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Abstract The significant cross-sectional distortion is one of
the major problems in the bending of thin-walled rectangu-
lar waveguide tube. The cross-sectional distortion, which
contains the flange distortion and the web distortion,
depends on the stress components distribution. In this paper,
the cross-sectional distortion characteristics are investigated
using a three-dimensional finite element (FE) model.
Results show that: the maximum flange distortion locates
at the symmetric line; meanwhile, the maximum web dis-
tortion locates at the extrados ridge of the tube. The defor-
mation zone of the tube can be divided into three sub-zones
considering the loads and deformation, viz., the clamp die
affect zone, the middle zone, and the mandrel/cores affect
zone. Then the underlying relations between the cross-
sectional distortion and the stress components are obtained.
It is found that the flange distortion has a close relation with
the circumferential stress. At the same time, the web distor-
tion is relevant to both the tangential and the circumferential
stress. The above relations are verified by FE models with
different cores number. Moreover, some guidelines are in-
troduced to help reduce the cross-sectional distortion.

Keywords Cross-sectional distortion . Rectangular
waveguides . Aluminum alloys . Rotary draw bending .

Simulation

1 Introduction

Due to the high strength/weight ratio, good vibration ab-
sorbability, and low waveguide loss, the aluminum alloys
thin-walled rectangular waveguide tube (TWRWT) compo-
nents are widely used in aviation, aerospace, and automo-
bile. The rotary draw bending (RDB) process is one of the
most commonly used methods in the bending of TWRWT
[1]. Compared with other processes, such as stretch bending,
rolling bending, and compression bending, the RDB process
has characteristics of quick batch production capability, high
efficiency, cost saving, and stable quality [2, 3]. However,
the complex contact conditions of the TWRWT with multi-
ple dies can easily induce defects or instabilities, such as
wrinkling, over thinning, and cross-sectional distortion. Es-
pecially, the cross-sectional distortion, which contains not
only the concave of the flange but also the convex of the
web, directly weakens the mechanical behaviors and the
ability of signal wave transmission. The cross-sectional
distortion depends on the stress components distribution
[4]. Therefore, in order to control the cross-sectional distor-
tion efficiently, it is crucial to understand the relation be-
tween the stress components and the cross-sectional
distortion.

Over the years, many studies have been conducted on the
cross-sectional distortion of tube bending through analytic,
experimental, or numerical methods. Unfortunately, most of
them focused on circular tube bending [5–9]. As for rectan-
gular tube bending, most researches concentrated on pre-
dicting the cross-sectional deformation of rectangular tube
in stretch bending process through analytic methods. Miller
[10] assumed that the loads and deformation were uniform
along the length and presented a formulation to estimate the
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deformation of the rectangular cross-sectional. Based on the
deformation theory of plasticity along with the energy meth-
od using appropriate shape function, Paulsen [4, 11] provid-
ed explicit solutions of cross-sectional deformation of
rectangular hollow section in stretch bending. Welo [12,
13] established an analytical moment curvature model
which was used to predict cross-sectional distortion of rect-
angular profiles in stretch bending. However, the loads and
deformation of the tube are not uniform along the length in
RDB process [14]. Thus, analytic methods are difficult to
express the cross-sectional distortion of TWRWT in RDB
process due to the sophisticated stress distribution. In ex-
perimental studies, Liu [15] carried out experiments with
different process parameters to predict and control the cross-
sectional distortion. Though the experimental methods can
provide relatively credible results, the obtained data are only
suitable for the bending with the same forming conditions.
Finite element (FE) methods have been proven to be a well-

suited tool for design and product optimization in tube
bending [16–19]. Recently, many scholars have tried to
control the cross-sectional distortion by changing the pro-
cess parameters [20, 21], but researches aiming at the char-
acteristics and mechanism of the cross-sectional distortion
of TWRWT in RDB process are still scant.

