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TState Key Laboratory The crimping technique is widely used in the manufacturing process of large-diam-

of Structural Analysis, eter longitudinal welded pipe. In the bending process, the springback is the critical
fOPTi“;iza“?r“Ea”d CAE SOEW‘_afe problem affecting the shape, which is the key index of forming quality. So, crimping
S;x:ersuii;rnggcuﬁggsgty', Daal'far;’ faces more cballenges in accuratg springback prediction for difﬁcult—to—form metals
China such as pipeline steels and non-circular nature of the punch. This paper has estab-

lished an analytical model of crimping springback for the longitudinal welded pipe.
Firstly, the crimping process mathematical model which considered the impact

of elastic modulus attenuation on springback calculation during plastic deformation
is established, and the cross-section bending moment is calculated based on Hill's
bending theory. Secondly, a semi-analytical and semi-numerical method for calculat-
ing the crimping shape is presented. Finally, the comparison of the crimping shape

of the real product shows that the calculation accuracy and efficiency of this method
can meet the requirements of engineering applications. The relative error of the spring-
back angle calculated by the analytical model is —5.84%, and the absolute error is 0.3°.
This method can accurately predict the springback of longitudinal welded pipe

after crimping and provide a reference for crimping process optimization.
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Introduction

The crimping process is used in the ] shape-C shape-O shape (JCO) forming method of
sheets for large-diameter longitudinally welded pipes. Before JCO forming, the preven-
tion of quality defects, such as pouting and peach-shaped mouth in the finished pipe
fittings, involves crimping the edge of the sheet first followed by JCO forming. Then, the
bent sheet is sent into the JCO forming machine to bend half of the sheet into a “J” shape
through multiple three-point free bending under a step-by-step process. The other half
of the sheet is fed into a forming machine through a feeding mechanism, and the sheet
is gradually bent into a “C” shape in a similar manner. The left and right sides, which
present symmetrical geometric shapes, are finally bent to form an open “O” shape. The
crimping process uses a crimping mold to press the edges of the steel plate on both sides.
The edges are bent to a certain curvature to make sure it is close to or reaching the nom-
inal curvature of the pipe. The technique ensures the geometric shape and dimensional
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accuracy of the welded area of the final product. This process can effectively prevent
weld distortion and cracking during expansion [1].

The crimping is a very complicated procedure since it is usually influenced by many
factors. It is difficult to design technical parameters and control the forming quality.
Early engineering technicians used classical bending theory to analyze the crimping
process [2]. Shabalov et al. [3] described the entire process of crimping technique and
summarized the reasonable range of various technical parameters. Fan et al. [4, 5] used
plastic mechanics to analyze the mechanical properties of the crimping process and
derived the main design formulas for crimping technical parameters and relevant for-
mulas for crimping deformation using different ideal material models.

The classic engineering bending theory used in analyzing the crimping process
neglects the impact of radial stress on bending springback and also does not consider
the internal movement of neutral layers. Aiming to solve this issue, Hill [6] proposed
a precision bending theory, which only applies the exact analysis method of the ideal
rigid plastic bending but recommends the use of accurate analysis methods for bending.
Based on this, many scholars introduced various hardening laws. Johnson and Yu [7]
proposed springback formulae to describe linear and non-linear material work harden-
ing in beams and plates. Queener and DeAngelis [8] used power law stress-strain rela-
tions to represent the hardening phenomenon of materials. Proksa [9] introduced the
model of linear hardening material for springback calculations. Morestin et al. [10] pro-
posed a theoretical analytical model to predict the springback of sheet metal based on
the isotropic Von Mises yield criterion, the Lemaitre nonlinear dynamic strengthening
criterion, and the incremental theory. This model has been successfully applied.

