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Abstract
Positive displacement motor is a widely used downhole power drilling tool. In order to solve the problems of short life of
conventional positive displacement motors and difficulty in processingmicro-sized positive displacement motors with equal wall
thickness, this paper proposes to use the liquid filling and external extrusion composite forming process to process the tiny size
spiral tube with equal wall thickness. Based on the tensile test of 304 stainless steel and the liquid-filled and external extrusion
composite forming process, a finite element model of the 5LZ54 type equal-wall spiral tube by liquid-filled and external extrusion
composite forming was established. We use the finite element method to study the composite forming of liquid-filled and
externally extruded metal spiral pipes with equal wall thickness. The reasonable process parameters are that the outer diameter
of the tube is 51 mm, the wall thickness of the tube is 5.5 mm, the friction coefficient is 0.125, the hydraulic pressure is 700MPa,
the extrusion speed of die is 0.167 m/s, and the hydraulic pressure loading path is path 5. The spiral tube completely fits the die.
The variance of the wall thickness is 0.00846, and the wall thickness is more concentrated. The minimum wall thickness is 4.948
mm, the design wall thickness is 5 mm, the maximum wall thickness is 5.353 mm, and the average wall thickness is 5.15 mm.
The maximum wall thickness error of the spiral section is 0.275 mm. The wall thickness at the convex arc is larger, and the wall
thickness at the concave arc is smaller. Studies have shown that it is feasible to form a spiral tube with a small size and equal wall
thickness by liquid filling and external extrusion forming process.

Keywords Liquid-filled and external extrusion . Positive displacement motor . Micro-sized spiral tube . Stator with double equal
wall thickness

1 Introduction

Positive displacement motor (PDM) is one of the most widely
used downhole power drilling tools. It has the characteristics
of good hard mechanical properties and strong overload ca-
pacity [1]. The core component of positive displacement mo-
tor is the motor assembly. The motor assembly is composed of
a stator and a rotor, and a rubber bush is bonded on the surface
of the inner hole of the stator. At present, the stator structures
of positive displacement motors mainly include conventional
stators (Fig. 1a) and stators with equal wall thickness (Fig. 1b).
Due to the uneven thickness of the rubber bush of the conven-
tional stator, the rubber bush is prone to thermal failure,

causing the life of the conventional positive displacement mo-
tor to drop sharply. The inner hole of the stator of equal wall
thickness is a spiral curved surface, and a layer of rubber bush
of uniform thickness is bonded on the inner spiral surface of
the stator. The heat dissipation performance of the bushing of
uniform thickness is greatly improved, and the service life of
the positive displacement motor with equal wall thickness is
effectively increased [2–5]. However, it is difficult to process
the inner spiral surface of a stator with equal wall thickness.
So it is more difficult to process the inner spiral surface of a
small size. In view of the short life of conventional positive
displacement motors and the difficulty of machining the inner
spiral surface of the stator of the small-sized positive displace-
ment motor with equal wall thickness, this article chooses
stator with double equal wall thickness as the research object
(Fig. 1c). The stator with double equal wall thickness has
better heat dissipation performance and light weight, and the
outer spiral surface increases the flow surface of the annulus,
which is conducive to removing rock debris.
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At present, Zhang et al. [6] analyzed the hydraulic pressure
forming of elliptical cross-section tube fittings and found that
liquid filling in the tube can effectively improve the forming
quality. Nikhare et al.’s [7] study states that the minimum
hydraulic pressure required for hydraulic forging depends on
the yield strength. Rudraksha et al. [8] studied the influence of
friction on the process parameters of pipe hydroforming. Chen

et al. [9] studied the hydraulic forging process of pipe fittings
for trapezoidal section parts. They pointed out the design prin-
ciples of asymmetric trapezoidal section die. Chu et al. [10]
studied the hydraulic forging forming of pipe fittings through
mathematical modeling and verified the correctness of the
model. Chu et al. [11] studied the warpage failure caused by
hydraulic forging and found that the main factor affecting the

Fig. 1 Stator model of positive
displacement motor. a
Conventional stators. b Stators
with equal wall thickness. c Stator
with double equal wall thickness

Fig. 2 a Tensile experiment of 304 stainless steel. b The size of the sample
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warpage failure is internal pressure. Liu et al. [12] studied the
influence of hydraulic pressure on pipe hydraulic forging
forming. Zhang et al. [13] found that the use of die-opening
hydraulic pressing process can directly form a rectangular
section tube with high dimensional accuracy from a round
tube. Chu et al. [14] studied the springback of low-pressure
hydroforming of pipes, and the research showed that the main
factor affecting springbackwas internal pressure. Karami et al.
[15] studied experimental and numerical assessment of me-
chanical properties of thin-walled aluminum parts produced
by liquid impact forming. Imaninejad et al. [16] optimized the
hydraulic pressure loading path, which improved the process-
ing quality. Yang and Ngaile [17] established an analysis
model of plane tube hydroforming based on deformation the-
ory. Nikhare et al. [7] found that the hydraulic forging process
significantly reduced the clamping force and hydraulic
pressure.

