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Theoretical and Experimental
Study of Bimetal-Pipe
Hydroforming
The corrosion of oil country tubular goods (OCTG) gets more and more serious espe-
cially in the acidic environment. So, it is very important to develop a perfect anticorro-
sion technology for exploring sour oil and gas fields economically and safely. Analysis
indicates that the bimetal-pipe (BP) which consists of the base layer of low carbon steel
and a corrosion resistant alloy (CRA) cladding layer is an economic and reliable anticor-
rosion technology and has broad application prospects in the transportation of acid me-
dium. However, theoretical study of hydraulic expansion mechanism for BP is not
enough. In this paper, the deformation compatibility condition of BP was obtained by
studying the deformation rule of the (CRA) liner and the outer pipe of carbon steel in the
forming process; the mechanical model which can compute the hydroforming pressure of
BP has been established based on the nonlinear kinematic hardening characteristics of
material; furthermore, based on the stress strain curve of inner pipe simultaneously, the
calculation method of the plastic hardening stress has been proposed. Thus, the accurate
method for computing the forming pressure was obtained. The experimental data show
that results are consistent with results of the proposed model. It indicates that the model
can be used to provide theoretical guidance for the design and production as well as use
of BP. [DOI: 10.1115/1.4026976]

Keywords: bimetal-pipe, deformation compatibility condition, the nonlinear kinematic
hardening characteristics of material, mechanical model, hydraulic forming experiment

1 Introduction

With the exploration and development of oil and gas, acidic gas
reservoirs have to become the replacing resources. It makes the
corrosive environment which OCTG is exposed to become more
and more serious, such as high carbon dioxide, hydrogen sulfide
and sulfur [1–4], etc., so the problem of oil pipe corrosion, paraf-
fin and scaling of oil pipe gets more and more remarkable. It
directly affects the economic benefit and safety of oil and gas
field. In order to solve these problems, many anticorrosion tech-
nologies have been proposed such as corrosion inhibitor, plastic
internal coating, CRA, and so on [5–14] in all over the world.
Analyses indicates that BP which consists of the base layer of low
carbon steel and a CRA cladding layer is an economic and reliable
anticorrosion technology. So, BP was widely used in the oil and
gas industry, such as the Fairwei oilfield in Mexico Bay in USA
and the Buzzard field offshore the UK [15,16], etc. Due to high
reliability and good economic benefits of BP, a large number of
scholars have done a lot of studies about BP.

These studies mainly include the production technique and
method [17–26] of BP, such as gas tungsten arc welding, pulse
Rapid Arc gas metal arc welding of the pipes, reactive centrifugal
casting method, explosive bonding, hot co-extrusion bonding. and
hydraulic expansion of a CRA pipe inside and an outer pipe of
carbon steel, etc., the theoretical researches about hydroforming
processes of single metal tube [27–29], corrosion resistance of BP
in nearly neutral aqueous media[30], the finite element analysis
about hydroforming processes of BP were also studied [31,32].
However, the literatures about hydroforming processes on BP are
little and the typical one is Wang’s study [33] about hydroforming
processes of BP. In Wang’s study, the inner pipe is considered as
linear hardening material and the nonlinear kinematic hardening
characteristics of material was not taken into account, so that
Wang’s method has some disadvantages. In addition, Wang’s
method is not practical because the hardening modulus is difficult
to know during the forming pressure calculation.

For the purpose of perfecting, the study about hydroforming
processes of BP, in this paper, the deformation compatibility con-
dition of BP was obtained by studying the deformation rule of the
(CRA) liner and the outer pipe of carbon steel in the forming pro-
cess; the mechanical model which can compute the hydroforming
pressure of BP has been established based on the nonlinear
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kinematic hardening characteristics of material; furthermore,
based on the stress strain curve of inner pipe simultaneously, the
calculation method of the plastic hardening stress has been pro-
posed. Thus, the accurate method for computing the forming pres-
sure was obtained. The experimental data show that results are
consistent with results of the model which indicates that the model
can be used to provide theoretical guidance for the design and pro-
duction as well as use of BP.

2 Theoretical Study of Hydraulic Forming Process
for Bimetal-Pipe

2.1 The Deformation Compatibility Correlation in the
Forming Process of BP. In order to make the usability of outer
pipe remain unchanged, the internal pressure imposed on outer
pipe cannot be greater than internal pressure strength of the outer
pipe. Hence, only elastic deformation of outer pipe is produced in
the forming process of BP. Therefore, the plastic deformation of
outer pipe was not discussed in hydraulic forming process of BP.
In order to analyze deformation compatibility condition of BP in
hydraulic forming process visually, a relationship curve between
the circumferential strain of inner and outer pipe, the stress of
inner and outer pipe was plotted, as shown in Fig. 1.

It is obvious that the plastic deformation of inner pipe occurs
and the elastic of the outer pipe occurs in the forming process.
The bonding stress is equal to zero, and inner pipe and outer pipe
just contact when the rebound of inner pipe is equal to the rebound
of outer pipe after unloading. For the purpose of achieving
formation, the forming pressure should be larger and larger so that
the bonding stress between the inner pipe and outer pipe is pro-
duced. The stress and strain curve in the forming process is shown
in Fig. 1.

