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Abstract: Axial cracking and circumferential wrinkling are found at the end of seamless steel tubes
during multi-pass large deformations pushing diameter-reducing (PDR), which seriously affects
product quality. However, the cracking and wrinkling mechanism of PDR has not been elucidated
yet. In this paper, the Equation of circumferential residual stress at the end was deduced from
the warping deformation and shear stress. It is revealed that the circumferential residual stress in
the end warping area from the inner to outer surface is tensile, and the generation mechanism of
circumferential wrinkling on the inner wall at the end was revealed through the deformation analysis
of PDR. The geometric model of the tube with periodic alternating variation of wall thickness was
established to reveal the generation and development of circumferential wrinkling. In addition, the
four-pass PDR experiments and simulations were developed to reveal the influence of reducing
pass and wall thickness deviation on the end warpage, unevenness and circumferential residual
tensile stress. The pushing-pulling diameter-reducing (PPDR) method was proposed to control the
wrinkling and cracking. The simulation and experimental results showed that the end warpage,
unevenness and circumferential residual tensile stress are all greatly decreased, and the risk of axial
cracking and circumferential wrinkling is eliminated.

Keywords: pushing diameter-reducing; axial cracking; end wrinkling; residual stress; unevenness

1. Introduction

PDR refers to the cold forming method that consists of reducing the tube diameter by
a conical die [1,2]. It has the advantages of high production efficiency, low manufacturing
cost and simple die structure and has been widely used in the manufacturing of reducing
tubes in automobiles, engineering machinery and aerospace [3-5].

There are many studies on diameter-reducing deformation and force. Rumiriski
et al. [6] presented the influence of different die shapes on the strain field distribution of the
reducing tube by simulation and hardness measurements. Lu [7] obtained the approximate
calculation method of the reducing ratio and loading rate by using the volume invariant
condition and Mises equation. Zhao et al. [8] established the strain velocity field of tube
drawing, and the drawing force was solved based on the inner product integral of strain
rate vector. Ogbeyemi et al. [9] revealed the stress and pressure fields of the reducing tube
by using Bubnov-Galerkin finite element model. Sadok et al. [10] analyzed the strain state of
the reducing tube by finite element simulation and carried out the hardness measurement;
the results showed that the reducing deformation is uneven, and the maximum effective
strain is on the tube’s inner surface.
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Due to the uneven reducing deformation, the residual stress exists in the reduced
tube [11]. Vollert et al. [12] researched the residual stress of medium carbon tube with
hollow and fixed mandrel drawing and revealed that the circumferential residual stress
on the inner and outer surface is compressive and tensile, respectively. Gattmah et al. [13]
developed the fixed mandrel drawing residual stress of AISI 1010 tube with the different
reduction of the area by an X-ray method. The results showed that the circumferential
residual stress near the outer and inner surface at the small reduction of the area is compres-
sive and tensile, respectively. Kishimoto et al. [14] elucidated the mechanism causing the
excessive thinning of the outer diameter during microscale hollow drawing by considering
the size effect and plastic anisotropy.

Different from the tube drawing, the tube is subjected to the pushing force during the
PDR, and it is not affected by external force after reducing it, while the end of the reduced
tube is warped. Liu et al. [15] studied the residual stress of one-pass PDR tube without
wall thickness deviation by the X-ray method and simulation, the results showed that the
circumferential residual stress is tensile from the inner to outer surface at the end, and it is
compressive and tensile at the inner and outer surface of sizing area, respectively.

The axial buckling and wrinkling may occur in the middle area of the PDR tube due
to the excessive reducing force. Liu et al. [16] investigated the influence of temperature
on the axial instability of the hot extrusion transmission shaft and provided the optimal
forming parameters without axial instability. Teng et al. [17] studied the influence of die
cone angle on the wrinkling of reducing thin-walled cylindrical cup, and presented that
the larger the cone angle, the easier the wrinkling.

Different from the PDR, the circumferential buckling and wrinkling exist in the middle
deformation area of the tube with outer pressure necking in a viscous or solid particle
medium. Many studies have researched the circumferential wrinkling of thin- walled alloy
tube with outer pressure necking. Zhao et al. [18] analyzed the wrinkling of thin-walled
tube with outer pressure necking and researched the influence of forming factors on the
anti-wrinkle of outer pressure necking tube. Zhang et al. [19] revealed the effect of the
buckling mode and uneven thickness defect on the wrinkling of outer pressure necking
tube by finite element simulation.

In the engineering practice of the multi-pass large deformation PDR of a seamless steel
tube, it is found that the end of reduced tube is warped, and there is axial cracking and
circumferential wrinkling at the end of individual reduced tube, which seriously affects
the quality of the products, as shown in Figure 1. However, the cracking and wrinkling
mechanism of PDR has not been reported yet.

Figure 1. Axial cracking of reduced tube end.

In this paper, for the seamless steel tube with the multi-pass large deformation PDR,
the Equation of circumferential residual tensile stress at the end was deduced, and the gen-
eration mechanism of circumferential wrinkling on the inner wall at the end was revealed
through theoretical analysis. The influence of wall thickness deviation and reducing pass
on circumferential residual stress, end warpage and unevenness were revealed by finite
element analysis (FEA) and the experiment (EXP). In order to control the axial cracking
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and circumferential wrinkling, a new method of PPDR was proposed, which improves the
forming quality of the reduced tube and provides a reference for engineering application.

2. Geometric Model of Seamless Steel Tube
2.1. Wall Thickness Measurement

Hot-rolled seamless steel tube is generally adopted in large deformation PDR pro-
cesses. Due to the run-out and wear of rolling mandrel and the uneven heating of the tube,
the unavoidable wall thickness deviation defects exist in the tube [20,21]. The hot-rolled
seamless steel tube Q3458 selected for the bulging-pressing-formed automobile axle hous-
ing [22] with a load of 6.5 tons is taken as the research object. For the initial tube, the length
Lo is 1350 mm, the outer diameter dj is 219 mm and the nominal wall thickness is 7.5 mm.
The chemical composition and mechanical properties of the Q345B seamless steel tube
is shown in Tables 1 and 2, respectively. The true stress-strain curve of the initial tube is
shown in Figure 2.

Table 1. Chemical composition of the Q345B seamless steel tube (%).

C Si Mn P S Cr Mo
0.18 0.39 1.54 0.017 0.01 0.01 0.09

Table 2. Mechanical properties of Q345B seamless steel tube.