Wang et al. [18] studied the extrusion forming of spiral
tubes with equal wall thickness, but the forming accuracy is
low. Wang et al. [19] proposed a method of incremental forg-
ing to form a spiral tube with equal wall thickness, but this
method is only suitable for 2 lobes. Zhu et al. [20] applied the
method of combining theoretical calculation and experiment
to study the external high pressure forming of the stator spiral
tube, but the die is difficult to take out. Zhu et al. [21, 22]
studied multi-roller rotation feed forming and equal-wall sta-
tor spiral tube, but the machining accuracy is low.

At present, researchers have done some research on pro-
cessing the stator spiral tube of equal wall thickness.
However, it is more difficult to process tiny-sized stator spiral
tubes of equal wall thickness, and there is almost no research
on the processingmethods of micro-sized stator spiral tubes of
equal wall thickness, so systematic research is needed.

2 Tensile test of 304 stainless steel

According to the ATM standard, the MTS electronic ten-
sile testing machine is used for tensile test of 304 stainless
steels. The tensile test and the true stress-true strain curve
of 304 stainless steel are shown in Fig. 2a. The speed of
stretching is 2.0 mm/min. The size of the sample is shown
in Fig. 2b. The density of the material is 7.85 g/cm3, the
Young’s modulus is 207,000 MPa, and the Poisson’s ratio
is 0.28. The hardening rule is the loading curve of the
material.

3 Liquid filling and external extrusion
composite forming

3.1 Forming process

The schematic diagram of the liquid-filled external extrusion
compound forming a spiral tube with equal wall thickness is
shown in Fig. 3. In order to avoid interference when taking the
die, the die is cut uniformly along the axial direction into the
same number as the stator lobes. The lobes of the stator are 6
in this paper, so the die is evenly cut into 6 along the axial
direction. The middle of the die is a spiral section, the two
ends of the die are straight sections, and there is a transition
distance between the spiral section and the straight section.
The thread can bemachined in the straight section of the spiral
tube. In Fig. 3, number 1 represents the plug, number 2 rep-
resents the sealing ring, number 3 represents the tube blank,
number 4 represents the high-pressure liquid, and number 5
represents the die. The first step, the die moves radially to
extrude the tube blank and fills the tube blank with high-

Table 1 Parameters of 5LZ54
stator spiral tube Outer diameter (mm) Thickness (mm) Lead (mm) Series Transmission ratio Lobes

54 5 360 2.25 5:6 6

A – A

Fig. 3 Liquid-filled and externally extruded composite forming equal wall spiral tube
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pressure liquid through the plug until the die is closed. The
second step, the high-pressure liquid makes the spiral tube
fully bulge, the outer wall of the spiral tube fully fits the mold,
and then, the pressure is maintained for a period of time, and

finally, the pressure is released. The third step, the mold leaves
the spiral tube and the processing is completed. Table 1 shows
the dimensional parameters of the 5LZ54 stator spiral tube
with equal wall thickness.

(a)

(b)

(c)

Fig. 4 Finite element model. a The die is not closed. b Finished. c Contour after mold closed

Fig. 5 The displacement-time
curve of the die and the internal
high-pressure loading path

Table 2 Dimensions of the die

Length (mm) Outer diameter (mm) Small diameter (mm) Lead (mm) Length of spiral
section (mm)

Length of straight line (mm) Length of transition (mm)

1130 54 47 360 810 150 10
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3.2 Finite element model

Based on the forming process and the tensile test of 304 stain-
less steel, the dynaform finite element software was used to
establish the finite element model of fluid-filled and external
extruded composite forming of spiral tube with equal wall
thickness (Fig. 4). The loading path of hydraulic pressure is

shown in Fig. 5. The friction coefficient is 0.125. The die is
equidistant and evenly distributed on the periphery, the die is
set as a rigid body, the middle is a 304 stainless steel tube, and
the die is not closed (Fig. 4a). Figure 4b shows finish process-
ing. Figure 4c shows the outline of the die. The dimensional
parameters after the mold closed are shown in Table 2.

