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Abstract: Thin-walled aluminum alloy tube numerical control (NC) bending with small bending radius is a complex process with
multi-factor coupling effects and multi-die constraints. A significance-based optimization method of the parameters was proposed
based on the finite element (FE) simulation, and the significance analysis of the processing parameters on the forming quality in
terms of the maximum wall thinning ratio and the maximum cross section distortion degree was implemented using the fractional
factorial design. The optimum value of the significant parameter, the clearance between the tube and the wiper die, was obtained, and
the values of the other parameters, including the friction coefficients and the clearances between the tube and the dies, the mandrel
extension length and the boost velocity were estimated. The results are applied to aluminum alloy tube NC bending d50 mmx
1 mmx75 mm and d70 mmx1.5 mmx105 mm (initial tube outside diameter D, x initial tube wall thickness #, x bending radius R),
and qualified tubes are produced.
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1 Introduction

Numerical control (NC) bending of thin-walled
(Dy/ty>20, Dy is the initial outside diameter of tube, ¢, is
the initial wall thickness of tube) aluminum alloy tubes
(TAATs) is widely used in aerospace, aviation and other
high technology industries, due to the fact that it satisfies
the increasing needs for lightweight and high specific
strength of products, and its characteristics of high
forming limits and precision [1]. However, it is a
complex nonlinear forming process with strict
cooperation of dies, including a bending die, a clamp die,
a pressure die, a mandrel composed of a mandrel shank
and balls, and a wiper die, as shown in Fig. 1. Some
common defects, such as excessive wall thinning even
cracking, cross section distortion, and wrinkling, will
occur easily with inappropriate processing parameters,
especially for small bending radius (R/Dy<2, R is the
bending radius).

Many scholars have done much research on the

plastic forming process of tube bending. TANG [2]
developed some practical formulae to analyze plastic
deformation in tube bending. The results explained tube
bending phenomena well and provided an initial
technical guide. However, multi-constraint actions by
dies were not referred. NORMANI [3] established an
analytic model to predict the strain and thickness
distribution after tube bending considering the effect of
the mandrel, which was in accordance with the
experimental and the numerical results. However, the
friction conditions were neglected in the model. Much
research was done on the wrinkling phenomenon in the
plastic bending of thin-walled tubes by the theoretical
method or FE simulation [4—7]. The results are helpful to
design and optimize relevant processing parameters
without wrinkling in practice. YAN et al [8] put forward
a search algorithm of the minimum bending factors
under the multi-index constraints for bending processes
of aluminum alloy thin-walled tubes with large diameters,
based on a 3D elastic-plastic FE model and a wrinkling
energy prediction model. Effects of the clearances and
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Fig. 1 Schematic diagram of thin-walled aluminum alloy tube
NC bending

friction between the tube and the dies, the mandrel ball
thickness and diameter on the limit bending factors were
studied. LI et al [9] and YAN et al [10] analyzed the
forming characteristics of the NC tube bending.
Influences of the parameters on the forming quality in
NC tube bending were studied [11—-16], which supplied
an initial experiential database for further optimization.
STRANO [17] presented a process design system for
rotary draw bending; however, it was based on much
experiential data of the steel tube bending. Tube and pipe
bending manual provided a guide for choosing the initial
tooling parameters [18]; however, further precise and
complete design would be needed for thin-walled
aluminum alloy tube bending with small bending radius.
Above research results have supplied rules for
determining the initial values of the parameters, and it is
proved that finite element method (FEM) is effective to
study the complex forming process of NC bending with
multi-factor interactive influence.

