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Abstract: The forming quality of high-strength TA18 titanium alloy tube during numerical control bending in changing bending
angle p, relative bending radius R/D and tube sizes such as diameter D and wall thickness ¢ was clarified by finite element simulation.
The results show that the distribution of wall thickness change ratio At and cross section deformation ratio AD are very similar
under different 5; the A and AD decrease with the increase of R/D, and to obtain the qualified bent tube, the R/D must be greater than
2.0; the wall thinning ratio At, slightly increases with larger D and ¢, while the wall thickening ratio A#; and AD increase with the
larger D and smaller #; the At, and AD firstly decrease and then increase, while the A¢; increases, for the same D/t with the increase of

D and t.
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1 Introduction

High-strength TA18 titanium alloy tube (HS-TA18
tube) has attracted increasing applications in
hydraumatic, fuel tubing systems for advanced aircraft
and spacecraft due to its advantages of high specific
strength, excellent corrosion resistance and fatigue
resistance, and good welding performance [1]. Among
various tube bending methods such as stretch bending,
roll bending, compress bending and push bending, the
numerical control (NC) bending is the unique one to
incrementally obtain the HS-TA 18 bent tubes due to high
precision, high efficiency, low consumption and
automation advantages [2]. However, the NC bending is
a complex physical process with multi-die constraints
and multi-factor coupling, as shown in Fig. 1. During NC
bending process, the unequal stress and strain
distributions of the tube lead to wall thinning/thickening
and cross section deformation. Many different tube sizes,
bending angles and radii of bent tubes have been used in

various fields for different requirements, and the wall
thinning/thickening and cross section deformation vary
with different tube sizes, bending angles and radii of bent
tubes. Thus, in order to obtain the common knowledge of
multi-index limited bending deformation behaviors of
HS-TA18 tube under different bending angles/radii and
tube sizes, it is necessary to study the laws of wall
thinning/thickening and cross section deformation with
geometrical parameters change.

In recent years, many scholars have studied the
deformation behaviors of different kinds of tubular
materials on various bending process by analytical,
experimental and finite element (FE) simulation methods.
While, most of them focus on a single bending defect for
specific tube diameter and wall thickness. The bending
deformation behaviors of different tube sizes considering
multi-defects are less studied. In literatures [3—6], the
analytical formulae to predict wall thickness variation
and cross section distortion of circular tubes in bending
process based on plastic deformation theory were derived.
LIU et al [7] deduced an analytical formula of collapsing
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deformation of thin-walled rectangular tube during rotary
draw bending process based on the theory of plate and
shell. MENTELLA and STRANO [8] presented the
relationship between geometrical parameters of tube and
cross section distortion in rotary draw bending. The
analytical models of thin-walled tube bending in terms of
stress/strain  distributions, wrinkling tendency, wall
thinning degree and cross section distortion degree
according to the geometrical characteristic of rotary draw
bending and plastic deformation theory were deduced
by LI et al [9]. Although the friction contact
conditions cannot be considered in the theoretical model,
it can built the intrinsic relationship between bending
deformation behaviors and geometrical parameters of
tube.