4 Analyze the sensitivity of process
parameters

4.1 Outer diameter of tube

The outer diameter of the tube is 50 mm, 51 mm, 52 mm, and
53 mm respectively, the wall thickness of the tube is 5 mm,

Table 3 Size parameters of tubes

Outer diameter (mm) ∅50 ∅51 ∅52 ∅53

Thickness (mm) 5 5 5 5

Length (mm) 1130 1130 1130 1130

Maximum extrusion value (mm) 1.47 1.97 2.47 2.97

(a)

(b) (c)

(d) (e)

Fig. 6 Forming limit diagram. a Spiral tube processed from tube with outer diameter ∅51 mm, b ∅50 mm, c ∅51 mm, d ∅52 mm, and e ∅53 mm
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and the length of the tube is 1130mm (Table 3). The influence
of the outer diameter of the tube blank on the forming quality
is studied. The loading path of hydraulic pressure and the
mold displacement-time curve are shown in Fig. 5. The study
found that when the outer diameter of the tube is 50 mm and
51 mm, the forming limit diagram of the spiral tube is in the
safe zone. When the outer diameter of the tube is 52 mm, the

spiral tube has insufficient stretch. When the outer diameter of
the tube is 53 mm, the spiral tube is wrinkled, severely wrin-
kled, and insufficiently stretch (Fig. 6). This article takes the
forming limit diagram of the middle layer of the spiral tubes.
The internal high pressure is already high enough, indicating
that wrinkles and insufficient stretch are caused by the exces-
sive outer diameter of the tube. Spiral tube is processed from a

(b) (c)

(d) (e)
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Fig. 7 a Contour map of axial wall thickness distribution of spiral tube.
Axial wall thickness distribution of spiral tube processed by ∅51 mm
tube. b Axial wall thickness. c Cloud map of circumferential wall

thickness distribution of spiral tube processed by ∅51 mm tube.
d Thinning rate. e Circumferential wall thickness
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tube with an outer diameter of 51 mm (Fig. 6a). The axial wall
thickness distribution cloud diagram of the spiral tube proc-
essed from the tube blank of outer diameter 51 mm is shown
in Fig. 7a. From left to right, the straight section, transition
section, spiral section, transition section, and straight line are
shown in Fig. 8a. The cloud map of the circumferential wall
thickness distribution is shown in Fig. 7c. The position of

circumferential wall thickness in this paper is consistent with
that of Fig. 7c. The axial wall thickness distribution of the
spiral tube (Fig. 7b), in the straight section, gradually de-
creases from the end to the inside. In the middle spiral section,
the wall thickness has a regular periodic distribution. The wall
thickness at the convex arc is larger, and the wall thickness at
the concave arc is smaller. As the outer diameter of the tube
gradually increases, the axial wall thickness of the spiral tube
gradually increases (Fig. 7b), the circumferential wall thick-
ness gradually increases (Fig. 7e), and the thinning rate grad-
ually decreases (Fig. 7d). Considering the forming quality of
the spiral tube, this article recommends that the outer diameter
of the tube is 51 mm.

Table 4 Tubes of different thickness

Thickness (mm) 4.5 5 5.5 6

Outer diameter (mm) ∅51 ∅51 ∅51 ∅51
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Fig. 8 a The influence of the wall thickness of the tube on the axial wall
thickness. b The influence of the wall thickness of the tube on the
circumferential wall thickness. c The influence of the wall thickness of

the tube on the wall thickness error. d The influence of the wall thickness
of the tube on the average value and maximum wall thickness
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The outer diameter of the tube blank gradually increases,
that is, the volume and circumference of the tube blank grad-
ually increase. Therefore, as the outer diameter of the tube
blank gradually increases, the wall thickness of the spiral tube
gradually increases and the tendency of spiral tubes to wrinkle
will gradually increase.