The above findings and results are helpful for a better
understanding of tube bending process. However, with lack
of understanding, the characteristics and mechanism of the
cross-sectional distortion, in practice, the feasible bending
parameters are still obtained through the empirical data or
operator-based “error and trial” method. Thus, the character-
istics of TWRWT in RDB process are identified in this
paper. Then, the tube is divided into three sub-zones con-
sidering the loads and deformation. In addition, the under-
lying relations between the cross-sectional distortion and the
stress components in each sub-zone are investigated to
reveal the mechanism of the cross-section distortion.

Fig. 1 Schematic diagram of
TWRWT in RDB process

Fig. 2 The cross-sectional distortion of TWRWT bent Fig. 3 The typical sections in the bent zone
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2 Description of the cross-sectional distortion
of TWRWT in RDB process

2.1 Steps of RDB process

Figure 1 shows the schematic diagram of TWRWT in RDB
process. The RDB process comprises three steps: in step 1,
the tube is fixed at one end while the other end is guided by
the pressure die; then the mandrel and the flexible cores are
placed in position. In step 2, as the bending die and the
clamp die rotate as well as the boosting of the pressure die,
the tube is bent continuously. In step 3, the mandrel and the

flexible cores are retracted. During the bending process,
concave appears in the flanges while convex appears in
the webs (Fig. 2).

2.2 Description of the cross-sectional distortion of TWRWT

The tube bent with a 90° bending angle (θ in Fig. 3) is taken
as the main research object. In order to investigate the
distribution of cross-sectional distortion of the TWRWT,
ten typical sections with the angle interval of 10° are select-
ed in the bent zone from the initial bending cross-section
(Fig. 3(A–A')).

As shown in Fig. 4a, the geometric parameters of the
cross section of rectangular tube are normalized by the mid-
surface height (h0), width (b0), and thickness (t0), respec-
tively. The tube used in this study is measured as 23.86×
11.2×1 mm. The flange distortion in each typical section are
marked as dhi (i=1, 2, 3 … 41), dhmax is the maximum dhi. dbj
(j=42, 43, 44 … 61) are the distortion of the web in each
typical section and dbmax is the maximum dbj . The values of
dhi and dbj are expressed as formulas (1) and (2),

respectively.

dhi ¼
h0 � hij j
h0

� 100% ð1Þ

dbj ¼
b0 � bj
�� ��

b0
� 100% ð2Þ

Where hi (i=1, 2, 3… 41) are the distances between nodes i
and i′ after deformation; bj (j=42, 43, 44 … 61) are the
deformed distances between nodes j and j′ after deformation
(Fig. 4b).

Fig. 4 Geometric parameters of the cross-section: a undeformed and b
deformed

Fig. 5 Diagram of the FE
model for the TWRWT in RDB
process
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3 Establishment of the 3D-FE model for TWRWT
in RDB process

3.1 Key techniques of the 3D-FE model

As shown in Fig. 5, a three-dimensional (3D) elastic-plastic
FE model is established based on the ABAQUS/explicit
platform. The tube material used in this paper is a 3A21
aluminum alloy rectangular tube. Its hardening behavior is
described by:

σ ¼ K "þ bð Þn ð3Þ

Uniaxial tension test is used to obtain the material prop-
erties (Table 1). Joints between mandrel and cores are sim-
plified as hinge connection. Friction between tube and dies
is modeled with classical Coulomb’s friction model. Table 2
shows the friction coefficients on multiple contact interfaces
[22]. In the modeling, four-node shell elements with reduced
integration are used to model the tube. The 3D four-node
rigid elements are used for dies.

3.2 Evaluation of the 3D-FE model

To examine the reliability of the model, the experiment for
bending of 3A21 aluminum alloy TWRWT is carried out

using a W27YPC-63 microcomputer-controlled bender. The
forming parameters used in experiment and FE simulation
are shown in Table 3.

