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Abstract
Large thin-walled pipes are commonly used in the field of oil and gas pipeline transmission. In general, the straightness and 
ovality of pipes cannot meet the industry standard. They are required to be calibrated. However, the weld affects the straight-
ness and ovality of pipes, which in turn has significant influence on the quality and safety of pipelines. Based on previous 
research, the three-roller continuous and synchronous calibration process of straightness and ovality for large thin-walled 
pipes is feasible. To explore the influence of the weld on this process, a comparative study of welded pipes and seamless 
pipes is done using finite element (FE) method. The FE model of this process is established according to the experimental 
results of the micro-tensile experiment and the Vickers hardness test of the actual welded pipe. The FE results show that 
there is a slight distortion at the inlet end of the welded pipe, and its length is 20 mm. Maximum deviation value is 0.55 mm. 
Distortion regions and deviation values are small and are found to be negligible. The difference between welded pipes and 
seamless pipes based on the residual straightness and residual ovality is very small. The residual straightness does not exceed 
2‰, and the residual ovality is not more than 1%. The changed trend of each roller over time of the welded pipe is almost 
consistent with the seamless pipe. Especially, the experimental results and FE results demonstrate good agreement.

Keywords  Large thin-walled pipes · Continuous and synchronous calibration process · Comparative study · Finite element 
simulation · Weld

1  Introduction

Oil and gas have long become the world’s important energy 
with development potential. Large thin-walled pipes have 
a wide range of application prospects in paving oil and 
gas pipelines in cold areas or deep seas. According to the 
American Petroleum Institute’s industry standard ANSI/API 
Spec. 5L, the ovality and straightness of formed pipes have 
been required strictly in real production. The ovality does 
not exceed ± 0.75% of pipe nominal outer diameter. The 
straightness is not greater than 0.2% of the total length of 
pipe [1]. During the process of producing large thin-walled 
pipes, the ovality and straightness cannot meet the industry 
standards due to the factors such as welding thermal stress, 
material properties, and technical equipment [2–4]. There-
fore, formed pipes need to be calibrated.

The existing calibration processes of ovality and straight-
ness are done separately. At present, the calibration process 
of ovality mainly includes the whole-diameter calibration 
process [5, 6], the over-bending calibration process [7–9], 
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and the roll-type calibration process [10, 11]. Generally, 
straightness calibration techniques include the pressure 
straightening [12, 13] and the cross-roll straightening 
[14–16]. Because the deformation process between ovality 
calibration and straightness calibration restricts each other, 
the flattening problem of large thin-walled pipes cannot 
be solved [17]. It is difficult to adjust both the ovality and 
straightness to optimal levels, which also seriously affects 
on-site welding and pipeline safety [18]. Zhao et al. proposed 
the three-roller continuous and synchronous calibration 
process of straightness and ovality firstly [19]. This process 
unified the ovality calibration process and the straightness 
calibration process creatively, enabling cooperative calibra-
tion of large thin-walled pipes. In view of this process, Yu 
et al. [18] put forward a roller-shape design method. The 
feasibility of this process was verified by FEM for the first 
time. Subsequently, Huang et al. [20] established a bidirec-
tional mechanical model in the axial and circumferential 
directions based on the pipe deformation mechanism. This 
model further proved that the pipe’s deformation involves 
the reciprocating bending processes of circumferential 
and axial directions. Additionally, the influence of process 
parameters on pipe calibration results was analyzed. The 
calibration strategy was also presented through experiments.

