
  

Article 

A Useful Manufacturing Guide for Rotary Piercing 
Seamless Pipe by ALE Method  
Ameen Topa 1,2, Burak Can Cerik 3 and Do Kyun Kim 4,5,* 

1 Ocean and Ship Technology (OST) Research Group (Department of Civil and Environmental Engineering), 
Institute of Transportation Infrastructure, PETRONAS University of Technology (UTP), Seri Iskandar, 
Perak 32610, Malaysia; ameen.topa@utp.edu.my (A.T.) 

2 Department of Maritime Technology, Universiti Malaysia Terengganu, Kuala Terengganu 21300, Malaysia 
3 Department of Naval Architecture and Ocean Engineering, Inha University, Incheon 22212, Korea; 

bccerik@inha.ac.kr (B.C.C.) 
4 Group of Marine, Offshore and Subsea Technology (MOST), School of Engineering, Newcastle University, 

Newcastle upon Tyne NE1 7RU, UK 
5 Graduate Institute of Ferrous Technology (GIFT), Pohang University of Science and Technology 

(POSTECH), Pohang 37673, Korea 
* Correspondence: do.kim@ncl.ac.uk (D.K.K.) 

Abstract: The development of numerical simulations is potentially useful in predicting the most 
suitable manufacturing process and ultimately improving product quality. Seamless pipes are 
manufactured by rotary piercing process in which round bars are fed between two rolls and pierced 
by a stationary plug. During this process, the material undergoes severe deformation which renders 
it impractical to be modelled and analysed with conventional finite element methods. In this paper, 
three dimensional numerical simulations of the piercing process are performed with Arbitrary 
Lagrangian-Eulerian (ALE) Formulation in LS DYNA software. Details about the material model as 
well as the elements formulations are elaborated here and mesh sensitivity analysis was performed. 
The results of the numerical simulations are in good agreement with experimental data found in the 
literature and the validity of the analysis method is confirmed. The effects of varying workpiece 
velocity, process temperature, and wall thickness on the maximum stress levels of the product 
material/pipes are investigated by performing simulations of sixty scenarios. Three dimensional 
surface plots are generated which can be utilized to predict the maximum stress value at any given 
combination of the three parameters. 

Keywords: Arbitrary Lagrangian-Eulerian (ALE) method; structural analysis; structural design; 
rotary piercing; seamless pipes; bulk metal forming; FSI 

 

1. Introduction 

Metal pipes are categorised into welded pipes and seamless pipes. Welded pipes are commonly 
manufactured by bending and welding metal sheets, while seamless pipes are produced using the 
rotary piercing process. It is well recognised that seamless pipe provides additional benefits than 
welded pipe such as 1) increased pressure ratings, 2) uniformity of shape, and 3) strength under load. 
Offshore industry especially requires over 30–40 years of design life and robust design of pipeline 
and riser structures are requested by adopting reliable material, manufacturing process, installation 
and operation. Many benefits of seamless pipe, i.e., uniformity of shape and fatigue and strength 
capacity, may allow to secure the higher safety during the operation period of offshore pipeline [1–
3] and riser structures [4–6] from the repeated environmental loadings [7–8]. 

In rotary piercing process, a heated cylindrical workpiece is fed into a plug by the action of two 
skewed rolls which rotates in the same direction. The rolls are tilted and placed on opposite sides of 
the workpiece, providing both rotation and translation to the workpiece. As mentioned by Komori 
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[9], the rolls can be barrel-shaped or cone-shape. Since the invention of the piercing process over a 
century ago, numerous empirical and analytical studies have been conducted and one of the good 
studies have been conducted by Komori and Mizuno [10]. Experimental studies on cone-shaped type 
rotary piercing using lead and wax were performed and a comparison was drawn between two-roll 
and three-roll cone systems. It was shown that the three-roll cone systems are superior to that of two-
roll systems by Khudeyer et al. [11]. The effects of varying the feed angle on the shear strain was 
studied experimentally using hot steel. Hayashi and Yamakawa [12] found that with larger feed and 
cross angles, the decrease in the circumferential shear strain is more significant. Moon et al. [13] and 
Sutcliffe and Rayner [14] conducted experimental work on the rolling process using modelling clay 
(Plasticine) due to the similarities of its stress strain behaviour with that of metals and because of its 
malleability and low cost. 

