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Abstract 

Hollow thin-walled parts (electronic packaging shell, detonator shell, gun shell, etc.) 
which need a reduction diameter process in order to fix or seal the embedded parts. 
Establishing a plastic micro-element stress model for the annular vector reduction of the 
tube shell Based on the Barlat'96 yield criterion and M-K groove theory, combined with 
L.H. The influence of the geometry of the tube shell on the distribution of the elasto-
plastic deformation region and the variation of the stresses in the necking zone are 
analysed. Simulati of the tube shell annular vector squeeze diameter process with the 
help of ANSYS finite element analysis software. The variation law of stress distribution 
in the thickness direction of inner wall and necking zone during annular vector 
extrusion of tube shell is analyzed. Finally, the accuracy of simulation results is verified 
by experiments. 
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1. Introduction 

The tube has the characteristic advantage of light weight, and parts with different diameters 
can be obtained through reducing forming, which is widely used in automobile transmission 
shaft tube, steering shaft, etc. [1-3]. In the 1970s, some scholars analyzed the coreless pushing 
and shrinking of tube shell [4-6]. Since then, many scholars have conducted a lot of research on 
incomplete linear forming, such as energy method proposed by cao[7], and ju[8] on tube bending 
forming. However, there are great limitations for the tube shell sagittal extrusion necking 
forming. The necking area is located in the die during the tube shell necking forming process, 
and the final forming state can be observed only after the forming is completed. In terms of 
numerical simulation of incomplete linear forming of tube and sheet metal, li[9-11] developed a 
prediction mold of thin-walled tube bending through finite element and energy principle. Liu[12] 
and others took thin-walled aluminum alloy tube as the research object, combined with the 
initial defects of thin-walled tube, predicted the plastic forming of elbow under different 
constraints. 

According to the above-mentioned incomplete linear forming theory of thin-walled parts and 
the current situation of numerical simulation, the theory can analyze the cause law of necking 
forming, but only the combination of theoretical analysis, numerical simulation and experiment 
can better study the necking forming law of thin-walled tube shell by sagittal extrusion 

2. Theoretical analysis of tube shell ring sagittal extrusion reduction 

The schematic diagram of tube shell extrusion and diameter reduction is shown in Figure 1. 
Take the tube and shell axis as the axial coordinate axis X, the radial vector r as the radial 
coordinate axis, and the rotation angle θ Establish a cylindrical coordinate system for 
circumferential coordinates. 
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Figure 1: Schematic diagram of extrusion       Figure 2: Force analysis of micro element 

set up ω、u、v is the radial, axial and circumferential displacement of the micro element on 
the neutral surface of the tube shell, and it is assumed that the shape of the reduced diameter 
is cosine distribution. Then: 

{

𝑢 = 𝑢𝑛(𝑥)𝑐𝑜𝑠𝑛𝜃

𝑣 = 𝑣𝑛(𝑥)𝑐𝑜𝑠𝑛𝜃
𝜔 = 𝜔𝑛(𝑥)𝑐𝑜𝑠𝑛𝜃

                                                                          (1) 

In the above formula, n is the circumferential wave number. In order to facilitate the solution, 
it is necessary to assume that D and E in Figure 1 are fixed boundary constraints. That is, when 
x=l/2, there are: 

ω = u = v = ∂ω/ ∂x                                                                 (2) 

{
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i = 1,2,3,4.   𝑟𝑖  is the four roots of characteristic equation (4). 

(r − 𝑛2)4 + 12(1 − 𝜇2) (
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𝐿
)
2

× [
1

2
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𝑞𝑐𝑟

𝐸𝛿
+ 𝑟2] = 0                    (4) 

In the formula,δ Is the wall thickness of the pipe shell, and L is the reduced length. 

Bringing the boundary condition (2) into equation (3) gives the equation for Ai and Bi  of a 
system of 8 linear chi-squared algebraic equations. Then the reduced external pressure qcr The 
analytical expression for： 

det(Z, β,𝐾𝑃 , μ) = 0                                                                         (5) 

Where Z is the Bathorf parameter, Z = √1 − μ2 L2 Rδ⁄ .β and  Kp  are the parameters related to 

the circumferential beam n and the reduced external pressure qcr are the parameters related 
to the circumferential beam n and the scaled external pressure, and the expressions are： 

