusions are summarized as
follows:

1) It is feasible to use only one group of rollers to effortlessly
produce various shapes of formed sheets. When the maximum
compression rate varies from 2.22 to 5.11 % and from 1.30 to
3.89 %, the variation range of longitudinal curvature radius with
r, =6 and 10 mm is from 167 to 456 mm, and from 130 to 358
mm, respectively.

2) The difference in axial radius of roller affects the forming
force. If the difference in axial radius of roller changes from 6 to
10 mm, the maximum resultant force will decrease from 3.07 to
2.21 KN, and the required maximum compression rate will
decrease from 4.22 to 2.48 % with the same longitudinal curva-
ture radius (179 mm) to be obtained, meaning that the forming
difficulty can be effectively reduced by selecting the difference
in axial radius of roller.

Nomenclature

. Axial radius of roller

r, : Difference in axial radii of the concave and convex rollers
Lo : Length of circle arc AB

€ (s) :Total longitudinal strain at point S

0,  Initial thickness of sheet

6(s) :Thickness at point S
h(s) :Roll gap distribution function
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