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STUDY ON MULTI-STEP FORMING PATHS FOR DOUBLE CURVED
PARTS OF 1561 ALUMINIUM ALLOY

Summary

Recently, corrosion-resistant 1561 aluminium alloy has been widely applied to the
production of curved parts. However, the sheets of this material will generate a high amount of
springback during multi-point forming, which means that a large amount of springback
compensation is required. In this paper, four multi-step forming paths are designed to study the
effect of forming paths on the multi-point forming results of double curved parts for 1561
aluminium alloy. Numerical simulation of the multi-step forming of curved sheets is carried out
by ABAQUS finite element simulation software. The simulation results indicate that the 1561
aluminium alloy double curved parts produce poor situations such as wrinkling and low forming
accuracy in single-step forming, while the accuracy improves significantly and the forming
quality increases after four-step forming. Therefore, a four-step forming path was adopted for
stamping tests on double curved parts. The results of the accuracy inspection of the formed
parts by Gom-inspect demonstrate that the quality of the curved parts can be effectively
improved by four-step forming, which has a certain significance in guiding the forming
preparation of parts for engineering applications.

Key words: 1561 aluminium alloy, multi-step forming, multi-step forming, springback
compensation, numerical simulation

1. Introduction

Most of the outer plates of ships are curved parts with different shapes, and the traditional
integral die is only suitable for stamping and forming single-shaped parts, so it is necessary to
replace several sets of dies to meet production demand [1], which has a high preparation cost
and low production efficiency. Multi-point forming is a flexible, dieless forming technology
that uses groups of independent [2] height-adjustable punches instead of integral die, allowing
the stamping and forming of a wide range of curved parts with high versatility. 1561 aluminium
alloy, as an excellent corrosion-resistant alloy, is widely used in ship manufacturing [3]. Due
to the high springback of this material, the deformation required for curved parts increases
significantly, resulting in wrinkles and straight edges on the surface of the parts [4,5]. For parts

TRANSACTIONS OF FAMENA XLVII-2 (2023) 31



Z. Zhang, Q. Xue, L. Wen, Study on Multi-step Forming Paths for
W. Peng, H. Shao, W. Fu Double Curved Parts of 1561 Aluminium Alloy

requiring large deformation, a multi-step, multi-point forming procedure can be used to reduce
the amount of single deformation, which can make the forming process easier and improve its
quality, and is an effective solution for the wrinkling of curved parts [6-8].

Multi-point forming has been widely used as a forming method for sheets. Sun studied
the factors affecting the amount of springback in the multi-point forming of sheets and found
that increasing the thickness of the sheet could reduce the springback [9]. Li et al. studied the
springback prediction method for anisotropic materials based on the crystal plasticity theory
[10]; Zhang studied the springback compensation algorithm for elastic-plastic materials with
single surfaces [11].

As an extended application of multi-step forming, multi-step forming of thin plates has
been investigated by using the finite element method [12].

(1) About spherical parts:

To solve the problem of the edge wrinkling of spherical parts formed in one step, Hao
used the multi-step forming method and found that the number of steps needed to form
decreased as the thickness of the part increased [13]. Qian et al. investigated the effect of elastic
pad thickness on the quality of the multi-step forming of aluminium alloy spherical parts and
found that an elastic pad with reasonable thickness can effectively reduce part indentation and
improve the dimensional accuracy of the formed parts [14].

(2) About saddle surface parts:

Liu et al. compared the forming state of saddle parts after single and multiple steps, and
then found that the multiple steps forming process could significantly alleviate wrinkling in the
central area of the part and improve the forming quality of the saddle parts [15]. Liu Wei also
pointed out in a study of the multi-step forming of saddle parts that the forming accuracy of the
saddle parts is improved due to the increase in the amount of multi-step forming and the
reduction of single-step deformation [16].

