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Abstract
Expansion rate is key parameter to the manufacture of expandable tubular. In this paper, 
the effects of expansion rate on stress evolution of twinning induced plasticity (TWIP) steel 
expansion tubular were discussed in detail. A user subroutine UMAT using twin shear stress 
(TSS) yield criterion is employed to simulate the expanding process. The results show that the 
predicted residual stresses agree with the experiment very well. The axial expanding stress 
showed the layered distribution along the thickness direction and the hoop tensile stress is 
mainly located in the corner of expanded area. With the steady increases of expansion rate, the 
expanding axial, hoop and TSS stresses are all increased, and the increasing rate is decreased 
gradually. The residual stresses are tensile in inner surface and compressive in outer surface. 
Both the hoop and axial stresses are all increased with the increases of expansion rate. The 
suggested expansion rate should be controlled below 35%.
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ing patch is usually less than 15%. However, the ex-
pansion rate of equal well tubular used in deep well 
drilling reached more than 20%, which brings new 
challenges to the application of bigger expansion 
rate tubular [3]. Therefore, it is very important to 
study the effects of expansion rate on mechanical 
properties of expansion tubular, so as to provide 
guidance to the manufacture of expansion tubular.

Expandable tubular technology was proposed 
by Royal Dutch Shell in 1990 [4]. After more than 20 
years of development, expandable tubular technol-
ogy has become one of the advanced technologies 
widely used in drilling engineering [5]. It is mainly 
used to solve the problems of casing placement, 

Introduction
The expandable tubular technology is regarded 

as a revolutionary new technology in the field of 
petroleum drilling and production, and has been 
widely used in the construction operations such as 
drilling, completion, oil recovery and workover [1]. 
The expansion tubular is formed by generating per-
manent plastic deformation using expansion cone. 
After expansion, the diameter of expanded tubu-
lar is increased compared to old dimension. The 
expansion rate (the ratio of increased diameter to 
old diameter) is an important parameter to char-
acterize the expansion properties of tubular [2]. In 
general, the expansion rate used for originally cas-
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pipe sleeve leakage and so on [6]. Up to now, there 
are many researchers investigated the expansion 
theory, expansion tube design, and manufacture 
technology of expandable tubular by experiment, 
theoretical and simulation methods. Khan, et al. [7] 
investigated the effects of expansion rate on plas-
ticity and structural integrity of down-hole solid tu-
bular. They found that there is variation in effective 
stress, equivalent plastic strain, and thickness re-
duction, thus ultimately influence expansion prop-
erties, collapse and burst strengths of tubular. Liu, 
et al. [8-10] systematically studied the process of 
expansion, reversal and shrinkage of metal tube, 
and the corresponding theoretical models have 
been established. Agata, et al. [11] extended the 
experimental and numerical models to investigate 
the effect of material factors on the collapse resis-
tance of solid expandable tubulars, and a formula 
was determined based on the results. Li, et al. [12] 
and Wilson [6] developed innovative designs of 
solid expandable tubulars to successfully perform 
casing patch in difficult conditions, and the designs 
proved to be cost effective. Xu, et al. [13,14] inves-
tigated the deformation, residual stress, mechani-
cal properties, and microstructure variation of the 
expansion process for J55 steel expandable tube 
with thread joints by experiment and simulation. 
And the effect of expansion cone geometry was 
investigated. A cone angle of 9° and sizing section 
length of 65-75 mm were proposed [14]. In their 
study, the research models are based on the Tresca 
or Mises yield criterion, and the effects of the inter-
mediate principal stress were ignored in the yield 
model.