Finite Element Analysis (FEA) of metal forming processes was further performed to gather 
necessary information to properly design and control these processes. In addition, the number of 
experimental trials can be minimized through exploitation of FEA, which would significantly reduce 
the product development lead time. Moreover, with the decrease of experimental work, the overall 
development cost of the product would be reduced. Nowadays, the advancement of powerful 
computers technology enables the numerical simulations to consider a various physical phenomena 
during metal processing which include deformation, heat transfer, phase transformation and ductile 
fracture [15–17]. 

Two dimensional rigid-plastic finite-element simulation of rotary piercing was performed by 
Mori et al. [18]. However, the accuracy of the results was low since generalised plane-strain was 
assumed from the simulation. Three dimensional rigid-plastic finite element analysis was performed 
by Komori [9]. The number of the elements were limited and the mesh was relatively coarse because 
large amounts of computational time was required. Berazategui et al. [19] used pseudo-
concentrations technique to conduct three dimensional rigid-visoplastic finite-element simulations 
and a new algorithm was proposed to describe the contact boundary conditions between the tools 
and the blank. The algorithm was validated with industrial tests of the barrel-type rotary piercing 
process. However, the numerical analysis of the process was found to be complicated and the 
computational cost was rather large. Thus, an alternative simplified method was highly required [10]. 
Shim et al. [20] used rigid-thermoviscoplastic finite element method and conducted simulations with 
AFDEX 3D software to predict the final shape in better detail. Intelligent re-meshing and tetrahedral 
elements were used which resulted in increased computational cost. The same method was then used 
to conduct numerical studies on the Mannesmann effect in the piercing process, as well as to compare 
between the Diescher’s guiding disk and Stiefel’s guiding shoe [21, 22]. 

Lee et al. [23] presented a novel method for adaptive tetrahedral element generation for precision 
simulation of moving boundary problems such as bulk metal forming. The effects of using tetrahedral 
solid elements were investigated in a three-dimensional simulation of forging process with AFDEX 
3D forging simulator. The predictions of both tetrahedral and standard hexahedral elements were in 
good agreement with experimental data provided that remeshing technique is employed by Lee et 
al. [24]. Pater and Kazanacki [25] used Simufact Forming software to analyse the effects of the plug 
diameter, plug advance, and feed angle on the piercing process. The influence of different plug 
shapes was further investigated by Skripalenko et al. [26]. ProCAST and QForm commercial software 
were used for the numerical simulation of piercing aluminium alloy. Jung et al. [27] conducted 3D 
numerical simulations on the elongation rolling process to study how the rolling speed (rpm) and 
distance of guide shoes influenced the outer diameter and thickness of the pipe. MSC - SuperForm 
software was used and automatic re-meshing method of hexagonal elements were implemented. 
Xiong et al. [28] used the reproducing kernel particle method for the steady and non-steady analysis 
of bulk forming processes and validated the numerical predictions with experimental measurements. 
Topa and Shah [29] performed 3D numerical simulations for a forging process with complex tool 
geometry using Smooth Particle Hydrodynamics (SPH) method. The results were in good 
agreements with experimental data but the method had poor visual representation of the final 
geometry. Hah and Youn [30] presented an effective Eulerian approach for bulk metal forming based 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 September 2020                   doi:10.20944/preprints202009.0582.v1

https://doi.org/10.20944/preprints202009.0582.v1


 3 of 21 

on representing boundaries as Non-Uniform Rational B-Spline (NURBS) and the effectiveness of the 
proposed approach were demonstrated by comparing with other numerical methods. However, this 
approach had the drawback of a blurred boundary condition imposition. 