 𝑘𝑝 =
𝑞𝑐𝑟𝑅𝐿
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In the formula, D = Eδ3 12(1 − μ2)⁄  is the flexural stiffness of the tube shell when Z ≥ 10, that 

is L ≥ √10Rδ when kp = apZ
1/2，β = bpZ

1/4.Where ap and  bp correspond to the coefficients 

of the power-only function, respectively, and ap ≈ 1.51，bp ≈ 0.96.When Z ≤ 10 , L ≤ √10Rδ 

when there is kp = exp1.61 , the β = exp0.18 . Taking the above expressions into (6) gives: 
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In order to make the above equation applicable to the global domain of values of the Bathorf 
parameter Z, it is specified that when Z ≤ 10 When, again, there exist ap and bp , in order to 

satisfy  β and  kp take on the values , there should be ap = e
1.61 Z1/2⁄  and bp =

e0.18 Z1/4⁄  .Equation (7) is only applicable to the elastic range, i.e. qcr ≤ qs when qs for the tube 
shell yield external pressure, the initial did not produce plastic deformation when it can be 
considered that 

𝑞𝑠 = 𝜎𝜃−𝑠 − 𝛿 𝑅⁄ = 𝜎𝑠𝛿 𝑅√1 − 𝑘𝑠 + 𝑘𝑠
2⁄                                            (8) 

Where σθ−s is the circumferential stress component at yield of the tube shell. ks is the ratio of 
yield stress components.When qcr > qs , the tube shell undergoes plastic deformation, the 
geometric conditions for plastic deformation are: 

(δ/R)3/2 (L/R)⁄ > σS/[0.883√1− ks + ks
2apE]                                    (9) 

The initial deformation state of the necking zone is circumferential σθ ≤ 0 , axiallyσz ≥ 0 , as 
shown in Figure 2 for the forces on the micro element. 

When satisfying equation (9), plastic deformation of the tube shell must occur. That is: 

{

(𝛿/𝑅)3/2

(𝐿/𝑅)
> 0.75𝜎𝑠/𝐸    (𝐿 ≥ √10𝑅𝛿)

(𝛿/𝑅)2

(𝐿/𝑅)2
> 0.216𝜎𝑠/𝐸   (𝐿 ≤ √10𝑅𝛿)

                                                (10) 

If the thickness to neck ratio δ/R ratio remains constant, the wider the neck reduction area L/R 
the smaller the neck reduction area (if the neck reduction area width to diameter 
ratioL/Rremains constant, the greater the thickness to neck ratio δ/R ), the further away from 
the elastic zone the reduction will be; conversely, the closer it will be to the elastic zone. 

From the relevant equation in Elasticity and plasticity [13] , the stress-strain when deformation 
occurs is shown in equation (11). 

{
σij = [Lijkl − (
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]εkl               
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a =

 {
1,        (in     plastic   loading  )                              

     0 , （in the elastic state or during unloading）
                                                                             (11)                           

3. Finite element model analysis of circular vector extrusion of tube shell  

3.1. The analysis of residual stress  

The equivalent force cloud after the extrusion and compression of the tube shell body is shown 
in Figure 3 (the grey transparent part of the figure is the extruded body). From the outside of 
the tube shell, the stresses are distributed symmetrically in bands on both sides of the extruded 
part, and from the central axis of the tube shell, the stresses are distributed in a circular pattern, 
and the stresses decrease along the radial direction. The maximum residual equivalent force is 
319.76 MPa, which is distributed on the inner surface of the extruded part. 

In order to study the stress variation law of the micro elements in the necking area during the 
shrink forming process of the tube shell, the stress distribution variation of the inner wall 
surface and the thickness direction of the necking area of the tube shell is statistically and 
analytically analysed. 
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Figure 3: Equivalent stress nephogram      Figure 1 :Dimensions of thin-walled tube shell 

The size parameters of each part of the thin-walled tube shell are shown in Figure 4, where the 
wall thickness is 0.2mm, the radius is R=3.15, and the width of the neck shrinkage area L is 
1mm. The metal shell is made of Q235, Young modulus 210Gpa, Poisson ratio 0.274, yield 
strength 255Mpa, and tangent modulus 9420Mpa. 

3.2. Analysis of stress changes on the inner wall surface 

The stress changes on the inner wall surface during ring sagittal squeezing and compression of 
the diameter are shown in Figure 5. The overall equivalent force is a convex distribution with 
the neck shrinkage area as the apex, when the squeezing pressure is less than 435N (line 2), 
with the increase in squeezing pressure, the bump is getting higher and higher (i.e. the 
maximum equivalent force increases with the increase in squeezing pressure) when the 
shrinkage forming is in the elastic stage. 

