Study and optimization of three-dimensional free bending forming law

for metal hollow members

Abstract

In order to study the three-dimensional free bending of metal pipe forming law, to improve the
three-dimensional free bending process of metal pipe forming quality, @12mm % 1mm P2 copper.pipe as the
object of study, through the related blank and material properties on the pipe bending and formingithe influence
of the law found that the smaller the pipe bending radius, the more significant the impactof the wall thickness
on the bending radius of the pipe, pipe molding quality decreases with the increase.in the wall thickness. The
pipe bending radius size is determined by the material modulus of elasticity, yield strength, pipe hardening in-
dex and strength factor and other parameters together. The maximum.ellipticity:of the pipeiis related to the ma-
terial strength, and the wall thickness variation of the pipe is affected by:the hardening index n. Orthogonal tests
are designed and simulated for five groups of process parameters to obtain the optimum value of each group of
parameters and the importance of the five groups of parameters on the:pipe forming quality. TP2 copper pipe
free bending test, the test results and the simulation results of the bending angle and bending radius of the nu-
merical deviation is less than 5%, the maximum wall thickness reduction‘rate and the maximum elliptic rate of
the pipe deviation value is less than 2%, it can be seen that'the finite element simulation can provide a reliable
basis for the actual forming test, the optimization results of the improvement of the quality of tube molding and
the improvement of the molding mechanism of the test equipment is of great importance in guiding signific-

ance.
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1. Introduction

With the processing technology of complex
structural hollow' members. becoming more and
more perfect, the application fields of metal hollow
members are.more‘and more extensive.For example,
they are involved.in aviation, aerospace, medical,
construction, and home  decoration!]. At the same
time,various fields put forward higher requirements
for ‘the forming  technology of hollow
pipes.Compared with the traditional bending
process, the pipe free bending process can make the
metal hollow components to complete the complex
three-dimensional continuous curvature forming,
and to ensure higher forming quality under the pre-
mise of greatly improving the processing efficiency.

ChengXuan[2 investigated the effect of differ-
ent parameters on the forming of rectangular pipes
during free bending. It was shown that as the yield
strength, thickness, fillet radius, die clearance, coef-
ficient of friction and fillet radius of the guiding
mechanism increased, the rate of change of thick-

ness and cross-section deformation decreased, and
the bending radius of the pipe increased. The rate of
change of pipe thickness decreases with increase in
axial feed rate.Wei Wenbin®® of different diameters
of the pipe to change the bending curvature, com-
pared the neutral layer of the pipe and the wall
thickness trend, did the actual test for comparison,
and concluded that: the smaller the bending radius
of the pipe, the neutral layer to the outside of the
bending to move the greater the magnitude of the
bend, the bending radius change on the inner side of
the pipe wall thickness has a greater impact on the
outer side of the wall thickness of the influence of
the smaller [15,16].Wul[et al. proposed a new
integrated control strategy for 3D pipe bending
springback. The bending shape was optimized dur-
ing the forming process using the DA (displacement
adjustment) method and B&T (bending and torsion
combination) method, and the formed pipe was dis-
cretized to obtain the optimized forming parameters.
In addition, the pipe bending rebound model was
extended to different loading methods and mate-
rials®, and the effects of different loading methods



on rebound were investigated, and the results
showed that a reasonable selection of the loading
index K is conducive to improving the prediction
accuracy. Li Tao”)studied the spiral forming process
in three-dimensional free bending and found that the
ellipticity of the bent section of the pipe is related to
the spiral diameter and pitch, and the outward offset
of the neutral layer of the pipe in the bending
process decreases with the increase of the spiral
diameter.Guo Xunzhong[g]for profile six-axis free
bending forming mechanism research, six-axis free
bending equipment structure, bending die trajectory
algorithm is introduced, and analyzed the wall
thickness distribution characteristics of the square
tube forming, the cross-section torsion of the square
tube bending radius and bending direction of the
influence of the law to study [17-20].

