
1 INTRODUCTION 

Thin-walled rectangular aluminum alloy tube pos-
sesses a combination of light weight, high stiffness, 
strong vibration, large volume, low loss of wave-
guide, which has attracted many applications in the 
aerospace, aviation, automobile and radar. Among 
various bending methods, such as pure bending, 
stretch bending, press bending and rolling bending, 
rotary draw bending is nowadays the most universal 
approach to produce this type of thin-walled bent 
tubes in virtue of high efficiency and high precision 
[1-2]. The cross-section distortion is inevitably 
avoided during the bending process, and it may 
cause severe damage to tools and machines. The 
cross-section 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. In the rotary 
draw bending process, the cross-section distortion 
seriously influences the quality of rectangular wave-
guide and weakens the resistance to instability, in-
ducing the larger loss wave ratio. The cross-section 
distortion is the vital factor determining forming 
limit with the demand of higher dimension precision 
and smaller bending radius. It is of great signifi-
cance to predict and control the forming limit.  

In the last decades, many scholars have investi-
gated the cross-section distortion and forming limit 
in tube bending process by experiment, theoretical 
and FE simulated methods. In Northwestern poly-
technical university, many scholars have investigat-
ed the forming characters of tube bending [3-6]. A 
wrinkling prediction analytical model is established 

to derive the minimum bending radius, and the zonal 
distribution of forming limit for wrinkling is drawn 

by Yang[7,8]. Zhao[9] investigates the wrinkling 
forming limit in rotary draw bending, and obtains 
the forming limit diagrams. The energy prediction 
model for wrinkling is obtained by Yan[10] based on 
the FE simulation model and minimum energy prin-
ciple. The prediction model employing the CDM 
and GTN model can predict the forming limit for 
crack in 50520 aluminum alloy tube bending[11]. 
The experiments are carried out by Okude[12] com-
bined with FE simulation in order to study the form-
ing limit of aluminum alloy tube bending, it is found 
that the axial force can raise the bending level. 
These investigations and achievements are of im-
portance and significance to establish the FE model 
and to analyze the forming limit forming in tube 
bending for cross-section distortion in rectangular 
tube rotary draw bending process.  

2 THE EFFECT OF OF PROCESS 
PARAMETERS ON FORMING LIMIT  

2.1 Establishment of FE model.  

With the requirements of higher dimensional intol-
erance and smaller bending radius, the optimal pro-
cess parameters and minimum bending radius should 
be determined. According to the standard and the 
wave loss ratio, the cross-section distortion not ex-
ceeding 10% is defined to be the forming limit, and 
the minimum bending radius with forming limit is 
defined to be minimum bending radius. Taking the 
3A21 aluminium alloy rectangular tube with dimen-
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sions 24.86*12.2*1mm(b*h*t) as an example, a three 
dimensional finite elements model of this process, as 
shown in Fig.2, is built under the ABAQUS/explicit 
environment based on the solution of several key 
techniques, such as model creation, contact boundary 
condition treating, material properties definition, 
meshing technology, and it is validated to be credible 
[9]. 
 
 

 
 
Fig.1Determination method of forming limit 

 
 

 
 
Fig.2 3D FE simulation model   

2.2 The effects of material parameters on forming 
limit 

2.2.1 The effects of elastic modulus.  
The elastic modulus E is set in the range 40~200GPa 
respectively, and the curves of minimum bending ra-
dius vs elastic modulus are shown in Fig.3. 

It can be seen that the minimum bending radius in-
creases from 30 to 40mm with elastic modulus in-
creasing from 40 to 200MPa. The elastic modulus is 
the parameter to measure the ability to resist the elas-
tic deform, while the plastic deform is the main de-
form. Larger elastic modulus will need larger force 
imposed by dies, inducing larger elastic springback. 
Therefore, the effects of elastic modulus on forming 
limit is not significant.   

2.2.2 The effects of strengthen factor.  
The hardening exponent is set in 100~300MPa, and 
the curves of minimum bending radius vs strengthen 
factor are shown in Fig.4. 

It can be found that the minimum bending radius 
increases sharply with the strengthen factor from 100 
to 300MPa. The minimum bending radius with 
strengthen factor 300 MPa is twice as the correspond-
ing value with strengthen 100 MPa. The bigger 
strengthen factor induces bigger yield stress, and the 
forming energy will be larger subsequently. The force 
exerted by dies need be larger, and the resistance to 
cross-section distortion of rectangular tube will be 
weaker. Therefore, the cross-section distortion is larg-
er, and the tolerant deformation interval is narrow.  

2.2.3 The effects of hardening exponent.  
The strengthen factor is set in the 006-0.35, and the 
curves of minimum bending radius vs hardening ex-
ponent are shown in Fig.5. 

The curves of minimum bending radius vs harden-
ing exponent show that the minimum bending radius 
decreases from 50 to 30 mm with the hardening ex-
ponent from 0.05 to 0.35. In the forming process, the 
work hardening effect will be more significant with 
bigger hardening exponent, and the the forming zone 
will transferred to the zone which is more difficult to 
deform. From macro view, the deformation of rectan-
gular tube will be steady and uniform. Therefore, the 
rectangular tube with larger hardening exponent can 
be bent to smaller radius, and the forming limited in-
terval is extended. 

 
 

 
 
Fig.3 Curve of Rminvs. E  
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Fig.4Curves of Rminvs. K  
 

 

 
 
Fig5 Curves of Rminvs. n  

2.3 The effects of dimensional parameters on 
forming limit    

2.3.1 The effects of height.  
The height is set 6,12,24 and 48mm, and the distribu-
tion curves of minimum bending radius vs height are 
shown in Fig.6. 