4.2 The thickness of tubes

Four types of tubes with an outer diameter of 51 mm and
wall thicknesses of 4.5 mm, 5 mm, 5.5 mm, and 6 mm
respectively (Table 4). The influence of wall thickness on
the quality of the spiral tube is studied. The same hydraulic
pressure loading path and the mold displacement-time re-
lationship are shown in Fig. 5. The spiral tubes processed
by the four types of spiral tubes are all in the safe zone. As
the wall thickness of the tube gradually increases, the axial
wall thickness of the spiral tube gradually increases (Fig.
9a). The wall thickness error is the difference between the
wall thickness of the spiral tube and the design wall thickness
of 5 mm. As the tube thickness gradually increases, the wall
thickness error first decreases and then increases. When the
thickness of the tube is 5.5 mm, the wall thickness error of the
spiral tube is the smallest (Fig. 9c). As the wall thickness of
the tube gradually increases, the circumferential wall thick-
ness of the spiral tube gradually increases. When the thickness
of the tube is 5.5 mm, the circumferential wall thickness of the

spiral tube is the closest to the design wall thickness of 5 mm
(Fig. 9b). With the increase of the tube wall thickness, the
minimum wall thickness, the average wall thickness, and the
maximum wall thickness of the spiral tube all increase gradu-
ally, and the average wall thickness of the spiral tube formed
by tube with a wall thickness of 5.5 mm is the closest to the
design wall thickness of 5 mm (Fig. 9d). Considering the
forming quality and dimensional error of the spiral tube, the
outer diameter of the tube is 51 mm, and the wall thickness of
the tube is 5.5 mm.

4.3 Hydraulic pressure

In order to study the influence of hydraulic pressure on the
quality of spiral tube, this paper analyzes the influence of
hydraulic pressure of 500 MPa, 550 MPa, 600 MPa, 650
MPa, 700 MPa, and 750 MPa on the quality of spiral tube.
The outer diameter of the tube is 51 mm, the wall thickness of
the tube is 5.5 mm, the relationship between hydraulic pres-
sure loading path and mold displacement time is shown in Fig.
10. When the hydraulic pressure is 700 MPa, the perimeter of
the middle layer of the spiral tube is very close to the design
value, which indicates that the spiral tube has been completely
attached to the die (Fig. 11). When the hydraulic pressure is
500 MPa and 550 MPa, the spiral tube is insufficiently
stretched. When the hydraulic pressure is not less than 600
MPa, the spiral tube surface does not fail (Fig. 12).

Fig. 9 Different hydraulic pressures
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When the hydraulic pressure is not less than 600 MPa, the
hydraulic pressure has little effect on the axial wall thickness
of the spiral tube (Fig. 13a). The hydraulic pressure has little
effect on the circumferential wall thickness of the spiral tube
(Fig. 13b). As the hydraulic pressure gradually increases, the
maximum wall thickness of the spiral tube gradually de-
creases. As the hydraulic pressure gradually increases, the

minimum wall thickness of the spiral tube first gradually in-
creases, and then, the minimumwall thickness stabilizes at 4.8
mm. The hydraulic pressure has little effect on average wall
thickness of the spiral tube, and the average wall thickness is
about 5.15mm (Fig. 13c). Considering the quality of the spiral
tube, this article recommends that the hydraulic pressure is
700 MPa.

(a) (b)

(c) (d)

Fig. 11 Forming limit figure. a 500 MPa. b 550 MPa. c 600 MPa. d 700 MPa

Fig. 10 The influence of
hydraulic pressure on the
circumference
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Fig. 12 The influence of hydraulic pressure on wall thickness. a The influence of hydraulic pressure on axial wall thickness. b The influence of hydraulic
pressure on circumferential wall thickness. c The influence of hydraulic pressure on average wall thickness and maximum wall thickness

Fig. 13 Displacement-time curve of the die and hydraulic pressure loading curve
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4.4 Extrusion speed

In order to study the influence of extrusion speed of die on
the quality of spiral tube, this article sets 6 extrusion
speeds, 0.5 m/s, 0.25 m/s, 0.167 m/s, 0.125 m/s, 0.1 m/s,
and 0.083 m/s respectively. The relationship between hy-
draulic pressure loading path and mold displacement-time
is shown in Fig. 14. The outer diameter of the tube is 51

mm, and the wall thickness of the tube is 5.5 mm. When
the extrusion speed of the die is 0.083 m/s and 0.1 m/s, the
maximum tensile stress exceeds the tensile strength of the
material (Fig. 15). When the extrusion speed of the die is
0.25 m/s and 0.5 m/s, the spiral tube is insufficiently
stretched. When the extrusion speed of the die is 0.125
m/s and 0.167 m/s, the forming limit diagram of spiral tube
is in the safe zone (Fig. 16).