In this paper, based on the three-axis free
bending equipment, TP2 copper tube with
@12mm*Imm is the main research object.To study
the influence of relevant blank and material proper-
ties on pipe bending and forming,The parameters
are analyzed by orthogonal tests to optimize the
pipe forming quality, and the validity of numerical
simulation is verified by free bending tests.

2. Three-dimensional free bending molding prin-
ciple and mechanical analysis

The key components of the three-axis free
bending and forming equipment are mainly com-
posed of spherical bearings, propulsion mechanism,
bending die, guide mechanism and other. parts, as
shown in Figure 1.The guide mechanismis statio-
nary and the propulsion mechanism moves at a con-
stant speed along the Z-axis, The spherical bearing
moves in the XY plane‘and the bending die moves
and rotates in the XY plane.The pipe is bent arbitra-
rily in the three-dimensional \direction under the
joint action of.the hending die, the propulsion me-
chanism and the guiding mechanism.
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Fig. 1 Structural diagram of triaxial free bending

The larger the bending die eccentricity, the
smaller the length of the bending deformation zone,
and the smaller the pipe bending limit radius.The
bending moment™to which the pipe is subjected
during bending is:
M=PFL+RU (1)

wherePgyis the thrust of the spherical bearing
against the pipe;P; is the thrust of the propulsion

mechanism against the pipe;Uisthe spherical bear-
ing eccentricity;L is the length of the bending de-
formation zone.

Three-dimensional free bending mechanical
analysis model of pipe based on the principle of
metal plastic forming.To simplify the model, the
friction between the pipe and the bending die is
neglected;the pipe cross-section is always perpen-
dicular to the centerline of the pipe,and the pipe
cross-section does not produce distortion when
bending;considering that the pipe bends freely under

plane strain,circumferential straine, = 0 ;the bend-

ing deformation of the pipe conforms to the volu-
metric incompressibility condition.In order to avoid
the rigor of power function integrals, The! pipe ma-
terial model was modeled using a linear reinforce-
ment model“the stress-strain relationships are as
follows:

o=0,+D(e=¢) 2
where o is the initial yield strength of pipe; &gis
the strain corresponding to initial yield strength of
pipe; D is the linear hardening factor.

Ripes:in the bending deformation process is af-
fected by a combination of factors.The geometric
parameters;of pipe bending deformation are shown
schematically in Fig. 2.In the figure pis the radius of
curvature at any point of the bend;y is the angle
between any radius line of the cross-section and the
original center layer;Ry is radius of curvature of the
original neutral layer of the bend;R; is radius of
curvature of the strain neutral layer of the bend;R,,
R; is outermost and innermost radii of curvature of
the bend;yis the length of the neutral layer spacing
between any position of the bend and the bending

strain; dy, t,is original outside diameter and wall
thickness of the pipe;d, t is bend the outside di-
ameter and wall thickness of the pipe; o, , &, is pipe
tangential stress strain; Op . Ep is radial
stress-strain of the pipe; o, , &, is pipe circumfe-
rential stress-strain.

d

Fig. 2Mechanical model diagram of elbow

Assuming that there is no shear deformation

during bending, the stress balance equation can be
simplified as:



p 9070
dp I
Based on the assumption of zero strain in the cir-
cumferential direction and the incompressible vo-
lume condition, the stress in the circumferential di-

rection of the bend cross-section is:

o,+0
o, =222 (4)

The equivalent force and equivalent strain of
the bend are respectively:

7 = ier-ool or-en o)

= ‘O-Q—O-p‘

do, %% _, 3

(5)
_ 2 2
g =\/5(6‘p2+892+8w2)=$|89| (6)

Based on a simplified linear reinforced materi-
al  model,considering tangential compressive
stresses due to axial thrust,the equation between the
equivalent force and the equivalent strain is:
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Substituting equations (6) and (7) into (4)
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The transient strain neutral layer of the pipe in
the bending process is gradually deflected to:the
outside under the action of the propulsion force, and
the tangential engineering strain of the pipe can be
expressedas:
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Joining (4) and (9).gives:
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Substituting -equation (10) into equation (3)
yields:
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According to the calculated integration con-
stants, the radial stresses on the inner arc side and
outer arc side of the bend are:
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The tangential stress at any radius of curvature