FEA is based on the concept of discretization. The physical structure is divided into a finite 
number of elements which has a finite number of degree of freedom. Since the physical structure has 
infinite degree of freedom, a discretization error exists. This error can be minimised if the object is 
discretized into more elements. However, this will increase the computational cost. Another 
drawback of conventional finite element methods is the limitations in modelling fluid-like behaviour, 
in which there was excessive deformation of the material. Severe deformation may result in mesh 
entanglement as illustrated in Figure 1. This limits the material flow and reduce the geometric 
accuracy of the simulations. Therefore, a new formulation called Arbitrary Lagrangian-Eulerian 
(ALE) was introduced to solve these challenges. In this formulation, mesh movements and material 
movements are uncoupled, thus reducing the elements distortion. This formulation was proven to be 
successful in modelling the fluid-like behaviours of materials during bulk metal forming [31–35]. 

 
Figure 1. Severe element deformation in finite element analysis [31]. 

Vavourakis et al. [36] used a decoupled ALE approach for the large deformation modelling of 
plane-strain elastoplastic problems and the obtained results were validated with limit analysis 
solutions. The numerical simulations non-Newtonian fluid flow in three dimensional moulding 
process were performed with ALE method and the capabilities of this method were demonstrated by 
Wang and Li [37]. ALE formulations was used for the numerical simulation of a complex continuous-
type roll-forming process using the in-house finite element code METAFOR and results were in good 
agreement with classical Lagrange method [38]. Recently, the manufacturing chain including the 
continuous roll-forming operation, the in-line welding process for closed sections and the post-cut 
operations was numerically simulated with ALE method by Crutzen et al. [39]. However, validation 
of the proposed modelling technique was needed as there was no available experimental data in the 
literature. ALE has proven successful in modelling other areas of metal forming as well. Ducobu et 
al. [40] adopted ALE formulation and performed a three dimensional numerical simulations of 
orthogonal cutting operation of Ti6Al4V. The finite element model was validated against 
experimental data and recommendations on modelling technique were proposed. Avevor et al. [41] 
analysed the chip formation process in high speed machining of aluminium alloy AA2024–T351 and 
utilized ALE method in the numerical simulations. The predicted cutting forces was compared to 
those of experimental work and good agreement was found. 

In this paper, the numerical simulations of rotary piercing process were conducted using 
Arbitrary Lagrangian-Eulerian formulation with LS-DYNA commercial software [42]. The workpiece 
used in the experiments has a fluid-like behaviour due to its high workability and large deformation 
during the piercing process. The results of the numerical simulations were then compared to the 
empirical data available in the literature [9]. The effects of varying the roll velocity, temperature of 
the raw material, and pipe thickness on the maximum stress values were investigated. 
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2. Investigation on Seamless Pipe Manufacturing Process by ALE Numerical Simulation 
Technique 

2.1. Simulation Procedure 

The stress strain behaviour of Plasticine is similar to that of steel in hot conditions, thus, it is a 
good substitute for modelling the material behaviour during the piercing process. Apart from lead, 
which is another choice of material, Plasticine is more commonly used due to its low cost and the 
simplicity of analysing its material kinematics flow during formation [43,44]. The mechanical 
properties of standard Plasticine were obtained from previous studies [45–47] which are listed in 
Table 1. The stress strain curves of Plasticine for different strain rates at room temperature are 
illustrated in Figure 2. 

 
Figure 2. Stress strain curves of Plasticine at room temperature [47]. 

The tools are assumed to be rigid parts as their deformation is insignificant and out of the scope 
in the current study. They are modelled with shell elements to minimise computational cost. Material 
model 27 (PIECEWISE LINEAR PLASTICITY) was used to model the Plasticine material behaviour. 
In this model, the stress strain curve of the material can be imported to the keyword file to define the 
relationship between stress and strain. Multiple curves at different strain rates can be used to take 
into consideration the strain rates effect via stress yield scaling method. Large deformation will cause 
an increase in the temperature and soften the material properties. However, due to the high velocity 
of the process, it was assumed that changes to temperature was minimum and there was insufficient 
time for heat transfer to occur between the workpiece and the tools. Thus, the process is simplified to 
an isothermal and adiabatic system. 

