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Abstract: The springback mechanism for a large-diameter thin-walled CT20 titanium alloy tube with an outside diameter of 85 mm 
and a wall thickness of 2.5 mm (denoted as D85 mm×t2.5 mm) was investigated using numerical simulation. The results show that 
the areas among the crest lines and the neutral layer unload significantly, whereas the areas adjacent to the neutral layer unload 
indistinctively. These differences lead to a reverse loading in certain areas of bent tube and an obvious tensile-compressive stress 
concentration in the area adjacent to the neutral layer after springback. The variation rules of springback angle and springback radius 
with bending radius and bending angle were studied. These data were used to propose a springback compensation method, which was 
verified to be effective in an example study. 
Key words: CT20 titanium alloy; large-diameter thin-walled tube; numerically controlled (NC) bending; springback; springback 
compensation 
                                                                                                                                                                                                                         
 
 
1 Introduction 
 

With the development of aerospace, aviation, 
automotive and other high-technology industries, 
bending components and technology are increasingly 
important [1−3]. Among the developed tube bending and 
forming the methods, numerically controlled (NC) tube 
bending (Fig. 1), a complex non-linear physical process 
under multi-die constraints and multi-factor coupling 
effects, is frequently employed due to its many 
advantages, such as economy, high efficiency and the 
large-quantity batch production with high precision and 
stable quality [4]. CT20 is a medium-strength cryogenic 
titanium alloy near α phase that was developed by 
Northwest Institute for Nonferrous Metal Research of 
China [5,6]. It has good cryogenic deforming capability 
and retains excellent plasticity and ductility at low 
temperature. Thus, a large-diameter thin-walled CT20 
titanium alloy tube is used widely in the liquid-hydrogen 
pipeline systems of spacecraft engines. Because of the 
alloy’s high specific strength and low elastic modulus, 
significant springback occurs after NC bending for CT20  

 

 
Fig. 1 Schematic diagram of NC tube bending 
 
tubes, which will greatly affect the formation precision 
of the bent tubes. Therefore, it is necessary to study the 
deformation mechanism and rules during NC bending 
and springback processes for large-diameter thin-walled 
CT20 titanium alloy tubes. 

Significant effort was applied to studying the 
mechanism and rules of tube bending and springback 
using analytical, experimental and numerical approaches 
[7−9]. However, many of these studies focused on the 
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bending and springback mechanism, rules and control of 
aluminium alloy tubes, stainless steel tubes and 
small-diameter thick-walled titanium alloy tubes [10−13]; 
the results regarding the mechanism and rules for 
large-diameter thin-walled cryogenic titanium alloy tube 
were rarely reported. Thus, in this work, the finite 
element method (FEM) was employed to investigate the 
bending and springback mechanisms for large-diameter 
thin-walled CT20 titanium alloy tubes, and a method was 
proposed to predict and control the springback. 
 
2 Research methods 
 

The NC bending of a CT20 tube was simulated on 

an ABAQUS/Explicit platform, and the springback was 
simulated on an ABAQUS/Standard platform. The 
employed FE model was established by WANG et al [14], 
and the forming parameters for CT20 tube NC bending 
are the same as that used in Ref. [14]. 
 
3 Results and discussion 
 
3.1 Bending and springback mechanism 

Figures 2 and 3 show the hoop stress and axial 
stress distribution of CT20 titanium alloy tubes during 
bending and springback processes, respectively. As 
illustrated in the figures, the axial stress is almost always 
larger than the hoop stress. 

 

 
Fig. 2 Hoop stress distribution during bending and springback (θ is bending angle): (a) θ=15°; (b) θ=30°; (c) θ=45°; (d) θ=60°;    
(e) θ=75°; (f) θ=90°; (g) After mandrel retraction; (h) After springback 
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Fig. 3 Axial stress distribution during bending and springback: (a) θ=15°; (b) θ=30°; (c) θ=45°; (d) θ=60°; (e) θ=75°; (f) θ=90°;    
(g) After mandrel retraction; (h) After springback 
 

As observed from Fig. 2, the hoop tensile stress 
along the outer side of the bent tube is smaller than the 
hoop compressive stress along the inner side throughout 
the bending process. 

As observed from Fig. 3, the axial stress along the 
inner and outer sides of the bent tube increases rapidly at 
the beginning of the bending process. When the bending 
angle exceeds 30° the axial stress remains almost 
constant, which indicates a transition into the stable 
deformation stage. In the stable deformation stage, the 
axial compressive stress along the inner side of the bent 
tube is larger than the axial tensile stress along the outer 

side. Once the mandrel is retracted, the axial stress 
unloads to a certain degree as a result of the lack of 
constraint of the mandrel. Moreover, the axial tensile 
stress unloads to a greater degree than the axial 
compressive stress. 