Expansion theory is the basis of equal well diam-
eter expandable tubular technology. And the yield 
criterion is key part of expansion theory. Nowa-
days, the yield criterion is mainly divided into three 
types: Single-shear yield, twin-shear yield, and 
three-shear yield criterion. The single-shear yield 
criterion is Tresca yield criterion proposed by Tres-
ca in 1864 [15]. The typical three-shear yield crite-
rion is von Mises yield criterion proposed in 1913 
[16], which is a popular yield criterion widely used 
in engineering assessment. The twin-shear stress 
(TSS) yield criterion was proposed by Yu Mao-hong 
in 1961 [17] and the extension of the development 
into the unified yield condition in 1991 [18]. All 
kinds of yield conditions have their own charac-
teristics and corresponding application scope, and 
different types of materials need to choose the ap-

plicable yield criterion in plastic behavior analysis, 
especially for different ratios of shear yield strength 
to tensile yield strength (η). Yu [19] pointed out that 
the suitable yield criterion for ratio η 0.5, 0.577 and 
0.6687 are Tresca, Mises and twin-shear yield crite-
rion, respectively. Taylor [20] and Ivey [21] carried 
out a large amount of axial force-torsion tests on 
thin-walled steel tubes, and found that the mea-
sured experimental data of shear-axial stress were 
in good agreement with the twin-shear yield con-
dition, while it has a large difference with the Mis-
es yield condition. Winston [22] measured initial 
yield surface of nickel at 750 °C by acoustic emis-
sion technique and found the ratio η is 0.7, which is 
similar to that of TSS yield criterion. Wu, et al. [23] 
investigated the initial yield surface of 304 stainless 
steel by the axial force-torsion test and found that 
is different from the Mises yield surface, and the 
ratio η is larger than 0.66. Ishikawa, et al. [24] also 
found the measured yield surface of 304 stainless 
steel is quite different from that of Mises yield cri-
terion. Because the TSS yield condition has a simple 
linear form and has a good degree of coincidence 
with the experimental results, the TSS yield con-
dition has been paid more attention at home and 
abroad, and gradually applied to the stress analysis 
of engineering structures.

Up to now, there are many experiment and fi-
nite element analysis were performed on the study 
of expansion process of tubular [25-27], but theo-
retical analysis is almost based on von Mises yield 
criterion. And little studies were performed on the 
expansion forming by the combination method of 
theoretical, experimental and simulation. For the 
larger expansion rate tubular, the twinning-in-
duced plasticity (TWIP) steel is a potential material 
because of good strengthening properties (small 
ratio of yield strength to tensile strength). By us-
ing tensile and torsional experiments, the yield 
and torsional strength of TWIP steel are 250 and 
161 MPa, respectively. The ratio of shear to tensile 
strength ratio η for TWIP steel is 0.64, so the TSS 
yield criterion is more suitable for the TWIP steel. 
In this study, the finite element modeling (FEM) 
based TSS yield criterion was employed to study 
the expanding process of TWIP steel. First, a two di-
mensional (2D) axisymmetric finite element model 
of the expandable tubular was developed using the 
software ABAQUS complained by user subroutine 
UMAT by considering TSS yield criterion. Then, an 
expandable tubular experiment was carried out in 



• Page 3 of 12 •Luo et al. Int J Metall Met Phys 2020, 5:059 ISSN: 2631-5076 |

Citation: Luo Y, Jiang W, Zhou F, Huang S (2020) Effects of Expansion Rate on Stress Evolution of TWIP Expandable Tubular Based on TSS 
Criterion. Int J Metall Met Phys 5:059

In order to improving calculation efficiency, 2D 
axisymmetric model is used in the finite element 
analysis. The half cone angle of expansion cone is 
9°. The length of unexpanded section of the expan-
sion tube is 500 mm. The diameter of the expan-
sion cone is determined by the expansion rate. So, 
the calibrating section diameter of the expansion 
cone for the expansion rate 10%, 15%, 20%, 25%, 
30% and 35% are 151.7 mm, 155.7 mm, 163.7 mm, 
169.7 mm, 175.7 mm, and 181.7 mm, respectively.

Considering that the wall thickness is relatively 

the laboratory to verify the validity of simulation 
results. Last, the effect of the expansion rate on 
the expansion stress and residual stress were dis-
cussed, and then an optimal design of the expan-
sion rate was attained.