Fig. 14 Influence of die closing
speed on stress

(a) (b)

(c) (d)

Fig. 15 The influence of die closing speed on the forming limit diagram. a 0.125 m/s. b 0.167 m/s. c 0.25 m/s. d 0.5 m/s
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The influence of die extrusion speed on the wall thickness
of the spiral tube is shown in Fig. 17b. When the extrusion
speed of the die is between 0.083 and 0.167 m/s, as extrusion
speed of the die gradually increases, the minimum wall thick-
ness of spiral tube gradually slowly increase, and the increase
value is about 0.05 mm. The extrusion speed of the die had
little influence on average wall thickness, which is about 5.15

mm. The extrusion speed of the die had little influence on the
maximum wall thickness, which is about 5.35 mm.

When the extrusion speed of the die is between 0.167
and 0.5 m/s, as the extrusion speed of the die gradually
increases, the minimum wall thickness of spiral tube first
increases and then decreases. The average wall thickness
increased slowly, and the added value was about 0.01
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Fig. 16 a The influence of die closing speed on the axial wall thickness. b
The influence of die closing speed on the average, maximum wall
thickness, and the shrinkage at both ends of the spiral tube. c The

influence of die closing speed on the wall thickness error. d The
influence of die closing speed on circumferential wall thickness
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mm. The maximum wall thickness increased significantly,
and the added value was about 0.2 mm. With the gradual
increase of the extrusion speed of the die, the shrinkage at
both ends of the spiral tube also gradually increases, the
minimum shrinkage is about 3 mm, and the maximum
shrinkage is about 7 mm (Fig. 17b).

The extrusion speed of the die has little effect on the
circumferential wall thickness of the spiral section (Fig.
17d). When the extrusion speed of the die is 0.083–0.167
m/s, the axial wall thickness and the wall thickness error
of the spiral tube maintain a stable value. When the die
extrusion speed is 0.25–0.5 m/s, the error between the
axial wall thickness and the wall thickness of the straight
segment gradually increases (Fig. 17a and c). Considering
the quality and processing efficiency of the spiral tube,
this article suggests that the extrusion speed of the die is
about 0.167 m/s.

4.5 Transition distance

The distance from the spiral section of the die to the
straight section of the die is called the transition distance.
To study the influence of the transition distance on the
quality of the spiral tube, this paper sets the transition
distance as 10 mm, 20 mm, 30 mm, and 40 mm respec-
tively (Table 5). The outer diameter of the tube is 51
mm, and the wall thickness is 5.5 mm. The hydraulic
pressure loading path and the mold displacement-time
are consistent with the extrusion speed of 0.167 m/s in
Fig. 14. The study found that when the transition dis-
tance is 30 mm and 40 mm, the stretch is insufficient
at the transition of the spiral tube, and as the transition
distance increases, the insufficient stretch area gradually
increases. When the transition distance is 10 mm and 20
mm, the quality of the spiral tube is better (Fig. 18). The

(a) (b)

(c) (d)

Fig. 17 The influence of transition distance on forming limit diagram. a 10 mm. b 20 mm. c 30 mm. d 40 mm

Table 5 Dies with different
transition distance Total length

(mm)
Straight line 1
(mm)

Transition 1
(mm)

Spiral segment
(mm)

Transition 2
(mm)

Straight line 2
(mm)

1130 150 10 810 10 150

1130 140 20 810 20 140

1130 130 30 810 30 130

1130 120 40 810 40 120
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transition distance has little effect on the axial wall thick-
ness (Fig. 19).

With the gradual increase of the transition distance, the
minimum wall thickness of the spiral tube first increases sig-
nificantly, and then slowly decreases. The minimum wall
thickness of the spiral tube is the largest when the transition
distance is 20 mm, which is 4.925 mm. As the transition dis-
tance gradually increases, the maximum wall thickness of the
spiral tube slowly increases, and the increase value is about

0.05 mm. The transition distance has little effect on average
wall thickness (Fig. 20). As the transition distance gradually
increases, the amount of shortening at both ends of the spiral
tube slowly decreases, it is 3.5–4 mm (Fig. 20). When the
transition distance is 30 mm, the maximum stress exceeds
the tensile strength (Fig. 21). Considering the quality and di-
mensional accuracy of the spiral tube, this article suggests that
the transition distance between the spiral section and the
straight section is 20 mm.