Currently, most applications of multi-step forming focus on symmetrical, regular surface
parts such as spherical and saddle parts, while any investigation of asymmetrical surface parts
is rare. In this paper, a multi-step, multi-point forming process is investigated for asymmetric
double curved parts. The simulation analysis of the forming process is carried out by finite
element simulation with ABAQUS. By comparing the effects of different forming paths on the
accuracy of the formed parts, the multi-step forming paths are optimized. The effect of multi-
step forming on the straight edge effect is studied, and the simulation results are verified
experimentally to provide useful guidance for production practice.

2. Materials experiment

The chemical composition of 1561 aluminium alloy plate (density of 2.7 g/cm™) is shown
in Table 1.

Table 1 Chemical composition of 1561 aluminium (wt.-%)
Mg Mn Fe Si Zn Zr Cu Al

6.2 0.85 0.4 0.4 0.35 0.17 0.12 bal

The test specimens for the tensile test were prepared as in Figure 1. Three specimens were
obtained from the plate material as a group using wire cutting. The tensile test was performed
on these specimens in a WDW-100KN testing machine with a strain rate of 1 mm/min. The
mechanical property parameters of 1561 aluminium are shown in Table 2, and the true stress-
strain data obtained from the test is plotted as a curve in Figure 2.
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Fig. 1 Tensile test specimen

Table 2 Mechanical property of 1561aluminium

Modulus of Poisson's Yield Tensile Fracture Section
elasticity /GPa ratio strength /MPa ratio/% strength /MPa  shrinkage
rate/%

68.365 0.3 216.38 23 498.8 17

True stress o/Mpa

0.00 0.05 0.10 0.15 0.20 0.25

True strain €

Fig. 2 True stress-strain curve of 1561aluminium alloy

3. Model establishment
3.1 Establishment of the geometric model

As shown in Figure 3, a circular tube with a closed end was drawn using CATIA software.
It is a circular tube with a wall thickness of 3 mm obtained from concentric circles of 394 mm
and 400 mm in diameter and rotated with a radius of 2250 mm. The double curved part was
selected from the above-mentioned circular tube, the length of its ad side and bc side are
2050mm and 2450mm respectively, and the part sheet was obtained by surface unfolding. The
diagonal lines ac and bd were used as the inspection lines for the forming accuracy of the part,
and their intersection point was set as the coordinate origin O. Next, the right angle coordinate
system was established with the width direction of the plate as the X-axis direction, the length
direction as the Y-axis direction, and the normal direction of the plate plane as the Z-axis
direction.
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Fig. 3 Sheet required from the target

The modelling of a multi-point die requires calculating the coordinates of each punch P,
as shown in Figure 4. P(u ,v) is the formula for the curve and P.(u ,v) is the formula for the
curve containing P, . The coordinates of the punch centre point £, can be calculated by formula

(1):

P(u,v,)+m

X=X, = 'x()

) (1

P(u ,v,)+ rn‘y:yo =Y

where (u,,v,) is the tangent point coordinates of the punch and the curve, n is the tangent plane

unit normal vector, and r is the radius of the spherical crown [17].

! Po(xo*..vo’zo)

Fig. 4 Touching between punch and part

The forming area of the multi-point forming equipment is 1200 mmx>1600 mm, and the
maximum forming force that can be applied is 200 kN. Taking the curved part as the target,
only the ball crown part of the punch is taken to build the geometric model of the die as shown
in Figure 5, the diameter of the ball crown of the punch is 39 mm, and the distance between the
adjacent punches is 40 mm.
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Fig. 5 Geometric model of multi-point die

3.2 Material model

Aluminium alloy adopts VonMise isotropic yield criterion, and its properties are in
accordance with the isotropic elastic-plastic constitutive relation [18]. In the finite element
calculation, when the obtained increment is small enough, the stress increment and strain
increment can be considered to be linear. Only isotropic and hardened elastoplastic metallic
materials are considered to represent the strain energy density during deformation, which is a
function of the Green strain tensor. The intrinsic model of the material is as follows:

ol /4

=" _AE,, 2

where S, is the Kirchoff stress tensor.