Table 1. Mechanical properties of Plasticine. 

Property Unit Value 
Density kg/m3 1800 

Young’s Modulus MPa 42.5 
Yield Stress MPa 0.18 

Poisson’s ratio - 0.434 
The workpiece is a cylindrical billet with an original diameter of 45 mm, which is fed between 

two tilted coned-shaped rolls with a feed angle of 9 degrees (°). The rolls have a maximum diameter 
of 292 mm and the distance between their axes of rotation is 330 mm. Thus, the minimum roll gap is 
38 mm. The plug advance is 25 mm and its maximum diameter is 33 mm. These piercing process 
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parameters are listed in Table 2. These parameters were made identical to those previously reported 
by Komori [9] for comparison purposes. The schematic diagrams and simulation model of the process 
are shown in Figures 3 and 4, respectively. 

Table 2. Parameters of rotary piercing process. 

Parameter Value Parameter Value 
Initial workpiece diameter (mm) 45 Distance between roll axes (mm) 330 

Minimum roll gap (mm) 38 Feed angle (°) 9 
Maximum plug diameter (mm) 33 Entrance face angle (°) 3.5 

Plug advance (mm) 25 Exit face angle (°) 3 
Guide shoe diameter (mm) 47 Roll velocity (mm/s) 5 

In order to use ALE formulation, the meshes of the initial workpiece geometry and the 
surrounding space must have merged nodes at their shared boundaries. Solid Element Formulation 
12 was used which stands for 1-point integration element with single material and void. In this 
element formulation, two overlapping meshes exist. The first is a fixed or movable background mesh 
while the second mesh is connected to the material which flows through the first mesh. This process 
can be visualized as two steps. In one step, the material undergoes deformation as in standard finite 
element methods. In the next step, the element’s state variables such as stress, strain, and velocity are 
re-mapped or distributed back onto the mesh. Figure 5 is a visualization of material ‘flowing’ in the 
ALE formulation. As the workpiece was largely deformed during the process, it was modelled with 
this element formulation and solid hexagonal elements were used. 

 
(a) 

 
(b) 

Figure 3. Schematic diagram of the piercing process. 
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Figure 4. FEA model of tools and workpiece. 

 
Figure 5. Solid material deforms and translates inside the fixed mesh [48]. 

The interactions (or coupling) between the ALE parts (workpiece) and the Lagrangian parts 
(tools) are materialized with CONSTRAINED LAGRANGE IN SOLID command. The code will 
search for the penetrations between the abovementioned parts and apply coupling forces to 
redistribute the material back into both meshes. Penalty coupling algorithm was used. Improper 
input of this command will cause leakage problem in which the ALE parts will pass through the tools. 
Table 3 summarizes the input parameters for this command. 

Table 3. Input values for the coupling definition. 

Parameter Description Value 
NQUAD Number of quadrature points 3 
CTYPE Coupling type 4 
DIREC Coupling direction 2 
PFAC Penalty factor 0.1 

FRCMIN Minimum volume fraction for coupling activation 0.4 
ILEAK Leakage control 2 
PLEAK Leakage control penalty factor 0.1 

PFACMM Mass-based penalty stiffness factor 3 

2.2. Mesh Sensitivity Study 

The accuracy of any FEA analysis depends on many factors including the mesh size. Commonly, 
a coarse mesh is used in the preliminary stages of the studies in order to get quick results. Finer mesh 
is used at later stages to obtain more accurate results. However, models with more number of 
elements have higher computational cost. Sensitivity analysis is performed to obtain the optimal 
mesh size. 
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Figure 6. Mesh sensitivity analysis result. 

Sensitivity analysis was performed for six different mesh sizes. Figure 6 shows the convergence 
of maximum energy absorbed as the number of elements was increased. Furthermore, the 
simulations with more than 54,612 elements (average mesh size of 2 mm) resulted in slight changes 
in the energy absorbed values. By roughly tripling the number of elements to 140,600, only a slight 
change of 3.11% was reported. Therefore, 2 mm mesh size was selected as the optimum size for 
subsequent simulations. Figure 7 demonstrates the final obtained result from the process. The 
selected mesh size generated a smooth representation of the geometry of the pipe compared to a 
coarser mesh. 

