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Abstract
Bimetal composite pipe are widely used in petrochemical industry and other industries due to its good mechanical prop-
erties and corrosion resistance. In this paper, the minimum radial rotary pressure (Pimin) and maximum radial rotary pres-
sure (Pimax) were obtained by theoretical mechanical calculation, so as to optimize the design of the spinning device. The 
residual contact pressure was acquired to evaluate the forming quality of the composite pipe. It was found that when the 
spinning parameters (δ = 0.16 mm, ψ = 0.4 mm, β = 3.0° and f = 0.5), the maximum residual contact pressure was obtained, 
and the simulated and experimental values were 9.19 MPa and 9.01 MPa, respectively. They were close to the theoreti-
cal value (9.67 MPa), and the error of these values was about 9%, which proved the accuracy of the theoretical analysis.
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Abbreviations
ψ  The initial gap between the outer wall of inner 

pipe and the inner wall of outer pipe
δ  The amount of rolling body pressed into the 

inner wall of the inner pipe
β  The centerline of the roller and liner axis angle
f  Axial feed roller speed/angular velocity
roi  Inner diameter of the outer pipe
Pi min  Minimum radial rotary pressure
Pi max  Maximum radial rotary pressure
Prc  Residual contact stress
Prcmax  Maximum residual contact stress
�r  Radial stress of inner pipe
��  Circumferential stress of inner pipe
�si  Yield strength of material of inner pipe
rii  Inner diameter of the inner pipe
�so  Yield strength of material of outer pipe
roo  Outer diameter of the outer pipe
Ei  Elastic modulus of the material of inner pipe
μi  Poisson’s ratio of the material of inner pipe

Eo  Elastic modulus of the material of outer pipe
μo  Poisson’s ratio of the material of outer pipe

1 Introduction

Bimetal composite pipe is usually made of carbon steel 
as the material of outer pipe and special material as the 
material of inner pipe. Bimetal composite pipe fully uses 
the best physical and chemical properties of the outer 
pipe and inner pipe [1–3]. It has high strength, excel-
lent corrosion resistance, high-temperature resistance, 
low-temperature resistance, wear-resistance and other 
special performance [4–6]. Moreover, the service life of 
pipe is greatly improved and the cost of pipe is reduced. 
Therefore, bimetal composite pipe could be widely used 
in petroleum, chemical and other fields.

The forming technology of metal composite pipe 
mainly includes hydroforming, drawing forming, explo-
sion forming and spin forming [7–10]. Many scholars and 
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research institutions had carried out theoretical, finite ele-
ment analysis and experimental research on the forming 
of bimetal composite pipe [11–13]. The influence of die 
design and material behavior on the extrusion of bimetal-
lic tubes was explored by using finite element and poly-
crystalline plasticity modeling. The results showed that 
an extrusion die design proposed that differed from the 
conventional one was better for reduction in peak form-
ing load satisfying objectives of the traditional design 
[14]. A forming analysis of clad tube and base tube in 
spinning process was conducted by numerical simulations 
and experiments. The results indicated that as the press 
amount (δ) increased, the strain of clad tube changed 
more than base tube and as the feed rate increased, the 
strain decreased in axial direction and tangential direc-
tion but almost unchanged in radial direction [15]. The 
spin forming parameters of bimetallic composite pipe 
were optimized by FEM and experiment in my previous 
research, and the torque and the residual contact pres-
sure were analyzed during forming process. The orthogo-
nal test of four factors and five levels was used to gain the 
optimal spinning parameters and the effects of factors on 
analysis indicators under the condition of maximum resid-
ual contact pressure and small torque [16]. The bimetallic 
pipe was manufactured by internal spinning forming tech-
nology and via different theories of elastoplastic mechan-
ics were analyzed. The theoretical model of the elastoplas-
tic zone and the elastoplastic boundary position of the 
outer pipe during the spinning process were proposed 
and found that the maximum value of the residual con-
tact stress occurred when the spinning pressure unloaded. 
The validity of the proposed model was verified by finite 
element simulation and experimentation [17].

Radial rotary pressure is an important parameter for 
spinning device design, and residual contact pressure is 
an important parameter for evaluating the forming quality 
of composite pipe, but there were few researches about 
on theoretical calculation of residual rotary pressure and 
residual contact pressure of bimetallic pipe formed by 
spinning process. In this paper, the radial rotary pres-
sure and residual contact stress of bimetallic pipe were 
obtained by theoretical mechanical calculation, and the 
accuracy of theoretical calculation results were verified by 
FEM and experiment.