3.3 Finite element calculation method

The dynamic explicit analysis method is used to simulate the stamping process of the
plate, which is based on the kinematic formula:

MU(t)+CU(t)+ F(t) = P(1), (3)

where U(¢) is the acceleration, M is the mass matrix, U(¢) is the velocity, C is the damping
matrix, F'(¢) is the internal force vector, and P(¢) is the external force vector. In the case of

knowing the (0, ...... , ¢, ) time step solution, the central difference time integration method is
used to solve the displacement at the moment of 7., by the formula (4)(5):

ui,,)=U@B+U (tn% )Atn% 4)

U(t Ul(t U(t)At., 5

(n+/) (n%)-i_ (n) n ()
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At + At . .
—2 L The geometric configuration at the moment ¢

n+l

where Atﬁy = can be obtained by
2

updating it at the moment ¢, , where A7, < min (—ej , L, 1s the minimum cell characteristic size,
c

and ¢ is the wave velocity:

E
[T “

where E is the modulus of elasticity, v is the Poisson ratio, and p is the density.

The plate and the elastic pad are divided by a C3D8R mesh cell, the cell precision is set
to a first order, and the size is 1 mm. The punch is defined as a discrete rigid body cell, and it
is divided by a R3D4 mesh cell with a mesh size of 1.1 mm, after the assembly drawing mesh
division as in Figure 6.

. -
upper die————> u—,
~gE——

cushion

sheet—
cushion

Fig. 6 Finite clement meshing of multi-point stamping models

3.4 Simulation condition

The contact force is calculated using the penalty function method, using the Cullen
friction model to calculate the tangential force as follows :

T=uoc, or P=uP, (7)

where nis the friction coefficient, 7 is the friction stress, o, is the positive stress, P, is the

friction force, and P, is the positive pressure. The coefficient of friction between the punch and

the elastic pad is 0.15, and the coefficient of friction between the elastic pad and the sheet is
0.2. Fixing the lower die, the upper die moves down to apply the forming force to the sheet, and
the pressing process is divided into two dynamic explicit analysis steps [19]: the first analysis
step is when the upper die moves down quickly near the part, and the second step decreases the
speed to deform the part slowly. When the elastic pad is compressed by 30%, the downward
movement is stopped, and the loading is completed.
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3.5 Springback calculation

The springback of the formed part is calculated using the static implicit algorithm, and
the three points of the formed part are constrained as in Figure 7. Due to the internal stress
releasing of the part, it undergoes springback deformation. The motion formula of the node can
be expressed as follows:

[K{X(t+An)} ={F@+An}, (8)

where K is the stiffness matrix, X is the nodal displacement, and F' is the nodal force
function 7 = uo, .

dx=dy=dz=0

Fig. 7 Constraints on the rebound model

4. Numerical simulation
4.1 Design of curve springback compensation

Figure 8 shows a comparison of the contours of the double curved part before and after
the springback of single-step, multi-point forming, where the orange grid shows the contours
of the part before the springback. It can be clearly seen that the 1561 aluminium double curved
part has severe springback before and after unloading in single multi-point forming which needs
to be given large springback compensation. Considering the difference of the hyperbolic parts
in different directions of X and Y, different compensation methods are used to apply
compensation opposite to the springback direction to the multi-point mould, so that the
unloaded surface can be closer to the target shape.

Fig. 8 Springback phenomenon of sheet forming

Since the X-direction radius of the part is relatively small and the Y-direction radius is
larger, the amount of springback compensation in the X and Y directions is different. The height
Z of any position on the compensation surface is determined by assuming that the height value
of any point (X, y) on the target surface partis / , the X-directional contour compensation factor
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is m , and the Y-directional contour compensation factor is » , written as XmYn . Then, the
formula for calculating the amount of springback compensation of the part is as follows [20]:

(1+m)h located on the X axis
Z =3 (1+n)h located on the Y axis . 9)

(1+m+n)h located on non— cooedinate axis

4.2 Optimized design of the forming path

A reasonable deformation path enables the deformed sheet to be uniformly stressed and
thus uniformly deformed. Meanwhile, it can reduce the generation of forming defects and
achieve parts with better forming results. As the sheet deforms along the ideal forming path,
the formula for the Hencky deformation of the sheet at any time t is as follows [21]:

U(X,1) = 0(1)Diag[A”" (10" (1), (10)

where U is the elongation tensor, X is the node coordinates of intermediate configurations, Q(#)
is the orthogonal rotation tensor, Diag[A*"(¢)] is the diagonal tensor composed of the
principal values of Hencky strain, 1“”(¢) is the principal value of U(X,?), and a(¢) is the
deformation parameter.