Finite Element Analysis
Finite element model

The external diameter and wall thickness of 
expansion tubular before expanding are 139.7 
and 9.85 mm, respectively, as shown in Figure 1. 

Figure 1: The geometry of expandable tubular.

Figure 2: Finite element meshing.
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Figure 3: The true and engineering stress-strain curve of TWIP steel.
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thin, the mesh size of the expansion tube region is 
controlled to be about 1 mm. The mesh of the ex-
pansion section is relatively dense, and it is sparse 
in other areas. Figure 2 shows the finite element 
meshing of expandable tubular. The red area is 
the expansion tube, and the green area is the ex-
pansion introduction section. The element is an 
axisymmetric linear reduction integral element 
(CAX4R). During the finite element analysis, the 
expansion cone is regarded as a rigid body and no 
deformation is generated.

Material properties
The material of expansion tubular is TWIP steel, 

which has excellent extension and strengthening 
properties, and can meet the requirements of me-
chanical properties under large expansion rate. The 
true stress-strain curve was shown in Figure 3. The 
elastic modulus and poisson ratio are 300 GPa and 
0.3, respectively. And the yield strength and tensile 
strength are 250 MPa and 800 MPa, respectively. 
The ideal elastic-plastic model, ideal rigid plastic 
model and power exponential hardening model 
were used. The parameter A and m for the power 
exponential hardening model are 1099.5 MPa and 
0.384.

In the finite element analysis, the node in the 
end of expansion tubular is fixed. The displacement 
load was applied in the expansion direction. The 
friction coefficient between the inner wall of the 
expansion tube and the surface of the expansion 
cone is assumed as 0.15.

Constitutive model
The total strain is decomposed into the elastic 

and plastic strain under the assumption of small 
deformation:

e pε ε ε= +                         (1)

Where the ɛe and ɛp represent the elastic and 
plastic strain tensors, respectively. Elastic strain 
was modeled using the isotropic Hooke’s law with 
temperature-dependent Young’s modulus and 
Poisson’s ratio. For the plastic strain, a rate-inde-
pendent plastic model was employed with TSS yield 
surface and isotropic hardening model.

The TSS yield criterion is proposed by Mao-hong 
Yu [17] based on Tresca yield criterion. The yield 
condition is established by using all independent 
principal shear stress, and it can make up the short-
comings of only applying to main principal shear 

stress for Tresca yield criterion. The yield equation 
is described as follows:

13 12 12 23

13 23 12 23

( , ) ,     
( , ) ,     

ij

ij

F C for
F C for

β

β

σ ξ τ τ τ τ
σ ξ τ τ τ τ

= + = ≥
= + = ≤         (2)

Where C is the material strength parameter, 
which can be obtained by simple mechanical test. 
Compared to Tresca yield criterion, TSS yield crite-
rion takes into account the intermediate principal 
stress, and it is piecewise linear function.

The isotropic strengthening model is used in 
this paper due to its simple type. For this model, 
the yield surface dimension is uniformly changed 
in various directions of the stress space, but the 
center and shape of the yield surface remain un-
changed. The yield function is defined as follows:

0( , ) ( ) ( ) 0ij ijf f kσ κ σ κ= − =           (3)

Where ( )k κ  is strengthening function which 
can determine the shape of yield surface. For the 
von Mises yield rule: 

0
1( )
2ij ij ijf S Sσ =             (4)

21( ) ( )
3 e pk κ σ ε= `            (5)

Where ijS is deviatoric stress tensor, σeq is equiv-
alent von Mises stress, which is the function of 
equivalent plastic strain pε .

In the analysis process, the constitutive equa-
tions described before are employed to calculate 
the stress and strain, which are defined by ABAQUS 
user subroutine UMAT compiled by FORTRAN pro-
gram. In the finite element calculation, an elas-
tic-plastic stiffness matrix is required to be updated 
each time, and the analysis calculation applied to 
the next incremental step is to be applied.