p can be found by substituting equations. (12) and
(13) into (10):
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The radial stress on the inner and outer surfac-
es of the bend is 0. The equivalent stress on the in-
ner and outer surfaces of the bend is:
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Assuming that the axial thrust acts uniformly in
the tangential direction of the bend, the tangential
stress caused by the axial thrust and bending mo-
ment must satisfy the static equilibrium relationship
on the bending line, as shown in the following equa-

tion:
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The relationship between the outer wall thick-
ness t,and inner wall thickness t; of the pipe and



the original wall thickness t, is given by:
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Substituting the above equations into (18)
yields the following equation for the strain neutral
layer displacement angle and lateral displacement
relationship:

;{GDN —%S(l— Ejfj(f —sin aj —%sinﬁ+§cosﬁ (22)

GSKl—Dj—At}(R—sinaj—Atsinﬁ
D E) t \r t,

¢ = rsin|ﬁ| (23)

18l

3. Three-dimensional free bending finite element
study

3.1. Forming quality evaluation index and mul-
ti-objective optimization method selection

The evaluation criteria for pipe forming
quality are wall thickness reduction and ellipticit}/,
which are calculated by the following formulas™

t-t
§ = —M % 100% (24)
t

where § is the wall thickness reduction rate;tis
original wall thickness of pipe (mm);t,, is the
minimum  wall  thickness of the pipe
(mm).Engineering that the bend wall thickness
reduction rate should ‘be no more than 10% is
qualified*?.

5=Mx100% ( 2 5 )

max
where ¢£'is. the ellipticity; D, is the maximum
cross-sectional diameter of the pipe; D,;,is the
minimum cross-sectional diameter of the pipe.In
industrial piping, copper tubing is required to
have an ovalization rate of no more than 8%.

In this paper, the efficacy coefficient method
was chosen as the multi-objective optimization
method for this study™.

B fkmax(x)_fk(xk) ( 2 6 )
* fimax (X) = fimin (X))
where 1 (x)and fnin (X ) are the extremes of

k

f, (x)under the constraints, while the goodness of
the multi-objective program is judged by the

magnitude of the total efficacy coefficient, with
the best results when n = 1:

n=3mmn;, ...n, — max ( 2 7 )

3.2. Analysis of the effect of different wall thick-
nesses of pipes on the molding pattern

TP2 copper tubes with wall thicknesses of
0.5mm, 1mm, and 2mm were selected for simula-
tion.From Figure 3, it can be seen.that in the 0-1s
transition section, with the increase of the bending
die eccentricity, the bending pipe;from the elastic
deformation stage gradually-transformed.to the plas-
tic deformation stage,«the pipe inthe.Z direction of
the thrust gradually:increased, in the 1s-4s arc sec-
tion, the pipe in the process.of moving the size of
the bendingsmoment is unchanged, the pipe is sub-
jected to-the Z thrust is also:gradually in a stable
state. With the increase;of wall thickness, the Z-axis
thrust force on the pipe also increases gradually.

3000
+ W all thickness = 0.5 mm
2500 - w—a—Wall thickness = 1 mm
z b e W a1 thickness = 2 mm
% 2000
g _T sition
% 1500 [y The circular arc
E 1000 | / segment
500
() C 1 L I i 1 " 1 " 1
0 1 2 3 4
Fig. 3Variation of z-axis thrust of tube under different wall
thickness

Different wall thickness of the pipe in the
X-axis direction of the thrust shown in Figure 4, the
wall thickness increases so that the pipe in the
bending process of the X-axis thrust also gradually
increased, wall thickness of 1mm and wall thickness
of 2mm pipe between the thrust changes in the
range of small, when the wall thickness of 2mm, the
maximum X-axis thrust of more than 10,000N at 1s.
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Fig. 4Variation of x-axis thrust of tube under different wall
thickness
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Fig. 5Relationship between tube change rate and wall thick-
ness
The rate of change of pipe under different wall

thicknesses is shown in Fig. 5, the rate of change of
wall thickness on the inner and outer sides of the
pipe increases with the increase in wall thickness of
the pipe, but the magnitude of the change is small,
and the ellipticity of the pipe increases with the in-
crease in the thickness of the pipe wall, and a com-
parison of the 2mm wall thickness pipe and the
0.5mm wall thickness pipe shows that the ellipticity
of the 2mm wall thickness pipe increases signifi-
cantly, more than 7%.
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Fig. 6Bending deformation of tube under different wall
thickness