High-strength steels such as pipeline steel and magnesium-aluminum alloys exhibit elas-
tic modulus attenuation during plastic deformation [11-13]. Research has found that the
degree of unloading elastic modulus attenuation is closely related to plastic strain, heat
treatment, chemical composition, and strain path [14—16]. To further improve the calcu-
lation accuracy of springback, the phenomenon of attenuation of elastic modulus during
the forming process has attracted more and more attention. Whether classical engineering
bending theory or Hill's accurate bending theory, the elastic modulus is often assumed to
be constant in traditional springback analysis, which often results in significant discrepan-
cies between the calculated values of springback and actual values. Lems [17] found that the
elastic modulus of the material decreases gradually as the deformation degree increases,
and compared with experimental studies and simulation results, it was found that numeri-
cal simulation results are generally less than the actual springback quantity of the metal-
lic material. Morestin and Boivin [18] conducted uniaxial tensile experiments on different
grades of steel and found that at a plastic strain of 5%, the elastic modulus dropped by 10%.
The modulus of commonly used low-carbon steel, high-strength steel, and aluminum
alloy decreases by 30%, 20%, and 10%, respectively, during the unloading process. There-
fore, considering the changes in elastic modulus can significantly improve the accuracy of
rebound calculation. Yoshida and Uemori [19] proposed a power law formula to describe
the relationship between Young’s modulus and cumulative plastic strain. By defining the
chord modulus as the slope of the line between the stress point before unloading and the
zero stress point after unloading, the nonlinearity of the unloading-reloading curve is
ignored. This method is known as the chord modulus method. Yoshida and Amaishi [20]
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proposed that stress factors are introduced on the string model to describe the nonlinear
elastic deformation during unloading [21]. The effect of the elastic-plastic stress-strain tran-
sition on the rebound prediction is studied based on the Yoshida nonlinear elastic model.
Qingdang et al. [22] use the Chaboche hardening model and the string modulus model to
characterize the constitutive properties of the material. The analytical model has higher
prediction accuracy and faster solution speed than the existing models.

With the development of computer technology, many researchers are using the finite
element method to analyze the crimping process and its impact on the quality of welded
pipes. Fan et al. [23-25] used the finite element software ABAQUS to analyze the crimping
process, summarized the influence of mold parameters on the crimping shape, and veri-
fied that the involute mold surface is beneficial to improve the forming quality of welded
pipes. Tang et al. [26] established a finite element analysis model for the three-dimensional
crimping forming process and obtained the maximum load during the forming process. In
addition, the commercial software ABAQUS has achieved excellent application effects in
simulating the crimping forming process, obtaining geometric shape and stress-strain dis-
tribution of pipe blank after forming, and other aspects of forming quality [27-31].

In conclusion, the analysis of crimping forming is usually conducted using theoretical and
numerical methods. The current crimping analytical theory adopts the engineering bend-
ing theory without considering the radial stress and the internal migration of the neutral
layer, while ignoring the influence of the attenuation of the elastic modulus on the calcu-
lation of rebound. And the existence of numerous assumptions leads to low calculation
accuracy. The introduction of precise bending theory has greatly increased the difficulty of
solving the problem. On the other hand, using numerical calculation methods such as finite
element analysis to calculate crimping forming springback is very time-consuming and
seriously hinders its promotion and application in engineering. Therefore, this paper uses a
chord model to calculate the springback of crimping forming, considering the attenuation
of elastic modulus, using a combination of analytical and numerical methods. The purpose
is to propose a calculation method for springback in crimping forming that combines both
calculation accuracy and efficiency.

Methods

Crimping process

The sheet metal crimping process is shown in Fig. 1. The punch is usually fixed, and the
cylinder drives the die to rise gradually. The sheet metal is gradually bent along the punch
from point O to point A. When the sheet metal wraps around the punch, the crimping roll
angle is a.

The surface curve of the crimping punch adopts the involute form, and the equation is:

{ x(p) = Rpcosy + pRpsing )

¥(9) = Rpsing + ¢Rycosy

where R}, is the base circle radius, and ¢ is the base circle angle.