2  Mechanical process of bimetal composite 
pipe formed by spinning

The device intended for bimetal composite pipe formed 
by the spinning process is illustrated in Fig. 1.

Figure 2 shows an analysis of how bimetal composite 
pipe takes shape under spinning. The curve of O–a–b 

reveals the correlation between circumferential strain and 
radial rotary pressure on the outer wall of the inner pipe. 
The curve of  O1–c–d indicates the relationship between 
circumferential strain and contact pressure (Pc) in the inner 
wall of the outer pipe, with the distance of O–O1 represent-
ing the initial gap (ψ) between the outer wall of inner pipe 
and the inner wall of outer pipe. In the spinning process, 
elastic deformation (O–a) first occurred to the inner pipe. 
As rolling continued, the radial rotary pressure increased, 
while the inner tube shifted from elastic deformation to 
plastic deformation (a–b). When the radial rotary pressure 
reached the point e of the curve, the outer wall of the inner 
pipe started to come into contact with the inner wall of the 
outer pipe, thus eliminating the gap between the inner 
pipe and the outer pipe. Meanwhile, the free deformation 

Fig. 1  The device for bimetal composite pipe formed by spinning 
process

Fig. 2  The spinning forming principle of bimetal composite pipe
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of the inner pipe was limited by the outer pipe, and the 
contact pressure arose between the outer wall of the 
inner pipe and the inner wall of the outer pipe. Due to 
contact pressure, the outer pipe underwent elastic defor-
mation  (O1–d), while the outer pipe and inner pipe stuck 
together tightly. In case that the circumferential strains 
of the inner and outer tubes could reach point N under 
radial rotary pressure, the elastic recovery for the outer 
wall of the inner pipe and the inner wall of the outer pipe 
would reach point  O1 simultaneously after the release of 
radial rotary pressure. However, the inner pipe and outer 
pipe continued sticking together, despite no interlaminar 
adhesion force (residual contact stress). At this time, the 
radial rotary pressure corresponding to point N equaled 
the minimum radial rotary pressure Pi min.

To obtain residual contact stress, it is necessary to 
increase the radial rotary pressure. When the radial rotary 
pressure increased to point d, the inner wall of the outer 
pipe reached the elastic limit, which led to the most sig-
nificant elastic deformation. According to the research 
results of Dr. Wang, the deformation of outer pipe must 
be restricted to within the range of elastic deformation, 
otherwise it would be difficult to ensure safety for the 
production of composite pipe [7]. Therefore, point d rep-
resents the maximum radial rotary pressure (Pi max). With 
radial rotary pressure released at point d, the outer wall of 
the inner pipe and the inner wall of the outer pipe would 
undergo deformation again, and the elastic recovery of 
inner wall of outer pipe was more significant as compared 
to the outer wall of inner pipe. Since the inner diameter 
of the outer pipe was unlikely to be smaller than the 
outer diameter of the inner pipe, however, the free elastic 
recovery was impeded for the inner wall of the outer pipe. 
Consequently, the residual contact stress (Prc) was applied 
between the inner pipe and the outer pipe, with point d 
representing the maximum residual contact stress (Prc max). 
According to the deformation coordination relationship 
between the inner pipe and the outer pipe, the circumfer-
ential strain of the pipes ended up at point H, conforming 
to the following relationship:��oi − �∗

�oi
= ��io − �∗

�io
.

3  Mechanical analysis of bimetal composite 
pipe formed by spinning

The stress and strain occurring to the inner pipe and outer 
pipe were highly complex in the spinning process. If all the 
influencing factors were factored into the theoretical deri-
vation, it would be quite difficult to conduct the mechani-
cal analysis of spinning process and the conclusion may be 
unreliable. To address the main problem with the spinning 
process and simplify the calculation under the condition 
that the calculation results are as accurate as required, the 

following assumptions were made for the inner pipe and 
outer pipe. On the one hand, the inner pipe and outer pipe 
are ideal elastic–plastic materials with sufficient toughness 
and resistant to low stress brittle fracture. On the other hand, 
in the spinning process of composite pipe, one end of the 
pipe is fixed and the other end is free to expand, so that the 
impact of axial stress is negligible.