The above study of pipe calibration process did not con-
sider the influence of the weld on the calibration results. How-
ever, it can possibly influence the ovality, straightness, and 
final shape of the pipe. This was critical as it has been found 

that the collapse pressure of the pipe is highly dependent on 
the final shape of the pipe [21–24]. In addition, corrosion 
was the main failure cause of submarine pipeline [25]. Cor-
rosion has a great negative influence on the pipe service life, 
and high welding residual stress will accelerate corrosion and 
reduce the strength of the pipe [26]. During the process of 
using super-large natural gas pipelines, due to pressurization, 
it was easy to cause local deformation. There was a nega-
tive impact on service safety of piping materials [27]. Taking 
X80 pipeline steel containing weld area as the research object, 
Wu et al. [28] adopted different tensile pre-deformation to 
simulate the unidirectional tensile stress formed by pipeline 
pressurization. The influence of work hardening caused by 
co-strain between weld and parent on the tensile properties of 
pipeline steel was also studied. Weld line is an important indi-
cator to determine whether oil and gas transmission pipelines 
can operate safely [29]. Consequently, it is of great signifi-
cance to study the welds’ influence on large thin-walled pipes 
in the calibration process, which provides technical support 
for the normal operation of oil and gas transmission pipelines.

Build on previous research, the three-roller continuous and 
synchronous calibration process of straightness and ovality 
of large thin-walled pipes was feasible [18, 30]. In order to 
explore the influence of the weld on this process, a comparative 

Fig. 1   Schematic diagram of the calibration process

Fig. 2   Schematic diagram of roller-shape. Section I: loading section; Sec-
tion  II: ovality calibration section; Section  III  : ovality and straightness 
calibration section; Section  IV  : ovality complement calibration section; 
Section V : unloading section

Fig. 3   Curvature distribution of Section III — n-segment curvature

Fig. 4   Diagram of loading parameters
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study between welded pipes and seamless pipes is carried out 
using the FE method. First of all, based on the micro-tensile 
test, it is believed that the 304 pipes’ materials for the par-
ent and weld zone are isotropic, respectively. The mechanical 
property parameters are further obtained. Secondly, the size 
of the weld zone is determined through Vickers hardness test, 
with analyzing its microstructure performance. As a result, 
the finite element model (FEM) is established assuming that 
the material follows the isotropic-kinematic hardening model. 
The experimental results verify the correctness of FE results.

2 � Three‑roller continuous and synchronous 
calibration process

The three-roller continuous and synchronous calibration 
process of straightness and ovality for large thin-walled 
pipes is shown in Fig. 1. The process’ main working parts 

are three parallel rollers, including a convex roller (upper 
roller) and two concave rollers (lower rollers).

Calibration process  Before experiment, each roller pushes 
the same radial reduction toward the pipe’s central axis. 
During the experiment, two concave rollers rotate simul-
taneously driven by servo motors. This makes the pipe and 
convex roller rotate under the action of friction. At the same 
time, the servo motor drives the push plate to make the 
pipe move along the slideway, thus finishing the calibration 
process.

The schematic diagram of roller-shape is shown in Fig. 2. 
As shown in Fig. 2, both ends of the roller are loading sec-
tion (Section I) and unloading section (Section V), both of 
which are truncated cone shape. Section II and IV are ovality 
calibration sections, which are cylindrical in shape. Section 

Fig. 6   Stress–strain response 
of parent and weld zone along 
different directions

Fig. 5   Cutting position and size 
of samples
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III is ovality and straightness calibration section. The upper 
roller part is convex and the lower roller part is concave [20].

The curvature distribution of Section  III  is shown in 
Fig. 3. Section III is composed of n tangent arcs with chang-
ing curvature, whose curvature is gradually reduced from the 
middle to both ends. That is, K1 to K

n
 gradually increases in 

value, and K
n
 is the maximum curvature of Section III.

Figure 4 is a schematic diagram of the loading parameter. 
Three rollers load the same radial reduction toward the pipe 
center, and the stroke of each roller is recorded as H.

where H is the radial reduction, R1 is the roller radius, R is 
the pipe radius, and Hj is the distance from the pipe’s center 
to the center of roller after loading.

3 � Model building

To reproduce the material’s behavior characteristics and 
make the actual simulation analysis reflect the actual situ-
ation more accurately, the following work has been carried 
out.