With the start point O as the origin, a coordinate system XOY is established. The invo-
lute curvature parameter of the crimping punch in the coordinate can be obtained as
follows:
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Fig. 1 Crimping and forming process [4]

{ X(p)=[x(p) — x(Bp)]cosBp+[y(¢) — y(Bp)]sinBp @
Y(p)= — [x(p) — x(Bp)]sinBp+[y(¢) — y(Bp)]cospp

where Bp is the termination angle.
Then, the involute curvature of the crimping die is in contact with the sheet at point
C, and its coordinates can be expressed as follows:

Xc=X(pa) — Lycosa — tsina
Yc=Y (pp)+L,sine — tcosa (3)

where « is the crimping roll angle at point A, and L, is the straight edge length, which
can be calculated by the following equation:

L,=B — [S +;tan(a)+P} (4)

where ¢ is the board material thickness, B is the crimping length, P is the slope width,
and S is the curved edge arc length, which can be expressed as follows:

S = % (2aﬁp - 052) (5)

According to the involute curvature property, the relationship between ¢, 8, and the
radius of punch Rg can be expressed as follows:
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O=pp — ¢
{R@:pRp-(p (6)

As the crimping is unloaded, the sheet metal springback angle A« is:
Aa=a — o’ (7)

where o' is the roll angle after springback.

Calculation of sheet metal crimping moment
In order to simplify the calculation, the following assumptions are made according to
the characteristics of the bending deformation of wide plate [12, 13]:

(1) Since the initial width of the sheet is much larger than the thickness of the sheet,
the bending process is wide sheet bending, which means the strain along the width
direction of the sheet can be ignored, that is ey = 0.

(2) Assumption of a straight line.

(3) The volume remains constant during bending, that is ew+&g+er = 0, where &g is
the tangential strain and ¢, is the normal strain.

(4) In the analysis process, the Bauschinger effect is not considered and the springback
is only regarded as an elastic unloading process.

As the sheet metal is bent, the outer radius is R,=R;+t/2, and the inner radius is
Ri=Rg. According to Hill's bending theory, the neutral layer radius of stress is:

Rn: V RiRo (8)

The geometric center radius of the sheet section:

_R1+RO

Rm 7

)

According to the assumptions (1) and (3), we can get the equation of gg=-¢;. As
to the characteristics of the bending deformation, the distribution of the tangential
strain along the sheet thickness direction can be expressed as follows:

r—R,
Rt Ir—Ruyl <c
_J R,
80_{Ln’n Ir — Rul > ¢ (10)

where ¢ is the width of the elastic zone. The stress along the width direction ey can be
obtained by the plane strain condition as follows:

09;(71« rZ Rn
O'\X/Z{ a'egar r< Rn (11)

where oy is the tangential stress, oy is the normal stress. Bring the Eq. (11) into the equiv-
alent effect force definition formula is available:

Page 5 of 17
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—_ _§(00+0’r) r>Ry
77 B, —
5 (09 —or) 7 <Ry

And according to the principle of equivalent plastic work:
> _oiej=oE (13)

The equivalent strain can be obtained by inserting Eqs. (11-12) into (13):

2

“=g9 Ry <r=<R,

e:{_ﬁzg R~y <R (14)
«/§0 I =7V =£&p

According to the plastic condition & = o5, the bending radius of the elastic limit
when the sheet just enters the plastic state is:

{ r::ﬁ(;];ﬂ) OosRh+Ry,  Rp+c <r <R, (15)

re =Ry — B o R R <r<Ry—c

where rs"r is the outer elastic radius, r; is the inner elastic radius, u is Poisson’s ratio, and
E is the elasticity modulus, and the elastoplastic boundary is:

Ry (16)

V3(1+p)
c=|rg — Rn|:T0's

The constitutive relation of material in the plastic state is:
o=K¢" (17)

where K is the intensity coefficient, and # is the hardening index. Inserting Eq. (10) to

Eq. (17):
K(ani)n Ry+c <r<R
(,:{I B Ry j (18)
(('ﬁ HE) R[SVSRH—C
The stress balance equation in differential form can be expressed as follows:
doy 2 _
r—=—
dr ﬁa (19)