Comparing the axial stress before and after 
springback, the axial stress unloads greatly during 
springback and the compressive stress unloads to a 
greater degree than the tensile stress. After springback, 
tensile-compressive stress concentration areas exist in 
the region near the neutral layer where the strain is zero 
during the bending and a reverse loading phenomenon in 
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the axial stress occurs on the inner and outer sides of the 
bent tube. These results are different from the variation 
of axial stress for aluminum alloy tubes before and after 
springback [15,16]. To explain this difference, measuring 
planes are defined through bending center O, as shown in 
Fig. 4, where α is the angle between the measuring plane 
and the initial bending plane, and β is the angle on the 
measuring plane. Next, the variation of axial stress on the 
intersection curve of each measuring plane with the bent 
tube before and after springback is obtained, as shown in 
Fig. 5. 
 

 
Fig. 4 Sketch of crest lines and measuring planes 
 

 
Fig. 5 Variation of axial stress on measuring plane before and 
after springback 

 
Figure 5 shows that, with increasing α, the axial 

tensile stress along the outer side of the bent tube 
unloads more completely and the unloading of the axial 
compressive stress along the inner side first increases 
and then decreases. Moreover, the unloading of the axial 
stress of the bending portion is large when β is in the 
range of 15°−45° or 120°−150° and small when β is in 
the range of 75°−105°. Thus, the areas with the most 
significant unloading are among the crest lines and the 
neutral layer, and those with the least unloading are 
adjacent to the neutral layer. Thus, the tensile- 
compressive stress concentration areas occur near the 

neutral layer and the reverse loading areas occur along 
the inner and outer sides of the bent tube. 
 
3.2 Effect of bending radius and angle on springback 

Figure 6 shows the springback angle Δθ and 
springback radius ΔR as functions of the bending radius 
R and bending angle θ. 

As observed from Fig. 6(a), the springback angle Δθ 
increases with the increase of bending angle θ and the 
difference in Δθ is not obvious for θ below 30°. Δθ first 
decreases and then increases as the bending radius R 
increases, and the critical bending angle between them is 
30°. This behavior may result from the unstable and 
complicated contact conditions among the tube, bending 
die, pressure die, wiper die, mandrel, and balls under the 
small bending angle. 

The increase in Δθ with θ is uneven with R, which 
means the interaction θ×R might have an effect on Δθ. 

As shown in Fig. 6(b), the springback radius ΔR 
first decreases and then increases with increasing R and 
the critical bending angle between them is 45°. The 
explanation is similar to that for Δθ. However, the critical 
angle differs from that for Δθ, most likely because the 
constraints among the tube and dies have a slight effect 
on ΔR. 
 

 

Fig. 6 Springback angle and springback radius for different R 
and θ: (a) Springback angle; (b) Springback radius 
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As observed in Fig. 6, with increasing θ, ΔR first 
increases and then decreases. This behavior is caused by 
several factors, including the increase in the total elastic 
strain of the bending portion with increasing θ, which 
increases ΔR. However, ΔR is also affected by the axial 
tensile force Fa: the larger the Fa is, the smaller the ΔR is. 
Due to the increase of the deforming force of the bent 
tube (Fig. 7), Fa increases with increasing θ [10]. All of 
these result in the fact that ΔR first increases and then 
decreases. 
 

 
Fig. 7 Effect of bending angle on axial tensile force 

 
Figure 6 also shows that Δθ and ΔR for R=3.0D are 

slightly larger than that for R=2.5D. This difference is 
due to the ratio of the plastic strain to the total strain εp/εt 

along the intrados of the bent portion for R=3.0D being 
slightly smaller than that for R=2.5D, as shown in Fig. 8. 
Thus, the total elastic strain components of the bending 
portion are slightly larger than that for R=2.5D. 
 

 
Fig. 8 εp/εt for intrados of bending portion at θ=90° 
 
3.3 Springback compensation 

The springback after the NC bending of the tubes 
will decrease the bending angle and increase the bending 
radius, which will greatly affect the formation precision 

of the bent tubes. Thus, considering the springback angle 
and radius, a method of springback compensation for 
thin-walled tube NC bending was presented as follows. 

1) Establish the regression equations of springback 
angle Δθ and springback radius ΔR with bending angle θ 
and bending radius R, respectively (if the interaction θ×R 
affects Δθ and ΔR, it should be taken into account). 

2) Determine initial bending angle and initial 
bending radius according to the regression equation 
established above. 

3) Simulate the bending process at the initial 
bending angle and the initial bending radius and then 
calculate the errors Eθ and ER of the bending angle and 
bending radius, respectively. If the errors satisfy the 
accuracy requirement, the bending parameters can be 
applied to manufacturing. Otherwise, continue to the 
next step. 