3.1 � Material performance parameters

The material used in this paper is 304 stainless steel welded 
pipe, and the welding wire is also the same material. First, 
uniaxial micro tension tests are performed on parent mate-
rial’s tensile specimens with a rolling direction of 0°, 45°, 
and 90° according to the API 5L standard [1]. In addition, 

(1)H = R1 + R − Hj

depending on the position of weld, tensile specimens con-
taining weld zones are selected for uniaxial micro tensile 
tests. Among them, it includes two directions, such as per-
pendicular to the weld and parallel to the weld. The cutting 
position and size of tensile specimens are shown in Fig. 5.

According to the micro-tensile tests, the stress–strain 
curves of the parent and the weld zone along different direc-
tions are obtained, as shown in Fig. 6. The stress–strain 
curves with different directions obtained by the parent and 
the weld zone are basically coincident. Therefore, it can be 
considered that the materials of the parent and the weld zone 
show isotropy.

The solution of yield strength of the parent and the weld 
zone, as shown in Fig. 7. In this paper, the stress value at 
a strain value of 0.2% is the yield limit, that is, the yield 
strength value of the material. The mechanical properties 
of the material of the parent and weld zone are given in 
Table 1. The chemical composition of the material is given 
in Table 2.

Fig. 7   Solution of the yield 
strength of the parent and the 
weld zone

Table 1   Mechanical properties of the parent and weld zone

Materials Young’s 
modulus
E/GPa

Yield 
strength
�s/MPa

Plastic tan-
gent modulus 
D/MPa

Poisson’s ratio
�

Parent 210 314 2720 0.3
Weld zone 265 398 2642 0.3 Fig. 8   Microhardness distribution of mixed weld specimen contain-

ing weld zone and parent
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3.2 � Geometric parameters

The size of the weld zone can be determined by the micro-
hardness distribution [31]. Microhardness specimen cutting 
is performed on mixed weld specimen containing weld zone 
and parent. Then, the specimen is submitted to a Vickers 
hardness test in FM-ARS9000 microhardness tester. The 
microhardness distribution of the weld zone and parent of 
the 304 stainless steel welded pipe is illustrated in Fig. 8. As 
can be observed in Fig. 8, the microhardness at the weld is 
the greatest, reaching 240–250 HV. The microhardness of 
the parent is minimal, about 210–220 HV. The farther away 
from the center of the weld, the smaller the microhardness.

Based on the microhardness distribution of the weld, heat 
affected zone (HAZ) and parent, the width of the weld is 
founded to be about 3.6 mm, and the width of each HAZ is 
about 0.78 mm. Since the width of HAZ is smaller than that 
of the weld, and the microhardness of HAZ is close to the 
parent’s microhardness, the influence of HAZ on the pipe 
forming process is ignored.

The microstructure pictures of the area near the weld, 
as shown in Fig. 9. Figure 9(a) shows the microstructure 
of the parent and its matrix is austenite. Figure 9(b) is the 
microstructure of the HAZ near the parent. From Fig. 9(a) 
and (b), the grain size of the parent is 48.7 μm and the grain 

size of the HAZ is 117 μm. The significant increase in grain 
size is due to the action of welding heating on both sides of 
the weld. Figure 9(c) shows the microstructure of the weld. 
The directionality of the weld microstructure is relatively 
strong, and the whole is dendritic crystals.

3.2.1 � FEM

The FEM of the pipe calibration process is established using 
the software ABAQUS, as shown in Fig. 10. In this paper, 
304 stainless steel pipes with an outer diameter of 140 mm 
and a thickness of 2 mm are used as research objects. Con-
sidering the influence of welds on the calibration process, 
a FE analysis of seamless pipes and welded pipes is per-
formed. The mechanical properties of the pipe are given in 
Table 1. The geometric dimensions of the pipe and the roller 
are shown in Tables 3 and 4, respectively.

