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Abstract: In order to meet the high temperature environment requirement of deep and superdeep well exploitation, a technology of 
large length-to-diameter ratio metal stator screw lining meshing with rotor is presented. Based on the elastic-plasticity theory, and 
under the consideration of the effect of tube size, material mechanical parameters, friction coefficient and loading paths, the external 
pressure plastic forming mechanical model of metal stator screw lining is established, to study the optimal loading path of metal 
stator lining tube hydroforming process. The results show that wall thickness reduction of the external pressure tube hydroforming 
(THF) is about 4%, and three evaluation criteria of metal stator screw lining forming quality are presented: fillet stick mold 
coefficient, thickness relative error and forming quality coefficient. The smaller the three criteria are, the better the forming quality is. 
Each indicator has a trend of increase with the loading rate reducing, and the adjustment laws of die arc transition zone equidistance 
profile curve are acquired for improving tube forming quality. Hence, the research results prove the feasibility of external pressure 
THF used for processing high-accuracy large length-to-diameter ratio metal stator screw lining, and provide theoretical basis for 
designing new kind of stator structure which has better performance and longer service life. 
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1 Introduction 
 

With the rapid development of the world economy, 
crude oil will have a huge increase in demand in next ten 
years. Consequently, deep or superdeep well exploitation 
will become dominant to meet the demand of energy. 
However, the work environment of drilling tools will be 
more and more severe with the increase of drilling depth 
(with temperature and pressure higher than 175 °C and 
100 MPa, respectively) [1]. Currently, as one of the most 
widely used downhole tools, the year sales of positive 
displacement motor (PDM) can reach hundreds of 
millions of dollars. The core component stator and rotor 
possess about 30% of the total cost. However, existing 
PDM stator relies on rubber lining whose rate of heat 
dissipation is slow greatly to contact with drilling 
medium and rotor, leading to rubber lining thermal 
fatigue failure prematurely. Therefore, improving 
existing stator structure and studying screw metal lining 
to mesh with rotor is the key and difficult problem to 
increase the drilling technique of deep and superdeep 
well exploitation [2−3]. 

Tube hydroforming is presented to process metal 

stator lining which is a large length-to-diameter ratio 
screw curved iso-wall thickness tube. THF process is an 
integral plastic processing method including internal 
pressure THF and external pressure THF. There are many 
influence factors on the forming quality, and now the 
main research methods include numerical simulation and 
test. Some scholars have considered the wall thickness 
uniformity of tee-shaped tube hydroforming process 
dependent on a number of variables such as friction 
lubrication conditions, axial material feed versus time 
and internal pressure versus time, and then obtained the 
optimal loading paths [4−7]. In order to get the optimal 
loading paths, a great deal of research has been 
conducted to study the failure phenomenon of necking 
and fracture which may happen in tube internal high- 
pressure forming process, and to analyse the effect of 
tube size and loading pressure on forming quality [8−9]. 
Now, this technology has been used in automotive and 
aerospace manufacturing widely [10−13]. SIEGERTK 
[14] did research on external pressure THF through the 
numerical simulation and test, giving the conclusion that 
the loading pressure of external pressure THF is lower 
than that of internal pressure THF, and the wall thickness 
reduction can be avoided. 
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However, the research of external pressure THF 
isn’t involved with large length-to-diameter ratio metal 
stator screw lining now. In allusion to the research gap, 
the effect of tube size, material mechanical parameters, 
friction coefficient and loading paths is comprehensively 
considered, and the external pressure plastic forming 
numerical model of large length-to-diameter ratio metal 
stator screw lining is established, in order to research the 
feasibility of external pressure THF used for iso-wall 
thickness metal stator lining and optimum forming 
technology. 
 
2 Key factor in external pressure THF 
 

External pressure THF is influenced by many 
factors such as lubricated friction, tube size, material 
mechanical parameters, loading pressure and loading 
paths. In this work, the numerical simulation technology 
is used to research the forming quality of metal stator 
lining. 
 