By FE and experimental analysis, FANG et al
[10—13] established a three-dimensional (3D) elastic
plastic FE model of 21-6-9 high-strength stainless steel
tube in NC bending and revealed the effect laws of
mandrel types/parameters, material parameters and
friction conditions on wall thickness change and cross
section distortion. The influences of the push assistant
loading conditions on wall thickness change and cross
section distortion of thin-walled aluminum alloy tube in
NC bending were numerically studied by LI et al [14].
LAZARESCU [15] numerically researched the effect of
bending radius on wall thinning and cross section
distortion for circular aluminum alloy tube in rotary draw
bending. By experimental analysis, LI et al [16] found
that the effects of process parameters on wall thinning
and cross section deformation for large diameter
thin-walled 50520 aluminum alloy tubes in NC bending
were similar to those for small diameter thin-walled
tubes. In Refs. [17,18], the effect laws of dies and
process parameters on wall thickness distribution and
cross section deformation of aluminum alloy 3A21
thin-walled rectangular tube in rotary draw bending were
experimentally obtained. In terms of the annealing
treatment TA18 titanium alloy tubes, ZHAN et al [19]
numerically investigated the wall thickness change and
cross section deformation under various operating
parameters and mandrel parameters for the NC bending
of medium-strength TA18 tubes, proposed quickly
determining the range of mandrel extension length and
obtained appropriate process parameters. By embedding
the variation of contractile strain ratio with deformation
into FE simulation for NC bending of high-strength
TA18 tubes, the prediction accuracy for wall thinning,
cross section deformation and springback angle was
improved [20]. LI et al [21] addressed the springback
behaviors under variations of material and process
parameters of high-strength TA18 tube in cold rotary
draw bending using the theoretical analysis, FE
simulation and experiments, and proposed a two-level

springback compensation methodology to achieve the
precision bending.

In the previous researches, the influences of the
process parameters or material parameters on bending
deformation behaviors of the stainless steel, aluminum
alloy and titanium alloy tubes were generally carried out.
However, the study on the bending deformation
behaviors of high-strength titanium alloy tubes with
respect to wall thickness change and cross section
deformation under different geometrical parameters have
not been reported. Therefore, in this work, a 3D elastic
plastic FE model of the HS-TA18 tube in NC bending is
established under ABAQUS code. Then, the influence
laws of geometrical parameters including bending angle
B, relative bending radius R/D and tube sizes such as tube
diameter D and wall thickness ¢ on bending deformation
behaviors are explored in terms of wall thickness change
and cross section deformation. The results of this study
can provide useful knowledge on bending deformation
of tube NC bending under different
geometrical parameters and help efficient design and
optimization forming parameters for tube NC bending
process.

behaviors

2 Forming principle and indices for tube NC
bending

Figure 1 shows the schematic diagram of the tube
NC bending process. As shown in Fig. 1, the bending die,
clamp die and pressure die are three basic bending dies
which are applied to fulfilling tube bending. The tube is
firstly clamped against the bending die by clamp die and
pressure die; then the bending die and clamp die rotate
simultaneously around the center, and the tube goes past
the tangent point and rotates along the groove of bending
die to gain the desired bending angle and bending radius;
finally, the mandrel retracts, and the tube is unloaded.
The wiper die and mandrel are needed to reduce the
wrinkling risk and cross section deformation of tube for
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Fig. 1 Schematic diagram of tube NC bending
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the process with tough bending conditions and close
tolerance.

The wall thickness change ratio Af and cross section
deformation ratio AD are critical indices used to evaluate
the tube bending forming quality and forming limit. The
wall thinning ratio Az, and wall thickening ratio A# can
be expressed as

t—t'
At =

o

x100% (D

t'—t

1

x100% 2

where ¢ is the initial wall thickness of tube, ¢’ is the
minimum or maximum wall thickness after bending
deformation as shown in Fig. 2.
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Fig. 2 Schematic diagram of wall thickness change and cross
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Due to the special boundary constraints as shown in
Fig. 2, the tube is restrained in the transverse direction by
bending die groove under free deformation conditions in

vertical direction. Therefore, the cross section
deformation ratio AD can be calculated as

D-D'
AD = x100% 3)

where D is the initial tube outer diameter, D' is the
vertical length of cross section after bending deformation
as shown in Fig. 2.

3 3D elastic plastic FE models considering
multi-die constraints and their validation

3.1 3D elastic plastic FE models considering multi-die
constraints

According to the actual tube NC bending process, a
series of explicit/implicit 3D elastic plastic FE models
considering the dynamic constraints of multiple dies
were established based on the platform of ABAQUS as
shown in Fig. 3. The explicit algorithm was used for
solving the bending tube and retracting mandrel
operation, while the implicit one was employed for
unloading process. The detailed solution process
involved in FE model can be found in Refs. [10,11].