Fig. 19 The effect of transition distance on wall thickness
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Fig. 18 The effect of transition distance on axial wall thickness
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4.6 Hydraulic pressure loading path

In order to study the influence of the hydraulic pressure
loading path on the quality of the spiral tube, in this pa-
per, 8 kinds of hydraulic pressure loading paths are set,

and the relationship between hydraulic pressure loading
paths and die displacements and time is shown in Fig.
22. The same pressure holding time is 0.05 s, which is
not shown in Fig. 22. The outer diameter of the tube is 51
mm, the wall thickness of the tube is 5.5 mm, the extru-
sion speed of die is 0.167 m/s, and the transition distance
is 20 mm. The results of the study show that the maxi-
mum tensile stress of paths 6, 7, and 8 exceeds the tensile
strength of the material (Fig. 23).

The hydraulic pressure loading path has a small effect
on the average wall thickness and the maximum wall
thickness. The maximum value of the minimum wall
thickness in path 5 is 4.948 mm (Fig. 24a). For path 3
and path 5, the wall thickness is more concentrated, the
variance of the wall thickness is smaller, and the maxi-
mum wall thickness of path 5 is smaller than that of path
3 (Fig. 24a, c, and d). The difference in the circumferen-
tial wall thickness of the spiral tube processed by path 3
and path 5 is very small (Fig. 24b). The hydraulic pres-
sure loading path has a small influence on the axial wall
thickness and the axial wall thickness error, and the min-
imum wall thickness is larger for path 3 and path 5 (Fig.
24c and d). The forming limit diagrams of path 3 and path
5 are both safe (Fig. 25). Spiral tube formed by path 5 is
shown Fig. 25. Considering the quality of the spiral tube,
it is recommended to adopt path 5.

Fig. 21 Die displacement-time curve and hydraulic pressure loading path

Fig. 20 The effect of transition distance on stress
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5 Conclusions

Based on tensile test of the 304 stainless steel and the liquid-
filled and external extrusion composite forming process, a
finite element model of the 5LZ54 type equal-wall spiral tube
by liquid-filled and external extrusion composite forming was
established. The influence of tube outer diameter, tube wall
thickness, hydraulic pressure, extrusion speed of die, transi-
tion distance, and hydraulic pressure loading path on the qual-
ity of spiral tube is studied by numerical simulation method,
and the following conclusions are drawn:

(1) The finite element simulation found that it is feasible
to form a spiral tube with equal wall thickness by the liquid
filling and external extrusion compound forming process.
The quality of the spiral tube is better, and the lead error is
approximately zero. The main failure modes of spiral tubes
with equal wall thickness by liquid-filled and external ex-
trusion composite forming are wrinkling and insufficient
stretch.

(2) Themain factors affecting the wall thickness of the spiral
tube are the wall thickness of the tube, the transition distance,
and the hydraulic pressure loading path. The thickness of the
tube in this paper is 5.5 mm, the transition distance is 20 mm,

and the hydraulic pressure loading path is 5. The minimum
wall thickness of the spiral tube is 4.948 mm and the difference
between the design wall thickness of 5 mm is only 0.052 mm.
The maximum wall thickness of the spiral tube is 5.353 mm,
the average wall thickness of the spiral tube is 5.15 mm, the
maximum wall thickness error of the spiral section is about
0.275 mm, and the variance of wall thickness is 0.00846.

(3) The outer diameter of the tube is the main factor affect-
ing the wrinkling of the spiral tube. If the outer diameter of the
tube is too large, the spiral tube will wrinkle. The outer diam-
eter of the tube in this paper is 51 mm. It is the hydraulic
pressure that affects the spiral tube to completely fit the die.
When the maximum hydraulic pressure in this paper is 700
MPa, the spiral tube completely fits the die. Die closing speed
affects wall thickness uniformity of the spiral tube and stress.
When the closing speed of the die is less than 0.1 m/s, the
maximum stress exceeds the tensile strength. When the clos-
ing speed of the die is greater than 0.25 m/s, the wall thickness
distribution is not concentrated. So the extrusion speed of the
die is recommended to be 0.167 m/s. The friction coefficient is
0.125. The shortening value of both ends of the spiral tube is
about 4 mm. The wall thickness at the concave arc is smaller,
while that at the convex arc is larger.

Fig. 22 The influence of
hydraulic pressure loading path
on stress
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Fig. 23 a The influence of hydraulic pressure loading path on wall thickness. b The influence of hydraulic loading path on circumferential wall
thickness. c The influence of hydraulic pressure loading path on axial wall thickness. d The influence of hydraulic loading path on wall thickness error
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