2.1 Friction coefficient and tube size 

The technical principle of large length-to-diameter 
ratio metal stator screw lining is shown as Fig. 1. The 
friction coefficient between tube and die can be 
controlled between 0.025 and 0.05 using glass lubricant 
[15−16]. For researching the forming quality in the large 
friction coefficient, friction coefficient of 0.05 is chosen 
in this work. Metal stator lining and stator casing bond 
together by forming the iso-wall thickness metal lining 
stator, as shown in Fig. 2. 
 

 
Fig. 1 Technology principle of metal stator screw lining 

 
Because of the limited inside dimension of stator 

casing, tube thickness of metal stator lining is selected 
to be 5 mm. The tube critical buckling pressure is split 
into long cylinder critical buckling pressure and short 
cylinder critical buckling pressure according to the 
length.      Large      length-to-diameter      ratio      metal       stator       lining 

 

 
Fig. 2 Structure of metal lining stator 
 
belongs to long cylinder, and tube critical length formula 
can be given as 

 

tDDL 00cr 17.1                            (1) 
 
where Lcr is critical tube length; D0 is tube outer diameter; 
t is tube thickness. 

Critical tube length calculated according to the 
stator outer diameter is 1088 mm. The length of 
numerical model should be greater than this size. 
Therefore, tube length in this work is 1200 mm. 
 
2.2 Mechanical parameters of tube material 

The mechanical parameters of tube material are 
greatly important during numerical simulation, therefore, 
plastic properties of tube material should be considered, 
including yield criterion, material flowing law and strain 
hardening law. 

The tube material selected is stainless steel 304, 
which has large plastic deformation and high forming 
strength. Several parameters, such as yield strength σs, 
tensile strength σb, elongation and strain hardening index 
are measured according to the test. Tensile test 
specimens are shown in Fig. 3. 
 

  
Fig. 3 Stripped pieces of stainless steel 304 

 
Table 1 lists the mechanical parameters of stainless 

steel 304 under different loading rates. With the loading 
rate increasing, it can be shown that yield strength and 
tensile             strength             show             a             trend             of             increase,             however, 
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Table 1 Tensile properties of tube under different loading rates 

Material 
Loading rate/ 
(mm·min−1) 

Elongation/ 
% 

Yield 
strength/ 

MPa 

Tensile 
strength/

MPa 

Stainless 
steel 304 

5 71.11 277.477 694.106

18 60.09 285.331 631.864

50 60.00 298.968 653.825

100 56.67 324.674 659.829

150 51.11 325.627 652.206

 

elongation is significantly reduced [17]. 
Tensile test data with loading rate of 10 mm/min are 

suited to THF, and main mechanical parameters of tube 
can be gained, as given in Table 2. 
 
Table 2 Mechanical parameters of tube 

Material 
Density/ 
(g·cm−3) 

Elastic 
modulus/ 

GPa 

Yield 
strength/ 

MPa 

Tensile 
strength/

MPa 
Stainless 
steel 304 

7.93 195 281.552 653.972

 
Hardening law of stainless steel 304 conforms to the 

following model: 
 

nK                                      (2) 
 
where σ is true stress; ε is true strain; n is strain 
hardening index; K is coefficient. According to the true 
stress and true strain, K=1427.6 and n=0.42 can be 
acquired based on the power function hardening model. 
 
2.3 Metal stator lining forming process  

Figure 4 shows a cylinder with inside radius ri and 
outside radius ro. Under the external pressure effects, 
stress is the largest on the inner cylinder, and when the 
critical pressure is obtained, the inner wall will yield, 
forming the plastic zone. With the external pressure 
increasing, the plastic zone expands, then there are two 
zones formed which are plastic zone inside and elastic 
zone outside. It is assumed external pressure is p, the 
separatrix radius of plastic zone and elastic zone is rj, k 
(=ro/ri) is radius ratio, and kj (=rj/ri) is the depth of plastic 
zone. 

If a tube material conforms to Tresca yield criterion, 
then 
 

 
Fig. 4 Cylinder mechanical model under external pressure 

str                                    (3) 
 
where σr is radial stress and σt is circumferential stress. 

Equilibrium equation of tube cell can be expressed 
as   .0/dd trr  rr   

Boundary conditions are shown as follows: 1) If r= 
ri, then σr=0; 2) if r = rj, then σr=−pj. 