Yield Strength Ultimate Tensile Elongation Elastic Modulus Poisson’s
(MPa) Strength (MPa) (%) (GPa) Ratio
418.61 589.42 31.46 210 0.30
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Figure 2. Stress-strain curve of the initial tube.

On the tube’s outer surface, the circles are drawn with equal spacing of 145 mm and
the axial lines are drawn with an equal circumferential interval angle of 15°. Accordingly,
the intersection of the circle and axial lines is the wall thickness measuring point, the
sections where the circles are located are designated as cross-section P; to Py, respectively,
as shown in Figure 3.
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Figure 3. Schematic diagram of wall thickness measurement.
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The maximum and minimum wall thickness are expressed as g and tno, respectively;
the average wall thickness is expressed as ty, the difference between the ty,g and ¢j is
defined as the positive deviation Ty, the difference between the t,y and ¢j is defined as
the negative deviation T, and the difference between the ty,o and ty( is defined as the
initial wall thickness deviation T)y. Ten tubes are randomly selected, and the wall thickness
is measured by MT-160 ultrasonic thickness gauge. The measurement results of the half
partial cross-section are shown in Figure 4, and the wall thickness distribution of the other
half is symmetrical. The measurement results are as follows:

—e— D3 0f No.2 —&— D> of No.5 —4&— P4 0f No.9

IS
o1
T

—o— Psof No.2 —&— Py of No.5 —2— P70f No.9

~
13 o)

~

Wall thickness (mm)

6.5

0 30 60 90 120 150 180

Circumferential angle (°)

Figure 4. Circumferential wall thickness distribution.

(1) The wall thickness along the circumferential direction is alternately thin and thick,
such as the wall thickness of P3 and P5 cross-section of No.2 tube, P> and Pg cross-
section of No.5 tube, P4 and Py cross-section of No.9 tube all varies alternately from
0° to 180°.

(2) The absolute value of the maximum positive and negative deviation wall thickness on
the same cross-section is close. Such as the maximum positive and negative deviation
wall thickness of P3 cross-section of No.2 tube is 0.35 mm and —0.33 mm, respectively,
P; cross-section of No.5 tube is 0.62 mm and —0.65 mm, respectively, Py cross-section
of No.9 tube is 0.40 mm and —0.42 mm, respectively.

2.2. Geometric Model

Based on the measurement results of seamless steel tube wall thickness, the assump-
tions are made as follows:

(1) The tube’s outer surface shape is a circle, and the inner surface shape is a periodic
sinusoidal variation and the wall thickness on the same axis are equal.

(2) The absolute value of the maximum positive deviation Tr, and the maximum negative
deviation Ty, of the same cross-section wall thickness are equal.

Based on the above assumptions, the geometric model of tube with wall thickness
deviation is established, as shown in Figure 5. The trough of the inner wall’s sine curve
is the minimum wall thickness t,,9, and the crest is the maximum wall thickness t,o. The
amplitude is T /2, the period angle is 6,,, the wave number is #.



Metals 2021, 11, 1438

50f23

Actual inner
surface

Ideal inner
surface

(=)
[
-

Figure 5. Geometric model of tube with wall thickness deviation.

2.3. Definition of Unevenness
2.3.1. Unevenness T

The difference between the maximum wall thickness t,, and the minimum wall
thickness t, of the same cross-section is defined as unevenness T, which is expressed as

T=tn—tn (1)

2.3.2. Relative Unevenness K

The ratio of unevenness T to the average inner diameter d; is defined as relative
unevenness K, which is expressed as

tm — t
K="_"".100% )
d;
The relative unevenness K is used as an evaluation index for whether the circumferen-
tial wrinkling produced.

2.3.3. Critical Relative Unevenness K.

The maximum wall thickness deviation of seamless steel tube allowed by GB/T8162-
2018 (China Standard) [23] is Tx. The ratio of Ty to the initial tube inner diameter d;; is
defined as the critical relative unevenness K., which is expressed as

T
K. = == -100% 3)
dio
When the relative unevenness K of reduced tube is greater than the critical relative
unevenness K, it is evaluated as the circumferential wrinkling.

3. Mechanical Analysis

During the PDR, the upper and lower clamping die is used to fix the middle area of
the tube, and the reducing die is reduced from the tube’s end to the inner side. The cavity
of the reducing die is divided into the reducing area, the rounded corner area and the exit
area, as shown in Figure 6. Based on the deformation characteristics in each area of the
reducing die, the PDR deformation process can be divided into reducing stage, bending
stage and warping stage. The mechanical model of the PDR tube with a wall thickness
deviation is established, the upper and lower sides of the tube are defined as the thick
and thin wall side, respectively. For the reducing die, the half-cone angle is «, the inner
diameter of the exit area is dn, and the rounded corner radius is R. For the initial tube, the
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diameter is dj, the intermediate layer radius of the thick and thin wall side is Ry and Ry,
respectively, and the corresponding wall thickness is ¢ and tyg, respectively.

Upper clamping die

Thick wall side; , /] Reducing die

]
T~ On
:
" &5~ &
Rounded
corner area

Exit area

Thin wall side
Lower clamping die

Figure 6. Reducing stage.

3.1. Reducing Stage

After the tube is deformed in the reducing stage, the intermediate layer radius of the
thick and thin wall sides decreases to Rp,; and Ry, respectively, and the corresponding
wall thickness increases to t,; and t,, respectively, as shown in Figure 6.

In the reducing stage, the tube wall thickness is increased while the diameter is
reduced, and the length is elongated along the axial direction. The circumferential com-
pressive strain is the main deformation, so that the thick wall side metal flows to the
adjacent thin wall side, which is beneficial to decrease unevenness. The normal compres-
sive stress is smaller than the circumferential compressive stress. The axial stress of the end
is approximately zero, and on the inner side of the end it is compressive.

3.2. Bending Stage

After the tube is deformed in the reducing stage, it flows into the rounded corner
area of the reducing die and continues to undergo axial bending deformation, as shown in
Figure 7. Furthermore, after the tube is deformed in the bending stage, the intermediate
layer radius of the thick and thin wall side is Rpp and Ry, respectively, the corresponding
wall thickness is tyy and f, respectively, and the tube end diameter dy, is less than the
inner diameter dp, of the reducing die exit area.

Reducing die ﬁi £no
060 OPOQET)O

Oni ﬁll‘

_ _QO‘F’ Veor P
ﬁ‘i €no
O‘OOGPOQST)O

Upper clamping die

Thin wall side
Lower clamping die

Figure 7. Bending stage.
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3.2.1. Basic Assumptions

(1) The intermediate layer of tube wall coincides with the neutral layer.