With a kinematic hardening model, the pipe is set as a 
deformable body. The pipe-wall is divided into 4 layers 
along the thickness, and the pipe is discretized by 8-node 
linear hexagonal nonconforming mode elements. Select 
the continuum distributing coupling method to couple the 
center point of the pipe circle-section and the pipe cross-
section boundary, and select all 6 degrees of freedom for the 
constrained area. The three rollers are set as discrete rigid 

Table 2   Chemical composition 
of 304 stainless steel (wt. %)

C Si Mn S P Cr Ni Fe

 ≤ 0.08  ≤ 1.00  ≤ 2.00  ≤ 0.30  ≤ 0.045 18.00 ~ 20.00 8.00 ~ 11.00 –

Fig. 9   Microstructure pictures 
of the area near the weld: a par-
ent; b HAZ adjacent to parent; 
c weld
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bodies. The contact between the pipe and each roller is set 
to pure master–slave contact and motion contact conditions, 
and the coefficient of friction is 0.2.

4 � Results and discussion

4.1 � Calibration process

The equivalent stress distribution of a 304 welded pipe 
during the calibration process is shown in Fig. 11. During 
the process of advancing the pipe, the equivalent stress 
of the pipe inner and outer layers gradually increases. 
The equivalent stress of the pipe’s parent exceeds its 
yield stress (314 MPa). The equivalent stress at the pipe 
weld exceeds its yield stress (398 MPa). Thus, the pipe 
enters the elastoplastic deformation state from the elas-
tic deformation state. In the whole deformation process, 
the sections of circumferential and axial undergo multiple 
reciprocating bending. So that the curvature of the circum-
ferential and axial directions is unified to the same value 
and direction, respectively. In the process of pushing out 
the pipe, the equivalent stress is gradually reduced with 

elastic unloading occurs. The calibration process is com-
pleted after springback.

The equivalent stress distribution of a 304 welded pipe at 
the Section III is analyzed. It can be observed in Fig. 12 that 
there are three positive bending regions and three reverse 
bending regions along the circumferential direction. They 
are uniformly distributed. In addition, the stress distribu-
tion of the seamless pipe is the same as that of the welded 
pipe [32].

4.2 � Comparative analysis of welded pipes 
and seamless pipes

4.2.1 � Residual stress

Figure 13 and Fig. 14 are the residual stress distribu-
tion of seamless and welded pipes, respectively. It is 
well known that residual stress affects the service per-
formance of pipes directly. As can be seen from Fig. 13, 
there is no instability or distortion in the cross-section of 
the pipe. Maximum residual stress is 186.5 MPa, which 
is less than the yield stress of the pipe (314 MPa). The 
larger residual stresses are mainly concentrated at the exit 
end of the pipe, namely the unloading section. The main 
reason for the above situation is the inconsistent deforma-
tion of inner and outer layers at the end of pipe. By ana-
lyzing the equivalent stress distribution after calibration, 
the contact state between the roller and the pipe can be 
inferred, which provides a certain reference for the design 
of roller-shape.

Fig. 10   Finite element model: 
a seamless pipe; b welded pipe

(a) (b)