In Fig. 1, the stress strain curve of inner pipe’s outer wall has
an origin (0, 0) and the stress strain curve of outer pipe’s inner
wall has an origin (6, 0). The stress path of inner pipe’s outer wall
is 0!1!2!3!4!5 and the stress path of outer pipe’s inner
wall is 6!8!7!8. From Fig. 1, it is known that when the stress
of inner pipe’s outer wall is equal to rsi, the inner pipe begin to
yield with the increase of forming pressure. When inner pipe’s
outer wall is equal to rsiD, the clearance (D) between the inner and
outer pipe was eliminated and the circumferential strain of inner
pipe’s outer wall is ehiD. When the elastic deformation of outer
pipe’ inner wall occurs, the stress state of outer pipe’ inner wall
can be obtained by point 6. The stress of inner pipe is strength-
ened and equal to r0si, when the load increase to point 3. At that
moment, the radial and circumferential stresses of outer pipe’
inner wall are �rhoi and �rhoi, respectively, as shown at point 7.
When the forming pressure was unloaded at point 7, the stress r0si
and strain ehio of inner pipe’s outer wall should be eliminated. The
stress (�rhoi, �rhoi) and strain ehoi of outer pipe’s inner wall should
be eliminated. From Fig. 1, it is known that ehoi is greater than ehio

easily. Obviously, the outer pipe cannot recover its initial shape
along the path (7!6) so that the residual internal stress P� (or
bonding stress) was produced in outer pipe’s inner wall and equal
and opposite external pressure is produced in inner pipe’s outer
wall. The stress path of inner pipe’s outer wall is 3!4!5 and the
stress path of outer pipe’s inner wall is 7!8 because the deforma-
tion between inner pipe and outer pipe should coordinate each
other. The radial and circumferential stress of outer pipe’ inner
wall is r�hoi and r�roi, respectively, and the circumferential strain is
e�hoi as shown at point 8. The new elastic deformation of inner pipe
occurs and the stress (r�hio r�rio) and the circumferential strain are
produced due to the residual stress (P�).

Where e�hio is negative. Tensile stress is positive and compres-
sive stress is negative in this paper.

So the deformation compatibility condition (as Eq. (1)) of BP
can be obtained according to the above analysis and Fig. 1

ehio þ je�hioj¼ehoi � e�hoi (1)

where ehio is the recovered circumferential strain of inner pipe’s
outer wall when forming pressure was unloaded; e�hio (the circum-
ferential strain of inner pipe’s outer wall) is produced under the
action of residual stress P� (bonding stress); ehoi is the recovered
circumferential strain of outer pipe’s inner wall when forming
pressure was unloaded; and e�hoi (the circumferential strain of inner
pipe’s outer wall) is produced because of residual stress P� (bond-
ing stress) in the forming process.

According to Fig. 1, the total plastic strain of inner pipe can be
obtained

e��hio ¼ jehiDj þ je�hoij þ je�hioj (2)

where e��hio is the total plastic strain of inner pipe’ outer wall in
forming process and ehiD is the circumferential strain of inner
pipe’ outer wall when the clearance between the inner pipe and
outer pipe is eliminated.

2.2 The Elastic–Plastic Mechanical Analysis of Hydraulic
Forming for BP. The outer pipe of BP is usually seamless steel
tube, straight weld tube or spiral weld pipe, such as steel pipe, oil
pipe and oil pipeline, etc., whose material is commonly carbon
steel. Seamless pipe has initial ovality and eccentricity but straight
weld pipe and spiral weld steel tube only have ovality. In addition,
some residual stress will be produced for all of them in the pro-
duction process. However, those factors are difficult to be consid-
ered in the theoretical model which can be used for calculation of
the forming pressure. So in order to analyze the problem conven-
iently, the following hypotheses are made in this paper:

(1) The inner pipe and outer pipe have uniform thickness and
they are the ideal cylinder.

(2) The mechanical properties of weld seams and pipe body are
the same.

(3) The axial force is equal to zero in the forming process of
BP.

The forming process of BP is considered as an axisymmetric
plane stress problem based on the above mentioned hypotheses.

(1) The elastic analysis of cylindrical wall
Derived in Appendix A, the stress components ðrr; rhÞ under

internal and external pressure can be described by

rr ¼
a2b2ðPb � PaÞ

b2 � a2
1

r2
þ
a2Pa � b2Pb

b2 � a2

rh ¼ �
a2b2ðPb � PaÞ

b2 � a2
1

r
þ
a2Pa � b2Pb

b2 � a2

8

>

>

<

>

>

:

(3)

It is obvious that Eq. (3) has nothing to do with the elastic con-
stants. So Eq. (3) is suitable for the plane stress problem and plane
strain problem.

Fig. 1 The stress strain state characteristic and the correlation
between stress and strain of BP in the forming process

061402-2 / Vol. 136, DECEMBER 2014 Transactions of the ASME



where b is the external diameter of cylinder, mm; a is the inter-
nal diameter, mm; Pb is the external pressure of cylinder, MPa; Pa

is the internal pressure, MPa; l is the Poison’s ratio of material;
and E is the elastic modulus of material, MPa.