The bending deformation .of the pipe at differ-
ent wall thicknesses is shown in Fig. 6. From the
figure, it can be seen that different pipe wall thick-
nesses also have an effect on the bending radius of
the pipe, in which the 2mm wall thickness bending
radius is the largest, and the. 1mm wall thickness
bending radius is the smallest. However, the thicker
wall thickness of the pipe inthe bending transition
section of the ellipticity is relatively large, with the
increase of the bending radius, the maximum stress
of the pipe is gradually reduced.In order to further
investigate the forming law of pipes with different
wall thicknesses under different bending radii and
bending angles, the bending die eccentricity
U=4mm, 6mm, 8mm, 10mm were selected for fur-
ther 'study, and the bending radius of the pipe, the
maximum wall thickness reduction rate, and the
maximum ellipticity under this parameter were ana-
lyzed, as shown in Table 1.

Table 1 Tube forming parameters under different wall thickness and different eccentricity of bending die

Wall thickness h Bending die eccen-

Bending radius R

Maximum wall thickness re- Maximum ellipticity

(mm) Utzﬁlz) (mm) duction (%) (%)
4 162.42 1.74 3.32

0.5 6 130.88 1.96 5.77
8 98.48 2.72 6.58

10 67.79 3.88 7.89

4 160.81 1.77 4.46

1 6 136.46 2.02 5.16
8 106.60 2.91 7.72

10 76.65 4.42 8.69

4 164.32 1.79 5.21

2 6 143.82 2.13 7.68
8 114.91 2.96 10.42

10 85.16 4.68 12.03

When the bending die eccentricity is small, the
difference between the bending radius of different
wall thicknesses of the pipe is small and shows no
regular change, when the eccentricity is larger, the
bending radius of the three wall thicknesses of cop-
per pipe bending radius difference is more obvious.
The larger the pipe wall thickness, the larger the
bending moment required under the same radius, the

pipe bending moment required by the bending mold
eccentricity U and pipe bending deformation zone
length L together, the equipment in the work of the
U and L value is unchanged, different wall thickness
of pipe bending bending process by the bending
moment size is equal, so the larger the wall thick-
ness, the larger the bending radius of the pipe. In the
small eccentricity pipe wall thickness and bending



radius without significant regular changes may be
due to the pipe bending angle is small, bending re-
bound, friction changes and other factors on the pipe
bending radius of the accuracy of a greater impact.
Under the same eccentricity, the pipe wall thickness
thinning rate is positively correlated with the wall
thickness, and under the large eccentricity, the
maximum wall thickness thinning rate of
thick-walled pipes increases more significantly. In
addition, the maximum wall thickness reduction rate
of thick-walled pipes is higher than that of
thin-walled pipes under large eccentricity, but the
maximum wall thickness reduction rate is still
within the qualified range, so it can be seen that the
change of wall thickness has an effect on the maxi-
mum wall thickness reduction rate of pipes, but the
influence range is limited. With the increase in ec-
centricity, the maximum elliptic rate of different
wall thickness of the pipe changes in the magnitude
of larger, when the pipe wall thickness of 1mm,
10mm eccentricity under the maximum elliptic rate
of more than 8%, when the pipe wall thickness of
2mm, 8mm eccentricity under the maximum elliptic
rate of more than 10% of the bend, that is, the bend
produces more serious defects.

In summary, it can be seen that, under the same
process parameters, the bending radius increases
with the increase in wall thickness, the required
Z-axis thrust and X-axis thrust is also the larger,
with the increase in wall thickness of the pipe, the
maximum wall thickness of the pipe thinning rate
increases, the maximum ellipticity increases, the
quality of pipe molding decreases.