 
Figure 7. Fine mesh results in smoother final shape: (a) 4,650 elements vs. (b) 54,612 elements. 

2.3. Numerical Simulation Results and Validation 

The deformation of the workpiece as it is compressed by the rollers and pierced by the plug is 
shown in Figure 8. This illustrates how the ALE formulation is capable of capturing the large 
deformation of the workpiece. Contour plots of the equivalent von Mises stress in Figure 9 reveal that 
the maximum stress values are not located on the external surface of the pipe wall, but rather are 
located near the plug tip. This is due to the stress concentration at this region as the material is being 
pushed towards the small area of the plug tip. Furthermore, the friction between the workpiece and 
the plug will contribute to the shearing of the material as it flows tangentially to the plug surface. 
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Figure 8. Contour plots of pressure showing the development of the pipe geometry. 

 
Figure 9. Stress concentration around the plug. 

Figure 10 shows the volumetric strain contours at different cross sectional views. It was observed 
that strain values increased as the material deforms and the inner diameter became bigger. 
Throughout the process, the strain values were axisymmetric. Investigation of Lode parameter plot 
reveals it equals to zero around the area of contact with plug tip. This state corresponds to a shear 
stress combined with a hydrostatic stress state which indicates that the material is most susceptible 
to ductile fracture [49]. Therefore, the plug shape plays an important role in the reliability of the final 
product. 
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Figure 10. Side cross sectional view shows Lode parameter and frontal cross section views at different 
locations. 

The results revealed some imperfections in the inner diameter of the pipe. As shown in Figure 
11, the final shape is represented by the green solid while the red dotted line indicated a perfect circle. 
This demonstrated the capability of the ALE method to describe and predict defects in the final shape. 
Due to these imperfections, further processes are usually required to treat the pipe and improve its 
dimensions. The outer diameter had no significant imperfections due to the existence of guide shoes 
which assisted in achieving the final outer dimeter. 

 
Figure 11. Imperfections in the inner diameter. 
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Figure 12. Rotary piercing with different maximum plug diameters. 

For validation purposes, the numerical simulations were performed at two additional maximum 
plug diameters: 30 mm and 27 mm as shown in Figure 12. The average values of the inner and other 
diameters were measured in each simulation. Varying the maximum plug diameter affected the inner 
diameter of the final pipe geometry but had little influence on the outer diameter. Comparisons 
between the results obtained and experimental data revealed a good positive correlation with a low 
percentage of error (2.11%) as illustrated in Figure 13. For further validation of the FEA model, 
additional simulations were performed at different feed angles: 6, 9, and 12 degrees. The variation of 
the feed angle had insignificant influence on the pipe’s final dimensions. In all three cases, the results 
of the final diameters matched well with previous data as shown in Figure 14. 

As seen in Figure 12, with smaller plug diameters, larger final thickness is achieved. For plug 
values of 33, 30, and 27 mm, the outer diameter to thickness ratios are 7.5, 6.0, and 5.0, respectively. 
The outer diameter is kept constant throughout this study and the D/t ratio is varied by changing the 
plug diameter. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 September 2020                   doi:10.20944/preprints202009.0582.v1

https://doi.org/10.20944/preprints202009.0582.v1


 11 of 21 

 
Figure 13. Pipe average diameter versus maximum plug diameter. 

 
Figure 14. Pipe average diameter versus feed angle. 

3. Sensitivity Analysis by Considering the Effect of Velocity, the Temperature and the Maximum 
Plug Diameter 

The effects of workpiece velocity, material temperature, and maximum plug diameter in 
different combinations were investigated numerically by performing a total of sixty scenarios. The 
influence of each variable on the maximum stress values was investigated separately by fixing the 
other two variables. The simulation scenarios were generated by three values of velocity, four values 
of maximum plug diameter, and five values of material temperature, as listed in Table 4. The results 
of three selected scenarios are illustrated in Figure 15. 
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Figure 15. Stress contour plots of scenarios no. 4, 12, and 60. 
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Table 4. Summary of the 60 simulation scenarios. 