(2) The axial compressive stress on the outside of the intermediate layer acts on half of its
thickness with equivalent compressive stress. The axial tensile stress on the inside
of the intermediate layer acts on half of its thickness with equivalent tensile stress.
In addition, the absolute value of equivalent axial stress on the inside and outside
is equal.

(3) On the same cross-section, the torque caused by the axial stress on the inside and
outside of intermediate layer on circumferential unit angle micro-plane is equal.

3.2.2. Deformation Analysis

The element body including inner and outer surface of the tube is intercepted in the
bending deformation area, as shown in Figure 8. The axial length is dI, the circumferential
length is dy and the wall thickness is te. On the right surface, the axial equivalent compres-
sive stress on the outside of intermediate layer is 0.1, the axial equivalent tensile stress on
the inside of intermediate layer is e and the value of 01 and 0ye2 is equal. The torque
dM on the right surface is

1
dM = gtezdycrpez 4)

Intermediate layer i

Ope1 A l
o el | -
- s | L7 ely
7\// ______ L -_ =) —pely
Ope2[ 7 = <[
7 I~ ol
& = 2)9) pez
di !

Figure 8. Element body of bending deformation area.

In the bending stage, the outside metal of the intermediate layer is shortened along
the axial direction and the thickness is increased, while the inside metal of the intermediate
layer is elongated, and the thickness is decreased. Based on the basic assumptions and the
wall thickness of the thin and thick wall side, it can be known from the Equation (4) that
the axial tensile stress on the inside of the intermediate layer of the thin wall side is greater
than that of the thick wall side. So, the axial deformation and thinning at the inside of
the intermediate layer of the thin wall side is larger than that of the thick wall side, which
results in the unevenness is increased on the inner wall of the end.

3.3. Warping Stage

After the tube end is deformed in the bending stage, the axial elongation of the inside
metal of the intermediate layer is greater than that of the outside, so that the end warped
upward to form end warping area. As shown in Figure 9, there is shear deformation
in the end warping area, which results in the shear stress T, on the lower surface of
unit body pointing from left to right, and the shear stress 7y, on the right surface of unit
body pointing from top to bottom. After the tube end deformed in the warping stage,
the intermediate layer radius of the thick and thin wall side is increased to Ry3 and Ry3,
respectively, the corresponding wall thickness is decreased to t,3 and t,3, respectively.
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Upper clamping die
Thick wall side
i Reducing die
A=

Thin wall side
Lower clamping die

Figure 9. Warping stage.

3.3.1. Basic Assumptions

(1) Due to the PDR deformation is axisymmetric, the circumferential stress is main stress,
the shear stress components related to the circumferential direction are all zero.

(2) Axial residual stress on the cross-section of reduced tube is self-balanced from the
inner to outer surface.

3.3.2. Analysis of End Residual Stress

The element body including the inner and outer surface of the tube is intercepted in
the end warping area, and the left surface of the element body is the interface between
warping area and sizing area, as shown in Figure 10. For the element body, the front side
is thin wall side with the wall thickness t,, the rear side is thick wall side with the wall
thickness tp,, the circumferential angle between the front and rear surface is 46, the outer
circumferential curvature radius of the left and right side is d1 /2 and d, /2, respectively,
the axial curvature radius and included angle of the upper side is r, and B, respectively.
The right, upper and lower surface are all free surfaces. On the left surface, the shear
stress T,n pointing from bottom to top, and there is axial tensile stress 0o and compressive
stress op; on the outer and inner layer, respectively, the axial resultant force is zero. The
circumferential stress on the front and rear surface is com and ooy, respectively.

b
\.

p

Tp

\End surface
\

Figure 10. Element body of end warping area.
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According to the equilibrium condition of force in the wall thickness direction, it can
be obtained as

tn + tm
2

%d@ cos p =0 (5)

Oontn? in@+a tm? inﬁ—T
Gnnp,BS > Bmmpﬁs on 5

2

Since df is very small, and sin (d0/2) = df/2 is approximated, the above Equation (5)
is simplified as

dq (i’n + fm) ‘3
Oontn + Comtm — —F—F—Toncos 5 =0 (6)
nin mim ZVPIB on >
Based on the geometric analysis, the approximate Equation is
dy —dy
— 7
P = 3in(B/2) @
Substituting the Equation (7) into (6) to obtain
dq(tn + tm) sin

2(dy — dy) Ten

According to the equilibrium condition of force in the tangential direction, it can be
obtained as
Oomim — Oontn = 0 )

Substituting the Equation (9) into (8) to obtain

_ di(tq + tm) sin B _ di(tn + tm) sin B

Oop = — 2 > o o = — W g 10
on 4(dy —dy)t, VOO 4(dy —dy)tm ™" (10)

According to the Equation (10), the circumferential residual stress ¢ in the end
warping area is related to end warping deformation parameters and shear stress Tpn. Since
the direction of the T,p, is upward, the g is characterized as tensile stress from the inner to
outer surface and the g is verified as tensile stress by the X-ray measurement and FEA
in the literature [15]. Moreover, the oo, of the thin wall side is greater than the ogp, of the
thick wall side. When the circumferential residual tensile stress of the end is greater than
the ultimate tensile strength, axial cracking may occur and the axial cracking is more likely
occur on the thin wall side.

3.3.3. Unevenness Analysis

The tube end is warped in the warping stage, which results in the end diameter expan-
sion and wall thickness thinning. Due to the ooy, is greater than the gy, the circumferential
deformation and thinning of the thin wall side is larger than that of the thick wall side,
which results in the end unevenness is further increased. When the relative unevenness
exceeds the critical value, circumferential wrinkling will be generated. However, the inner
side of the end is no longer warped, the unevenness is no longer changed as well, and the
sizing area is formed. The outer diameter of the sizing area is less than the inner diameter
of the exit area of the reducing die.

4. Research Methods
4.1. Research Objects

The hot-rolled seamless steel tube Q345B is selected as the initial tube with the length
Lo of 1350 mm, the outer diameter d; of 219 mm and the nominal wall thickness of 7.5 mm.
According to the GB/T8162-2018 [23], the maximum allowable wall thickness deviation is
2.25 mm, so the critical relative unevenness K, is 1.10%. During diameter-reducing, the
middle area of the tube is clamped by clamping die, which is to keep the length of 456 mm
without deformation, as shown in Figure 11. Moreover, the radius of upper and lower
clamping die is 109.5 mm.
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1350 mm
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Figure 11. Process diagram of PDR. (a) Initial tube; (b) reduced tube.