(2) The yield condition
The yield condition between the stress components ðrr; rhÞ

must be satisfied when the material yields. Tresca yield criterion
has been adopted in this paper as follows:

rh � rr ¼ rs (4)

2.3 The Stress Strain Analysis of the Inner and Outer Pipe
in Hydraulic Forming Process. The assembly structure of the
BP is as shown in Fig. 2. In Fig. 2, Pi is the forming pressure,
(MPa); di is the inner diameter of inner pipe, (mm); do is the outer
diameter of inner pipe, (mm); Di is the inner diameter of outer
pipe, (mm); and Do is the outer diameter of outer pipe, (mm).

From Fig. 2, it is known that hydraulic forming process of BP
should have three stages.

First stage: the clearance (D) between the inner and outer pipe
is eliminated with the increase of forming pressure Pi, and there is
no pressure acting on the outer pipe in this stage.

Second stage: The forming pressure goes on increasing after
the clearance between the inner and outer pipe is eliminated and
then the inner and outer pipes deform at the same time. And the
inner pipe’s inner wall is subjected to the internal pressure Pi and
the outer wall is subjected to the external pressure PC, while the
outer pipe’s inner wall is subject to the internal pressure PC. The
inner pipe is further strengthened because large plastic deforma-
tion is produced during this stage. But only the elastic deformation
of outer pipe is produced during this stage.

Third stage: the pressure is unloaded in the inner and outer pipe
at the same time; the outer pipe recovers along the original path
(7!8 as shown in Fig. 1) and the inner pipe recovers linearly
(along the path: 3!4 as shown in Fig. 1). After the pressure is
unloaded, the residual stress P� acts on the outer pipe’s inner wall

and an equal pressure P� acts on the inner pipe’s outer wall in the
opposite direction.

The detailed analysis about the stress and strain of inner and
outer pipe in the three stages is shown in Appendix B.

2.4 The Computing Method of Plastic Hardening Stress
Based on the Stress Stain Curve. After getting the stress strain
curve of the inner pipe, the plastic hardening stress can be
obtained accurately by interpolation method between the adjacent
measure points based on the linear hardening model. Thus, the
computational accuracy of the plastic hardening stress depends on
the density and the measurement accuracy of the data. If the point
C is the maximum in the plastic deformation point of inner pipe,
then the plastic strain of point C is e�C and the stress of point C is
e�C. Points A and B nearest to the point C can always be found in
the stress strain curve, as shown in Fig. 3.

In Fig. 3, point A corresponds to the point (stress: rsA and
strain: eB); point B corresponds to the point (stress: esB and strain:
eB); point C corresponds to the point (stress: 0, and strain: e�C).
According to the characteristic of linear rebound of inner pipe, the
slope of the line CC0 is equal to the elastic modulus of the inner
pipe. The slope of the line AC0can be obtained by the stress and
strain of point A and point C0 . The slope of the line BC0 can be
obtained by the stress and strain of point B and point C0 . Simi-
larly, in the stress strain curve, the slope of the line CiC

0 (recorded
as kc) can also be obtained. It is obvious that only the slope of the
line AC0 and the line BC0 are the closest to the elastic modulus of
the material.

In Fig. 3, the equation of the line CC0 can be obtained according
to the elastic modulus and the stress and strain of point C0. The
equation of the line AB can be achieved by the stress and strain of
the points A and B. Then, the stress and strain of the point C which
is the intersection of the line CC0 and the line AB can be consid-
ered according to the line CC0 and the line AB. The plastic rein-
forcement stress of the point C can be obtained as follows:

r0s ¼
rsB þ

rB � rA

eB � eA
ðe�c � eBÞ

1�
rB � rA

ðeB � eAÞEl

(5)

The flow chart which can calculate plastic hardening stress
according to the stress and strain of measure points, as shown in
Fig. 4.

2.5 The Calculation of Forming Pressure of BP in the
Process of Hydraulic Forming. It is very critical to determine
the size of forming pressure of BP in the process of hydraulic

Fig. 2 Assembly structure of the BP

Fig. 3 Linear interpolation based on the linear hardening
model in stress strain curve

Fig. 4 The flow chart to calculate the plastic hardening stress
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forming because only the reasonable forming pressure can make
the anticipated forming effect (high bonding strength or bonding
stress P� between internal and external pipe) achieved.

After unloading, total strain of outer wall of inner pipe is
(ehio � e�hio), the total strain can be obtained by Eqs. (B13) and
(B20) as follows:

ehio � e�hio ¼
1

Ei

ðli � 1ÞPc þ 2r0si
ln k

kz � 1

� �

þ
1

Ei

k2 þ 1

k2 � 1
� li

� �

P�

(6)

After unloading, total strain of outer pipe is (ehoi � e�hoi), the
total strain can be obtained by Eqs. (B16) and (B23) as follows:

ehoi � e�hoi ¼
1

Eo

k2 þ 1

k2 � 1
þ lo

� �

PC �
1

Eo

k2 þ 1

k2 � 1
þ lo

� �

P� (7)