The results from the bending tube and retracting
mandrel simulation in ABAQUS/Explicit were directly
imported into ABAQUS/Standard. The geometrical
nonlinearity was included, and the dissipated energy
fraction of 0.02 was used to stabilize the implicit
iteration procedure of the unloading process. Double
precision was employed in the bending stage and the
single precision for the unloading analysis. The mass
scaling of 2000 was used to reduce the computation cost
with neglected inertia effect by using convergence
analysis in the bending stage simulation. The mechanical
properties of the HS-TA18 tube were obtained by the
uniaxial tension test in Ref. [22], as shown in Table 1.
The strain hardening behaviors were described by the
power exponent work hardening model ¢ =K(¢+a)" and
the Hill(1948)’s anisotropic quadratic yield function was
employed to describe the yield characteristics of the tube
material. The tube was meshed by four-node doubly
curved thin shell element S4R, while four-node bilinear
quadrilateral rigid element R3D4 was employed to mesh
rigid dies. The mesh densities of 0.8 mm x 0.8 mm and
1.0 mm x 1.0 mm were used to the tube and die surfaces,
respectively. Five integration points with Simpson
integration rule were used across the wall thickness of
tube to describe the tube bending deformation better.

Pressure die

Tube

Mandrel

Fig. 3 3D elastic plastic FE model for HS-TA18 tube in NC bending
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Table 1 Mechanical properties of HS-TA18 tube

Elastic modulus, Strength nitial yield Hardening Ultlmate Extensibility, Normal Constant
E/GPa coefficient, stress, <ponent. tension strength, /% anisotropy B
K/MPa 09,/MPa exponent, o,/MPa ’ exponent, r
110.56 1245.0 780.0 0.080 923.33 14.67 1.58 0.0064

The boundary constraints and loading paths were
applied by two ways to realizing the actual tube NC
bending: “displacement/rotation” and “velocity/angular
velocity”. As shown in Fig. 3, both bending die and
clamp die were constrained to rotate along the center of
bending die simultaneously; pressure die was constrained
to translate only along the global X-axis; wiper die was
constrained along all freedom degrees; the speed of
mandrel along the global X-axis is 0 during the bending
process, while the mandrel was retracted after the
bending deformation process finished. The smooth step
amplitude curves were applied to defining the smooth
loading of the bending die, clamp die, pressure die and
mandrel to reduce inertial effects in explicit simulation of
the quasi-static process. The coulomb friction model was
applied to modeling the friction behavior between tube
and dies as shown in Table 2. For unloading process, all
dies were removed and a fixed boundary condition was
used to avoid the rigid motion.

Table 2 Friction coefficients at various contact interfaces

No. Contact interface Friction coefficient
1 Tube—bending die 0.1
2 Tube—pressure die 0.25
3 Tube—clamp die Rough
4 Tube—wiper die 0.1
5 Tube—mandrel 0.05

Note: Rough means that there is no relative slip between tube and clamp
die

For post-processing, the wall thinning ratio, wall
thickening ratio and cross section deformation ratio of
the bent tube were calculated according to Egs. (1)—(3)
after the springback simulation finished because the
springback may have obvious effects on cross section
deformation.

3.2 Validation of FE model

In order to validate the 3D elastic plastic FE model
of the HS-TA18 tube in NC bending process, simulation
for the specification of 9.525 mm X 0.508 mm (diameter
x wall thickness ) HS-TA18 tube was carried out based
on the bending conditions in Ref. [23]. The forming
parameters in experiment are listed in Table 3.

Figure 4 shows the comparison between FE
simulation results and experimental results gotten in
Ref. [23] in terms of wall thinning ratio and cross section

deformation ratio. It is found that the FE simulation
results for wall thinning and cross section deformation
agree with the experimental ones, and the maximum
relative error (error=(|V.—Vy|/V.)x100%, V. and V denote
experimental and simulative values, respectively) of the
wall thinning ratio and the cross-section deformation
ratio are 13.6% and 13.8%, respectively. Thus, the results
show that the FE model used in the study is credible,
which can be used to further explore the effect of
geometrical parameters on forming quality of HS-TA18
tube in NC bending.

