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Abstract: The bi-layered tubing components provide an alternative solution to make the best use of corrosion-resistant alloys and 
low-alloy steels. The numerical simulation and hydro bending experiments were carried out to analyze the wrinkling behavior of 
carbon steel/Al-alloy bi-layered tubes with different thickness ratios and internal pressures. Two types of instabilities, namely the 
bifurcation instability of inner tube and the limit load instability of outer tube are noticed and examined. It is indicated that the onsets 
of the wrinkling of inner and outer tube are delayed with increasing the thickness ratio. The bending capacity and the stability of 
bi-layered tube are remarkably improved as the thickness ratio increases. The optimized range of the thickness ratio is determined by 
numerical simulation. It is shown that separation between two layers occurs with a lower level of internal pressure, which causes the 
bifurcation instability of inner tube. However, the stability of inner tube is evidently enhanced with increasing the internal pressure, 
resulting in larger improvements of bending limit and moment capacity. The numerical predictions are verified by the hydro bending 
experiments with different internal pressures. Through the analysis, the selection of the internal pressure and outer tube thickness, 
and the mechanisms of increasing stabilities of the inner and outer tubes are clarified. The knowledge can be transferred to other 
bi-layered pipes with different materials and dimensions. 
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1 Introduction 
 

The bi-layered tubing shows combined properties of 
heat exchange, strength and corrosion resistance that 
single tubes cannot provide. Industrial applications are 
found in compressed air supply lines, ship building and 
aerospace industries, and special environments [1,2]. In 
particular, the corrosion-resistant-alloy (CRA-lined) 
bi-layered pipe, which consists of a liner tube made of 
CRA and an outer thick-walled steel pipe, has been 
increasingly utilized in oil production, nuclear power 
plants and refining industry etc [3]. 

During conventional bending processes of 
mechanically bonded bi-layered tubes, the bending 
defects e.g. the wrinkling of inner layer and the departure 
between the two layers are often encountered. So far, 
there has been little discussion on the fundamental 
bending deformation characteristics of bi-layered tubes. 
MORI et al [4] performed a series of uniform bending 
tests to study the flattening behavior of the aluminum/ 
copper bi-layered tubes without the internal pressure. In 
order to prevent the departure between two layers, the 
epoxy adhesive was applied to the interface of the 

bi-layered tube and the tubes were hydro-bulged for 30 
min in a hollow die before bending. It was shown that 
flattening gradually decreases when the outer aluminum 
proportion increases. While the thickness ratio of 
aluminum to copper was one, the flattening of bi-layered 
tube with the larger flow stress material as outer layer 
was greater than the reversed configuration. It was 
shown that smaller bending radii (≤10D) could result in 
wrinkling and cause the inner layer to detach from the 
outer pipe. 

Recently, however, a new hydraulic bending process 
of bi-layered pipes was proposed to manufacture ultra 
thin-walled elbows with a large diameter-to-thickness 
ratio (d/t>150) for piping systems of large rockets and 
airplanes [5]. It was shown that this process provided a 
solution to prevent wrinkling defects encountered in ultra 
thin-walled elbows manufactured by traditional bending 
processes, where the maximum diameter-to-thickness 
ratio could hardly exceed 100 [6−11]. A representative 
ultra thin-walled tube elbow specimen with d/t=182 was 
successfully obtained. This was accomplished by 
wrapping the inner thin-walled tube with a 10 mm 
carbon steel outer tube, whereby a constant and high 
internal pressure was supplied inside the bi-layered tube 
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during bending. The inner tube was fitted inside the 
carbon steel outer pipe under high internal pressure, 
resulting in a tightly bonded double wall pipe, thus the 
stability of the ultra thin-walled tube was enhanced. 

The purpose of this work is to investigate the 
influence of outer tube thickness and internal pressure on 
the bending instabilities of bi-layered tubes. The 
optimized outer tube thickness was determined using the 
finite element method, and two kinds of bending 
instabilities were noticed and analyzed. A series of 
experiments were conducted using carbon steel/Al-alloy 
bi-layered pipes with wall thicknesses of 3.2 mm and   
1 mm. Through the analysis, the selection of the internal 
pressure and outer tube thickness, and the mechanisms of 
increasing stabilities of the inner and outer tubes are 
clarified. The knowledge can be transferred to other 
bi-layered pipes with different materials and dimensions. 
 