By Eqs. (1), (B9), (6), and (7), Eq. (8) can be obtained

2r0si

Ei

ln k

k2 � 1
þ

1

Ei

k2 þ 1

k2 � 1
� li

� �

þ
1

Eo

K2 þ 1

K2 � 1
þ lo

� �� �

P�

¼
1

Ei

ð1� liÞ þ
1

Eo

K2 þ 1

K2 � 1
þ lo

� �� �

ðPi � r0si ln kÞ (8)

where

A ¼
2r0si
Ei

ln k

k2 � 1
(9)

B ¼
1

Ei

ð1� liÞ þ
1

Eo

K2 þ 1

K2 � 1
þ lo

� �

(10)

C ¼
1

Ei

k2 þ 1

k2 � 1
� li

� �

þ
1

Eo

K2 þ 1

K2 � 1
þ lo

� �

(11)

D ¼ r0si ln k (12)

By Eqs. (8)–(12), Eq. (13) used for computing the forming pres-
sure can be obtained

Pi ¼
A

B
þ

C

D
P� þ D (13)

Equations (8)–(13) was derived based on the plane stress condi-
tion. When the forming process of BP accords with the plane
strain condition, constitutive equations under the plane stress con-
dition need to be replaced by constitutive equations under the
plane strain condition. The formula which is used for computing
the forming pressure can be obtained.

Especially, when the elastic modulus and Poisson’s ratio of the
inside and outside of the tube is very closeðEi ¼ Eo;li ¼ loÞ, by
Eq. (8), the following equation can be obtained:

Pi ¼
K2 � 1

2K2
þ ln k

� �

r0si þ
k2K2 þ 1

K2ðk2 � 1Þ
P� (14)

Equation (14) is suitable for plane stress and plane strain prob-
lem because forming pressure Pi is independent on the mechanical
parameters of material in Eq. (14).

It was known that forming pressure Pi is related to the mechani-
cal parametersðEi, li, Eo, loÞ, geometric parameters (k, K) of ma-
terial, the plastic hardening stress r0si of inner pipe, and bonding
stress P� according to Eqs. (8)–(13). The size of forming pressure
depends on the size of the plastic hardening stress r0si of inner
pipe and bonding stress P� for the specific BP. However, the
bonding stress P� can be given by the user or manufacturer. So it
is the foundation of calculating the forming pressure accurately to
compute the plastic hardening stress of inner pipe reasonably.

From the stress strain curve of CRA [34], it is known that
between the plastic hardening stress and plastic strain has one-to-
one corresponding correlation. The plastic hardening stress r0si can
be obtained from the stress strain curve of CRA according to total
plastic strain of inner pipe (CRA). The total plastic strain e��hio of

inner pipe in forming process can be obtained by Eqs. (2), (B20),
and (B23) when the bonding stress is known

e��hio ¼
D

ro

�

�

�

�

�

�

�

�

þ
1

Eo

K2 þ 1

K2 � 1
þ lo

� �

P�

�

�

�

�

�

�

�

�

þ
1

Ei

k2 þ 1

k2 � 1
� li

� �

P�

�

�

�

�

�

�

�

�

(15)

When the forming pressure is larger than the minimum forming
pressure (the forming pressure which makes inner and outer pipe
just joining together (bonding stress P� is equal to zero) is the
minimum forming pressure), the larger plastic strain of inner pipe
would be produced and it can lead to further hardening of inner
pipe. However, in Wang’s work, when the clearance between the
BP was eliminated, the yield stress rsiD of inner pipe was used to
compute the forming pressure [33]. So the consideration for plas-
tic deformation of inner pipe is not enough. In addition, Wang’s
method is not practical because the hardening modulus is difficult
to get for the forming pressure calculation.

By Eqs. (11) and (15), Eq. (16) can be given

e��hio ¼
D

ro

�

�

�

�

�

�

�

�

þ jCP�j (16)

The plastic hardening stress r0si (the computing method is
obtained in Sec. 2.4) can be obtained according to Eq. (16) and
the stress strain curve of inner pipe when the geometric parame-
ters and mechanical parameters of BP and the bonding stress P�

are known. Then, the forming pressure can be directly obtained
according to Eq. (13). However, the bonding stress cannot be
obtained directly by Eq. (13) when the forming pressure is known.
The bonding stress can be got only by iteration method because
there are two unknowns in Eq. (13).

3 The Hydraulic Forming Test of BP and Strain Test
in the Forming Process

3.1 Sample Preparation. The stainless steel pipe
(63� 0.76mm) was chosen as the inner pipe of BP. Its mechani-
cal parameters and the one-to-one corresponding relationship
between the plastic hardening stress r0si and plastic strain r�hoi can
be obtained from the literature [34]. The carbon steel (T95) pipe
(70� 3.5mm) was chosen as the outer pipe of BP. Its elastic
modulus E is equal to 206,000 MPa and its Poisson’s ratio is equal
to 0.3.

3.2 The Experiment Equipment

(1) A pressure test pump and its rated pressure was 60MPa.
(2) A static strain test instrument (YJ-22) is shown as in Fig. 5.
(3) A sealing arrangement of hydraulic forming for BP is

shown as in Fig. 6.