3.3. Analysis of the influence of different material
pipes on the molding law

There are great differences in the mechanical
property parameters of metal pipes of different ma-
terials, and there are great differences in forming
parameters such as bending angle, bending forming
limit, rebound, ellipticity, wall thickness change rate,
and so on in the pipe bending process.In this paper,
TP2 copper. pipes, Tal pipes, and 6061 aluminum
alloy pipes were selected, respectively.Pipe outer
diameter @l2mm, wall"thickness 1mm for finite
element analysis, three different materials under the
pipe bending.and forming law to study, through the
tensile test to obtain the material parameters of the
three materials as shown in Table 2.

Table 2 Material properties of three metal tubes

Material Density Modulus of elas-  ¥ielding strength Tensile Poi b Hardening
ateria (tonne/mm®) ticity (GRa) (MPa) strength(MPa) olssonbee index n
TP2pipe 8.94*10° 115 33.48 376.87 0.31 0.6321
Talpipe 4.5%107 105 187.14 456.26 0.34 0.6561
6061-AL pipe 2.7%10° 69 253.73 347.44 0.33 0.0982

Figure 7 shows:the three pipe bending radius
change schematic, whenthe eccentricity distance is
10mm, ;,6061-AL pipe appears serious distortion
cannot be formed normally. Theoretically, the great-
er the yield strength, indicating that the pipe resis-
tance to plastic deformation ability, the lower the
yield strength, the better the cold forming perfor-
mance of the pipe will be. The lower the yield
strength, the better the pipe cold forming perfor-
mance will be. Then the same bending force, the
greater the yield strength of the material, the larger
the pipe bending radius.Young's modulus is a phys-
ical quantity that describes the ability of a solid ma-

terial to resist deformation, this parameter can indi-
cate the rigidity of the material, the greater the ri-
gidity, the less likely to deform. Therefore, the larg-
er the Young's modulus of the material, the larger
the bending radius of the pipe.However, in the ac-
tual bending process, the bending radius of the three
kinds of bends did not show a theoretical regular
change, which can be speculated that the size of the
bending radius of the pipe is not only determined by
the modulus of elasticity and yield strength. Para-
meters such as the hardening index and strength
coefficient of the pipe may also influence the bend-
ing radius of the pipe, and under the effect of mul-



ti-parameter coupling, the pipes of different mate-
rials show no regular change under the three eccen-
tricity distances.
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Fig. 7Comparison of bending radius of different tubes
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Fig. 8Variation of maximur;bc)hange rate of different tubes
with eccentricity

The variation of maximum wall thickness re-
duction ‘and maximum ellipticity for different pipes
is shown in'Fig. 8. It can be seen from Fig. 8a that
the maximum ellipticity of different pipes increases
with the “increase in bending die eccentricity dis-
tance. From the lateral comparison of different pipes,
the maximum ellipticity of Tal pipe is the lowest
and TP2 pipe is the highest under the same bending
die eccentricity distance.This is because the greater
the strength of the material, the greater the ability of
the material to resist the deformation of the
cross-section, TP2 pipe yield strength is much lower
than the Tal pipe and 6061-AL pipe, tensile strength
is slightly higher than the 6061-AL pipe and with

the Tal pipe is a large difference, and thus the
maximum ellipticity of the TP2 pipe is the largest of
the three tubes. The yield strength of Tal pipe is
lower than that of 6061-AL pipe, but the tensile
strength is higher than that of 6061-AL pipe. Taken
together, the Tal pipe is stronger and therefore has a
lower maximum ellipticity than the 6061-AL pipe.

From Fig. 8b, it can be seen that maximum
wall thinning rate of different pipes increases with
the increase of eccentricity, and the, maximum wall
thinning rate of TP2 pipe is higher than that of Tal
pipe at the bending die eccentricity,of 7.5 mm and
10 mm.This is due to the.change in‘wall thickness of
the pipe by the hardening index'n, the hardening
index is high, the material hardening effect is strong,
the ductility of the material is also increased, ac-
cording to_the principle of incompressibility of the
material; the pipe in_the tangential strain increases,
the maximum wall thickness of the thinning rate
also increases.The hardening index of TP2 pipe is
slightly higher than Tal pipe, so the maximum wall
thickness reduction rate of TP2 pipe is larger under
the same eccentricity, and the hardening index of
6061-AL pipe is much lower than that of other ma-
terials, so the maximum wall thickness reduction
rate is the lowest among the three materials. How-
ever, the maximum wall thickness reduction rate of
TP2 tubes is smaller than that of Tal tubes when the
bending mode eccentricity is 5mm, which may be
due to the fact that the bending radius of TP2 tubes
is larger than that of Tal tubes when the eccentricity
is 5mm, which leads to a reduction in the maximum
wall thickness reduction rate.