Figure 6 shows the TWRWT bent part obtained by
experiment and simulation. As shown in Fig. 7, the
simulated results of dhmax and dbmax agree well with the
experimental ones and the maximum relative error be-
tween them is less than 10 %. The discrepancy is
mainly caused by the idealized conditions used in the
FE simulation, such as constant friction coefficients, etc.
In view of this, the results obtained by the FE model are
reliable.

4 Results and discussion

4.1 Distribution characteristics of the cross-sectional
distortion of TWRWT

4.1.1 Distribution characteristics of dhi

Figure 8 shows the distribution of flange distortion dhi in
typical sections S0, S1, S2 … S9. It can be found that the
distribution of dhi is bilateral symmetry. In addition, its axis
of symmetry is line 21–21′ in each section. The maximum
flange distortion dhmax occurs at the symmetric line in each
section. Moreover, section S1 has the ultimate flange distor-
tion value in the whole bent zone.

It can also be found that the middle bent zone S1–S5
has larger distortion than the initial bent cross-section S0
and the end bent zone S6–S9. That is because during the
bending step, the initial bent zone is constrained by the
clamp die; meanwhile, the end bent zone is supported
by the mandrel and cores. However, both the restriction
effect and the internal support are useless to the middle
bent zone.

Considering this, the deformation zone of TWRWT can
be divided into three sub-zones, viz., the clamp die affect
zone (CAZ), the middle zone (MZ), and the mandrel/cores
affect zone (MCAZ) (Fig. 9).

Table 2 Friction condi-
tions on multiple
contact interfaces

Contact interfaces Friction coefficient

Tube-clamp die 0.6

Tube-bending die 0.3

Tube-pressure die 0.3

Tube-wiper die 0.14

Tube-mandrel 0.1

Tube-cores 0.06

Table 3 Forming parameters used in experiment and FE simulation

Parameter Value

Bending radius Rd (mm) 40

Bending velocity ω (rad/s) 0.5

Boost velocity Vp (mm/s) 23.5

Mandrel retracting velocity Vm (mm/s) 0.14

Clearances between mandrel die/tube (mm) 0.1

Clearances between other dies/tube (mm) 0

Table 1 Mechanical
properties of 3A21
rectangular tube

Parameter Value

Ultimate tension
strength σb/MPa

151.68

Poisson’s ratio γ 0.33

Initial yield stress σ0.2/MPa 99.7

Strength coefficient K/MPa 225.28

Material constant b 0.0016

Hardening exponent n 0.145

Young’s modulus E/GPa 60.2

Density ρ/kgm−3 2,730
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4.1.2 Distribution characteristics of dbj

Figure 10 shows the distribution of dbj in typical sections S0,
S1, S2 … S9. It is obvious that the maximum distortion of
web dbmax occurs at the extrados ridge of the tube, viz., nodes
42–42′ in each section. Besides, dbj in the CAZ are very

small due to the restriction effect of the clamp die. However,
the convex of web enlarges the clearances between the web

and mandrel/cores, the internal support effects of mandrel/-
cores to the web are small. As a result, dbj in the MCAZ S6–S9
are as large as those in the MZ S1–S5. It can also be found that
the distortion of web dbj are smaller than the distortion

of flange dhi , that is why the former ones are usually
neglected [14, 15]. However, sometimes, for example in
the absence of flexible cores, dbj are too large to be neglected
(Fig. 11).

Fig. 6 The experimental and
simulated TWRWT bent

Fig. 7 The experimental and simulated results of cross-sectional
distortion Fig. 8 The flange distortion in different typical sections
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4.2 Relation between the cross-sectional distortion
and the stress components

4.2.1 Relation between dhmax and the circumferential stress σβ

Figure 12 shows the maximum flange distortion dhmax and the
circumferential stress σβ at the extrados symmetric line (Fig. 2)
in different typical sections during the bending stage. Clearly,
some fluctuation of σβ appear in the MCAZ. Furthermore, the
MCAZ is moved backwards continuously, that is because the
tube is boosted forwards while the mandrel is fixed in the
bending step. Moreover, the area size of the MCAZ
enlarges at first and keeps unchanged after the bending angle
60° (Fig. 12f–i).