3.3 The Experimental Program of Hydraulic Forming for
BP. The stainless steel pipe (63� 0.76mm) was chosen as the
inner pipe of BP and the carbon steel pipe (70� 3.5mm) was

Fig. 5 static strain test instrument (YJ-22)
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chosen as the outer pipe of BP. The strain of outer pipe was meas-
ured in the loading and unloading process. The forming pressure
Pi was measured and the residual strain of outer pipe was obtained
in different forming pressure. The minimum forming pressure
(28.18MPa) can be obtained according to the theoretical model of
this paper; however, the allowed maximum was 48MPa consider-
ing the safety of hydraulic system. So the loading sequence of test
was 0 MPa!26MPa!0MPa!31MPa!0MPa !42MPa!0
MPa!48 MPa!0MPa. The experimental program of hydraulic
forming for BP and relevant parameters is shown in Table 1. In
Table 1, E is elastic modulus of material and l is Poison’s ratio.

3.4 Test Results and Analysis of Hydraulic Forming. The
surface appearance of BP is shown in Fig. 7 after hydraulic form-
ing. From Fig. 7, it was known that the connection between the
inner pipe and outer pipe is tight so that the clearance between the
inner pipe and outer pipe was not seen by the naked eyes. The
measured strain (the mean strain of many measured point) of outer
pipe was as shown in Figs. 8–11 and Table 2. Figure 8 was cir-
cumferential strain-forming pressure relation curves of outer pipe,
when the loading sequence of test was 0 MPa!26MPa!0.
Figure 9 was circumferential strain- forming pressure relation
curves of outer pipe, when the loading sequence of test was 0
MPa!31MPa!0. Figure 10 was circumferential strain-forming
pressure relation curves of outer pipe, when the loading sequence
of test was 0 MPa!42MPa!0. Figure 11 was circumferential
strain- forming pressure relation curves of outer pipe, when the
loading sequence of test was 0 MPa!48MPa!0.

From Fig. 8, it was known that the deformation of outer pipe
did not take place at the beginning of loading until the forming
pressure was larger than 4MPa. It indicated that there was a gap
between the inner and outer pipe. The result obtained was in
agreement with the real size of inner and outer pipe as shown in
Table 1. Residual strain of outer pipe was not produced in the pro-
cess of unloading (from 26MPa to 0MPa). It indicated that the
outside wall of inner pipe and the inside wall of outer pipe did not
contact when the forming pressure is equal to 26 MPa. The result
is in agreement with the minimum forming pressure 28.18MPa
(see Table 1) calculated by this theoretical model. The test and
theoretical results indicate there is a critical forming pressure in

the forming process of BP. The forming pressure used to produce
BP should be more than the critical forming pressure which is the
key technique indicator of producing BP.

From Fig. 9, it was known that circumferential strain of outer
pipe increased linearly before the forming pressure was equal to
24 MPa. After the forming pressure was equal to 28 MPa, circum-
ferential strain of outer pipe increased faster obviously because
inner pipe produced new plastic deformation. The recovery of

Fig. 6 The sealing arrangement of hydraulic forming for
bimetal-pipe

Table 1 Experiment program of hydraulic forming for BP and relevant parameters

Geometric and mechanical
parameters of outer pipe

Geometric and mechanical parameters
of inner pipe

Forming pressure
(MPa)

Outer diameter Inner diameter E Outer diameter Wall thickness E
BP (mm) (mm) GPa l (mm) (mm) (GPa) l Min Max Forming method

Sample 70 63.02 206 0.3 63 0.76 188.9 0.3 28.18 48 Hydraulic

Fig. 7 The morphology of BP after hydraulic forming

Fig. 8 Circumferential microstrain of outer pipe in the process
of load and unload (0–26MPa)

Fig. 9 Circumferential microstrain of outer pipe in the process
of load and unload (0–31MPa)

Journal of Pressure Vessel Technology DECEMBER 2014, Vol. 136 / 061402-5



circumferential strain of outer pipe is linear and new residual
strain was produced in the process of unloading (from 31MPa to
0MPa). The bonding stress P� can be obtained by Eq. (B23). The
residual strain e�hio of the outer wall of inner pipe can be obtained
by Eq. (B20). The plastic hardening stress r0si can be obtained by
Eq. (15) and the calculation method of this paper. Those com-
puted results are shown in the Table 2.

From Fig. 10, it was known that circumferential strain of outer
pipe increased linearly before the forming pressure was equal to
28 MPa. After the forming pressure was equal to 32 MPa, circum-
ferential strain of outer pipe increased faster obviously because
inner pipe produced new plastic deformation. The recovery of cir-
cumferential strain of outer pipe is linear and new residual strain
was produced in the process of unloading. Similarly, bonding
stress P� and the residual strain e�hio of the outer wall of inner pipe
and the plastic hardening stress r0si can be obtained (see Table 2).

From Fig. 11, it was known that circumferential strain curve of
outer pipe increased faster after forming pressure was equal to 42
MPa. The recovery of circumferential strain of outer pipe is linear
and new residual strain was produced in the process of unloading.
Similarly, bonding stress P� and the residual strain e�hio of the
outer wall of inner pipe and the plastic hardening stress r0si can be
obtained (see Table 2).