Experiment Details
Before the expanding experiment, the expand-

able tubular and expansion cone were prepared. 
The material of expansion cone is 42CrMo steel, 
which has high strength and good deformation re-
sistance, and can ensure that plastic deformation 
does not occur in the process of expansion. The 
half cone angle of the expansion cone is 9°, and the 
expansion rate is 20%. The diameters of two ends 
are 183 and 220 mm, respectively. The grease was 
applied uniform between friction surfaces. Then, 
the steel pipe is fixed, and the expansion load is 
applied until the expansion test is completed, as 



• Page 5 of 12 •Luo et al. Int J Metall Met Phys 2020, 5:059 ISSN: 2631-5076 |

Citation: Luo Y, Jiang W, Zhou F, Huang S (2020) Effects of Expansion Rate on Stress Evolution of TWIP Expandable Tubular Based on TSS 
Criterion. Int J Metall Met Phys 5:059

Results and Discussion
Distribution of expansion stress

In the process of casing expansion, the expan-
sion cone moves slowly along the expansion direc-
tion from bottom to top under the action of driving 
force, which makes the casing produce permanent 
plastic deformation and thus increase the pipe di-
ameter. The stress state in the expansion process 
is an important basis for judging whether there is 
plastic failure behavior in the expansion process. 
In particular, for the expansion process of large 
expansion rate, the plastic failure is easy to occur 
because of the large deformation and strong plas-
tic flow. Therefore, the stress state of the casing 
during the expansion process should be evaluated.

Because the radial stress (S11) is relatively small, 
only the axial (S22) and hoop (S33) stress were an-
alyzed in the following analysis. Figure 5 shows 
the effects of expansion rate on the contour dis-
tribution of axial stress. The axial stress is mainly 
distributed in the expanded area, and showed the 
layered distribution along the thickness direction. 
The distribution of axial stress along the thickness 
direction can be roughly three layers: The first lay-
er, located at the inner wall of the pipe, is mainly 
tensile stress. The second layer, located in the mid-
dle layer of the pipe thickness, has a small stress 
value. The third layer is located at the outer wall 
of the pipe, and the stress is mainly compressive 
stress. The maximum stress appears at the end of 
expanded section and decreases gradually in the 
opposite direction of expansion.

The distribution and size are almost the same 

shown in Figure 4a.

The residual stress at the outer wall of the ex-
pandable tubular was measured by X-ray diffraction 
method. This method is based on Bragg’s equation 
[28]:

2 sinn dλ θ=            (6)

Where n is an integer and 2θ is the diffraction 
angle.

The residual stress is calculated by [28]:

K Mσ = ⋅                         (7)

0cot
2(1 ) 180

EK π θ
µ

=
+

                      (8)

2

(2 )
(sin )

xM ψθ
ψ

∂
=

∂
                        (9)

Where, 0θ  is the diffraction angle at stress-free 
state, Ψ is the angle between the normals of crys-
tal surface and the material surface, K is stress 
constant. There is a linear relationship between 2θ 
and 2sin ψ , and M is the slope between diffraction 
angle 2θ and 2sin ψ . M is calculated if more than 
three points (2θ, 2sin ψ ) are determined.

The test machine is X-350A type X-Ray diffrac-
tion instrument, as shown in Figure 4b. The oper-
ation voltage of the device is 25 kV and the work-
ing current is from 7 mA. Before the residual stress 
measurement, the electrolytic polishing machine is 
used to remove the oxide on the surface of expand-
ed tubular. The axial and circumferential residual 
stresses of 10 points were measured. The axial 
spacing between test points is 100 mm.

Figure 4: (a) The expansion experiment device in site; and (b) XRD setup of residual stress.
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Figure 5: The effects of expansion rate on the contour distribution of axial stress during expanding process: 
(a) 10%, (b) 15%, (c) 20%, (d) 25%, (e) 30%, (f) 35%.