The inner pipe suffered plastic deformation under radial 
rotary pressure and conformed to the equilibrium equation:

Equation (2) is calculated according to Mises yield failure 
criterion 

�
�� − �r =

2√
3
�si

�
:

With the boundary condition r = rii, σr = -Pi substituted into 
Eq. (2), Eqs. (3) and (4) were obtained as follows:

When Pi = Pi max, the contact pressure was equal to Pc max, 
as shown in Fig. 3c.

If � = �max , the stress of the outer wall of the inner pipe 
was: σ = Pc max

The circumferential strain ��oi generated by Pc in the inner 
wall of the outer pipe is expressed as:

The radial stress �r io and circumferential stress �� io of the 
outer wall of the inner pipe are shown in Fig. 3b:

(1)�� − �r = r
d�r

dr
.

(2)d�r =
2√
3
�si

dr

r
.

(3)�r =
2√
3

�si ln
r

rii

− Pi;

(4)�� =
2√
3

�si +
2√
3

�si ln
r

rii

− Pi.

(5)�so =
2Pcmaxr

2
oo

r2
oo

− r2
oi

Pcmax =
�so

(
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oo
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)
2r2

oo

(6)Pimax =
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3
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⎧⎪⎨⎪⎩
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�� io =
2√
3

�si − Pc
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The radial stress �r oi and circumferential stress �� oi of the 
outer wall of the inner pipe are shown in Fig. 3c:

The deformation recurred to the outer wall of the inner 
pipe during unloading, as shown in Fig. 2(d* ~ H), and the 
circumferential strain �� io resulted from elastic recovery:

With Eq. (8) substituted into Eq. (10):

The circumferential strain �� oi occurring to the inner wall 
of the base tube due to the contact stress Pc:

With Eq. (9) substituted into Eq. (12):

Combining Eqs. (7) and (13), it can be obtained that:

(9)

{
�r oi=−Pc

�� oi=
k2+1

k2−1
Pc k=

roo

roi

(10)�� io =
1

Ei

(�� io − �i�r io)

(11)�� io =
1

Ei

�
2√
3

�si + (�i − 1)Pc

�

(12)�� oi =
1

Eo

(�� oi − �o�r oi)

(13)�� oi =
Pc

Eo

(
k2 + 1

k2 − 1
+ �o

)

(14)Pc=
Eo�

roi

(
�o+

k2+1

k2−1

)

(15)Pi =
Eod

roi

�
mo +

k2+1

k2−1

� +
2√
3

ssi ln
roi + �

rii

The radial stress �∗

r io
 and circumferential stress �∗

� io
 of 

the outer wall of inner pipe under the action of Prc are 
shown in Fig. 4b:

The radial stress �∗

r oi
 and circumferential stress �∗

� oi
 of 

the inner wall of outer pipe under the action of Prc are 
shown in Fig. 5c:

The circumferential strain �∗
�io

 caused by residual con-
tact stress Prc on the outer wall of the inner pipe:

Combining Eqs. (16) and (18), it can be obtained that:

The circumferential strain �∗
� oi

 caused by residual con-
tact stress Prc on the inner wall of the outer pipe:

Combining Eqs. (17) and (20), it can be obtained that:

(16)

⎧⎪⎨⎪⎩

�∗

r io
= −Prc

�∗

� io
= −

k2 + 1

k2 − 1
Prc

(17)
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1
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)

(20)�∗
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=
1
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(
�∗
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∗
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)

Fig. 3  Stress state of composite pipes in spin forming
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With (11), (13), (19) and (21) substituted into the equa-
tion ( �� oi − �∗

� oi
= �� io − �∗

� io
 ), Prc was obtained as:

w h e r e  a =

(
k2+1

k2−1
− �i

)
Eo +

(
k2+1

k2−1
+ �o

)
Ei  ; 

b =

(
�o +

k2+1

k2−1

)
Ei − (�i − 1)Eo ; c = 2√

3
�siEo.