$#190mm

-

4.2. PDR Experiments

The initial unevenness T of 0.4 mm, 0.8 mm and 1.2 mm was selected, respectively.
Four-pass PDR was carried out on the THP63-200/300/100 x 2 hydraulic press. The
reducing die of each pass is shown in Figure 12, the half-cone angle « is 23°, the rounded
corner radius R is 50 mm and the inner diameter of the exit area d;, is 190 mm, 162 mm,
138 mm and 115 mm, respectively.

—
-
$162mm ) >

Figure 12. Reducing dies. (a) First pass; (b) second pass; (c) third pass; (d) fourth pass.

Before diameter-reducing, the outer wall of both ends of the tube and the inner wall
of the reducing die are lubricated by lubricating oil, then the tube is placed into the lower
clamping die and the center is aligned. During diameter-reducing, the upper clamping die
is driven by the upper slider of hydraulic press to move downward to clamp the middle
area of the tube, and the left and right reducing die are respectively pushed by the left and
right slider of hydraulic press from the tube end to the inner side at the speed of 10 mm/s.

4.3. Stress-Strain Relationship

The tensile specimens with ASTM-ES8 standard were obtained by cutting in the initial
tube and the sizing area of reduced tubes along the axial direction, the geometry and
dimensions of each pass tensile specimen is shown in Figure 13 and Table 3. The uniaxial
tensile tests were carried out on the Inspekt-Table100 (Hegewald & Peschke, Nossen,
Germany) electronic universal testing machine at room temperature, and the test speed
was 5.0 mm/min. The contact extensometer was used, and the original gauge length of the
extensometer is 25 mm. The true stress-strain curve is obtained, as shown in Figure 14.

£
$$ =

25 mm

lo

lt ]

50 mm

Figure 13. Tensile specimen.
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Table 3. Dimensions of each pass tensile specimen (mm).

Reducing Pass 0 1 2 3
lo 54 57 60 63
L 198 202 206 210
850

]

£ 650 [
S "
e — Initial tube
é 550 —— The first pass reduced tube
@ 450 — The second pass reduced tube
— The third pass reduced tube
350 ! ! ! ! !
0 5 10 15 20 25

Strain (%)

Figure 14. Stress-strain curve.

The stress-strain relationship of the initial tube and the first, second, third pass reduced
tube is respectively obtained by power function fitting as

oo0 = 901.9¢00°, 091 = 783.7e002, 0p = 835.3¢052, 093 = 869.6€03° (11)
The uniaxial tensile test results are shown in Table 4, and it can be found as follows:

Table 4. Results of uniaxial te.sile test.

Reducing Yield Strength Ultimate Tensile Elongation (%) Section
Pass (MPa) Strength (MPa) & ’ Shrinkage (%)
0 418.61 589.42 31.46 71.35
1 651.22 697.59 18.44 69.89
2 706.08 749.92 16.65 65.90
3 718.42 773.20 14.30 62.75

(1) The yield strength and ultimate tensile strength of each pass reduced tube are signifi-
cantly higher than that of the initial tube. Both the yield strength and ultimate tensile
strength are increased with the increase of reducing pass.

(2) Both the elongation and section shrinkage are gradually decreased with the increase
of reducing pass, which indicates that the plastic deformation ability of the reduced
tube is gradually decreased, and axial cracking may occur.

4.4. FEA of PDR

The geometric models of tube with the wall thickness deviation T of 0 mm, 0.4 mm,
0.8 mm, 1.2 mm, 1.6 mm, 2.0 mm were established, respectively. The diameter d, average
wall thickness ty and wave number 7 of the tube is 219 mm, 7.5 mm and 15, respectively.
The software ABAQUS is used to simulate the four-pass PDR of wall thickness deviation
tube. Since the tube and reducing dies are all axially symmetric structures, in order to
facilitate calculation, the 1/4 finite element model was established, as shown in Figure 15.

The stress-strain curves as shown in Figure 14 were used in the corresponding reducing
pass. For the boundary conditions, symmetrical constraints were set on longitudinal center-
section and middle cross-section of the tube, respectively. The middle area of the tube was
fixed by upper and lower clamping die, the clamping die and reducing die of each pass
were set as a rigid body, while the tube was set as a deformed body. The grid type of the
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tube is C3D8R, and the number of grid cells along the wall thickness direction is three.
With the coulomb friction model, the rigid-flexible contact was established between the
clamping die and the tube, and between the tube and each reducing die, respectively, and
the dynamic friction coefficient of the contact was set as 0.15 and 0.10, respectively [24].

Clamping die

The first pass

reducing die The second pass

reducing dieThe third pass

reducing die

The fourth pass
educing die

.
J""*
.

Figure 15. Finite element model.

Wall thickness
deviation tube

5. Results and Discussion
5.1. End of Reduced Tubes

After each pass PDR, the maximum and minimum wall thickness of the end were
measured, and the end warpage (the difference between the radius of the end and sizing
area) was measured. The maximum and minimum wall thickness of the sizing area were
measured by transverse cutting at the distance of 50 mm from the end. The reduced tube
with Ty = 1.2 and 0.4 are shown in Figure 16. It can be observed that the end of the reduced
tube is warped. There is no obvious circumferential wrinkling at the end of the fourth pass
reduced tube with Ty = 0.4. There is no obvious circumferential wrinkling at the end of the
first pass reduced tube with T = 1.2, but obvious circumferential wrinkling on the inner
wall at the end of the fourth pass, with the end unevenness of 2.47 mm and the sizing area
unevenness of 0.84 mm.

(b) (0)

Figure 16. End warping and wrinkling of reduced tube. (a) The fourth pass reduced tube with Ty = 0.4; (b) the first pass
reduced tube with T = 1.2; (c) the fourth pass reduced tube with Ty = 1.2.

Half of the sum of the maximum and minimum wall thicknesses is taken as the
average wall thickness. The measurement results of diameter and wall thickness are shown
in Table 5. It can be found that the average wall thickness of the end is less than that of the
sizing area. While the diameter of the end is greater than that of the sizing area, and the
latter is less than the inner diameter of the exit area of reducing die.

Table 5. Geometric parameters of reduced tube (mm).