2 Materials and FE model 
 

The bi-layered tube consists of a thick-walled 
carbon steel outer pipe and a thin-walled aluminium 
alloy inner pipe with outer diameter di=63 mm, wall 
thickness ti=1 mm (d/t=63). The outer tube thickness to 
and the thickness ratio (β=to/ti) will be determined 
through the finite element (FE) analysis. The total length 
of the bi-layered tube is 660 mm, with a centre effective 
length of 435 mm subjected to bending. The original gap 
between the two layers was about 0.3 mm. The 
mechanical properties of the materials are listed in Table 
1, which were obtained from the uniaxial tension tests. It 
can be seen that the aluminium alloy shows a lower 
plasticity with the uniform elongation of only 13.9% at 
room temperature. 
 
Table 1 Mechanical properties of inner and outer tubes 

Tube Material 
Yiel 

strength, 
σs/MPa 

Tensile 
strength, 
σb/MPa 

Uniform 
elongation, 

δ/% 
n 

Inner 5A02 80 183 13.9 0.17

Outer 20 225 392 26 0.26

 
In order to improve the plasticity of aluminium 

alloy during bending, an annealing treatment was 
employed in both the finite element analysis and the 
experiments, to allow recrystallization of the aluminium 
alloy. The annealing procedure was conducted after the 
relative stroke of upper die (h′=h/H, where h is the 
current displacement and H is the total stroke) was equal 
to 50%. In the experiments, the annealing heat treatment 
was carried out at 380 °C for 1.5 h, and air cooled to   
25 °C. 

The finite element analysis code ABAQUS was 
employed to simulate the hydro bending of bi-layered 

tubes. Figure 1 shows the numerical model. The upper 
die and lower die were rigid shells, while the carbon 
steel/Al-alloy tubes were modelled separately using S4R 
deformable shell elements, with the element size of    
2 mm. The material model used for two layers was 
isotropic, homogeneous, and elastic-plastic material 
following the Mises yield criterion. The Coulomb 
friction model was used for all contact surfaces with the 
coefficient of 0.1. A constant pressure was applied to the 
inner surface of the inner tube and the end caps. The 
expression of the yield pressure of the bi-layered tube 
can be derived from a previous study [12]. The yield 
pressures of the bi-layered tube with different thickness 
ratios are listed in Table 2, which could be calculated by 
the following equation: 
 

2
soi

y si 2
o

2
1

2 ( 2 )
σt dp σ

d d t

⎡ ⎤
= + −⎢ ⎥

+⎢ ⎥⎣ ⎦
                (1) 

 
where ti is the initial thickness of inner tube, to is the 
initial thickness of outer tube, d is the outer diameter of 
inner tube, σsi is the yield strength of inner tube material 
and σso is the yield strength of outer tube material. 
 

 
Fig. 1 FE model for bi-layered tube hydro bending 
 
3 Effect of thickness ratio on wrinkling 

behavior of bi-layered tube 
 

Numerical simulation scheme for bi-layered tube 
hydro bending with different thickness ratios is given in 
Table 2. Six thickness ratio values were adopted. The 
internal pressure was chosen to be the yield pressure for 
each bi-layered tube. It can be seen from Eq. (1) that the 
 
Table 2 Numerical simulation scheme 

Outer tube thickness/mm Yield pressure/MPa 

1.0 10.4 

2.0 17.7 

2.4 20.3 

2.8 22.8 

3.2 25.0 

3.6 27.8 
Thickness of Al-alloy tube: 1.0 mm. 
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yield pressure increases with increasing the wall 
thickness of outer tube. 

Figure 2 shows the bending results of bi-layered 
tube with different thickness ratios. It is shown that 
wrinkling (bifurcation instability) symmetrically occurs 
at the inside arc of both the inner and outer tubes as the 
thickness ratio equals one and relative stroke of upper die 
h′=30%. The distance from the wrinkle trough to the 
central section is 41 mm. It is also seen that a dent defect 
occurs at the centre of inside arc of inner and outer tubes 
as the thickness ratio equals two and h′=75%. However, 
the formation of the dent defect is not due to the 
bifurcation instability, but attributed to the bending load 
exceeding the bearing capacity of the bi-layered tube, 
which is called “limit load instability” [13−15]. In the 
same manner, the dent defect occurs at the centre of the 
inside arc as thickness ratio equals 2.4; however, the 
defect is prevented when the thickness ratio is larger than 
2.8. It is indicated that the onsets of the wrinkles are 
delayed with increasing thickness ratio, and the bending 
capacity and the stability of bi-layered tube are 
remarkably improved as the thickness ratio increases. 