SN T V PDmax SN T V PDmax SN T V PDmax 
1 0 5 27 21 5 30 27 41 15 15 27 
2 0 5 30 22 5 30 30 42 15 15 30 
3 0 5 33 23 5 30 33 43 15 15 33 
4 0 5 37 24 5 30 37 44 15 15 37 
5 0 15 27 25 10 5 27 45 15 30 27 
6 0 15 30 26 10 5 30 46 15 30 30 
7 0 15 33 27 10 5 33 47 15 30 33 
8 0 15 37 28 10 5 37 48 15 30 37 
9 0 30 27 29 10 15 27 49 20 5 27 
10 0 30 30 30 10 15 30 50 20 5 30 
11 0 30 33 31 10 15 33 51 20 5 33 
12 0 30 37 32 10 15 37 52 20 5 37 
13 5 5 27 33 10 30 27 53 20 15 27 
14 5 5 30 34 10 30 30 54 20 15 30 
15 5 5 33 35 10 30 33 55 20 15 33 
16 5 5 37 36 10 30 37 56 20 15 37 
17 5 15 27 37 15 5 27 57 20 30 27 
18 5 15 30 38 15 5 30 58 20 30 30 
19 5 15 33 39 15 5 33 59 20 30 33 
20 5 15 37 40 15 5 37 60 20 30 37 
Note: SN = Scenario number, T = material temperature (oC), V = velocity (mm/s), and  
PDmax = maximum plug diameter (mm). 

It was found that increasing the workpiece velocity resulted in higher stress levels. Referring to 
Figure 15, the first two results are for scenarios 4 and 12, respectively. In these two cases, all the 
parameters were identical except for the velocity of the workpiece. At 5 mm/s, the maximum stress 
was 8.33 MPa while at an increased velocity of 30 mm/s, the maximum stress reached 10.01 MPa. 
Since the effects of strain rates on Plasticine material is similar to those of steel, the trend of the results 
shown in Figure 16 can be generalised to the piercing of steel pipes. Data in this figure was generated 
with the maximum plug diameter constant at 37 mm while the velocity and temperature were varied. 
The increase of maximum stress values due to the velocity variation at 20°C was less compared to 
0°C. Therefore, it can be concluded that the effects of strain rate towards the pipes are more significant 
at lower temperatures. Preheating the specimen is preferred as it increases the malleability and 
workability of the material. 

Referring again to Figure 15, the middle and last contour plots corresponds to scenarios 12 and 
60, respectively. The only parameter changed in these two scenarios was the temperature. Increasing 
the temperature from 0°C to 20°C resulted in dropping the maximum stress from 10.01 MPa to 2.88 
MPa. This is due to a phenomenon called thermal softening. The general influence of material 
temperature on the maximum stress values is illustrated by the curves in Figure 17. Each curve 
represents the maximum stress outcome at a different maximum plug diameter. At higher 
temperatures, the material becomes softer and more malleable. Therefore, the material provided less 
resistance to deformation, which in turn yielded less stress values. It was also observed that the 
vertical distance between each curve decreased as the temperature raised. Hence, it was concluded 
that changes in the tool geometry, which was represented by the maximum plug diameter, had less 
effects on the stress values at higher temperatures. Thus, for more complex geometries, it would be 
preferable to increase the temperature of the workpiece material. 
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Figure 16. Effect of velocity on maximum von Mises stress at PDmax = 37 mm. 

 

Figure 17. Effect of material temperature on maximum von Mises stress at V = 5 mm/s. 

Lastly, the effect of the plug diameter was investigated. The stress contours of three cases are 
illustrated in Figure 12. With a smaller plug diameter of 27 mm, the maximum stress reached 2.96 
MPa, and at a larger plug diameter of 33 mm, the value slightly dropped to 2.54 MPa. It was evident 
from Figure 18 that increasing the maximum plug diameter resulted in less stress levels. This was 
due to the change in the curvature of the plug head. For plugs with lower diameters, the curvature 
of its head must be increased. This ‘sharper’ head generates higher stresses towards the workpiece 
material by pressing against it. Reducing the velocity of the workpiece would marginally help in 
reducing the stress levels. 
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Figure 18. Effect of maximum plug diameter on maximum von Mises stress at T = 0°C. 