Figure 6: The effects of expansion rate on the contour distribution of hoop stress during expanding process: 
(a)10%, (b) 15%, (c) 20%, (d) 25%, (e) 30%, (f) 35%.
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Figure 7: (a) The increased maximum axial stress; and (b) The increased maximum hoop stress; during ex-
panding process for different expansion rates compared to expansion rate 10%.

compared to those of expansion rate 10%. It can be 
seen that both the enhanced maximum axial and 
hoop stress are decreased with the increases of ex-
pansion rate. When the expansion rate increases 
to 25%, the increasing extent of expansion stress 
becomes stable. That is to say, when the expansion 
rate exceeds 25%, the increased expansion stress 
has a linear relationship with increased expansion 
rate. For the expansion rate bellows 25%, the in-
creased expansion rate can lead to a great varia-
tion of hoop and axial expansion stress. In addition, 
the tensile and compressive stresses have a similar 
variation law.

The equivalent TSS can also be obtained by de-
fining a user defined field SDV in UMAT subroutine. 
In order to assessment the effect of expansion rate 
on the safety of tubular, the contour distributions 
of equivalent TSS stress for different expansion 
rates were shown in Figure 8. The distributions of 
equivalent TSS stress for different expansion rates 
are almost the same. The maximum TSS is located 
in the corner area between expanding zone and 
expanded zone. All the TSS in expanded area have 
exceed the yield strength of TWIP steel, so the 
plastic deformation was generated in all expanded 
area. The TSS is increased with the increases of ex-
pansion rate. As the expansion rate increases from 
10% to 35%, the TSS increases from 431 MPa to 769 
MPa. The maximum TSS is still smaller than tensile 
strength, indicating that all the tubulars for expan-
sion rate below 35% will not occur plastic failure.

Based on the maximum TSS for expansion rate 

(~300 MPa) in the unexpanded area for different 
expansion rates. The axial stress in the inner sur-
face of expanded area is very larger, exceed the val-
ue of yield strength, indicating the plastic deforma-
tion are generated. The maximum axial stresses in-
crease with the increases of expansion rate, which 
is located in the inner surface of tubular. As the ex-
pansion rate increases from 10% to 35%, the max-
imum axial tensile stress in inner surface increas-
es from 577 MPa to 1029 MPa, and the maximum 
axial compressive stress in outer surface decreases 
from -646 MPa to -1258 MPa. The maximum axial 
tensile and compressive stresses are located in the 
expanded area at last time, which is adjacent to the 
end of expansion cone.

Figure 6 shows the contour distribution of hoop 
stress for different expansion rates. Similarly, the 
hoop stress during expanding process increases 
with the increases of expansion rate. When the 
expansion rate increases from 10% to 35%, the 
maximum hoop tensile stress increases from 550 
MPa to 989 MPa, and it is located in the corner of 
expanded area, which is different from the distri-
bution of axial stress. The maximum axial compres-
sive stress located in outer surface decreases from 
-367 MPa to -593 MPa. Different to the axial stress, 
the hoop stress in inner surface of expanded area is 
very small. The hoop tensile stress is mainly located 
in the expanding area.

Figure 7 shows the increased value of maximum 
axial and hoop stress for different expansion rates 
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Figure 8: The effects of expansion rate on the contour distribution of TSS equivalent stress during expand-
ing process.
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lationship with expansion rate. With the increases 
of expansion rate, the enhanced maximum TSS is 
decreased gradually. If the expansion rate is in-

10%, the enhanced maximum TSS for different ex-
pansion rates were shown in Figure 9. Obviously, 
the enhanced maximum TSS value has a linear re-
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Figure 10: Comparison of: (a) Axial residual stress; and (b) Hoop residual stress; on the outer surface by simu-
lation and experiment.

    
Figure 11: The contour distribution of: (a) Axial residual stres; and (b) Hoop residual stress; for different expan-
sion rates.
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What’ more, the expansion rate has little influence 
on the stress distribution in end section. With the 
steady increase of expansion rate, the uneven de-
formation inside the tube increases, leading to the 
hoop residual stresses of the inner and outer wall 
increase.