Therefore, radial stress, circumferential stress and 
axial stress can be expressed as  

 
isr ln rr                                (4) 

 
 ist ln1 rr                             (5)  

   isrtz ln5.02/ rr                (6) 
 
According to Condition 2), critical surface pressure 

of elastic and plastic zone is 
 

jsj lnkp                                   (7) 
 
The relationship between external pressure and 

corresponding radius can be expressed as 
 

）（）（ 22
j

2
js 2/ln/ kkkkp                    (8) 

 
If kj=1 and kj = k, then initial yield load and 

complete yield load can be expressed as  
 

）（）（ 22
se 2/1 kkp                           (9) 

 
kp lns                                  (10) 

 
Moreover, tube maximum load can be expressed as 
 

   /iobmax rrp                           (11) 
 
where σb is ultimate tensile strength; ro is outside radius 
of tube; ri is inner radius of tube and β is corner radius of 
die. 
 
3 Building finite element analysis (FEA) 

model and optimizing loading path 
 

The stress and strain state of metal stator screw 
lining THF is very complicated, therefore, in order to 
obtain high quality forming tube, the optimal loading 
pressure and loading paths should be ensured. 
 
3.1 FEA model 

The study object in this work has outside diameter 
of stator as 120 mm, lead as 960 mm, and drive ratio as 
5:6. The FEA model of large length-to-diameter ratio 
metal stator screw lining THF is shown in Fig. 5, whose 
tube uses shell cell and die uses rigid cell. 

Other variables of stainless steel 304 are shown as 
follows: tube thickness is 5 mm, length is 1200 mm and 
friction coefficient between tube and die is 0.05. The 
bore radius of tube is selected from 45 mm to 48 mm on 
the basis of die perimeter, so as to confirm optimal 
forming, and corner radius of die is 10 mm. Then 
maximum load of stainless steel 304 is 329 MPa. 
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Fig. 5 THF finite element model 
 
3.2 THF result analysis of different tube sizes with 

linear loading paths 
The loading paths of external pressure THF for 

stainless steel 304 are shown in Fig. 6, whose loading 
time is 1 s, 2 s and 3 s, respectively, and the maximum 
load is 300 MPa. 
 

 
Fig. 6 Loading paths 

 
Wrinkles of forming tube should be avoided during 

external pressure THF. Table 3 presents the metal stator 
screw lining forming results using different tube sizes 
with three loading paths. The geometric dimension of 
metal stator screw lining forming using each tube bore 
radius is unqualified with Path 1 and Path 3. The results 
show that, the inner bore perimeter of subsize tube is 
decreased after plastic deformation, causing the 
formation of tube inwall and incomplete plying-up of die. 
However, with jumbo size, the inner bore perimeter will 
be oversized, wrinkles occur after plastic deformation, 
and       the      formation      of       tube      inwall      and      incomplete      plying- 

up of die are caused too. The reasons are as follows. 
Because yield strength and tensile strength show a trend 
of increase with the loading rate increasing, then 
elongation is significantly reduced. Therefore, tube 
elongation reduces as loading time decreases, leading to 
the formation of tube inwall and poor quality of die, and 
it will cause wrinkles and incomplete plying-up of die. 

Furthermore, when tube bore radius is 45 mm with 
Path 2, the tube inwall and incomplete plying-up of die 
are formed. When tube bore radius is 47 mm or 48 mm, 
wrinkles, tube inwall and incomplete plying-up of die are 
formed. Metal stator screw lining forming quality at tube 
bore radius of 47 mm with Path 2 is shown in Fig. 7. 
However, metal stator screw lining forming quality at 
tube bore radius of 46 mm with Path 2 could meet the 
requirement. Figure 8 shows the tube shape and central 
section thickness distribution, from which it can be 
acquired that the wall thickness reduction is not serious 
while incrassation is more obvious, and thickness 
variation amplitude reaches 1.5 mm with the maximum 
thickness of 6.1 mm located at the arc top and the 
minimum thickness of 4.55 mm located at the transition 
place of arc top and arc bottom of metal stator screw 
lining, respectively. Due to forming difficulty in 
transition place and serious plastic deformation of tube, 
metal flows to two sides under the hydraulic action. 