It can also be found that dhmax keeps increasing both
in value and range at first. However, the peak value of
dhmax seems not to increase but the range still keeps

increasing after the bending angle 60° (Fig. 12f–i).
When the bending angle reaches 90° (Fig. 12i), dhmax

reaches the peak value in the MZ. In the subsequent
mandrel retracting step, dhmax in the original MCAZ
increases (Fig. 12j). That is because the internal support
effect does no longer exist after the retracting step.
Thanks to the harmony of deformation, the distribution
of dhmax tends to be homogeneous finally.

It is obvious that when the fluctuation in the MCAZ is
neglected at first, the general evolvement of the circumfer-
ential stress σβ and the maximum distortion of flange dhmax

are almost the same. After the bending angle 60°, the dis-
tribution of dhmax is really identical with the distribution of σβ
in the whole bent zone. That’s because the area of MCAZ
as well as the peak value of maximum flange distortion
is no longer changing after bending angle 60° (see Fig.
12g–i). In other words, the bending process is stable

Fig. 9 Diagram of division of
the TWRWT (three cores)

Fig. 10 The web distortion in different typical sections Fig. 11 The distribution of web distortion in the absence of cores
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since then. Therefore, the whole bent zone follows the
identical law between the flange distortion and the cir-
cumferential stress.

In summary, it comes to a conclusion that the flange
distortion has a close relation with σβ. The distribution and
value of dhmax are determined by σβ.

Fig. 12 The circumferential stress and the maximum flange distortion
during the bending stage: a bending angle, 10°; b bending angle, 20°; c
bending angle, 30°; d bending angle, 40°; e bending angle, 50°; f

bending angle, 60°; g bending angle, 70°; h bending angle, 80°; i
bending angle, 90°; and j after mandrel retracting
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4.2.2 Relation between dbmax and the composite stress σ1

In addition, similar relation can be found when compare the
maximum web distortion dbmax and the composite stress σ1
(defined by formula (4)).

σ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σað Þ2 þ σb

� �2q
ð4Þ

Where σα and σβ represent the tangential and the
circumferential stress, respectively. Figure 13 shows
dbmax and σ1 at the extrados ridge (Fig. 2) in different typical
sections of the tube during the bending stage, respectively. It
can be found that there is relatively small fluctuation of σ1 in
the MCAZ.

Similar to dhmax ; dbmax keeps increasing both in the value
and range at first. After the bending angle 60°, the peak
value of dbmax is almost constant (approximately fixed at
2.5 %, shown in Fig. 13f–i). When the bending angle
reaches 90°, dbmax reaches the peak value both in the MZ

and the MCAZ (Fig. 13i). Moreover, the distribution of dbmax

is homogeneous in general. In the subsequent retracting
step, dbmax is nearly unchanged (Fig. 13j). That is because
the convex of web enlarges the clearances between the web
and mandrel/cores, thus the effects of mandrel/cores to the
web are smaller than those to the flange.

Clearly, the transformation tendency of dbmax and σ1 are
almost the same except for relatively small fluctuation of σ1
in the MCAZ. The above analysis concludes that the web
distortion has a close relation with both σα and σβ. The
distribution and value of dbmax are determined by a compre-
hensive effect of the two stress components.