By establishing the generalized function equation, the deformation of the intermediate
configuration is constructed by numerical methods with the least error in the least squares sense.
The intermediate configuration is constructed by numerical methods as follows:

t. =argminy('x) =

; o B
arg mln[J‘lQ%(U_U) : (U_U)dtQ] ( )

where t: is the amount of deformation at x at # moment, ¥ is the least squares function, U is
the deformation tensor of the ideal intermediate configuration calculated by formula (11), U is
the deformation tensor of the intermediate configuration calculated by a numerical calculation
method, and 'Q is the intermediate configuration at moment 7.

The node coordinates of the intermediate configuration unit constructed can be calculated
as follows:

al//(Xnode) ~
aXnode -
v (12)
A~ IQe
2l U0 e ]

where 'Q, is the volume of the configuration at moment # and X"* is the node coordinate of
the cell in the initial configuration.

The intermediate configuration at time t can be obtained by solving formula (12). Since
the initial and intermediate configurations are designed according to the ideal path, the optimal
forming path can be obtained by formula (12). Since the die for multi-step, multi-point forming
cannot be changed instantaneously, the multi-step forming path is designed with reference to
the most optimal path as shown in Table 3, and the dimensional accuracy of the formed parts
obtained with different paths is verified by numerical simulation, and the best multi-step
forming path is determined as well.
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Table 3 Multi-step forming solution

First step Second step Third step Fourth step
One step X2.5Y1.0
Two steps X2.2Y1.1 X2.4Y1.2
Three steps X1.9Y1.2 X2.1Y1.3 X2.3Y1.4
Four steps X1.7Y1.3 X19Y1.4 X2.1Y1.5 X2.2Y1.5

4.3  Analysis of the numerical simulation results of different paths

The simulation results are shown in Figure 9. The parts formed by one, two, and three
steps, respectively, show different degrees of wrinkling, and the wrinkling is gradually reduced
as the number of steps increases. It is clear that the surface quality of the part formed in four
steps is quite good.

one step two steps three steps four steps
Fig. 9 Surface wrinkling of forming parts

As shown in Figure 10, compared to single-step forming, four-step forming results in a
more uniform force on the double curved part. As well as having a larger area for the plastic
deformation of the material as it reaches yield conditions, it allows for more suitable force on
the edges of the part, and is helpful for forming the edge locations of the curved parts.

S, Mises
(Avg: 75%)
+3.986e+02

+5.000e+00

a: single-step forming part b: four-step forming part

Fig. 10 Von Mises stress distribution nephogram

After deformation of the curved part, the position of the four vertices is shifted. In order
to obtain a more accurate outline of the part, set point a and b as the origin of the coordinate
axis, respectively. Set ac and bd as the positive direction of the x-axis, and the normal direction
of the plane as the z-axis to establish the coordinate system. An outline of the part is drawn out
as in Figure 11. With the increasing number of forming steps, the inspection line contour
gradually approximates the target part contour, and, at the same time, the dimensional accuracy
gradually improves.

TRANSACTIONS OF FAMENA XLVII-2 (2023) 39



Z. Zhang, Q. Xue, L. Wen, Study on Multi-step Forming Paths for
W. Peng, H. Shao, W. Fu Double Curved Parts of 1561 Aluminium Alloy

E —=—one step =} —=—one step
-20 4 —201
: e ks f —m
ree steps —4— three steps
~v— four steps
304 ik ~304 —v— four steps
4+ targ —o— target
—40 4 —40 4
0 100 200 300 400 500 0 100 200 300 400 500 600
X/mm X/mm
a: profile outline of ac b: profile outline of bd

Fig. 11 Part dimensions in different paths

The maximum errors of the four formed parts on the ac and bd paths were taken and the
relation between the maximum errors and the number of forming steps was plotted in Fig. 12.
Compared with single-step forming, the maximum errors of the four formed parts on the ac and
bd paths were reduced by 85% and 80%, respectively.