Inserting Eq. (18) to Eq. (19) and integrating. According to the boundary condi-
tions, the normal stress in the plastic state can be expressed as follows:

Oy=

K 2 r\” 1 2 o n+l

T (T/gLn(RT) — (T/gLn(RT) Ro+c <r <R,
20
(20)

9 R, n+1 2 R, n+1
il (ﬁLn(E> — (ﬁLn(T) RI <r< Rn —C

N

According to Eq. (19), the tangential stress can be expressed as follows:
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doy

_ %*‘O’r (r > Rn)
op=
—rg tor (r <Rp)

and the constitutive model of material in an elastic state is:

Of 0,
cp T (22)
a=p — W

where E’ :If—‘;z, u'= ﬁ Further derivation can be obtained:

FE (23)
The bending moment is related to the tangential stress in the cross-section, and the elas-
tic bending moment can be expressed as:

+
M= J7 00t~ By (Ry =7 =) )
Mei= frli“ og(Ry — r)dr (7‘_ =r= Rn)

where M., is the outer elastic bending moment, and M, is the inner elastic bending
moment. The plastic bending moment can be expressed as:

{ Myi= [§ 06(Ry —Ddr (Ri <7 < 7y) (25)

R
Mpo= fr:" 06 (r — Rdr (rf <r <R,)
where M, is the inner plastic bending moment, and M,, is the outer plastic bending
moment. The bending moment of the cross-section can be expressed as:

M=Mej+Meo+Mpi+Mpo (26)

Calculation of springback

Through previous research, it was found that the elastic modulus decreases with increas-
ing plastic deformation. Therefore, Yoshida and Uemori [19] proposed a widely used chord
model to describe this experimental phenomenon:

Echord = Eo — (Eo — Eg)[1 — exp(—§p)] (27)

where Ej is the initial elastic modulus, E, is the saturated elastic modulus, p is the plastic
strain, and € is a coefficient related to materials.

r oy
=In[ —) -2
P ! < Rn ) EO (28)

The calculation of plastic strain p has been approximated in this paper:
The springback strain can be expressed as:

Ag = Ln(rf) — Ln<r>
= Ry R, (29)
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rf:Rnf—Rn+r (30)

where R is the curvature radius after bending springback, and R, is the curvature
radius before bending springback. So, the springback strain can be rewritten as:

R, —R R
Rnf r

The springback stress can be expressed as:
Ao = Ecporg Ae (32)

The springback moment can be expressed as:

Mspringback = 2]2/"2A0 (r —Ry)dr (Ry <r <t/2) (33)

According to the unloaded law, the change of curvature after bending springback is:
M= Mspringback (34)

where Ry is the curvature radius after bending springback, and R, is the curvature
radius before bending springback.

Discrete plate element model
Discrete thinking is introduced in the numerical model, which involves dividing the
crimping sheet along its center line into several discrete plate elements. When the plate
elements are small enough, the shear effect caused by the crimping deformation can be
ignored. For each plate element, the bending theory mentioned in the “Methods” section
can be used for the analysis. According to the characteristics of crimping deformation of
sheet metal, the geometric information of the coordinate origin remains unchanged dur-
ing the bending process. The crimping forming shape is fitted by the geometric informa-
tion after springback of discrete plate elements.

In order to establish the numerical model of crimping springback for sheet metal, the
following assumptions are made for discrete plate elements:

(1) Each discrete plate element satisfies the bending theory in the “Methods” section.

(2) During the bending process, the arc length of the neutral layer of the discrete plate
element remains unchanged.

(3) Each discrete plate element is a circular arc.