4 Results and discussion

In order to highlight the effect of geometrical
parameters on bending deformation behaviors of
HS-TA18 tubes, the bending angle f, relative bending
radius R/D, tube sizes including tube diameter D and
wall thickness ¢ are deliberately given. The process
parameters are the same in different bent tubes sizes
simulation. Without special declaration, the relative
bending radius R/D equals 3.0 and the bending angle £ is
180°.

4.1 Wall thickness change and cross section

deformation under different bending angles

Figure 5 shows wall thickness change and cross
section deformation with different bending angles f.
From Figs. 5(a) and (b), it is observed that the change
tendency of wall thinning ratio and wall thickening ratio
are very similarity, and the maximum value of those is
less than 9% for different bending angles, which is much
less than the aviation standard of 15%. When the
bending angle is less than a critical value (here about
45°), the wall thickness change ratio firstly increases and
then decreases from the bending plane to the initial
bending plane, and the maximum wall thickness change
ratio increases gradually with increasing the bending
angle. When the bending angle attains the critical value,
the wall thickness change ratio is of a platform
deforming characteristic with little change between the
clamp die and pressure die. And with the increase of the
bending angle, the wall thickness change ratio in the
platform area changes slightly and only the length of
platform increases. These results are similar to the wall
thickness variation of high-strength 21-6-9 stainless steel
tubes in NC bending [10], but differ form those of the
wall thickness variation for aluminum alloy thin-walled
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Table 3 Forming parameters in experiment

Bending Bending Pushing speed Bending Mandrel Lengthof  Mandrel Ball  Thickness Length of
. . . . Number .
radius, speed, of pressure die, angle, diameter, pressure extension of balls diameter/ of ball/ clamp
R/mm  w/(rad-s™) Vp/(mm'sf') pI(°) d/mm die/mm length, e/mm mm mm die/mm
28.575 1.16 38.45 101 8.35 132.7 0 1 8.32 3.5 28.6

—=— Experimental value [23] 1F —a— Experimental value [23]
4l —e— Simulated value —e— Simulated value
2l L L L L 0L L L L L
0 20 40 60 80 0 20 40 60 80
6/(°) 6/(°)

Fig. 4 Comparison of simulation with experimental results: (a) Wall thinning ratio; (b) Cross section deformation ratio
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Fig. 5 Wall thickness change and cross section deformation with different bending angles £: (a) Wall thinning ratio; (b) Wall
thickening ratio; (c) Cross section deformation ratio

tubes during NC bending [24]. This is because the value, which makes the wall thickness change ratio
HS-TA18 tube will gradually reach a steady bending present steady platform expansion behavior after the
stage as the bending process proceeds until the contact, critical bending angle.

friction and interaction between tube and dies reach the It can be seen form Fig. 5(c) that the change
stable state when the bending angle reaches the critical tendency of cross section deformation ratio is similar to
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that of the wall thickness change ratio. When the bending
angle is less than a critical value (here about 45°), the
distribution curve of the cross section deformation from
the bending plane to the initial bending plane seems as a
parabola. When the bending angle reaches the critical
value, the distribution curve of the cross section
deformation from the bending plane to the initial bending
plane seems as a plateau, and the maximum value of
cross section deformation in the middle part changes
slightly, but only the length increases with the increase of
the bending angle, which indicates that the cross section
deformation nearly reaches a steady state in this critical
bending angle. This can also be explained that the
contact, friction and interaction between tube and dies
reach the stable state when the bending angle reaches the
critical value.