It is believed that the axial compressive stress at the 
inside arc has a significant effect on the wrinkling 

behaviour. Figure 3 shows the effect of thickness ratio on 
the axial stress distribution of inner tube as h′ reaches 
50%. It is shown from the numerical simulation that the 
axial compressive stress decreases with increasing 
thickness ratio. The maximum axial compressive stresses 
are 242.8, 221.7, 221.1, 219.4 and 217.1 MPa as the 
thickness ratio equals 1, 2, 2.4, 2.8, 3.2, and 3.6, 
respectively. When the maximum compressive stress is 
always less than the critical wrinkling stress, the inner 
thin-walled tube will be in the stable deformation state. 
This is the primary reason for the prevention of 
wrinkling of the inner thin-walled tube. From the above 
analysis, it is shown that a thicker outer tube should be 
adopted to prevent the instabilities and provide a stable 
support to the inner thin-walled tube. The bearing 
capacity of bi-layered tube is reinforced with increasing 
outer tube thickness. Correspondingly, the bending limit 
and stabilities of the bi-layered tube are evidently 
improved. From the view of material utilization, however, 
as long as the outer tube can prevent the inner tube from 
wrinkling and has enough bending capacity, and a proper 
out tube thickness should be adopted. In this work, the 
outer tube thickness of 3.2 mm is adopted in the 
following experiments and numerical simulation. 

 

 
Fig. 2 Effect of thickness ratio on wrinkling behavior of bi-layered tube: (a) β=1, h′=30.5%; (b) β=2, h'=75%; (c) β=2.4, h'=87.5%; 
(d) β=2.8, h'=100%; (e) β=3.2, h'=100%; (f) β=3.6, h'=100% 
 

 

Fig. 3 Effect of thickness ratio on axial stress distribution of inner elbow tube: (a) β=1; (b) β=2; (c) β=2.4; (d) β=2.8; (e) β=3.2;     
(f) β=3.6 
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4 Effect of internal pressure on wrinkling 

behavior of bi-layered tube 
 

Another important factor that is associated with the 
wrinkling behavior of bi-layered tubes is the internal 
pressure. In this section, the bi-layered tubes with 
thickness ratio of 3.2 are employed to investigate the 
influence of internal pressure on bending instabilities. 
The yield pressure of the bi-layered tube is calculated to 
be 25 MPa according to Eq. (1). To examine the bending 
behavior of bi-layered tube under lower internal 
pressures, five pressure values including 0, 2.5, 5, 10, 15, 
20 and 25 MPa are examined. 

The effect of internal pressure on the wrinkling 
behaviour of bi-layered tubes is shown in Fig. 4. It is 
shown that internal pressure can enhance the stability of 
both layers. Separation between two layers occurs under 
a lower level of internal pressure, leading to the 
wrinkling of the inner layer. It is seen from Fig. 4(a) that 
wrinkling occurs at the inside arc of inner tube without 
internal pressure when h′ is only 15%, whereby the 
wrinkling still occurs at the centre of the inside arc as the 
internal pressure equals 2.5 MPa and h′ reaches 55%, as 
shown in Fig. 4(b). When the pressure increases to 5 
MPa and h′ reaches 70%, dent defects occur at the centre 

of the inside arc of both layers, as depicted in Fig. 4(c). 
This phenomenon can be interpreted that the bending 
capacity of the bi-layered tube cannot bear the external 
bending load, leading to the limit load instability. It is 
seen that the dent defect is lessened gradually with 
increasing the internal pressure, and it is prevented when 
the pressure exceeds 20 MPa. 

The wrinkling of the inner tube is the most common 
defect encountered in the hydro bending process, and 
similarly, it is believed that the wrinkling is highly 
associated with the axial compressive stress at the inside 
arc. Figure 5 illustrates the axial stress distribution of the 
inner tube as h′ reaches 15%. It is shown that the 
maximum axial compressive stress decreases gradually 
with increasing the internal pressure. When the 
maximum axial stress exceeds the critical wrinkling 
stress during the bending process, the wrinkling would 
take place at the inside arc of the inner tube. It is seen 
that tiny wrinkles have occurred at the inside arc in   
Fig. 5(a). It should be noticed that the critical wrinkling 
stress is related to the bonding status of the bi-layered 
tubes, and a higher internal pressure contributes a tight 
bond state, therefore the critical wrinkling stress would 
increase. When the maximum compressive stress is 
always less than the critical wrinkling stress during the 
whole process, the defect is successfully prevented. 