Divide the crimping section into k microelements, and its step size is:

B-1,

AL=

When loaded, the arc length of the microelement is:

Si=pid,3 i= 1, 2, 3...k (36)

Page 8 of 17



Zhang and Sun Journal of Engineering and Applied Science (2024) 71:125 Page 9 of 17

where p; is the radius of arc curvature which can be determined by the following
equation:
Rnfy + Rnfi
oi= nf(i) nf(i+1) (37)
2
The relationship of S; = AL=ds can be obtained by assumption (2) in the “Results and
discussion” section, and ¢o = B}, can be obtained based on the characteristics of crimping
deformation. According to the triangle relation in Fig. 1, the following equations can be
obtained:

Axi=ds - cos(%dﬂﬁ&)

38
Ayi=ds - sin(%dﬂw@i) (38)

where Axj and Ay; is the increment of horizontal and vertical, respectively, and the coor-
dinates of the next step can be obtained:

{ iR (39)
The initial position of the coordinate system is:
Xo=0
The 6; is updated as follows:
Oiy1=0i+dp; (41)
when i =k, the corresponding angle is the roll angle of point A after springback:
=0, (42)

Results and discussion

Model verification

The crimping process of ®1219 x 22 x 12,000 mm large-diameter straight seam-welded
pipe is taken as an example, a metal plate size of 3720 mm x 22 x 12,000 mm was used, and
a #3 crimping mold was adopted. The crimping parameters are shown in Table 1.

In order to adapt to the operating conditions of oil and gas pipelines such as high pressure
and large deformation, the material performance objectives of high strength, high tough-
ness, and large plasticity are often achieved through two-phase or multiphase structures.
Therefore, the dual phase structure of bainite (B) 4 ferrite (PF) pipeline steel has gradually
become a new hot spot in the field of pipeline steel research. The experimental material

Table 1 Crimping parameters

Rp (mm) Br () B (mm) L, (mm) t (mm)

303.2 88 190 22 22
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Fig. 2 Metallographic structure of X80 pipeline steel

Table 2 Material parameters

E (Gpa) n o5 (MPa) K (MPa) E, (Gpa) 13 E, (Gpa) n

197135 03 590 918 197.135 —76.78 157.795 0.077

used in this paper is X80 grade (B+ PF) pipeline steel produced by Jiangsu Shagang Group
Co., Ltd. Its main chemical composition (%, mass fraction) is C: 0.0931; Si: 0.25; Mn: 1.5,
P<0.00005; S: 0.0005; Cr: 0.136; Ti: 0.0138. The metallographic structure of X80 pipeline
steel is shown in Fig. 2. The gray-white block is ferrite, and the core is scattered with black
M-A island components. Except for the block ferrite, the other black parts are granular
bainite and lath bainite. Movable dislocation in ferrite in pipeline steel with bainite and
ferrite duplex structure can be easily started to obtain high-density dislocation. With the
increase of the applied stress, the dislocation in ferrite slides to the bainite/ferrite inter-
face and ferrite/ferrite interface and accumulates at the grain boundary, phase boundary,
and precipitate. At the same time, there is a certain plastic strain incompatibility at the
ferrite/bainite two-phase interface, so there is a large amount of dislocation accumulation
and entanglement in the ferrite near the phase interface. The deformation characteristics
of these materials are the main reasons for the nonlinear elastic behavior of high-strength
pipeline steel.

The uniaxial tensile test of X80 grade (B+ PF) pipeline steel is conducted by SANS
static mechanical tensile test machine at room temperature, and the strain is meas-
ured by a 50-mm cutting edge extensor with an accuracy of microns and a strain rate of
0.001 s, The tensile specimen shall be processed according to the national standard for
tensile test of metal materials (GBT 228.1-2010). The five prestrains selected for unload-
ing in the experiment were 1.5%, 3%, 4.5%, 6%, and 7.5%, and unloading was achieved
by programming of a computer control system connected to the MTS810 experimental
system. Table 2 can be obtained by processing the uniaxial tensile test data.
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The stress-strain curve shown in Fig. 3 can be obtained by uniaxial cyclic loading
and unloading experiment. It can be seen from the figure that the plastic deformation
is large and the elastic modulus attenuation is large.

A 3D coordinate measuring equipment in Fig. 4b is used to get the coordinate infor-
mation of the upper surface of sheet after crimping in the factory. The comparison of
model calculation result and measurement is shown in Fig. 4a.