4.2 Wall thickness change and cross section
deformation under different relative bending
radii

Figure 6 shows the wall thickness change and cross
section deformation with different relative bending radii.
It can be seen from Figs. 6(a) and (b) that the wall
thickness change ratio firstly increases, then hardly
changes and finally decreases from the bending plane to
initial bending plane under the certain relative bending
radius. And the wall thickness change ratio decreases
with the increase of the relative bending radius, which
indicates that the larger relative bending radius helps to
decrease the wall thickness change ratio. This is because
that the deformation degree decreases with the increase
of the relative bending radius, which decreases the wall
thickness change. When the relative bending radius
equals 2.0, the curves of the wall thickness change ratio
in the middle part show slight fluctuation. The reason
may be that, the bending deformation degree is larger,
which causes the wrinkling to happen.

It is found that the curve of cross section
deformation ratio is similar to that of wall thickness
change ratio. And the cross section deformation ratio
increases with the decrease of the relative bending radius
as shown in Fig. 6(c). The reason is also that the smaller
the relative bending radius, the larger the bending
deformation degree, which induces the tension and
compressive stress to increase. Thus, the cross section
deformation ratio increases with decreasing the relative
bending radius. It can also be seen form Fig. 6(c), when
the relative bending radius equals 2.0, the maximum
value of the cross section deformation ratio is 6.59%,
which exceeds the limit of 5% of the aviation standard.
Therefore, to obtain the qualified bent tube of the
HS-TA18, the relative bending radius must be greater
than 2.0.
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Fig. 6 Wall thickness change and cross section deformation
with different relative bending radii R/D: (a) Wall thinning ratio;
(b) Wall thickening ratio; (c) Cross section deformation ratio
4.3 Wall thickness change and cross section
deformation under different tube sizes

Figure 7 shows the wall thickness change and cross
section deformation under different diameters and the
same wall thickness of 0.4064 mm. It is found that the
maximum wall thinning ratio slightly increases with the
increase of the diameter as shown in Fig. 7(a). The
reason is that with the increase of diameter, the tangent
strain at the extrados increases, which makes the wall
thinning ratio increase [9]. As can be seen from Fig. 7(b)
that the wall thickening ratio Af# at tube intrados
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increases with the increase of the diameter, which is
similar to that of the NC bending for 50520 aluminum
alloy thin-walled tube with different diameters [9]. This
is because that the larger tube diameter is more prone to
wrinkling in the bending process, while the wrinkling is
the macroscopic manifestation of the wall thickening.
Thus, the larger tube diameter needs larger mandrel
diameter and more strict cooperation of bending dies to
avoid wrinkling.

10

a4l { = D=3.175mm
—A— =9.525 mm
- D-15.875 mm

0 20 40 60 80 100 120 140 160 180
a1(%)

// = D=3175mm -& D=6.350 mm |
- D=9525mm -+ D=12.700 mm
- D=15.875 mm

L L 1 1 1 1
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aI")

0r - PD=3175mm -& D=6.350 mm
y/ ——D=9525 mm v D=12.700 mm
ot - D=15.875 mm

0 20 40 60 80 100 120 140 160 180
a°)

Fig. 7 Wall thickness change and cross section deformation

with different diameters: (a) Wall thinning ratio; (b) Wall

thickening ratio; (c) Cross section deformation ratio

It can be seen from Fig. 7(c) that the cross section
deformation ratio increases with the increase of the
diameter. The reason is that the structural stability of

tube decreases with the increase of diameter, which
causes the resistance ability of tube collapse to decrease,
under the same deformation conditions. When the
diameter equals 12.700 mm, the maximum value of the
cross section deformation ratio is 6.51% under current
forming conditions as shown in Fig. 7(c), which exceeds
the requirement of aviation standards. Thus, the cross
section deformation controlled needs the rigid dies such
as mandrel and balls to be used appropriately.