4.Multi-parameter pipe forming quality analysis
and optimization based on orthogonal test

The forming results of metal pipe bending are
often subject to the coupling effect between multiple
factors, in order to analyze the coupling effect of
each parameter on the pipe forming influence law,
this paper selects the bending die and pipe clearance
value, the bending die fillet radius value, the length
of pipe bending deformation zone, the guide me-
chanism fillet radius value, the guide mechanism
and the pipe clearance value of the five-factor,
three-level orthogonal experimental design to study
the importance of the influence of each factor on the
quality of the pipe and parameter optimization, the
orthogonal table header design shown in Table 3,



the orthogonal table header design. The importance
of the influence of each factor on the quality of pipe
forming and parameter optimization[“]' orthogonal
table header design is shown in Table 3.

Find the standard orthogonal table according to
the selected factors and levels, and select Table Lyy
(3°) in the standard orthogonal table for the
27-group orthogonal experimental design. The five

test factors were replaced by ABCDE and the dif-
ferent levels were replaced by 123, so that each
group of test solutions can be expressed by a com-
bination of letters ABCDE and numbers 123, re-
spectively, and simulation analysis was carried out
with the 27 groups of orthogonal tests designed in
section 3.2, and the results of the simulation data are
shown in Table 4.

Table 3 Design factors level table of free bending orthogonal test

Level Factors
E
A B C_ D Guide mechanism
Pipe mold Bending die Bending Guide mechanism 3
clearance corner radius  yotormation zone  cOrnerradius and pipe
(mm) (mm) length Cmm) ¢mm) clearance value
(mm)
1 0.1 15 21 1.5 0.2
2 0.2 2 23 2 0.3
3 0.3 2.5 25 2.5 0.4
Table 4 Simulation results
Trail No. Factors
Maximum wall
Maximum el- Optimization results of the
Pilot programs thickness reduction o . .
lipticity (%) efficacy coefficient method
(%)
1 A1B1C1D1E1l 5.04 3.08 0.552
2 A1B1C1D1E2 5.18 3.47 0.526
3 A1B1C1D1E3 4.7 6.82 0.280
4 A1B2C2D2E1 4.7 5.89 0.374
5 A1B2C2D2E2 4.39 5.54 0.415
6 A1B2C2D2E3 3.85 6.26 0.366
7 A1B3C3D3El 4.23 5.95 0.385
8 A1B3C3D3E2 4.02 6.76 0.304
9 A1B3C3D3E3 3.49 7.85 0.110
10 A2B1C2D3El 4.86 421 0.493
11 A2B1C2D3E2 4.41 5.54 0.415
12 A2B1C2D3E3 4.1 6.20 0.364
13 A2B2C3D1E1l 4.28 5.67 0.408
14 A2B2C3D1E2 3.87 6.67 0.319
15 A2B2C3D1E3 3.65 7.65 0.167
16 A2B3C1D2E1l 5.24 5.33 0.399
17 A2B3C1D2E2 4.93 4.28 0.486
18 A2B3C1D2E3 4.44 5.38 0.427
19 A3B1C3D2E1l 4.22 5.86 0.393
20 A3B1C3D2E2 3.79 6.81 0.304
21 A3B1C3D2E3 3.41 6.22 0.383
22 A3B2C1D3El 5.52 5.15 0.399




23 A3B2C1D3E2
24 A3B2C1D3E3
25 A3B3C2D1E1
26 A3B3C2D1E2
27 A3B3C2D1E3

4.88
4.45
6.67
4.23
3.98

4.13 0.498
6.74 0.296
3.92 0.412
5.98 0.382
7.12 0.257

In order to intuitively find out the magnitude
and significance of the influence of each factor on
the pipe forming quality, the extreme difference
analysis method was chosen to process the finite
element simulation results.As can be seen from Ta-
ble 5 of the polar analysis, the influence of each
parameter on the quality of pipe forming is as fol-
lows: guide mechanism and pipe gap E > bending
deformation zone length C > bending die fillet ra-

dius B > guide mechanism fillet radius D > pipe die
gap A.