Table 3   Geometric dimensions of the pipes

Material Outside 
diameter
Dp/mm

Length
Lp/mm

Thickness
t/mm

Initial 
ovality

Initial 
straightness

304 140 700 2 5% 10‰

Table 4   Geometric dimension of the rollers

Outside diameter
Dg/mm

Length
Lg/mm

Proportion of rollers Taper of Section I
�j/rad

Taper of Section V
�x/rad

Kn/mm−1 Roller shape curve of Sec-
tion III

120 600 1∶2∶4∶2∶1 0.033 0.025 0.001 0.16x2 − 0.0004y2 − 1 = 0
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Fig. 11   Equivalent stress dis-
tribution of a 304 welded pipe 
during the calibration process. 
a Loading section. b Ovality 
and straightness calibration sec-
tion. c Unloading section
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The distribution of residual stress in the welded pipe is 
shown in Fig. 14. The position coordinates of each point 
in the circumference direction of the weld from the inlet 
end are shown in Fig. 15. The datum plane is the circum-
ferential cross section of the pipe. As can be seen from 
Figs. 14 and 15, the inlet end of the pipe is the contact area 
between the pipe and the loading section, and the residual 
stress is large with a maximum value of 370 MPa. In the 
area 0–20 mm from the inlet end, a slight cross-sectional 
distortion occurs at the weld, and the maximum deviation 
value is 0.55 mm. This is related to the downward control 
speed of the radial reduction H. Since the distortion area 
and the maximum deviation value are very small, they 
can be ignored. The residual stress values in other areas 
are small, and the range of stress value is 119.8 MPa to 
161.3 MPa. Therefore, the process is still considerable for 
the calibration effect of the welded pipe.

4.3 � Residual ovality

The geometry of the circular section of seamless pipes and 
welded pipes before and after the simulation is shown in 
Fig. 16. Figure 16 (a) shows the geometry of a seamless pipe 
before and after the simulation. The initial ovality of the pipe is 
5%, and the residual ovality is 0.59%, which meets the industry 
standard [1]. Figure 16 (b) shows the geometry of a welded pipe 
before and after the simulation. Its residual ovality is 0.68%, 
which is not much different from the residual ovality of the 
seamless pipe. The result also meets the industry standard [1].

4.3.1 � Residual straightness

The pipe busbar of a seamless pipe and a welded pipe before 
and after the simulation are shown in Figs. 17 and 18. Fig-
ure 17 shows the pipe busbar of a seamless pipe before and 

Fig. 12   Equivalent stress distri-
bution of a 304 welded pipe at 
the Section III

Fig. 13   Residual stress distribution of seamless pipes Fig. 14   Residual stress distribution of welded pipes
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after the simulation. The initial straightness of the pipe is 
10‰, and the residual straightness is 1.12‰, which meets 
the industry standard [1]. Figure 18 shows the pipe busbar 
of a welded pipe before and after the simulation. Its resid-
ual straightness is 1.6‰; the result also meets the industry 
standard [1].

4.3.2 � Loading force of each roller

The change of each rollers’ loading force with time is shown 
in Figs. 19 and 20. This process has a total of 2300 s. 0–230 s 
is the loading section (Section I), and the loading force of each 
roller increases with time gradually; 230–690 s is the oval-
ity calibration section (Section II); 690–1610 s is the ovality 
and straightness calibration section (Section III); 1610–2070s 
is the ovality complement calibration section (Section IV); 
2070–2300 s is the unloading section (Section V); the loading 
force of each roller gradually decreases with time.

Fig. 15   Position coordinates of each point in the circumference direc-
tion of the weld from the inlet end

Fig. 16   Geometry of the circle 
section of seamless pipes and 
welded pipes before and after 
the simulation

Fig. 17   Pipe busbar of a seam-
less pipe before and after the 
simulation

Fig. 18   Pipe busbar of a welded 
pipe before and after the simula-
tion
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Figure 19 shows the change in loading force of the two 
lower rollers with time. It can be seen from Fig. 19 that the 
change of loading force with time of a seamless pipe and a 
welded pipe is consistent approximately. Since the shape of 
two lower rollers is concave at the Section III, the loading 
force is smaller compared to adjacent sections. In addition, 
the loading force of the Section II is greater than that of the 
Section IV. The reason is that the pipe shape that has just 
entered the Section II is not standard and requires a greater 
loading force. The maximum loading force of the welded 
pipe and the seamless pipe does not exceed 15 kN.