 

  
Fig. 4 Effect of internal pressure on wrinkling of bi-layered tube: (a) p=0, h′=15%; (b) p=2.5 MPa, h′=55%; (c) p=5 MPa, h′=70%;  
(d) p=10 MPa, h′=80%; (d) p=20 MPa, h′=100%; (d) p=25 MPa, h′=100% 

 

 
Fig. 5 Effect of internal pressure on axial stress (MPa) of inner elbow tube: (a) p=0; (b) p=2.5 MPa; (c) p=5 MPa; (d) p=10 MPa 
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The numerical predictions are verified by the hydro 
bending experiments with different internal pressures. 
The experimental tooling is shown in Fig. 6, which is 
mounted on a hydraulic press. The inner Al-alloy tube is 
first inserted into the carbon steel tube, and the 
bi-layered tube is sealed at the end and filled with water. 
The internal pressure is provided by a closed-loop 
control pressurizing system, and in this work, the internal 
pressure is increased to a target value and held to be a 
constant. 

Figure 7 shows confirmatory experimental results 
 

 

Fig. 6 Experimental setup 
 

 
Fig. 7 Hydro bending experiment results of bi-layered tubes 
under different pressures: (a) p=0, h′=15%; (b) p=2.5 MPa, 
h′=55%; (c) p=25 MPa, h′=100% 

with different internal pressures. To examine the 
wrinkling behaviour explicitly, the bi-layered tube is cut 
into two halves along the bending plane. It is seen from 
Fig. 7(a) that the wrinkles are symmetrically located at 
the inside arc of inner tube. This phenomenon is as the 
same as the predicted result in Fig. 4(a). Similarly, the 
wrinkling occurs at the mid-span of the inside arc of 
inner arc in Fig. 7(b), which is also predicted by the 
numerical simulation (Fig. 4(b)). Both the numerical 
simulation and experiments show that the wrinkling is 
delayed even prevented under higher internal pressures. 
The section view of bi-layered tube formed under 
pressure of 25 MPa is shown in Fig. 7(c). It is seen that 
there is no tiny wrinkles at the inside arc. Figure 8 
presents a sound representative bi-layered elbow hydro 
formed under pressure of 25 MPa, which is difficult to be 
manufactured by conventional bending methods. 
 

 
Fig. 8 Bi-layered elbow formed under pressure of 25 MPa 
 
5 Conclusions 
 

1) The bending capacity and the stability of 
bi-layered tube are evidently enhanced as the wall 
thickness increases. The wrinkling is prevented as the 
thickness ratio exceeds a critical value and the two layers 
show a consistent structural behavior under higher 
internal pressures. The maximum axial compressive 
stress decreases with increasing the thickness ratio. 

2) Two kinds of bending instabilities are noticed and 
analyzed. Separation between two layers occurs under a 
lower level of internal pressure, leading to the wrinkling 
(bifurcation instability) of the inner layer. For the outer 
thick-walled tube, limit load instability governs the 
bending response and may cause section collapse in 
terms of dent defects. It is shown that the dent defect is 
lessened gradually with increasing the internal pressure, 
and it is prevented when the pressure exceeds 20 MPa. 

3) The numerical predictions are verified by the 
hydro bending experiments with different internal 
pressures. The numerical and experimental results show 
a fine agreement. Both the numerical simulation and 
experiments show that the wrinkling is delayed even 
prevented with increasing the internal pressures. 
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低碳钢/铝合金双层管的充液弯曲起皱行为 
 

滕步刚，胡 蓝，刘 钢，苑世剑 

 
哈尔滨工业大学 金属精密热加工国家级重点实验室，哈尔滨 150001 

 
摘  要：双层金属管由内层耐腐蚀合金和外层低碳钢管组成，具有优良的综合性能。通过有限元模拟和实验研究

内外层不同厚度比和内部液体压力对低碳钢/铝合金双层管充液弯曲起皱行为的影响，分析双层管充液弯曲出现的

两种起皱失稳形式，即分叉失稳和极值点失稳。结果表明：起皱随着厚度比的增加而延缓，双层管稳定性随着厚

度比的增加而明显提高。通过有限元模拟确定了最优的厚度比选取范围。当内压较低时，双层管易出现内外层分

析缺陷，导致内层铝合金薄壁管出现分叉失稳。随着内压的升高，内层管抗失稳能力明显提高，成型极限增加。

实验结果验证了不同内压下的有限元预测结果。通过该研究，确定内压和外层管壁厚的选取方法，得到双层管充

液弯曲避免内层薄壁管起皱的机理。 

关键词：双层管；弯曲；内压；起皱；分叉失稳：极值点失稳 
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