When Pi = Pi max, the maximum residual contact stress 
Prc max was obtained as follows:

(21)�∗
� oi

=
Prc

Eo

(
�o +

k2 + 1

k2 − 1

)

Prc =
b

a
Pc −

c

a
=

b

a

�
Pi −

2√
3

�si ln
roi + �

rii

�
−

c

a

When Prc = 0, the minimum radial rotary pressure Pi min 
was obtained as follows:

Through the mechanical analysis as to spinning forming 
of compound pipe, the range of radial spinning pressure 
w a s  o b t a i n e d  a s  f o l l o w s : 
2√
3
�si ln

roi+�

rii

+
c

b
≤ Pi ≤

2√
3
�si ln

roi+�max

rii

+
�so(r

2
oo
−r2

oi
)

2r2
oo

 . In addi-

tion, the range of residual contact stress was obtained as 
follows: 0 ≤ Prc ≤

b

a

�so(r
2
oo
−r2

oi
)

2r2
oo

−
c

a
.

4  Finite element analysis and experimental 
verification

The numerical simulation and experiment were car-
ried out according to my previous research work [16]. 
The spinning process parameters of composite pipe 
are shown in Table 1. The inner pipe was made of 316 L 

Prcmax =
b

a

�so(r
2
oo

− r2
oi
)

2r2
oo

−
c

a

Pi min =
2√
3

�si ln
roi + �

rii

+
c

b

Fig. 4  Stress state of composite pipes when radial rotary pressure was unloaded
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Fig. 5  The comparison of residual contact pressure

Table 1  The spinning process parameters

Where β = The centerline of the roller and liner axis Angle; f = Axial 
feed roller speed/angular velocity

Test number δ (mm) ψ (mm) β (°) f

1 0.10 0.35 3.5 0.35
2 0.14 0.45 3.0 0.40
3 0.16 0.40 3.0 0.50
4 0.18 0.50 4.5 0.40
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stainless steel, and the outer pipe was made of 20 carbon 
steel. The basic mechanical parameters of the materials 
are shown in Table 2.

The residual contact stress obtained by theoretical 
calculation, numerical simulation and experiment is 
shown in Fig. 5.

As can be seen from Fig. 5, the theoretical results, sim-
ulated results and experimental results of residual con-
tact stress were very close to each other, and the devia-
tion between them was about 9%, which was within the 
engineering acceptable range. The theoretical results 
were higher than the simulated results, and the simu-
lated results were higher than the experimental results. 
The reason for this phenomenon was that both the theo-
retical results and the simulated results assumed that the 
inner pipe and outer pipe were ideal steel pipes, without 
considering the material defects of the pipes. However, 
in the actual spinning process of bimetal composite 
pipe, the inner wall of inner pipe and outer pipe were 
not smooth and other defects would cause the reduc-
tion in residual contact stress. Therefore, the simulated 
results and the theoretical results were higher than the 
experimental results. The theoretical results were cal-
culated based on the ideal elastoplastic model of the 
inner pipe, while the numerical analysis considered the 
strain strengthening of the material of the inner pipe 
to truly simulate the spinning forming of the compos-
ite pipe, so the theoretical results were higher than the 
simulated results. The simulated results and the experi-
mental results increased firstly and then decreased with 
the increase in δ. The radial rotary pressure increased 
with the increase in δ, which resulted in the increase in 
residual contact stress. However, when δ was greater 
than 0.16 mm, the outer pipe began to undergo plastic 
deformation and cannot completely recover its original 
shape after unloading. The theoretical calculation for-
mula of residual contact stress was only applicable to 
the elastic deformation of the outer pipe, so the theoreti-
cal calculation result was significantly different from the 
simulation result and experimental result.

5  Conclusions

The minimum residual contact stress and the maximum 
allowable residual contact stress for spinning of bimetal 
composite pipe were obtained by mechanical analysis, 
which ensured that the inner pipe and the base pipe 
were not separated after forming, but also ensured that 
the inner pipe was not damaged during the forming pro-
cess. Meanwhile, the residual contact pressure, an impor-
tant mechanical parameter of metal composite pipe, was 
acquired.

When the spinning parameters were δ = 0.16  mm, 
ψ = 0.4 mm, β = 3.0°and f = 0.5, respectively, the maximum 
residual contact stress was obtained, and the theoreti-
cal, simulated and experimental values were 9.67 MPa, 
9.19 MPa and 9.01 MPa, respectively. The experimental 
and simulated results were consistent with the theoreti-
cal analysis results, and the difference between them was 
about 9%, which effectively proved the accuracy of the 
theoretical analysis.
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