The analysis according to metal stator screw lining 
forming quality shows that using external pressure THF 
can avoid the wall thickness reduction because it 
demands little material compensation, and in order to 
avoid causing death wrinkle and enhance forming quality, 
die perimeter and tube internal bore perimeter need to be 
fitted. 

 
3.3 Optimizing loading paths and evaluating forming 

quality 
External pressure THF is mainly for processing 

hollow complex component. And wall thickness 
distribution and forming dimension are important 
indicators for evaluating the forming quality. Thereinto, 
dimensional accuracy and surface quality can be 
measured by forming dimension, and wall thickness 
distribution can be used to evaluate the security of 
forming tube. 

Because of the forming difficulty in transition place, 
 
Table 3 Results of simulation 

Loading 

path 

Quality  Maximum displacement/mm Failure mode 

45 mm 46 mm 47 mm 48 mm  45 mm 46 mm 47 mm 48 mm 45 mm 46 mm 47 mm 48 mm 

1 － － － －  21.8 30 31.3 32.6 Gap Gap Gap Fold; Gap

2 － ＋ － －  25.4 30.2 27.9 28.9 Gap Qualified Fold; Gap Fold; Gap

3 － － － －  24.8 25.6 27.2 28.9 Fold; Gap Fold; Gap Fold; Gap Fold 

“＋” successfully formed; “－” failed formed. 
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Fig. 7 Metal stator screw lining forming quality 

 

 
Fig. 8 Forming tube (a) and central section thickness 

distribution (b) 

 

thickness is reduced there. Therefore, qualified forming 
tube can be evaluated by the forming quality of transition 
place. As shown in Fig. 9, the initial normal distance and 
formed normal distance from tube inwall to die arc 
transition place are denoted as l0 and l, respectively, and 
the ratio of formed normal distance to initial normal 
distance is defined as fillet stick mold coefficient x to 
measure plying-up quality. The maximum thickness and 
minimum thickness of metal stator screw lining are 
denoted as tmax and tmin, respectively, and the ratio of 
thickness difference to initial thickness is denoted as 
thickness relative error t′. Considering the fillet stick 
mold coefficient x and thickness relative error t′ under 
the premise of guaranteeing eligible dimensions, the 
product of fillet stick mold coefficient x and thickness 
relative error t′ is defined as forming quality coefficient r, 
and the smaller the forming quality coefficient r is, the 
better the forming quality is. 

When the initial diameter of tube bore is 92 mm, 

 

 
Fig. 9 Initial normal distance 
 
and die opposite-angle arc transition place diameter is 
66.245 mm, then the initial normal distance l0=12.578 
mm, and fillet stick mold coefficient x=l/12.578. When 
the initial thickness is 5 mm, then thickness relative error 
t′=(tmax−tmin)/5 and forming quality coefficient r can be 
expressed as r=x·t′. 

Figure 10 shows multiple loading path of metal 
stator screw lining external pressure THF whose loading 
time is 2 s and maximum load is 300 MPa, including 
linear loading Path 2 and non-linear loading Path 4−Path 
9. The time of reaching maximum load of each loading 
paths is 2, 0.5, 0.8, 1, 1.3, 1.5 and 1.8 s. 
 

 
Fig. 10 Optimizing loading path 

 
Figure 11 shows the variation trend of thickness 

relative error, fillet stick mold coefficient and forming 
quality coefficient with different loading paths. The 
results show that with the loading rate reducing, each 
indicator has a trend of increase, due to tensile strength 
reducing and elongation increasing, and then tube is 
easier to form buckling deformation and plastic 
deformation, leading to the increase of thickness relative 
error and wrinkling. However, plastic deformation in 
forming tube can occur easily to get qualified metal 
stator screw lining when loading rate is reduced to a  
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Fig. 11 Tube forming different of each loading paths 
 
certain degree such as loading Path 2 and matches with 
the increase of loading pressure. 