20 - —=— Maximum error of bd
—e— Maximum error of ac

—_—
(7]
1

error/mm
—
[—])
1

Steps

Fig. 12 Variation of the maximum error with forming times

4.4  Four-step multi-point forming analysis

Figure 14 shows the contour lines in the ac and bd directions of the part formed in four
steps. By increasing the number of forming steps, the curvature of the part profile is increased,
which improves the problem of part edge forming and gradually improves the forming accuracy
of the part. This is because the edge of the curved part has a bending moment M opposite the
bending direction during the multi-point forming process, as shown in Figure 13.

M=F,|L, (13)
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Fig. 13 The state of the force at the edge of the part

The larger springback compensation increases the tangential angle £ between the curve
and the punch, which increases the length of L, and the magnitude of the bending moment M .
Multi-step forming results in a smaller part of deformation and a reduced angle £, which allows

the bending moment M in the opposite direction of the part to be reduced, making it easier for
the edges of the part to be formed.

—=—X1.7Y1.3 before springback

—e—X1.7Y1.3 after springback

d —=—X1.9Y1.4 before springback
——X1.9Y1.4 after springback (

—=—X2.1Y1.5 before springback

. —*—X2.1Y1.5 after springback

ol A T o
\' | —=—X2.2Y1.5 before springback 2V ]
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b £
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0 100 200 300 400 500 0 100 200 300 400 500 600
X/mm X/mm
a: profile outline of ac b: profile outline of bd

Fig. 14 Part dimensions in different steps

5. Experimental

The double curved plate made of 1561 aluminium alloy is stamped with four multi-point
forming steps, and the dimensions of the resulting plate and basic body are the same as those
of the numerical simulation. Figure 15 shows photographs of the multi-point stamping machine
and the experimental parts.
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a: multi-point forming stamping machine b: the formed part

Fig. 15 Multi-point stamping machine and the formed part

The optical scanning of the four-step forming part by Scan 3D scanner was used to obtain
the point cloud data of the forming part surface. The point cloud data of the formed part are
converted into a geometric model by Gom-inspect analysis software. The geometric model that
is converted from the point cloud data of the formed part by Gom-inspect analysis software is
compared with the dimensions of the target part, and the error distribution of the formed part is
produced as shown in Figure 16. It can be seen that the error is maximum at point a, which is
2.6 mm. The rest of the error is small.

=
2.60
2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.57

m

Fig. 16 Shape error cloud of the formed part

As shown in Figure 17, for the error distribution of the formed parts, 91.7% of the areas
in the Figure show dimensional errors less than 1 mm, and only 0.8% of them exceed 2 mm,
which indicates that the simulation results fit well with the actual situation. In the multi-point
forming of double curved parts of 1561 aluminium alloys, it is possible to obtain parts with
small dimensional errors by using the four-step forming path along X1.7Y1.3, X1.9Y1.4,
X2.1Y1.5 and X2.2Y1.5 as shown in this paper. The error of the formed part meets the
requirements with a maximum error of 3 mm.
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Fig. 17 Shape error distribution of the formed work part

6. Conclusion

(1) The dynamic explicit algorithm of the finite element analysis method was used to
simulate the loading and forming process of 1561 aluminium alloy. Then, combined with the
static implicit algorithm, the unloading springback process was simulated numerically.
According to the calculations, it was found that the 1561 aluminium alloy has severe springback,
and large springback compensation is needed during the forming process. Wrinkling happens
with single-step multi-point forming.

(2) For the 1561 aluminium alloy double curved part, adopting a four-step forming path
can avoid surface wrinkling, reduce part errors, and improve the forming quality of part edges.
The better forming paths are X1.7Y1.3, X1.9Y1.4, X2.1Y1.5, X2.2Y1.5.

(3) The results of the simulation were verified and fit well with the experimental results,
which can serve as guidance for actual production.
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