In Fig.12, the minimum bending radius increases in 
index type with the increase of height from 6 to 
50mm. The height of rectangular tube increases the 
instability, and decreases the resistance to deform. 
With the increase of height, the constraining effects of 
webs on flanges are diminished, and the deformation 
of rectangular tube are enlarged. Therefore, the cross-
section distortion is prone to enlarge. The forming 
limited interval will be shrank with increase of height.  

2.3.2 The effects of width.  
The width is set as 6,12 and 24mm, and the distribu-
tion curves of minimum bending radius vs width are 
shown in Fig.7. 

It can be observed that the minimum bending ra-
dius decreases significantly with the width from 6 to 
24mm. Width can increase the stability, and the core 
and mandrel can support the rectangular tube in 

larger zone. The flanges can be seen as plates con-
strained by core and mandrel, and the deformation 
will be uniform. Therefore, the cross-section distor-
tion will be smaller, and the torrent forming limit in-
terval will be expanded. 

 
 

 
 
Fig.6 Curves of Rminvs. h  
 

 

 
 
Fig.7 Curves of Rminvs.b  

2.4 The effects of clearances between dies and tube 
on forming limit    

2.4.1 The effects of clearance between tube and 
core die.  

The clearance is set as 0~2mm, and the distribution 
curves of minimum bending radius vs clearance be-
tween tube and core die are shown in Fig.8.  

It can be observed that, the minimum bending ra-
dius has an astounding increase with clearance be-
tween mandrel and core from 0 to 2.0mm, and the 
forming limited intervals are narrow. In the bending 
process, the mandrel and core support the rectangu-
lar tube internally to resist the cross-section distor-
tion. With the increase of the clearance, the mandrel 
and core cannot support the tube fully, and the 
flanges will collapse easier. Therefore, the cross-
section distortion will increase. 

425



2.4.2 The effects of clearance between tube and 
pressure die.  

The clearance is set as 0~2mm, and the distribution 
curves of minimum bending radius vs clearance be-
tween tube and pressure die are shown in Fig.9.  

It can be found that the relevance between Rminvs 
Cp.is significant. The minimum bending radius in-
creases from 28 to 75mm with the clearance between 
tube and pressure die from 0 to 2.0mm. The pressure 
die constrains the rectangular tube externally, and the 
friction force exerted by pressure die will reduce with 
bigger clearance. The constraint of pressure die on 
rectangular tube will disappear, and the cross-section 
distortion will increase subsequently.  

 
 

  
 
Fig.8 Curves of Rminvs Cc 

 
 

 
 
Fig.9 Curves of Rminvs Cp 

2.5 The effects of friction between dies and tube on 
forming limit    

2.5.1 The effects of friction between tube and core 
die.  

The friction is set as 0.06~0.3, and the distribution 
curves of minimum bending radius vs friction be-
tween tube and core die are shown in Fig.10.  

From Fig.10, the effects of friction between core 
and tube on minimum bending radius are significant. 

The bigger the friction coefficients, the bigger the 
minimum bending radius. The friction force between 
core and tube are tangential, and it prevents the tube 
from feeding into the bent zone. Therefore, the mate-
rial will gather backward after the tangential point, 
and the cross-section distortion will increase in bent 
zone. In practice, the cores will be lubricated by avia-
tion oil to make the friction as small as possible.   

2.5.2 The effects of friction between tube and pres-
sure die.  

The friction is set as 0.06~0.3, and the distribution 
curves of minimum bending radius vs friction be-
tween tube and pressure die are shown in Fig.11.  

It can be seen that the minimum bending radius 
keep constant almost with the increase of friction 
coefficient between pressure and tube. The pressure 
die constrains the tube after the tangential point, and 
it provides boost force to feed the material into the 
bent zone. Therefore, the friction force should be 
large, and in practice the interface between pressure 
and tube should be set as dry friction with no lubri-
cation. 

 
 

  
 
Fig.10 Curves of Rminvs µc 

 
 

 
 
Fig.11 Curves of Rminvs µp   
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3 THE ESTABLISHMENT OF CROSS-SECTION 
DISTORTION LIMITED DIAGRAMS 

According to the study, the forming limited dia-
grams under different conditions are established as 
shown in Fig.12. When 10%h  , the cross-section 
distortion exceeds the allowable value, and the bend-
ing radius should be larger. When 10%h  , the 
cross-section distortion equals the allowable value, 
and the bending radius is the minimum bending ra-
dius. When 10%h  , the cross-section distortion is 
less than the allowable value, and the bending radius 
can be decreases further. The minimum bending ra-
dius can be determined based on geometrical dimen-
sions, clearances, friction parameters and material 
parameters from Fig.12(a)-(d) respectively.  
 
 

  
 

 
 

  

 

 
 
Fig.12 Cross-section distortion limited diagram: (a) based on 
geometrical dimensions; (b) based on clearances; (c) based on 
friction parameters; (d) based on material parameters  

4 CONCLUSIONS 

(1) The minimum bending radius when the cross-
section distortion does not exceed 10% is defined as 
forming limit.  
(2) With the increase of the strengthen factor, the 
height, clearance between mandrel and tube, clear-
ance between pressure and tube, the friction between 
core and tube, the minimum bend radius increases 
and the bending limit decreases; with the increase of 
width and strain-hardening exponent, the minimum 
bending radius decreases and the bending limit in-
creases.  
(3) The 3D forming limit diagrams for cross-section 
distortion are obtained under different process pa-
rameters. 

5 SUMMARY 
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