The loading path which has small value of 
evaluation indicators should be selected. Path 2 and Path 
4 will be selected as the external pressure forming 
loading paths of metal stator screw lining and their 
forming quality is compared. 

Figures 12−14 show central section displacement, 
thickness and stress distribution with Path 2 and Path 4, 
respectively. The results show that the displacement 
distributions of both loading paths are almost the same, 
proving the similar plying-up quality of forming tube and 
die. Compared with Path 2, thickness distribution of Path 
4 is more symmetrical, moreover, thickness reduction 
and incrassation are both smaller. Because of the faster 
loading rate of Path 4, metal stator screw lining THF 
exhibits a few characteristics of less metal flow, more 
symmetrical stress distribution and higher strength limit. 

Therefore, using Path 4 can get better forming 
quality of metal stator screw lining. The central section 
thickness with Path 4 is shown in Fig. 15, from which it 
can be found that wall thickness is between 4.8 mm and  
 

 
Fig. 12 Central section displacement distribution of Path 2 and 

Path 4 

 

  
Fig. 13 Central section thickness distribution of Path 2 and Path 

4 

 

  
Fig. 14 Central section stress distribution of Path 2 and Path 4 

 

 
Fig. 15 Central section thickness value with Path 4 

 
5.8 mm, thickness variation amplitude is about 1 mm and 
thickness reduction is not serious, about 4%. Moreover, 
the wall thickness would mainly be thickened, ensuring 
the security of metal stator screw lining in service. 
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The central section contour of metal stator screw 
lining mainly overlaps with die section contour, but fillet 
stick mold coefficient is only 0.024 and there is about  
0.3 mm gap at die arc transition zone, as shown in Fig. 16. 
 

 
Fig. 16 Forming tube section contour compared with die 

contour with Path 4 

 
Equidistance profile curve equation of stator die can 

be expressed as 
 





















 




)bottom arc(ee

) toparc(e)ee(
),(

j0
π2

j

2

1

2

π
)1(j

0jj
00








rN

rn
r

N

T

nT

n

rR  

  (12) 
 
where ) ,( 00 rr R  is equidistance profile curve vector; N 
is stator lobe; n is rotor lobe; θ is guide round rotational 
angle; T is from 0 to n; r0 is equidistance radius 
coefficient. 

Then, equidistance radius coefficient of die arc 
transition place is given as 
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According to the analysis of metal stator screw 

lining, equidistance radius coefficient of die arc 
transition zone should be adjusted to r0−l. Therefore, the 
linetype and surface treatment process of die arc 
transition place should be adjusted, so as to design 
high-performance and long-life PDM stator. 

Figure 17 shows the result of central section contour 
of metal stator screw lining using adjusted die compared 
with initial die section contour. It can be found that the 
central section contour of metal stator screw lining 
overlaps with die section contour almost completely. 
Therefore, it is effective for getting qualified metal stator 
screw lining according to the analysis by adjusting die 
linetype. 

 

 
Fig. 17 Adjusted forming tube section contour compared with 

initial die contour 

 
4 Conclusions 
 

1) The external pressure THF can be used for 
processing high-accuracy large length-to-diameter ratio 
metal stator screw lining, thereby PDM stator will have 
better performance and long service life. 

2) Three evaluation criteria for the forming quality 
of metal stator screw lining are fillet stick mold 
coefficient, thickness relative error and forming quality 
coefficient, and the smaller the three criteria are, the 
better the forming quality of metal stator screw lining is. 
By contrasting the results of all loading paths, it can be 
found that each indicator has a trend of increase with the 
loading rate reducing. Hence, reducing loading rate is 
helpful to decreasing the metal flow, in order to obtain 
the metal stator screw lining with more symmetrical 
stress distribution and higher limit strength. 

3) External pressure THF used for metal stator 
screw lining demands little material compensation, and 
thickness reduction is not serious, about 4%, effectively 
avoiding thickness reduction of metal stator screw lining 
wall and ensuring the security in service. 

4) According to stator die equidistance profile curve 
equation and fillet stick mold coefficient of die arc 
transition zone, equidistance radius coefficient of die arc 
transition place should be adjust to r0−l, so as to design 
high-performance and long-life PDM stator. 
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