Reducing End Diameter End Wall Thickness Sizing Area Diameter Sizing Area Wall Thickness
Pass To=0.4 T, =0.8 To=12 To=0.4 Ty, =0.8 To=12 To=0.4 To=0.8 To=12 To=0.4 To=0.8 To=12
1 191.22 191.07 190.96 7.92 7.94 7.91 188.12 188.01 187.92 8.29 8.32 8.30
2 163.39 163.86 163.75 8.56 8.59 8.55 160.21 160.72 160.65 9.19 9.22 9.24
3 140.16 140.20 140.12 9.34 9.35 9.29 136.84 136.92 136.83 10.28 10.27 10.28
4 117.67 117.70 117.73 10.33 10.29 10.22 114.17 114.24 114.21 11.60 11.61 11.58
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5.2. End Warpage

The end warpage of each pass reduced tube is shown in Table 6. It can be found
that the end warpage is slowly increased with the increase of reducing pass (that is, the
increase of reducing deformation), but the increase value is small, while the wall thickness
deviation has little effect on the end warpage. The increased value of the end warpage of
the experimental four-pass reduced tubes with Ty = 1.2 is 0.03 mm, 0.10 mm and 0.11 mm,
respectively. While the end warpage of the experimental fourth pass reduced tube with
Tp of 0.4 mm, 0.8 mm and 1.2 mm is 1.75 mm, 1.73 mm and 1.76 mm, respectively. The
maximum difference between the FEA and EXP value of the end warpage is 7.34%, which
is in the third pass reduced tube with Ty = 0.8.

Table 6. End warpage of reduced tube (mm).

Reducing To=0 Ty = 0.4 To=0.8 To=12 To =16 T =2.0
Pass FEA EXP FEA EXP FEA EXP FEA EXP FEA EXP FEA EXP
1 1.63 - 1.64 1.55 1.65 1.53 1.63 1.52 1.64 - 1.65 -
2 1.67 - 1.68 1.59 1.69 1.57 1.67 1.55 1.69 - 1.70 -
3 1.72 - 1.74 1.66 1.77 1.64 1.74 1.65 1.75 - 1.76 -
4 1.83 - 1.85 1.75 1.86 1.73 1.84 1.76 1.86 - 1.84 -
5.3. Unevenness
The end unevenness Ty is greater than the initial unevenness T, while the sizing area
unevenness Tj is less than the Ty, as shown in Figure 17. Further, it can be found that the
T4 is sharply increased with the increase of wall thickness deviation and reducing pass,
while the Tj is slowly increased. For example, the T4 of the experimental four-pass reduced
tubes with Tp= 1.2 is 1.39 mm, 1.69 mm, 1.90 mm and 2.47 mm, respectively, while the Tj is
0.69 mm, 0.73 mm, 0.80 mm and 0.84 mm, respectively. The maximum difference between
the FEA and EXP value of unevenness is 11.91%, which is in the sizing area of the fourth
pass reduced tube with Ty = 1.2.
5 3
-e- EXPof Ty=0.4 FEA of To=0.8 . -e- EXPof Ty=0.4 FEA of T,=0.8
4 | ~® EXPofTo=08 ——FEA0f To=12 gz,s - -m- EXP of Tp= 0.8 —— FEA of To= 1.2
E -4- EXPof To=1.2 ——FEAOf To=1.6 e -a- EXPof Tp= 1.2 ——FEAof To= 16
[5}
Eg | ——FEAof Ty=0.4 —=—FEA of T,=2.0 s 2 ——FEA 0of Ty=0.4 ——FEA of T;=2.0
g S5t
5 s I
32 P
5 S 1
2 o
w1l 505
2]
0 . L L 0 ! 1 I
0 1 2 3 4 0 1 2 3 4
(@) Reducing pass (b) Reducing pass

Figure 17. Unevenness of reduced tube. (a) The end unevenness; (b) the sizing area unevenness.

5.4. Relative Unevenness of the End

The relative unevenness Ky of the end is sharply increased with the increase of wall
thickness deviation and reducing pass, as shown in Figure 18. According to the judgment
condition of the critical relative unevenness K. of 1.10%, the K of the four-pass reduced
tubes with T = 0.4 are all less than the K., which indicates that there is no circumferential
wrinkling. The Ky of the experimental fourth pass reduced tube with Ty = 0.8 is 1.60% and
the Ky of the second, third, fourth pass reduced tube with Ty = 1.2 is 1.15%, 1.61% and
2.57%, respectively, which are all larger than the K. and indicate that the circumferential
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wrinkling at the end are all generated. The maximum difference between the FEA and EXP
value of the Ky is 12.84%, which is in the first pass reduced tube with T = 0.8.

4
——FEA of To=0.4 ——FEA of To=2.0
9 —FEA of To=0.8 —=—EXP of To=0.4
53-2 T —=FEA of To=1.2 —EXP of To=0.8
% ——FEA of To=1.6 —=EXP of To=1.2
g24 . .
z Critical relative
g unevenness K=1.10%
216 |
=
K<
2o,

Reducing pass

Figure 18. Relative unevenness of the end.

From the above analysis, it can be found that the trend of the FEA and EXP results is
the same, but there is a deviation in the value. The deviation value is mainly due to the
difference between the finite element model and experimental conditions, such as the wall
thickness deviation distribution, boundary condition setting and so on, and there are also
some deviations in the measurement. However, the overall trend is reliable, which verifies
the reliability of the geometric model of the tube with wall thickness deviation and the
FEA results.

5.5. Generation and Development of End Wrinkling by the FEA

The stress and deformation of PDR with T = 1.2 was analyzed. The upper side of the
tube is designated as the thin wall side, and the lower side is designated as the thick wall
side. The measuring points Aj, A, and A3, A4 were respectively selected on the outer and
inner surface of the thin and thick wall side at the end. The measuring points By, B, and
B3, B4 were respectively selected on the outer and inner surface of the thin and thick wall
side at 25 mm away from the end. For the stress values, the “+” is signed for tensile stress,
while the “—" is signed for compression stress.

5.5.1. Reducing Stage

During the reducing stage, the circumferential stress cg is compressive, as shown
in Figure 19, the og of the point By is —806.35 MPa. Moreover, the normal stress oy, is
compressive, the oy, of the point By is —85.48 MPa. After the reducing stage deformation,
the diameter of the end is decreased to 185.35 mm, the end wall thickness of the thin and
thick wall side is increased to 7.42 mm and 8.65 mm, respectively, the end unevenness
is 1.23 mm. While the diameter of the inner side of the end is decreased to 190.09 mm,
the wall thickness of the thin and thick wall side is increased to 7.68 mm and 8.63 mm,
respectively, and the unevenness is decreased to 0.95 mm.