The comparison of model calculation and actual measurement results for the crimp-
ing roll angle is shown in Table 3. Taking the measured results as benchmark, the rel-
ative error of the springback angle calculated by the analytical model is —5.84%, and
the absolute error is 0.3°. The errors are within the permissible range of engineering

applications.
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Table 3 Crimping roll angle

(2024) 71:125

Parameters Calculation result (°) Measurement result (°) Relative error (%)
Roll angle « 23.01 2243 2.59
Angle after springback o’ 18.16 17.29 503
Springback angle A 4.84 5.14 —5.84
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Fig. 5 Relationship of plastic bending moment and crimping roll angle

The main reasons for the errors in the calculation results are analyzed as follows:

(1) There are still many assumptions in the analytical model that deviate from the
actual situation.

(2) Due to the wear of crimping die in the long-term production, there is a certain
error with the calculated model.

(3) The constitutive model used in the analytical model calculation has some errors

with the real material.

Analysis of deformation process

In the range of crimping roll angle 0~ 25°, the relationship between the cross-sectional
bending moment and roll angle is obtained by the analytical model in the “Results and
discussion” section. The plastic bending moment increases with the crimping roll angle,
as shown in Fig. 5. The elastic bending moment decreases with the crimping roll angle, as
shown in Fig. 6. The outer bending moment is greater than the inner bending moment.
This is because the analytical model takes the inward movement of the neutral layer into
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Fig. 7 Relationship of total bending moment and crimping roll angle

account, which means the farther away from the neutral layer, the greater value of the
outer shear stress, while the inner shear stress is opposite.

In addition, the calculation results show that the total bending moment of the
cross-section decreases as the crimping roll angle increases, as shown in Fig. 7. This
is because the curvature radius decreases as the crimping roll angle increases, as
shown in Fig. 8. Figure 9 shows the distribution of tangential stress and radial stress
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Fig. 8 Relationship of curvature radius and crimping roll angle
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Fig. 9 Distribution of tangent stress and radial stress bu'tong. a Distribution of tangent stress. b Distribution
of radial stress

in the thickness direction of different crimping angles in the plastic zone. It can be
seen from Fig. 10 that the tangential stress of different crimping angles increases
as they approach the surface, and the tangential stress decreases as they approach
the surface. For the same crimping angle, the tangential stress increases with the
increase of curvature radius, while the radial stress increases with the increase of

curvature radius.

As shown in Fig. 10, the larger the crimping angle, the greater the inward move-

ment of the neutral layer. The smaller the elastic area.
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Fig. 11 Effects of material parameters on bending angle after springback of crimping and straight length.
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Effects of material parameters on springback of crimping

The quality of crimping depends on the bending angle after springback. However,
material parameters can affect the bending angle after springback, so it is necessary
to discuss the effects of material parameters on the bending angle and straight length.
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In Fig. 11, the bending angle after springback monotonically increases with the
increase of elastic modulus, yield strength, and hardening exponent. The bending angle
after springback monotonically decreases with the increase of strength coefficient. The
straight length monotonically decreases with the increase of strength coefficient, yield
strength, and hardening exponent. From the figure, it can be seen that the elastic modu-
lus and strength coefficient have a significant impact on the bending angle after spring-
back, while the hardening index and yield strength have a relatively small impact on it.
On the contrary, the elastic modulus has little effect on the length of the straight edge.

Conclusions

The precise control of sheet crimping is a critical technique in the forming of large-
diameter longitudinal welded steel pipes, and it is very important to accurately calcu-
late the amount of springback of crimping roll angle. Based on Hill's bending theory,
a semi-analytical and semi-numerical calculation model is proposed by introducing a
discrete numerical calculation method. By comparing the calculation model with the
actual results of sheet crimping, it is found that the calculation accuracy of this model
is relatively high, and the proposed model can meet the requirements for the crimping
forming springback angle calculation in engineering.
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