The experimental data in Table 2 were plotted into curves as
shown in Fig. 12 for discussing the relationship between forming
pressure and test results (residual strain of outer pipe, bonding
stress, total plastic strain and plastic hardening stress of inner
pipe). The test results have a linear relation with the forming pres-
sure. The test results increase with the increase of forming pres-
sure. So, the bonding stress which is one of the key performance

indicators of BP [35] can be very well controlled by the forming
pressure.

4 Theoretical and Experimental Comparisons

In order to validate the correctness of this theoretical model and
method, the geometric parameters and mechanical parameters of
inner and outer pipe in the Table 1 and bonging pressure P� and
the plastic hardening stress r0si of inner pipe in Table 2 were
plugged into Eqs. (9)–(13).The forming pressure Pi can be
obtained by computing those equations and the results were
shown in Table 3. From Table 3, it was known that the calculating

Fig. 10 Circumferential microstrain of outer pipe in the pro-
cess of load and unload (0–42MPa)

Fig. 11 Circumferential microstrain of outer pipe in the pro-
cess of load and unload (0–48MPa)

Table 2 Stress and strain of inner and outer pipe under forming pressure

Experiment value of
forming pressure (MPa)

Residual strain of
outer pipe (�10�6)

Bonding stress
P� (MPa)

Total plastic strain
of inner pipe e��hio (�10�6)

the plastic hardening
stress of inner pipe r0si (MPa)

31 13.33 0.28 390.74 225
42 96 2.01 845.85 261
48 158 3.30 1187.17 276

Fig. 12 The relationship between forming pressure and test
results

Table 3 Contrast of experimental value with the theoretical value of forming pressure

Theoretical model of this paper

Experiment value of
forming pressure (MPa)

Bonding stress
P� (MPa)

The plastic hardening
stress of inner pipe r0si (MPa)

The calculated value of
forming pressure: Pi (MPa) Error (%)

31 0.28 226 29.65 4.35
42 2.01 261 42.73 1.74
48 3.30 276 50.86 5.96
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errors are all under 6%. Thus, in the range of error which can be
accepted by engineering, the calculation result is in agreement
with the experimental result.

5 Conclusions

(1) Based on the stress strain curve and hardening characteris-
tics of material, the stress strain characteristics curve and
the correlation between stress and strain of BP in the form-
ing process have been plotted, so that the deformation com-
patibility condition of BP in hydraulic forming process has
been obtained.

(2) According to the law of plastic deformation in the forming
process of BP, the method which is used for computing the
plastic hardening stress has been proposed based on the
stress and strain curve of inner pipe.

(3) Based on the nonlinear kinematic hardening characteristics
of material the mechanical model which is used for com-
puting the forming pressure in the forming process of BP
has been established; the accurate computing method has
been obtained according to the method of computing the
plastic hardening stress and the deformation compatibility
condition of BP.

(4) The experimental study of hydraulic forming process for
BP has been performed and experimental results are con-
sistent with results of calculation of model. It indicates that
the model can be used to provide theoretical guidance for
the design and production as well as use of BP.
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Appendix A: Elastic Analysis of Cylindrical Wall

According to the theory of elastic–plastic mechanics, the bal-
ance equation (A1) of plane axisymmetric problem can be
obtained

drr

dr
þ
rr � rh

r
¼ 0 (A1)

And the geometric equation (A2) also can be obtained

er ¼
du

dr

eh ¼
u

r

8

>

<

>

:

(A2)

And the constitutive equation (A3) also can be obtained

er ¼
1

E
ðrR � lrhÞ

eh ¼
1

E
ðrh � lrrÞ

ez ¼
l

E
ðrh þ rRÞ

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

(A3)

By Eq. (A2), the deformation compatibility equation (A4) can
be obtained

deh

dr
þ
eh � rr

r
¼ 0 (A4)

By Eqs. (A3) and (A4), Eq. (A5) which is expressed as the
stress can be obtained

drh

dr
� l

drr

dr
¼

1þ l

r
ðrr � rhÞ (A5)

By Eq. (A1), Eq. (A6) can be obtained

rh ¼ rr þ r
drr

dr
(A6)

By taking a derivative with respect to r in Eq. (A6), Eq. (A7)
can be obtained

drh

dr
¼ r

d2rr

dr2
þ 2

drr

dr
(A7)

By Eqs. (A5)–(A7), Eq. (A8) can be obtained

d2rr

dr2
þ
3

r

drr

dr
¼ 0 (A8)

Equation (A8) can be simplified as Eq. (A9)

dðr0rÞ

r0r
¼ �3

dr

r
(A9)

Equation (A10) can be obtained by integrating Eq. (A9)

rr ¼ �
C

2r2
þ C1 ¼ C1 þ

C2

r2
(A10)

By Eqs. (3), (10), and (11) can be obtained

rh ¼ C1 �
C2

r2
(A11)

When the uniform internal pressure on the inner wall is equal to
Pa and the uniform external pressure on the outer wall is equal to
Pb, the boundary conditions of inner and outer wall can be given
as follows:

ðrrÞr¼b ¼ Pb

ðrrÞr¼a ¼ Pa

�

(A12)