(o) / MPa
+1.946x102
+9.183x10
-1.094x10
-1.137x10?
-2.165%10?
I+ -3.193x10?
+— -4.220x10?
— -5.248x10?
-6.276x102
-7.303x102
-8.331x102
-9.359x102
-1.039x103

Figure 19. Reducing stage.
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5.5.2. Bending Stage

After the end deformed in the bending stage, the circumferential stress of the point Ay,
Aj, Az and Ay is +464.76 MPa, +69.89 MPa, +435.95 MPa and +67.48 MPa, respectively, as
shown in Figure 20. The axial stress of the outer surface point By and B3 is —564.81 MPa and
—595.18 MPa, respectively. The axial stress of the thin wall side point B, is +471.47 MPa,
which is larger than the thick wall side point B4 of +442.55 MPa. The results are in good
agreement with the theoretical analysis.

(o) / MPa

+4.742x102
+3.522x102
- +2.302x102
— +1.082x102
-1.385x10
-1.359x102
2.579x102
3.799x102

-5.019x10?
-6.240x10?
-7.460x10?
-8.680x10?
-9.900x10?

Figure 20. Bending stage.

The end wall thickness of the thin and thick wall side is decreased from 7.42 mm
and 8.65 mm to 7.35 mm and 8.63 mm, respectively. The thinning of the thin wall side is
0.07 mm, which is greater than the thick wall side of 0.02 mm, and the end unevenness
is increased to 1.28 mm. While the diameter of the inner side of the end is decreased to
187.56 mm, the wall thickness of the thin and thick wall side is increased to 7.92 mm and
8.69 mm, respectively, and the unevenness is decreased to 0.77 mm.

5.5.3. Warping Stage

In warping stage, the end diameter is expanded to 190.36 mm. The circumferential
stress 0o of the thin wall side point A; is +643.36 MPa, which is greater than the thick wall
side point A4 of +639.79 MPa. The g of the thin wall side point A; is +625.74 MPa, which
is greater than the thick wall side point A3 of +605.49 MPa. The FEA results are in good
agreement with the theoretical analysis. There is the shear stress 7y, in the end warping
area, as shown in Figure 21; the maximum shear stress of the thin and thick wall side is
81.02 MPa and 75.13 MPa, respectively.

Ton / MPa
+8.144x10
+6.722x10
+5.300x10
+3.878x10
+2.456x10
+1.034x10
-3.876
-1.809x10

-6.075x10
-7.497x10
-8.919x10

Figure 21. Warping stage.

The end wall thickness of the thin and thick wall side is decreased from 7.35 mm
and 8.63 mm to 7.28 mm and 8.58 mm, respectively. The thinning of the thin wall side
is 0.07 mm, which is greater than the thick wall side of 0.05 mm. Moreover, the end
unevenness is further increased to 1.30 mm. While the inner side of the end is no longer
warped, and the unevenness is no longer changed as well.

5.5.4. Multi-Pass Diameter-Reducing

The FEA results of the reduced tubes were mirrored for convenient observation, as
shown in Figure 22. It can be observed that the end unevenness T, is gradually increased
with the increase of reducing pass, which is consistent with the trend of the EXP results. For
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each pass reduced tube, the T4 is 1.30 mm, 1.63 mm, 1.77 mm and 2.21 mm, respectively,
the sizing area unevenness is 0.77 mm, 0.80 mm, 0.86 mm and 0.94 mm, respectively, and
the relative unevenness of the end is 0.76%, 1.13%, 1.56%, 2.34%, respectively. In addition,
circumferential wrinkles are generated on the inner wall at the end warping area in the
second, third and fourth pass.

0o/ MPa o0 / MPa
+6.440x10? +6.817x10?
+5.451x102 +5.756x102
+4.461x102 +4.694x102
+3.472x102 +3.632x102
+2.483x102 +2.571x102
+1.493x10? +1.509x102
+5.037x10 1 +4.473x10
-4.857x10 —1 -6.144x10
-1.457x10? -1.676x10?
-2.465x102 -2.738x10?
-3.454x102 -3.799x10?
-4.443x10? -4.861x102
-5.433x10? (@) -5.923x10?

0y / MPa 0y / MPa
+6.949x10? +7.143x102
+5.875x10? +5.903x102
+4.801x10? +4.663x10?
+3.727x10? +3.422x10?
+2.654x10? +2.182x10?

- +1.580x10 +9.417x102

T +5.058x10 -2.987x10

+ -5.681x10 -1.539x10?
-1.642x10? -2.779x10?
2.716x10? -4.020x10
-3.790x10? -5.260x10?
-4.864x10? -6.500x10?
-5.937x102 (©) 7741102 (d)

Figure 22. Four-pass reduced tubes of Ty = 1.2. (a) The first pass; (b) the second pass; (c) the third
pass; (d) the fourth pass.

5.6. Evolution Law of Unevenness

The end unevenness T4 is greater than the initial unevenness T, while the sizing
area unevenness T is less than the Ty, as show in Figure 23. It can be found that the
T4 is gradually increased from the reducing stage to warping stage. While the T; is
gradually decreased from the reducing stage to bending stage, and no longer changed in
the warping stage.

35
—- End of To=0.4 —- Sizing area of To=0.4
3+  —~EndofTo=0.8 —- Sizing area of To=0.8
= - End of To=1.2 -= Sizing area of To=1.2
225 |l —~EndofTo=1.6 —-Sizing area of To=1.6
&= —- End of To=2.0 —- Sizing area of To=2.0
Py S-S
¢ 2¢=——
é \\\\\ —
215 F T ——
5 = — -
2 1F T TT—— -
‘‘‘‘‘ —_—— s ————————
05 & D Gt ——
_____ - —————— e —
0 I‘ ‘I‘

Reducing stage 1 Bending stage 9 Warping stage 3

Deformation stage

Figure 23. Evolution process of unevenness.

5.7. Circumferential Residual Stress of the End

In the thin wall side, the average value of the sum of circumferential residual tensile
stress of each depth layer at the end is taken as the circumferential residual tensile stress
og. The g of each pass reduced tube is shown in Figure 24. It can be observed that the og
is increased with the increase of reducing pass, while the wall thickness deviation has little
effect on the og. When the oy is greater than the ultimate tensile strength, the end may be
cracked axially.
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Figure 24. Circumferential residual stress of the end.