The FEM simulations have been extensively used in
civil engineering and aeronautical engineering to solve
complex engineering problems on complex domains like
cars and airplanes [19]. However, they are, in general,
very time consuming to execute. So, how to optimize the
parameters more effectively applying FEM is a hot
project nowadays. Scholars adopted FEM combined with
the optimization strategies including approximate model,
optimization algorithm, and experiment-based design to
obtain the optimum processing parameters [20, 21].
BONTE [22] proposed a generally applicable
optimization strategy for industrial metal forming
processes using FEM simulations combined with the
design of experiments and the mathematical optimal
methods, which was proved to be efficient. By
considering the characteristics of thin-walled tube NC
bending, a stepwise optimizing strategy was proposed to
solve the optimization design of the forming parameters
[23]; however, for NC bending of TAATSs, especially for
small bending radius, the forming quality is influenced
more sensitively by the change of the parameters,

common numerical optimization methods are difficult to
solve the problem, and more details should be concerned.
Thus, in the present work, applying FE-based
significance analysis, a significance-based optimization
method is proposed and implemented to obtain the
optimum  parameters for the two specifications of
aluminum alloy tube bending with relative bending
radius of 1.5, which are d50 mmx1 mmX75 mm and
d70 mmx1.5 mmx105 mm (Doxty*R).

2 Significance-based optimization method

The significance-based optimization method is
proposed based on the established optimization model
and the FE model. The optimization problem is
formulated for minimizing the wall thinning ratio with
free wrinkling and the allowed cross section distortion
degree as the constraints, and the method of qualitative
predicting wrinkling occurring was proposed and
described before [4], and was used in the work applying
the FE model. The nine parameters, the friction
coefficient between the tube and the pressure die (f;), the
clearance between the tube and the pressure die (c,), the
friction coefficient between the tube and the wiper die
(fw), the clearance between the tube and the wiper die
(cw), the friction coefficient between the tube and the
bending die (f;), the clearance between the tube and the
bending die (c,), the friction coefficient between the tube
and the mandrel (f,), the mandrel extension length (e)
and the boost velocity (v,), which can be adjusted or
improved practically under the given tube geometry
dimensions, material and bending radius, are determined
as the main variables to be optimized. Influence and
significance of them on the wall thinning and the cross
section distortion are analyzed by the fractional factorial
design, and they are optimized according to the
significance analysis results.

2.1 Optimization model

With the given bending radius and bending angle,
minimizing the maximum wall thinning ratio (7) is
determined as the optimization objective for aluminum
alloy tube NC bending, which is described in Eq. (1).
The maximum cross section distortion degree of the tube
(Q) is determined as the response of constraint,
expressed by the ovalization ratio as shown in Eq. (2).

T =100%x (t, —t,.. )/t (1)
0=100%x (D, —-D")/ D, (2)

where £, represents the initial wall thickness of the tube;
tmin 1S the minimum wall thickness of the tube after
bending; D is the initial outside diameter of the tube; D'
is the minimum outer layer length of vertical axes of the
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tube cross-section after bending.

The initial bounds of the friction coefficients are
obtained according to the twist compression test results
[4]. The ranges of the other parameters are determined by
the experiential data from the former research. And then
the resulting mathematically formulated optimization
model is shown as follows [16]:
min 7
st. 0-5%<0;

0<fp, frws frns 6<0.5;
1>0.6;

0<cp, cw, Cm, p<0.5;

e<epy =(R+Dy/2-1,) —(R+d/2) +1p0  (3)

where f; represents the friction coefficient between the
tube and the clamp die; ¢, is the clearance between the
tube and the mandrel; e is the mandrel extension length;
emax 1S the obtained maximum mandrel extension length;
R is the bending radius; d is the mandrel diameter; 7,5 1S
the mandrel nose radius. The clearance between the tube
and the mandrel ¢y, is related to the mandrel diameter, so
it is not considered in the work, and the friction between
the tube and the clamp die should be large enough to
resist the relative slip. Then, the FEM simulations are
done to acquire the range of the other parameters for no
defects in order to do the subsequent significance
analysis in the range.