By Eqs. (A10) and (A12), Eq. (A13) can be obtained

C1 ¼
1

b2 � a2
ða2Pa � b2PbÞ

C2 ¼
a2b2

b2 � a2
ðPb � PaÞ

8

>

>

<

>

>

:

(A13)

By Eqs. (A10), (A11), and (A13), the stress components
ðrr;rhÞ can be obtained

rr ¼
a2b2ðPb � PaÞ

b2 � a2
1

r2
þ
a2Pa � b2Pb

b2 � a2

rh ¼ �
a2b2ðPb � PaÞ

b2 � a2
1

r
þ
a2Pa � b2Pb

b2 � a2

8

>

>

<

>

>

:

(A14)

Appendix B: Analysis of Stress and Strain

(1) Analysis of stress and strain in the first stage
There is no pressure acting on the outer pipe in the first stage.

The inner pipe is subjected to the forming pressure Pi and the
circumferential stress rh and radial stress rr can be obtained by
Eq. (A14)

rr ¼
Pl

k2 � 1
1�

r2o
r2

� �

rh ¼
Pl

k2 � 1
1þ

r2o
r2

� �

8

>

>

>

<

>

>

>

:

(B1)
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where Pi is forming pressure, MPa; r is the inside radius of inner
pipe, mm; and ro is the outer radius of inner pipe, mm; k (ðdo=diÞ
or ðro=riÞ) is the ratio of outer radius and the inside radius of inner
pipe.

By Eq. (B1) and Tresca yield criterion, the forming pressure or
elastic limiting pressure Piie which makes the inner pipe’s inner
wall just yield can be obtained

Piie ¼
rsiðk

2 � 1Þ

2k2
(B2)

where rsi is the yield strength of inner pipe, MPa. (The yield
strength is not r0:2 and it is the stress making the inner pipe’s
inner wall just begin yield.)

The plastic zone of inner pipe expands from inside to outside
when the forming pressure is greater than elastic limiting pressure
Piie. Hence, larger plastic deformation is produced.

By Eq. (A1) and Tresca yield criterion, Eq. (B3) can be
obtained

drr

dr
�
rs

r
¼ 0 (B3)

By solving Eq. (B3), Eq. (B4) can be obtained

rr ¼ rs ln r þ C (B4)

where C is integration constant; C ðC ¼ �Pi � rs ln riÞ can be
obtained by Eq. (B4) according to the boundary condition
(rrjr ¼ ri ¼ �Pi). The circumferential stress rh can be obtained
according to Tresca yield criterion. When inner pipe yielded com-
pletely, the circumferential stress rh and radial stress rr was as
follows:

rr ¼ rsi ln r
rl
� Pi

rh ¼ rsi 1þ ln
r

rl

� �

� Pi

8

<

:

(B5)

The forming pressure which makes inner pipe completely yield
can be obtained by Eq. (B5) according to the boundary condition
(rrjr ¼ ro ¼ 0)

Piip ¼ rsi ln k (B6)

By Eqs. (A2), (A3), (B5), (B6) and Tresca yield criterion, when
the inner pipe yields completely the radial displacement of inner
pipe’s outer wall can be obtained

uiop ¼
rsi

Ei
ro (B7)

In order to assemble the inner pipe and out pipe easily, the gap
(clearance) between the inner and outer pipe is large enough due
to the ovality and eccentricity of pipe. The radial displacement
uiop is less than the gap D between the inner pipe and outer pipe,

when the inner pipe yields completely. Thus, for the purpose of
achieving large deformation of the inner pipe the forming pressure
needs to be increased. After forming pressure is greater than the
pressure which makes the inner pipe yield completely, the larger
plastic deformation is produced and the material is strengthened.
The wall thickness of inner pipe is considered to be the same in
the forming process, because the expansion of inner pipe is very
small (because of small clearance D) under the action of internal
pressure. When the gap between the inner pipe and outer pipe is
eliminated the forming pressure can be obtained

Pi ¼ rsiD ln k (B8)

where rsiD is the plastic hardening stress, when the gap between
the inner pipe and outer pipe is eliminated, MPa.

(2) Analysis of stress and strain in the second stage
The forming pressure continues increasing after the gap D

between the inner pipe and outer pipe is eliminated. At that
moment, the deformation of inner pipe and outer pipe occurs
simultaneously and the internal pressure which the inner pipe’s
inner wall is subjected to is equal to Pi; the external pressure
which the inner pipe’s outer wall is subjected to is equal to Pc; the
internal pressure which the outer pipe’s inner wall is subjected to
is equal to Pc, as shown in Fig. 13. When the forming pressure is
unloaded, Pcwill exists for ever, which is called bonding stress.

Where Fig. 13(a) is the force diagram of BP; Fig. 13(b) is the
force diagram of the inner pipe of BP; Fig. 13(c) is the force dia-
gram of the outer pipe of BP.

By Eq. (B5), the forming pressure can be obtained according to
the boundary conditionðrrjr ¼ ro ¼ �PcÞ

Pi ¼ Pc þ r0si ln k (B9)

where r0si is the plastic hardening stress of inner pipe under the
forming pressure (Pi).