6. Control Method
6.1. PPDR Process

From the above analysis, it can be known that the end warping and wrinkling are
mainly caused by the bending deformation in the rounded corner area of reducing die,
which results in the diameter of sizing area being less than that of the end and the reducing
die exit area and leads to the circumferential residual tensile stress at the end. In order to
control the end circumferential wrinkling and axial cracking, it is necessary to decrease the
bending deformation, so as to decrease the deformation difference between the inner and
outer side metals, and then decrease the end warping.

The PPDR process is proposed based on the above control ideas. The mandrel is
pushed into the tube inside before reducing. During the reducing die moves inward from
the tube end with the speed V) under the pushing force F;, the mandrel moves from the
tube inside to outside with the speed Vy, under the pulling force Fr,. Moreover, the pulling
speed Vp, is greater than the tube elongation speed V', as shown in Figure 25.

Left mandrel Left reducing dieTube blank Clamping die  Right reducing die Right mandrel

F: F:
Vi > Vi

Fm

Vi

Figure 25. Process of PPDR.

After the tube deformed in the reducing stage, the inner surface of the tube is in
contact with the outer surface of the mandrel, and the tube is subjected to the normal
pressure Fy, and the tangential friction force Fy,. The direction of the Fy, is opposite to
the speed V) of the reducing die, which is equivalent to the drawing force exerted on the
tube inner wall. Compared with the fixed mandrel, the possibility of axial instability in the
tube middle force transfer area is effectively decreased by the pulling mandrel. Under the
combined action of the reducing die and mandrel, the bending deformation is decreased,
the deformation difference between the inner and outer side metals is decreased and then
the end warpage and unevenness are decreased.

6.2. FEA of PPDR
6.2.1. Finite Element Model

For the initial tube with Ty = 1.2, the software ABAQUS is used to simulate the
four-pass PPDR. Based on the axial stability of the tube force transfer area and the end
without cracking [25], the diameter of each pass mandrel is respectively determined as
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173.8 mm, 144.8 mm, 118.6 mm and 93.7 mm. The finite element model of PPDR is shown
in Figure 26. The setting of tube, clamping die and reducing die is the same as that of the
PDR finite element model, and the mandrel is set as rigid body, the friction coefficient
between mandrel and tube is set as 0.15, the pushing speed of reducing die is 10 mm/s
and the pulling speed of mandrel is 12 mm/s.

Clampjng die
Wall thickness The first pass
deviation tube reducing die

The first pass
mandrel

The second pass

reducing die

The third pass

reducing die

The fourth pass
reducing die

M The second

l pass mandrel The third 1, A" &5
* pass mandrel
pass mandrel

Figure 26. Finite element model.

6.2.2. FEA Results and Discussions
(1) End warping

A comparison of the end warpage and sizing area diameters between PDR and PPDR
is shown in Table 7. It can be found that the end warpage is greatly decreased by the PPDR,
while the sizing area diameter is increased, which indicates that the deformation difference
in the bending stage is decreased. In addition, the end warpage of each pass PPDR is
decreased by 85.89%, 86.83%, 82.76% and 82.07%, respectively, and the forming quality of
reduced tube is better.

Table 7. Comparison of warpage and diameter (mm).

. Sizing Area Diameter End Warpage
Reducing Pass
PPDR PDR PPDR PDR
1 189.85 187.74 0.23 1.63
2 162.88 160.28 0.22 1.67
3 137.91 136.27 0.30 1.74
4 114.92 113.76 0.33 1.84

(2) Circumferential residual tensile stress of the end

Comparison of the circumferential residual tensile stress at end in the first pass bet-
ween PDR and PPDR is shown in Figure 27. The comparison results were as follows:
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Figure 27. Circumferential residual stress of end.
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(1) The circumferential residual tensile stress of the end can be effectively controlled by
the PPDR. The circumferential residual stress of the outer and inner surface at the end
is tensile and compressive, respectively.

(2) The circumferential residual tensile stress can be greatly decreased by the PPDR. In
the first pass, the circumferential residual tensile stress at the outer surface of end is
decreased by 71.67%, which effectively eliminates the risk of axial cracking at end.

(3) End unevenness

Comparison of end unevenness and relative unevenness between PDR and PPDR is
shown in Table 8. It can be found that the end unevenness and relative unevenness can be
greatly decreased by the PPDR. The end unevenness of each pass PPDR is decreased by
65.37%, 79.14%, 81.92%, 84.16%, respectively. The end’s relative unevenness is less than
the initial and critical relative unevenness, which effectively controls the circumferential
wrinkling at end.

Table 8. Comparison of unevenness.

. Unevenness (mm) Relative Unevenness
Reducing Pass
PPDR PDR PPDR PDR
1 0.45 1.30 0.26% 0.76%
2 0.34 1.63 0.23% 1.13%
3 0.32 1.77 0.27% 1.56%
4 0.35 221 0.37% 2.34%

6.3. Experimental Verification

The initial tube with Ty = 1.2 was selected to carry out the four-pass PPDR on the
THP63-200/300/100 x 2 hydraulic press. The reducing die of each pass is the same as the
PDR, and the mandrel diameter of each pass is the same as the FEA.

The dies of PPDR are shown in Figure 28. The left and right reducing die are respec-
tively fixed on the left and right support cylinder, which are respectively connected with
the left and right slider of hydraulic press. The left and right mandrel are respectively
connected with the left and right central cylinder of hydraulic press. The upper clamping
die is fixed on the upper die base, which is connected with the upper slider of hydraulic
press. The lower clamping die is fixed on the lower die base, which is fixed on the working
platform of hydraulic press.

Figure 28. PPDR dies. 1. Left support cylinder; 2. Upper die base; 3. Left reducing die; 4. Left
mandrel; 5. Upper clamping die; 6. Lower clamping die; 7. Lower die base; 8. Right mandrel; 9. Right
reducing die; 10. Right support cylinder.

Before diameter-reducing, the upper slider of hydraulic press drives the upper die
base and upper clamping die to move downward to clamp the middle area of the tube, and
the left and right mandrel are respectively pushed into the tube inside by the left and right
central cylinder. During diameter-reducing, the left and right reducing die are respectively
pushed inward from the tube end with the speed 10 mm/s by the left and right slider, while
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the left and right mandprel are respectively pulled from the tube inside to outside with the
speed 12 mm/s by the left and right central cylinder. For the convenience of measurement
and observation, the reduced tube is cut along the 1/4 longitudinal section, as shown
in Figure 29. It can be observed that there is no obvious warping and circumferential
wrinkling at the end.

Figure 29. Reduced tube of PPDR. (a) The first pass; (b) the fourth pass.