2.2 Establishment and verification of FE model

The whole process of NC bending for TAATs with
small bending radius is simulated by a half 3D
elastic-plastic FE model using ABAQUS/Explicit,
including bending, mandrel retracting and unloading
process, as shown in Fig. 2. Coulomb friction model is
chosen to represent the friction behavior. The aluminum
alloy tube bending of 450 mmx1 mmx75 mm is
simulated to verify the model. The tube material is
5A020, and its strain hardening model is applied as
& =438.15%%. The parameters  obtained
according to the specification are shown in Table 1.
Experiments are done to validate the model, and the
comparative results between the experiment and the
simulation are shown in Fig. 3, and the simulation results

initial

After bending

Y

x~tz

After mandrel retracting
and unloading

Fig. 2 FE model for NC bending of TAATs

Table 1 Initial parameters for aluminum alloy tube NC bending of d50 mmx1 mmx75 mm

d,/mm [/mm [,/mm l,/mm [/mm Liupe/mm ¢p/mm cp/mm c,,/mm
47.80 203 254 280 600 0.20 0.06 0.10
Jepan /mm fe fo fo T 0/(°) e/mm vp/(rad~s71)
17 Rough 0.25 0.10 0.05 0.10 90 6 Vp

d, is the diameter of mandrel; /, is the length of mandrel; /,, is the length of wiper die; , is the length of pressure die; /. is the length of clamp die; /e is the
length of tube; kyan is the thickness of mandrel balls; 0 is the bending angle; vy, is the tangential velocity of the rotating bending die.
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Fig. 3 Comparative results between simulation and experiment: (a) Comparison of wall thinning ratio between simulation and
experimental results; (b) Contour plot of thickness strain in simulation; (c) Obtained tube part in experiment
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agree with the experiment results, which has shown the
reliability of the model.

2.3 Optimization method

Based on the above FE model, the
significance-based optimization method for the NC
bending of TAATs with small bending radius is put
forward as the following descriptions, and it is applicable
for its characteristics, which is accompanied by
multi-factor interactive effects, and the forming quality is
more sensitive from the change of the processing
parameters. The flow chart of the whole optimization
process is shown in Fig. 4.

1) Establish the FE model under the initial

parameters obtained by the database of rules for
designing the forming parameters.

2) Further analyze the influence of the processing
parameters on the forming quality to determine the
reasonable ranges without defects.

3) Do the significance analysis of the processing
parameters in the ranges which are determined in step 2).

4) Optimize the significant parameters by iterative
calculations using the FE simulation, and set the best
values of the other parameters.

5) Put forward a systemic process for another
related specification of aluminum alloy tube bending.

6) Estimate if wrinkling, if yes, judge if the relative
tube diameter (Dy/t,) or the tube diameter is larger than

Fig. 4 Flow chart of significance-based optimization method of processing parameters for NC bending of TAATs with small bending

radius
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that of the former specification; if yes, reduce the ranges
of the clearances between the tube and the dies; and if
not larger, change the significant factors for free
wrinkling, such as increasing the mandrel diameter; and
if no wrinkling, go to the next step.

7) Conclude if the maximum wall thinning ratio
satisfies the requirement; if not, increase the clearances
between the tube and the dies in the range of free
wrinkling, and the increasing step length is half of the
former increasing step length; and if yes, go to the next
step.

8) Conclude if the maximum cross section distortion
degree satisfies the requirement, if not, change the
significant factors, such as increasing the number of
mandrel balls; and if yes, output the results and save
them in the rule database.

3 Results and discussion

3.1 Influence of processing parameters on forming
quality
The aluminum alloy tube bending of d50 mmx
1 mmx75 mm is selected as the reference process. The
influence laws of f,, fw, fm, fo, Cb, Cps Cw> €, v, On T and Q
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are studied as shown in Fig. 5 and Fig. 6, in which the
coefficient of boost velocity (k,) represents the ratio of
the boosting velocity of the pressure die to the tangential
velocity of the rotating bend die (vy). From Figs. 5(a), (b),
and (c), it is shown that when f;, is larger than 0.45, or c,,
is smaller than 0.05, or e is larger than 8 mm, or v, is
smaller than the tangential velocity of the rotating bend
die, cracking may occur easily or the forming quality
cannot satisfy the requirement. However, these
parameters have no obvious influence on the cross-
section distortion. Therefore, the ranges of these
parameters for stable forming can be obtained by
combining with the above results and the obtained
experiential data and knowledge, as shown in Table 2.
Then, the significance analysis is done below in the
ranges to make the scheme of the optimization order and
determine the optimum values of the parameters.