4.3 Verification of the relations via FE models
with different cores number

The mandrel die, which comprises a mandrel and several
flexible cores, is an important part in RDB process. The
internal support provided by the mandrel die has a great

Fig. 12 (continued)
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influence on the stress distribution. Different cores number
may lead to difference in stress distribution. Thus, according

to the analysis above, the distribution of the cross-sectional
distortion of TWRWT could be changed subsequently. To

Fig. 13 The composite stress and the maximum web distortion during
the bending stage: a bending angle, 10°; b bending angle, 20°; c
bending angle, 30°; d bending angle, 40°; e bending angle, 50°; f

bending angle, 60°; g bending angle, 70°; h bending angle, 80°; i
bending angle, 90°; and j after mandrel retracting

Int J Adv Manuf Technol (2013) 68:651–662 659



verify the above conclusion that dhi have a close relation
with σβ while dbj have a close relation with σ1, the cross-

sectional distortion and the corresponding stress compo-
nents are obtained with different cores number.

Figure 14a shows the maximum distortion of the flange
dhmax and the circumferential stress σβ with different cores
number (2, 3, and 4, respectively). It can be seen that (1) the
variation of σβ as along with the values of dhmax decrease
when more cores are used; (2) the variation of σβ as well as
the values of dhmax are much larger with two cores than those
with three and four cores; (3) in the MCAZ S6–S9, there is
little difference of σβ among the three curves. The discrep-
ancy in dhmax among the three cases is little too. (4) Com-
pared with three cores, four cores make little improvement
on dhmax and σβ, so three cores are enough in practice.
According to the analysis above, different cores number
changes the distribution of σβ, thus, dhmax varies
subsequently.

For completeness, comparisons between the maximum
web distortion dbmax and the composite stress σ1 with

different cores number are conducted (Fig. 14b). The
obtained results confirm the relation between dbmax and σ1.

4.4 Discussion and guidelines

Mostly, the web distortion dbj are much smaller than the

flange distortion dhi when flexile cores are used. Therefore,
the web distortion dbj are neglected in the below discussion.

The results of Sections 4.1 and 4.2 indicate two ways to
reduce the flange distortion dhi . One effective way is to
enlarge the area of MCAZ or CAZ since the two zones have
less distortion. For example, a larger mandrel extension
length [23] or more cores will be helpful since they can
increase the area of MCAZ. At the same time, as shown in
Fig. 15, larger clamp pressure Fc will also decrease the
flange distortion due to the increase of CAZ. The other
way to reduce the flange distortion is to smoothen the stress
components. That’s why decreasing the clearance between
the mandrel die and the tube could bring positive results
[19–21]. Additionally, decreasing the friction coefficient

Fig. 13 (continued)
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between the mandrel die and tube μm could lower the flow
resistance of tube bending [24]. As a result, the flange
distortion dhi decreases with the decrease of μm (shown in
Fig. 16). Thus, the mandrel die should be well lubricated in
practice.

5 Conclusions

1. The deformation zone of the tube can be divided into
three sub-zones according to the loads and deformation,
viz., the CAZ, the MZ, and the MCAZ.

2. The maximum flange distortion dhmax locates at the
symmetric line while the maximum web distortion dbmax

locates at the extrados ridge in each typical section.
Flange distortion dhi in the CAZ and the MCAZ are
smaller than those in the MZ. At the same time, web
distortion dbj in the MCAZ and the MZ are larger than

those in the CAZ.
3. The flange distortion has a close relation with the cir-

cumferential stress σβ. The distribution and value of the
maximum flange distortion dhmax are determined by σβ.
At the same time, the web distortion is relevant to both
the circumferential stress σβ and the tangential stress σα.
The distribution and value of the maximum web distor-
tion dbmax are determined by a comprehensive effect of
the two stress components.

4. The relations between the cross-sectional distortion and
the corresponding stress components are verified by FE
models with different cores numbers. The obtained
results confirm the relations between them. Moreover,
some guidelines are introduced to help reduce the cross-
sectional distortion in practice.

Fig. 14 The cross-sectional distortion and the corresponding stress
components with different cores number: a the circumference stress
and the maximum flange distortion and b the composite stress and the
maximum web distortion

Fig. 15 Effect of clamp pressure on maximum distortion of flange

Fig. 16 Effect of friction coefficient between mandrel die and tube on
maximum distortion of flange
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