4) Compensate the bending angle and the bending 
radius with the errors, obtain a new bending angle and 
bending radius. 

5) Repeat steps 3) and 4) until the errors meet the 
accuracy requirement. 

In the following, an example of springback 
compensation for the bending of a D85×t2.5 mm CT20 
titanium alloy tube was given to demonstrate the 
feasibility and reliability of the method. In this example, 
the expected bending angle is 100°, the bending radius is 
200 mm, and |Eθ|≤0.1° and |ER|≤0.5 mm are required. 
The specific steps of the springback compensation are as 
follows. 

1) Based on the variation of the springback angle Δθ 
with R and θ (greater than 30°) shown in Fig. 6(a), 
regression equation (1) is established. Regression 
equation (2) of the springback radius ΔR is established 
using Fig. 6(b). These two equations are verified to be 
significant: 
 
Δθ=2.32077−0.2638(R/D)−0.03654θ+0.02919θ(R/D) (1) 
 
ΔR=12.27033+2.806(R/D)−0.16912θ+0.03803θ(R/D) (2) 
 

2) Determine the initial bending angle θ0 and the 
initial bending radius R0:  
Δθ=θ0−100=2.32077−0.2638(R0/D)−  

0.03654θ0+0.02919θ0(R0/D), 
 
ΔR=200−R0=12.27033+2.806(R0/D)−  

0.16912θ0+0.03803θ0(R0/D), 
 
θ0=104.75°, R0=190.25 mm. 
 

3) Set θ0 and R0 as the initial bending parameters 
and simulate the tube bending process. A practical 
bending angle of θp=99.75° and a practical bending 
radius of Rp=202.4 mm are achieved. The errors are as 
follows: 
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Eθ=100°−θp=0.27°, ER=200−Rp=−2.4 mm. 
 

The errors fail the requirement, so the compensation 
is continued. 

4) Determine the bending angle θ1 and bending 
radius R1 with the errors: 
 
θ1=θ0+Eθ+0.2638(ER/D)+0.03654Eθ−0.02919θ0(ER/D)  

=104.951°, 
 
R1=R0+ER−2.806(ER/D)+0.16912Eθ−0.03803θ0(ER/D)  

=187.82 mm. 
 

5) Set θ1 and R1 as the bending parameters and 
simulate the tube bending process again. A practical 
bending angle of θp=100.079° and a practical bending 
radius of Rp=199.62 mm are achieved. The errors are as 
follows: 
 
Eθ=100°−θp=0.079°, ER=200−Rp=0.38 mm. 
 

The errors meet the requirement, which means that 
θ1 and R1 can be used as the bending parameters in the 
tube bending process. 

Using the traditional method for compensating the 
bending angle only, the bending angle and bending 
radius are 100.051° and 202.18 mm respectively after 
two compensation iterations. Thus, only the error in the 
bending angle can meet the requirement. 

Using the traditional method for compensating the 
bending radius only, the bending angle and bending 
radius are 99.834° and 200.33 mm respectively after 
three compensation iterations. Thus, only the error in the 
bending radius can meet the requirement. 

These results show that the proposed method for the 
springback compensation for both the bending angle and 
bending radius for the bending of a Ti alloy tube is 
feasible and efficient. 
 
4 Conclusions 
 

1) The areas among the crest lines and the neutral 
layer unload significantly, whereas those adjacent to the 
neutral layer unload only slightly. These differences lead 
to the reversed loading in certain areas of the bent tube 
and the obvious tensile-compressive stress concentration 
in the areas adjacent to the neutral layer after the 
springback. 

2) The springback angle and springback radius both 
first decrease and then increase with the increase of 
bending radius, with critical bending angles of 30° and 
45°, respectively. 

3) A springback compensation method for bending 
angle and bending radius simultaneously is proposed and 
proven to be effective by an example. 
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摘  要：采用数值模拟方法研究外径为 85 mm、壁厚为 2.5 mm(D85 mm×t2.5 mm)的大直径薄壁 CT20 钛合金管的

回弹机理。结果表明，弯曲段内外脊线与中性层之间区域的中部卸载最严重，而中性层附近区域卸载最不明显，

导致弯管内外侧部分区域回弹后出现反向加载，而弯管中性层附近区域出现明显的拉−压应力集中区。研究了回

弹角和回弹半径随弯曲半径以及弯曲角的变化规律，进而提出了一种同时考虑弯曲角和弯曲半径的回弹补偿方

法，并通过实例验证了该方法是有效的。 

关键词：CT20 钛合金；大直径薄壁管；数控弯曲；回弹；回弹补偿 
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