Table 5 Range analysis

Index Factors
. Guide mechanism
Pipe mold Bending die Bending Guide mechanism .
clearance corner radius defordiimerond corner radius and pipe
(mm) (mm) length Cmm) ¢mm) clearance value
(mm)
K1 0.3680 0.4122 0.4292 0.3670 0.4239
K2 0.3864 0.3602 0.3864 0.3941 0.4054
K3 0.3693 0.3513 0.3081 0.3627 0.2944
R 0.0184 0.0609 0.1211 0.0314 0.1294

ANOVA can distinguish differences between
test results from error fluctuations, can validate the
accuracy of the results of the polar-analysis method,

and determine the significance of the effect of each
factor on the indicator.

Table 6 Analysis of variance

Source df SS MS F P(%)
Pipe mold clearance (mm) 2 0.001904 0.000952 0.19 0.826
Bending die corner radius (mm) 2 0.019471 0.009736 1.97 0.171
Bending deformation zone length (mm) 2 0.067902 0.033951 6.89 0.007
Guide mechanism corner radius (mm) 2 0.005228 0.002614 0.53 0.599
Guide mechanism and pipe clearance value (mm) 2 0.088251 0.044126 8.95 0.002

Inaccuracies e 16 0.078894 0.004931

Aggregate T 26 0.261651

According to the results of ANOVA in Table 6,
it can be seen that factor E and factor C have the
most significant effect and factors A, B, and D have
insignificant effects at a significance level of
0.1.Therefore, when selecting the parameters, the
optimal value of the gap between the guiding me-
chanism and the pipe and the length of the bending
deformation zone, E1C1, is selected in priority, fol-
lowed by the selection of a more appropriate radius

of the bending die fillet and the radius of the guid-
ing mechanism fillet according to the results of the
analysis of the extreme variance, and then the selec-
tion of the value of the pipe die gap, A, is consi-
dered in the end. At the same time, it can be seen
through the ANOVA analysis that the results of the
ANOVA analysis are consistent with the results of
the extreme variance analysis.

5. Experimental study of free bending molding



The direction of motion of the three-axis free
bending equipment is shown in Figure 9. In the X/Y
plane, under the action of two servo motors, spheri-
cal bearings on the panel through the ball screw on
two sets of linear guideways to achieve plane
movement. z-axis direction, the actuator through the
ball screw drive to push the pipe toward the Z-axis
direction to ensure that the transmission under the
action of servo motors has a high degree of accura-
cy.

Fig. 9Three axis movement direction of free bending equip-
ment

Fig. 10Handheld 3D digital scanner
For the post-processing of this free bending and
forming test, a handheld 3D digital scanner was
used to scan the pipe in 3D after bending and form-
ing, and the scanning equipment is.shown'in Figure
10.

Table 7 Design parameters of three-dimensional free bending experiment

Parameters No. of
groups
Group 1 Cz-‘roup C;roup
rate of advance (mm/s) 70 50 50
Spherical bearing eccentricity (mm) 5 7 9
First transition time (s) 1 2 2
Arc time (5) 3 3 3
Second transition period (s) 1 2 2
Pipe deformation.length (mm) 350 350 350

Select 12 * 1mm TP2 copper pipe as‘the test
material, guide mechanism and pipe clearance
0.2mm, pipe bending deformation zone length of
40mm, bending die corner radius 2mm, guide me-
chanism corner.radius 2mm, bending die and pipe
clearance 0.2mm, in-order to reduce friction in the
test process of the pipe, in the pipe on the outer sur-
face ofithe lubricating oil. Three groups of different
pipe bending tests were carried out, and the specific
test parameters are shown in Table 7.