3.2 Significance analysis results
parameters

of processing

In order to reduce the number of calculations, a
fractional factorial design is applied to analysis of the
significance of the processing parameters. The maximum
wall thinning ratio and the maximum cross-section
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Fig. 5 Influence of processing parameters on wall thinning ratio: (a) Clearances between tube and dies; (b) Friction coefficients;

(c) Mandrel extension length; (d) Coefficient of boost velocity
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Fig. 6 Influence of processing parameters on cross-section distortion degree: (a) Clearances between tube and dies; (b) Friction

coefficients; (c) Mandrel extension length; (d) Coefficient of boost velocity

Table 2 Determined ranges of processing parameters for
significance analysis

Design variable Lower bound Upper bound
o 0.25 0.45
T 0.05 0.20
i 0.05 0.20
o 0.25 0.45
cy/mm 0.05 0.20
Cy/mm 0.05 0.20
cp/mm 0.05 0.20
e/mm 2.00 7.00
kp 1.00 1.20

distortion degree are determined as the responses.
9-5 .
The 20 design  of
experiments is applied to screening the importance of the

fractional  factorial
processing parameters [24]. The levels of the design
variables are applied, as shown in Table 2. And then, the
main effect plots and the Pareto plots of standard effect
for T'and Q are obtained, as shown in Fig. 7 and Fig. 8§,
respectively. It is found that the influence of £, and ¢ is
in the same direction for 7 and Q, i.e. the larger the £, is,

the larger the 7 and Q are, and the larger the c,, is, the
smaller the 7 and Q are. It is also indicated that ¢, has
significant influence on the wall thinning, and is an
insignificant factor for the cross section distortion. The
other parameters have no significant influence on wall
thinning and cross section distortion in the range, so their
best values can be set according to the main effect
analysis. The larger the ¢, is, the larger the risk of
wrinkling is [4]. Therefore, it should be first determined
to ensure no wrinkling. The smaller the friction between
the mandrel and the tube is, the better the forming quality
is; the smaller the ¢, is; the better the value of v, is, larger
than the value of the tangential velocity of the rotating
bending die (vy>vy, k,>1.00); but e has a slight influence
on the forming quality in the range. According to the
synthetic analysis, the best values of f,, fw, fm, fos Cbs Cps €,
k, are obtained as 0.45, 0.05, 0.05, 0.45, 0.05 mm, 0.05
mm, 7.00 mm and 1.00, respectively, and the optimum
value of ¢y is 0.20 mm for the aluminum alloy tube
bending of d50 mmx1 mmx75 mm.

3.3 Optimization results and verification
According to the above significance analysis of the
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Fig. 7 Main effects of processing parameters for responses: (al),
(a2), (a3) T; (bl), (b2), (b3) O

parameters for the bending of d50 mmx1 mmx=75 mm, f,,
Jws fms Jor Cos Cp, €, v, have no obvious influence on 7 and
Q in the reasonable range, therefore, the obtained best
values of them are used for the initial processing of
another tube bending of 470 mmx1.5 mmx105 mm,
whose relative bending radius (R/Dy) is 1.5 as well. So,
more attention is paid to optimizing the significant
parameter, the clearance between the tube and the wiper
die (cy). The initial parameters for the bending of d70
mmx1.5 mmx105 mm are shown in Table 3, and the
obtained optimum value of ¢, is 0.15 mm. In the
experiments, the maximum wall thinning ratios of the
two specifications are 20.00% and 25.10%, respectively.