 
Figure 5: Stress variation of inner wall    Figure 6: Stress variation in the direction of the wall 

When the squeeze pressure is 435-470N (lines 2-3), the maximum equivalent force in the yield 
limit of 255Mpa or so almost no longer increases, but the stress reaches 255Mpa shrinkage area 
(the distribution of the wall area and the width of the shrinkage area L) is expanding, at this 
time the shell shrinkage deformation in the yield stage. When the squeeze pressure is greater 
than 561N (line 4), the neck shrinkage stress again appears bulge, and with the increase in 
squeeze pressure significantly increased. At the final stage of the loading of the ring sagittal 
squeeze diameter (line 6), the maximum equivalent force is 648.13Mpa concentrated in the 
necking squeeze area. 

During unloading (lines 7-10), the overall stresses decreased continuously. At 407N (line 9), 
the stresses in the centre of the necking area decreased by about 400Mpa, the largest reduction, 
and the wall stresses at 2mm from the necking area (related to the width of the shrinkage area 
L=1mm) decreased slightly and remained at about 230Mpa. After complete unloading (line 10), 
the stresses are distributed in a triple-peaked pattern, and the stresses in the necking area show 
an obvious rebound increase, with the maximum residual stresses concentrated in the necking 
area and at a distance of 2mm from the necking area. 
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3.3. Analysis of stress changes in the wall thickness direction 

The stresses in the necking area from the outer wall to the inner wall (wall thicknessδ=0.2mm) 
is shown in Figure6. Lines 1-6 are the extrusion pressure loading stage, in the early stage of 
extrusion (when the extrusion pressure is less than 234N), the stress along the wall thickness 
is basically linear growth. When the squeeze pressure is greater than 234N, the equivalent force 
reaches the yield limit of 255Mpa, the stress in the remaining wall thickness area is basically 
stable at about 255Mpa, as shown in lines 2-3. When the squeezing pressure is greater than 
569N (line 4), the overall stress is distributed in a concave shape with 0.1mm (i.e. the middle of 
the wall thickness) as the valley. 

During the unloading stage of the extrusion pressure, as shown in lines 7-12 in Figure 7, the 
overall stress distribution in the wall thickness direction remains concave and gradually moves 
downwards. In the final stage of unloading (lines 10-12), the bottom of the concave shape 
gradually moves towards the outer wall direction, and there is an obvious stress rebound at the 
wall thickness of 0.05-0.2mm. 

After complete unloading, the residual stress in the wall thickness direction is basically a linear 
increasing distribution, the inner wall surface stress is the largest, the maximum residual stress 
is 202.5Mpa. 

4. Experimental analysis of tube shell shrinkage 

The basic principle of pipe shell reduction machine As shown in Figure 7, the work flow is: thin-
walled pipe shell 6 by the transport module transported to the reduction extrusion station, 
fixed on the bottom plate of the hydraulic cylinder to generate thrust 2, pushing the movable 
plate 3 upward movement, thrust movable plate 3 in the thrust extrusion hole 4 on the upper 
end of the extruder 5 to generate squeezing pressure, the lower end of the extruder 5 inward. 

Shrink and squeeze the thin-walled metal shell 6, the hydraulic cylinder moves downwards at 
the end of the extrusion work, completing the shrink forming process of the thin-walled metal 
shell. The results of the thin-walled tube shell ring sagittal reduction test and simulation are 
shown in Figure 8.As shown, the width of the neck-shrinkage extrusion zone is 1mm, and the 
simulation results match the neck-shrinkage shape of the thin-walled tube shell after the ring-
sagittal extrusion test. The reliability of the stress model and the accuracy of the simulation 
results were verified. 

            
Figure 7: Schematic diagram of extrusion reducing mill    
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Figure 8: Comparison of experimental and simulation results 

5. Conclusion 

Through the theoretical analysis, numerical simulation and process tests on the ring vector 
reduction forming of thin-walled tube shells, the following conclusions can be drawn 

(1) In the process of tube shell external compression forming, the stress on the inner wall is 
convex as a whole. When the maximum equivalent stress reaches the yield stress of 255mpa, 
the tube shell external compression deformation enters the yield stage, and the maximum 
equivalent stress basically remains stable, but the wall area reaching the yield stress gradually 
increases. 

(2) The theoretical analysis of the outer shell extrusion and diameter neck shrinkage forming 
follows the formula (10) and (11), the thick neck ratio δ/R When the ratio remains constant, 
the wider the necking area L/R  The smaller the necking area (if the necking area width 
diameter ratio L/R remains constant, the greater the thickness to neck ratio δ/R The larger the 
ratio, the further away from the elastic zone the necking will be; conversely, the closer to the 
elastic zone. 

(3) The distribution of stress changes in the direction of the wall surface and wall thickness 
within the tube shell is related to the width of the shrinkage area and the thickness of the tube 
shell. 
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