Discussion
The basic principle of expandable tubular tech-

nology is to make use of the plastic deformation 
ability of metal material to produce unrecoverable 
permanent plastic deformation under the extrusion 
of expansion cone, so as to reach the designed di-
ameter of expanded tubular. The dimension of tu-
bular is inevitably changed after expansion because 
of plastic flow in tubular. For the large expansion 
rate, there must be a large length shrinkage and 
thickness thinning. The effects of reduced length 
and thickness should be considered in the design of 
expansion tubular in case the criteria for strength 
of expanded tubular cannot be met.

Based on above analysis, we can conclude that 
the expansion rate has a great influence on the ex-
pansion stress and residual stress. The influence 
law was grasped by a number of experimental and 
simulation investigations. Under the condition of 
ensuring safety and reliability, the larger expan-
sion rate for tubular will be more favorable to the 
engineering application. But the expansion rate of 
tubular can not be enhanced all the time. First, the 
larger expansion rate generates bigger plastic de-
formation in inner and outer wall of tubular. The 
expansion stress during expanding process may 
exceed the tensile strength, then leading to plastic 
failure, even fracture. This phenomenon was also 
reported by Liao, et al. [29]. And the large residual 
stress also has a great effect on the structure integ-
rity of expanded tubular. Second, the larger expan-
sion rate needs larger expansion thrust. It needs 
higher requirements for expander. Last but not the 
least, the tubular dimensions are greatly changed 
after bigger expansion rate, then may not meet the 
standards. Therefore, the expansion rate should be 
controlled within a certain range. In this study, the 
equivalent TSS stress for the expansion rate 35% is 
760 MPa, which is close to the tensile strength of 
TWIP steel. So, the expansion rate should be con-
trolled below 35%. The expansion rate is linked to 
the size of expansion cone. Xu, et al. [14] proposed 
that the cone angle and sizing section length should 
be 9° and 65-75 mm, respectively, in which the ex-

creased continually, the TSS may exceed the tensile 
strength, thus leading to plastic failure. Therefore, 
the expansion rate is suggested to not exceed 35%.

Analysis of residual stress
The formation of residual stress is inevitably gen-

erated in the expanded tubular, which is formed in 
the cold working plastic forming process of tubular. 
Figure 10 shows the comparison of axial and hoop 
residual stress on the outer surface by simulation 
and experiment. The predicted axial or hoop resid-
ual stress by simulation with TSS yield criterion are 
in good agreement with experimental results. The 
predicted axial and hoop residual stress are about 
-470 MPa and -350 MPa, respectively. In the end 
section of expansion, both the axial and hoop re-
sidual stress are increased sharply. Except for end 
section, the average error of axial and hoop resid-
ual stress between simulation and experiment are 
5% and 4%, respectively, and it can be acceptable. 
Therefore, the simulation method of expansion 
rate can predict the residual stress very well.

Figure 11a shows the contour distribution of ax-
ial residual stress for different expansion rates. It 
is tensile and compressive residual stresses in in-
ner and outer surface, respectively. And the ten-
sile stress in inner surface is smaller than the com-
pressive stress in outer surface. Except for the end 
section of expanded tubular, the axial stresses are 
distributed uniformly in inner and outer surface. 
The value of axial stress in inner surface and outer 
surface are decreased greatly because of non-uni-
form plastic deformation in end section. With the 
increases of expansion rate, the axial tensile stress 
in inner surface and axial compressive stress in out-
er surface are all increased. The larger the expan-
sion rate is, the more uneven deformation occurs 
in the expansion process, so the larger increased 
residual stress is.

Similarly, the contour distributions of axial resid-
ual stress for different expansion rates were shown 
in Figure 11b. The hoop stress distribution along 
entire path is similar to axial stress distribution. The 
hoop stress in inner wall and outer wall are tensile 
stress and compressive stress, respectively. That is 
different to the stress distribution of thick-wall cyl-
inder subjected to uniform internal pressure. Thus, 
in the theoretical analysis, the expansion model of 
tubular could not be simplified to the cylinder mod-
el with thicker wall subjected to internal pressure. 
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