The comparative results are shown in Table 4. And the
tube equivalent plastic strain contour plots after bending
are demonstrated in Fig. 9. It is found that the larger the
relative tube diameter (Dy/fy) is, the smaller the
reasonable extent of the clearance between the tube and
the wiper die is. Qualified products obtained by the
experiments are shown in Fig. 10. The results show that
the deformation is more uniform after optimization and
the optimization method is applicable for different
specifications of thin-walled aluminum alloy tube NC
bending with small bending radius.
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Fig. 8 Pareto plots of standard effect of processing parameters
of T (a) and Q (b) for responses

Table 3 Initial parameters for aluminum alloy tube NC bending of d70 mmx1.5 mmx105 mm

d,/mm [/mm [,/mm [y/mm [/mm [iupe/mm ¢p/mm cp/mm c,/mm
66.40 250 254 410 720 0.05 0.05 0.15

Kpa/mm £ 5 Ia fo 0/(°) e/mm vy/(rad-s™)
27.50 Rough 0.45 0.45 0.05 0.05 90 7 Vi
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Table 4 Comparative results of two specifications

Specification Condition T'% 0/% Cy/mm
Initial results 23.68 4.08
d50 mmx1 mmx75 mm Optimization results 22.30 3.92 0.05-0.20
Experimental results 20.00 3.49
Initial results 27.48 5.14
d70 mmx1.5 mmx105 mm Optimization results 26.20 4.96 0.10-0.15
Experimental results 25.10 3.00

(al) (a2)

AN

Strain Strain

3.949 X 107! 3.798 X 107!
3.619X 107! 3.482X 107"
3.290 X 107! 3.165X 107!
2.961 X 107! 2.849X 107!
2.632X 107! 2.532X107!
2.303X 107! 2.216X107!
1.974X 107! 1.899 X 107!
1.645X 107! 1.583X 107!
1.316X 107! 1.266X107!
9.871 X102 9.496 <1072
6.580X1072 6.331 X102
3.290 X 1072 3.165X 1072
0 0

(b1) (b2)

Strain
4.396X107!

Strain
4.646X 107!

4.092X10™! 4.092X 107!
3.720X 107! 3.663X 107!
3.348 X107 3.297X107!
2.976 X107 2.931X107"
2.604X 107! 2.564X 107!
2.232X107! 2.198X 107!
1.860X 107! 1.832X 107!
1.488X107! 1.465X107!
1.116 X107 1.099X 107!
7.440X 1072 7.326X 1072
3.720 X107 3.663 X107
0 0

Fig. 9 Equivalent plastic strain contour plots of initial results and optimization results for specifications: (al), (a2) d50 mmx
1 mmx75 mm; (bl), (b2) d70 mmx>1.5 mmx105 mm; (al), (bl) Initial results; (a2), (b2) Optimization results

Fig. 10 Qualified products by experiments: (a) 450 mmx1 mmx75 mm; (b) d70 mmx1.5 mmx105 mm
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4 Conclusions

1) NC tube bending of thin-walled aluminum alloy
tubes with small bending radius needs more strict
cooperation of the dies. The forming quality is more
sensitive to the change of the processing parameters, and
defects such as wrinkling, cracking, collapse may occur
more easily, so the significance-based optimization
method combined with FE simulation is applicable for
optimizing the processing parameters.

2) The optimum processing parameters are obtained
by the significance-based optimization method for
minimizing the maximum wall thinning ratio with the
allowed cross-section distortion degree and without
wrinkling. The clearance between the tube and the wiper
die is mainly optimized as it is one of the most
significant factors for the forming quality.

3) The significance-based optimization method is
applicable and reliable for different specifications of
thin-walled aluminum alloy tube bending with small
bending radius. The obtained optimal value of the
clearance between the tube and the wiper die is 0.20 mm
for the tube bending of 450 mmx1 mmx75 mm, and for
the tube bending of d70 mmx1.5 mmx105 mm, it is 0.15
mm. And the maximum wall thinning ratios are 20.00%
and 25.10% in experiments applying the optimization
results, respectively.
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