Figure 20 shows the change in loading force of the upper 
roller with time. It can be seen from Fig. 20 that the change 
of loading force with time of a seamless pipe and a welded 
pipe is consistent approximately. Since the upper’s shape is 
convex at the Section 3, the loading force reaches its maxi-
mum at this section. Throughout the calibration process, 
the loading force of the upper roller increases, stabilizes, 
and decreases with time. The maximum loading force of the 
welded pipe and the seamless pipe does not exceed 5 kN.

Therefore, the influence of the weld on rollers’ loading force 
is small and can be ignored. The loading force of each roller 
whether seamless pipes or welded pipes is consistent with time.

5 � Experimental validation

The experimental device for pipe calibration is shown in 
Fig. 21. The device can realize the calibration process of 
large thin-walled pipes.

As shown in Fig. 21, the roller is connected with the 
slider fixed on the frame via bearing. The slider can slide 
vertically along the frame surface via a screw to adjust the 
radial reduction of the three rollers. The support assembly 
keeps the balance of the pipe during the experiment. The 
servo motor drives two lower rollers to rotate synchronously, 

Fig. 20   Change of the upper rollers’ loading force with time

Fig. 21   Experimental device for pipe calibration. 1, screw; 2, lead 
screw drive; 3, servo motor; 4, support assembly; 5, push plate; 6, 
control cabinet; 7, pipe; 8, upper roller; 9, frame; 10, lower roller; 11, 
slider; 12, pedestal

Fig. 19   Change of the lower 
rollers’ loading force with time
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which drives the pipe and the upper roller to start turning. At 
the same time, the push plate drives the pipe to move along 
the slideway. So far, the calibration process of simultaneous 
rotation and movement of the pipe is realized. The pipes and 
rollers selected for the experiment are the same as the pipes 
and rollers selected for the simulation.

The experimental results of 304 pipes after calibration are 
shown in Table 5. From Table 5, it can be observed that the 
residual ovality is within 0.7% and the residual straightness 
is within 0.2%. Both meet industry standard requirements 
[1]. The experimental results further verify that the calibra-
tion process of pipes is achieved. The forming effect of 304 
pipes is shown in Fig. 22.

6 � Conclusions

1.	 Based on previous research, the three-roller continuous 
and synchronous calibration process of straightness and 
ovality for large thin-walled pipes is feasible. To explore 
the influence of the weld on this process, a comparative 
study of welded pipes and seamless pipes is done using 
FE method.

2.	 The FEM of this process is established according to the 
experimental results of the micro-tensile experiment 
and the Vickers hardness test of the actual welded pipe. 
According to micro-tensile test, it is thought that the 
materials of the parent and the weld zone of 304 pipe 
are isotropic, respectively. In addition, the mechanical 
properties parameters are further obtained. With Vickers 
hardness test, the size of the weld zone is determined, 
with analyzing its microstructure performance.

3.	 The FE results show that there is a slight distortion at the 
inlet end of the welded pipe, and its length is 20 mm. The 
maximum deviation value is 0.55 mm. Distortion regions 
and deviation values are small and are found to be negli-
gible. The difference between welded pipes and seamless 
pipes about the residual straightness and residual ovality is 
very small. The residual straightness does not exceed 2‰, 
and the residual ovality is not more than 1%. The changed 
trend of each roller with time of the welded pipe is almost 
consistent with the change trend of seamless pipe.

4.	 Experimental results and FE results demonstrate good 
agreement. This calibration process of straightness and 
ovality has been demonstrated to be effective for both 
welded pipes and seamless pipes.
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Table 5   Experimental results after calibration

Material Length
Lp (mm)

Initial ovality Initial straightness Outer diameter
Dp (mm)

Thickness
t (mm)

Residual ovality
(%)

Residual 
Straightness
(‰)

304 1000 5% 10‰ Welded pipe 140 2
1.5

0.61
0.65

1.7
1.8

160 2
1.5

0.58
0.62

1.6
1.7

Seamless pipe 140
120
160

2 0.60
0.72
0.71

1.6
1.7
1.6

Fig. 22   Forming effect of 304 pipes
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