When the forming pressure is unloaded the stress and strain
of inner and outer pipe is eliminated obeying the elastic law. By
Eq. (A14), the eliminated stress can be obtained

�rr ¼
Pl

k2 � 1
1�

r2o
r2

� �

�
Pck

2

k2 � 1
1�

r2i
r2

� �

�rh ¼
Pl

k2 � 1
1þ

r2o
r2

� �

�
Pck

2

k2 � 1
1þ

r2i
r2

� �

8

>

>

>

<

>

>

>

:

(B10)

By Eq. (B10), the eliminated stress of inner pipe’s outer wall
(r ¼ ro) can be obtained

�rrio ¼ �Pc

�rhio ¼ �Pc þ 2r0si
ln k

k2 � 1

8

<

:

(B11)

where �rhio is the eliminated circumferential stress of inner pipe’s
outer wall and �rrio is eliminated radial stress of inner pipe’s outer
wall, MPa.

By Eq. (A3), the eliminated strain of inner pipe’s outer pipe can
be obtained

ehio ¼
1

Ei

ð�rhio � li�rrioÞ (B12)

By Eqs. (B11) and (B12), Eq. (B13) can be obtained

ehio ¼
1

Ei

ðli � 1ÞPc þ 2r0si
ln k

k2 � 1

� �

(B13)

By Eq. (A14), the eliminated stress of outer pipe can be
obtained according to Fig. 3

Fig. 13 The force diagram during the forming stage of BP: (a)
assembly of the BP; (b) inner pipe, and (c) outer pipe)
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rr ¼
Pc

K2�1
1�

R2
o

R2

� �

rh ¼
Pc

K2�1
1þ

R2
o

R2

� �

8

>

>

>

<

>

>

>

:

(B14)

where Pc is the internal pressure acting on the outer pipe, MPa; Ri

is the inside radius of outer pipe, mm; Rois the outside radius of
outer pipe, mm; and K (Do/Di or Ro/Ri) is the ratio of Ro and Ri.

By Eq. (B14), the alternative stress of outer pipe’s inner wall
can be obtained (where R ¼ Ri)

�rroi ¼ �Pc

�rhoi ¼
K2 þ 1

K2 � 1
Pc

8

<

:

(B15)

where �rroi is the eliminated circumferential stress of outer pipe’s
inner wall and �rhoi is eliminated radial stress of outer pipe’s inner
wall, MPa.

Similarly, the alternative strain of outer pipe’s inner wall
because of the unloading of the forming pressure can be obtained,
by Eqs. (A3) and (B15)

ehoi ¼
1

Eo

K2 þ 1

K2 � 1
� lo

� �

PC (B16)

where EO is the elastic modulus of outer pipe, MPa and lo is the
Poisson’s ratio of outer pipe.

(3) Analysis of stress and strain in the third stage
After the forming pressure Pi is unloaded, the internal pressure

which the outer pipe’s inner wall is subjected to is equal to the
bonding stress (P�); the external pressure which the inner pipe’s
outer wall is subjected to is equal to bonding stress (P�), as shown
in Fig. 14.

Where Fig. 14(a) is the diagram of BP; Fig. 14(b) is the force
diagram of inner pipe; Fig. 14(c) is the diagram of outer pipe.

By Eq. (A14), the stress components of inner pipe can be
obtained under the action of external pressure (P�)

r�r ¼
P�k2

K2 � 1
1�

r2i
r2

� �

r�h ¼
P�

K2 � 1
1þ

r2l
r2

� �

8

>

>

>

<

>

>

>

:

(B17)

By Eq. (B17), the stress of inner pipe’s outer wall can be
obtained (when r ¼ ro)

r�rio ¼ �P�

r�hio ¼ �
K2 þ 1

K2 � 1
P�

8

<

:

(B18)

where r�hio is the circumferential stress of inner pipe’s outer wall,
MPa and r�rio is the radial stress of inner pipe’s outer wall, MPa.

By Eq. (A3), the produced strain of inner pipe’s outer wall can
be obtained under the action of external pressure (P�)

e�hio ¼ �
1

Ei

ðr�hio � lr�rioÞ (B19)

By Eqs. (B18) and (B19), Eq. (B20) can be obtained

e�hio ¼ �
1

Ei

K2 þ 1

K2 � 1
� li

� �

P� (B20)

By Eq. (A14), the stress components of outer pipe can be
obtained under the action of internal pressure (bonding stress P�)

rr ¼
P�

K2 � 1
1�

R2
o

R2

� �

rh ¼
P�

K2�1
1þ

R2
o

R2

� �

8

>

>

>

<

>

>

>

:

(B21)

By Eq. (B21), the stress of out pipe’s inner wall can be obtained
(when R ¼ Ri)

r�roi ¼ �P�

r�hoi ¼
K2 þ 1

K2 � 1
P�

8

<

:

(B22)

where r�hoi is the circumferential stress of outer pipe’s inner
wall, MPa and r�roi is the radial stress of outer pipe’s inner
wall, MPa.

Similarly, by Eqs. (A3) and (B23), the strain of outer pipe’s
inner wall can be obtained under the action of internal
pressure (P�)

e�hoi ¼
1

Eo

K2 þ 1

K2 � 1
þ lo

� �

P� (B23)
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