Under three sets of parameters, free bending
forming tests and free bending finite element simu-
lation were carried out, and the three sets of test
results were compared with the simulation results,
respectively, and the free bending test results and
simulation results are shown in Figure 11.



Fig. 11 comparison between experiment and simulation

Table 8 Comparison results of test simulation

Bending ra- Bending angle Maximum wall thickness reduc- * Maximum ellipticity
dius (mm) (mm) tion (%) (%)
Trial 1 329.16 35.45 Trial 1 1.66 181
Analog 1 322.55 37.17 Analog 1.83 1.02
Deviation rate 2.01% 4.63% Deviation 0.17% 0.79%
Trial 2 277.03 43.95 Trial 2 2.02 3.77
Analog 2 267.32 46.21 Analog 2 2.66 3.04
Deviation rate 3.51% 4.89% Deviation 0.64% 0.73%
Trial 3 192.23 65.68 Trial 3 4.82 5.76
Analog 3 184.33 69.08 Analog 3 5.22 4.61
Deviation rate 4.11% 4.92% Deviation 0.4% 1.15%

The bending angle, bending.radius, maximum
wall thickness reduction rate, ‘maximum elliptic rate
of the above results were analyzed, and the com-
parison results are shown.in Table'8, the'bending
angle and bending radius deviation of the pipe in
the test and simulation values increase with the in-
crease of the bending die eccentricity, but the devia-
tion of the bending angle and bending radius values
of the three test results, and the simulation results
are‘less than:5%, which'is a high degree of consis-
tency.  The deviation values of maximum wall
thickness reduction and maximum ellipticity of the
pipe are lower than 2%, and the maximum wall
thickness reduction of the pipe is lower than 10%
and the maximum ellipticity of the pipe is lower
than 8% in the three tests and simulations, which
have better forming quality.

The reason for the deviation between the test
results and the simulation results may be caused by
the friction change during the movement of the pipe
in the actual test, the temperature change, the dif-

ferent clearance between the bending die and the
spherical bearing, and the existence of bending
springback of the pipe. Therefore, this three-axis
free bending and forming equipment can realize
accurate pipe bending and forming, and at the same
time, the finite element simulation can provide a
reliable basis for the actual forming test.

6. Conclusion

(1) Based on the three-axis free bending
equipment to analyze the principle of three-axis free
bending and establish a mechanical model. TP2
copper pipe as the main research object, to deter-
mine the maximum wall thickness reduction rate of
the pipe and the maximum elliptic rate as the evalu-
ation index of pipe forming quality, determine the
efficacy coefficient method as the multi-objective
optimization method in this paper.

(2) By studying pipes with different wall
thicknesses, it is found that wall thickness affects



the bending radius of the pipe, and the smaller the
bending radius, the more significant the effect. As
the wall thickness of the pipe increases, the pipe
forming quality decreases. Through the study of
different materials of pipe found that the pipe
bending radius size is determined by the material
modulus of elasticity, yield strength, pipe hardening
index and strength factor and other parameters. The
maximum ellipticity of the pipe is related to the
strength of the material and the variation in wall
thickness of the pipe is influenced by the hardening
index n.

(3) Orthogonal tests are designed according to
five process parameters, and the pipe forming qual-
ity is analyzed and optimized by extreme difference
analysis and analysis of variance (ANOVA). The
analysis shows that the influence of each parameter
on the quality of pipe forming is as follows: guide
and pipe gap E > bending deformation zone length
C > bending die radius B > guide radius D > pipe
die gap A. The guide and pipe gap E and bending
deformation zone length C have the most significant
influence on the quality of pipe forming, and they
should be given priority in the actual test..The
bending test is carried out using three-axis free
bending equipment and compared with the finite
element simulation results. From the three compar-
isons, the difference between the finite element si-
mulation results and the actual test results is rela-
tively small, and the optimization results of the or-
thogonal test are of great significance.in improving
the quality of pipe forming and, the improvement of
the forming mechanism of the test equipment.
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