Comparison of the EXP and FEA value of end warpage and unevenness between PDR
and PPDR is shown in Table 9. The comparison results showed as follows:

Table 9. Comparison results (mm).

) End Warpage End Unevenness
Reducing

Pass. EXP of EXP of FEA of EXP of EXP of FEA of
PPDR PDR PPDR PPDR PDR PPDR

1 0.43 1.52 0.23 0.65 1.39 0.45

2 0.36 1.55 0.22 0.54 1.69 0.34

3 0.35 1.65 0.30 0.50 1.90 0.32

4 0.41 1.76 0.33 0.49 2.47 0.35

(1) The end warpage can be greatly decreased by the PPDR. Compared with the EXP
results of PDR, the end warpage of each pass PPDR tube is decreased by 71.71%,
76.77%, 78.66% and 76.70%, respectively. The FEA results of the PPDR are in good
agreement with the EXP results.

(2) The end unevenness can be effectively decreased by the PPDR. Compared with the
EXP results of the PDR, the end unevenness of each pass PPDR tube is decreased by
53.24%, 68.05%, 73.68% and 80.16%, respectively. Furthermore, the FEA results of the
PPDR are consistent with the EXP results.

The above research results indicate that the end warping and circumferential wrinkling
can be greatly controlled by the PPDR, the risk of axial cracking at end can be effectively
eliminated and the forming quality of reduced tube can be improved.

7. Conclusions

In this paper, the mechanical model of PDR and the geometric model of the tube with
the wall thickness deviation were established to reveal the axial cracking and circumfer-
ential wrinkling mechanism of PDR. The experiments and simulations were developed
to validate the theoretical analysis and reveal the influence of process parameters on the
wrinkling and cracking. In order to solve the above problems, the method of PPDR was
proposed. The main conclusions could be summarized as follows:

(1) The Equation of circumferential residual stress at end was deduced from the warping
deformation and shear stress, it reveals that the circumferential residual stress in
the end warping area from the inner to outer surface is tensile. The circumferential
residual tensile stress of the thin wall side is greater than that of the thick wall side.

(2) The generation mechanism of circumferential wrinkling on the inner wall at the
end was revealed. The geometric model of tube with wall thickness deviation was
proposed, in which the outer surface shape is a circle and the inner surface shape is
a periodic sinusoidal variation. On the base of it, the generation and development
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of circumferential wrinkling at the end was demonstrated and the evolution law of
unevenness was revealed.

The end unevenness is greater than the initial unevenness, while the sizing area
unevenness is less than it. The end unevenness and relative unevenness are sharply
increased with the increase of wall thickness deviation and reducing pass, while the
sizing area unevenness is increased slowly. The end warpage and circumferential
residual tensile stress at end are increased slowly with the increase of reducing pass,
while the wall thickness deviation has little effect on them.

The pushing-pulling diameter-reducing process was proposed to control the wrin-
kling and cracking. The simulation and experimental verification results showed that
the sizing area diameter is increased, the deformation difference in bending stage is
decreased, then the end warpage, unevenness and circumferential residual tensile
stress of the end are all greatly decreased, the risk of axial cracking and circumferential
wrinkling is eliminated and the forming quality of the reduced tube is improved.
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Nomenclature

PDR  Pushing diameter-reducing

PPDR  Pushing-pulling diameter-reducing

Lo Length of the initial tube (mm)

do Outer diameter of the initial tube (mm)

tmo The maximum wall thickness of the initial tube (mm)

tho The minimum wall thickness of the initial tube (mm)

to Average wall thickness of the initial tube (mm)

Tm The positive deviation (mm)

Tn The negative deviation (mm)

Ty The initial wall thickness deviation (mm)

On Period angle (°)

n Wave number

tm The maximum wall thickness (mm)

tn The minimum wall thickness (mm)

T Unevenness (mm)

K Relative unevenness (%)

d; Average inner diameter of tube (mm)

K. Critical relative unevenness (%)

Ty The maximum allowable wall thickness deviation (mm)

dio Inner diameter of initial tube (mm)

o Half-cone angle of reducing die (°)

dm Inner diameter of the exit area (mm)

R Rounded corner radius of reducing die (mm)

Rmo Intermediate layer radius of the thick wall side (mm)

Rno Intermediate layer radius of the thin wall side (mm)

R Intermediate layer radius of the thick wall side in reducing stage (mm)
Ru1 Intermediate layer radius of the thin wall side in reducing stage (mm)
tm1 Wall thickness of the thick wall side in reducing stage (mm)
tnl Wall thickness of the thin wall side in reducing stage (mm)
Ruo Intermediate layer radius of the thick wall side in bending stage (mm)
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Rno Intermediate layer radius of the thin wall side in bending stage (mm)
tm2 Wall thickness of the thick wall side in bending stage (mm)
tho Wall thickness of the thin wall side in bending stage (mm)
doo Outer diameter of the tube end in bending stage (mm)
dl Axial length of the bending element body (mm)
dy Circumferential length of the bending element body (mm)
te Wall thickness of the bending element body (mm)
Tpel Axial equivalent compressive stress on the outside of intermediate layer (MPa)
Tpe2 Axial equivalent tensile stress on the inside of intermediate layer (MPa)
aM Torque on the right surface of the bending element body (N-m)
Ton Shear stress (MPa)
Rm3 Intermediate layer radius of the thick wall side in warping stage (mm)
Rp3 Intermediate layer radius of the thin wall side in warping stage (mm)
tm3 Wall thickness of the thick wall side in warping stage (mm)
tn3 Wall thickness of the thin wall side in warping stage (mm)
Tp Axial curvature radius of the upper side of warping element body (mm)
B Included angle of the upper side of warping element body (°)
Tpo Axial tensile stress on the outer layer of warping element body (MPa)
Tpi Axial compressive stress on the inner layer of warping element body (MPa)
0om Circumferential residual stress of the thick wall side (MPa)
Ton Circumferential residua stress of the thin wall side (MPa)
oo Circumferential residual stress (MPa)
Iy Gauge length (mm)
Iy Length of tensile specimen (mm)
T4 End unevenness (mm)
T; Sizing area unevenness (mm)
Ky Relative unevenness of the end (%)
On Normal stress (MPa)
Vo Speed of reducing die (mm/s)
Fy Pushing force of reducing die (KN)
Vi Speed of mandrel (mm/s)
Fm Pulling force of mandrel (KN)
V1 Speed of tube elongation (mm/s)
Fo Normal pressure (KN)
Fi» Tangential friction force (KN)
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