Figure 8 shows the wall thickness change and cross
section deformation under different wall thicknesses and
the same diameter of 6.35 mm. It is observed that
the wall thinning ratio at tube extrados slightly increases
with the increase of the wall thickness as shown in
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—&— =0.6096 mm -v =0.8128 mm ¥
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Fig. 8 Wall thickness change and cross section deformation

with different wall thicknesses: (a) Wall thinning ratio; (b) Wall

thickening ratio; (c) Cross section deformation ratio
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Fig. 8(a). The results are similar to those of NC bending
of the 1Cr18Ni9Ti stainless steel tube under different
wall thicknesses [25].This is because that under the same
bending deformation conditions, the smaller the wall
thickness, the more serious the working hardening,
which causes the wall thinning ratio to decrease. It can
be seen from Fig. 8(b) that the wall thickening ratio at
tube intrados decreases with the increase of the wall
thickness, which is similar to that of NC bending of
50520 aluminum alloy thin-walled tube under different
wall thicknesses [9]. The reason is that the structural
stability of tube strengthens with the increase of wall
thickness, which causes the wall thickening ratio to
decrease.

As can be seen form Fig. 8(c), the cross section
deformation ratio decreases with the increase of the wall
thickness. This can also be explained by the structural
stability of tube. The overall support role of tube
increases with the increase of the wall thickness and the
bending deformation conditions are improved obviously.
Namely, the structural stability of tube increases with
increasing the wall thickness, which causes the resistance
ability of tube collapse to increase, under the same
bending deformation conditions. When the wall
thickness equals 0.2032 mm, the maximum value of the
cross section deformation ratio is 9.43%, as shown in
Fig. 8(c), which exceeds the requirement of the aviation
standards of 5%.

Figure 9 shows the wall thickness change and cross
section deformation under the same relative tube
diameter of 15.625. In the FE simulation process, the
wall thickness 7y and diameter D, equal 0.4064 mm and
6.35 mm, respectively. It is observed that the wall
thinning ratio firstly decreases and then increases for the
same D/t with the increase of the diameter and wall
thickness, as shown in Fig. 9(a), which is similar to that
of NC bending of 50520 aluminum alloy thin-walled
tube under the same D/t [9]. The reason is that the
structural stability of tube weakens at a similar level with
the same D/t when D and ¢ increase proportionally,
which causes the wall thinning ratio to increase. The wall
thinning ratio firstly decreases because the wrinkling
occurs as ¢ and D equal to 0.5¢yand 0.5D,, respectively,
as shown in Fig. 10. As can be seen from Fig. 9(b) that
the wall thickening ratio increases for the same D/f with
the increase of the diameter and wall thickness. The main
reasons are that the structural stability of tube weakens
and the coupling effects of tube sizes and contact
conditions increase [9] for the same D/f with the increase
of the diameter and wall thickness, which cause wall
thickening ratio to increase. As can also be seen from
Fig. 9(b), when =0.5¢y and D=0.5D,, the curve of the
wall thickening ratio fluctuates greatly because the
wrinkling occurs.
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Fig. 9 Wall thickness change and cross section deformation
with same D/t (a) Wall thinning ratio; (b) Wall thickening ratio;
(c) Cross section deformation ratio
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Fig. 10 Equivalent strain at /=0.5¢yand D=0.5D
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Figure 9(c) shows that the maximum cross section
deformation ratio firstly decreases and then increases for
the same D/t with the increase of the diameter and wall
thickness. It can also be explained as that of the effect of
the increase of D and ¢ with the same D/t on wall
thinning ratio.

5 Conclusions

1) The distribution of wall thickness change ratio
and cross section deformation ratio are very similarity
under different bending angles, when the bending angle
reaches the critical value, the wall thickness change ratio
and cross section deformation ratio are of a platform
deforming characteristic with little change between the
clamp die and pressure die.

2) The wall thickness change ratio and cross section
deformation ratio decrease with the increase of the
relative bending radius, and to obtain the qualified bent
tube of the HS-TA 18, the relative bending radius must be
greater than 2.0.

3) The wall thinning ratio slightly increases with
larger diameter D and wall thickness ¢, while the wall
thickening ratio and cross section deformation ratio
increase with the larger D and smaller ¢.

4) The wall thinning ratio and cross section
deformation ratio firstly decrease and then increase,
while the wall thickening ratio increases, for the same
D/t with the increase of D and ¢.
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