Combining the findings from the previous figures, the effects of the three variables on the 
maximum von Mises stress can be summarised as follows: the increase in temperature and plug 
diameter resulted in lower stress values while increasing the velocity increased the stresses. A three 
dimensional surface plot which depicts the combined effects is illustrated in Figure 19. This plot can 
be utilized to predict the maximum stress values at any combination of the three main parameters: 
material temperature, maximum plug diameter, and workpiece velocity, within the respective limits 
of each variable considered in this study. 

Polynomial fitting equations of the third degree with ten coefficients were generated for the 
surface plots as follows: 

𝜎௩௢௡ ெ௜௦௘௦ = ෍ ෍ 𝐶௜௝𝑥௜𝑦௝

ଷ

௝ୀ଴

ଷ

௜ୀ଴

, 𝑓𝑜𝑟 (𝑖 + 𝑗) ≤ 3 

  = 𝐶଴଴ + 𝐶ଵ଴ 𝑥 + 𝐶଴ଵ 𝑦 + 𝐶ଵଵ 𝑥𝑦 + 𝐶ଶ଴ 𝑥ଶ + 𝐶ଶ଴ 𝑦ଶ  + 𝐶ଶଵ 𝑥ଶ𝑦 + 𝐶ଵଶ 𝑥𝑦ଶ + 𝐶ଷ଴ 𝑥ଷ + 𝐶଴ଷ 𝑦ଷ 

(1) 

where, 𝑃𝐷௠௔௫  is the maximum plug diameter (27 ≤ 𝑃𝐷௠௔௫  ≤ 37), 𝑇 is the material temperature (0 ≤ 
𝑇 ≤ 20), and C is the coefficient of each term in the equation. The coefficients of each fitting equations 
and their goodness of fit are listed in Tables 5 and 6, respectively. 
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Figure 19. Surface plots illustrating the effects of the variables on the maximum von Mises stress. 

Table 5. Determined coefficients of proposed equation. 

Surface C Value C Value 

V = 5 mm/s 

C00 -13.45 C11 0.02057 
C10 2.82 C21 -0.0002623 
C01 -0.6224 C12 0.0001563 
C20 -0.1031 C30 0.001158 
C02 -0.003655 C03 -0.0002983 

V = 15 mm/s 

C00 54.73 C11 0.05132 
C10 -3.005 C21 -0.0007234 
C01 -1.154 C12 0.0002157 
C20 0.06465 C30 -0.0004516 
C02 -0.005454 C03 -0.00033 

V = 30 mm/s 

C00 -28.33 C11 0.06595 
C10 5.272 C21 -0.0009622 
C01 -1.391 C12 0.0003002 
C20 -0.2039 C30 0.002417 
C02 -0.008803 C03 -0.0003383 
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Table 6. Goodness of fit for each surface plot equation. 

Surface Goodness of Fit Value 

V = 5 mm/s 

SSE 0.01303 
R2 0.9999 

Adjusted R2 0.9998 
RMSE 0.0361 

V = 15 mm/s 

SSE 0.01488 
R2 0.9999 

Adjusted R2 0.9998 
RMSE 0.03585 

V = 30 mm/s 

SSE 0.4139 
R2 0.9998 

Adjusted R2 0.9995 
RMSE 0.06434 

Note: SSE = Sum of Squared Errors, R2 = Coefficient of Determination, and RMSE = Root Mean Square Error. 

To investigate the maximum stress values at any given velocity between the upper and lower 
limits (5 mm/s and 30 mm/s, respectively), interpolation was performed on the 10 coefficients of the 
surface equation. The coefficients C01, C02, C21, and C03 are negatively correlated to the velocity while 
C11 and C12 have a positive correlation. The remaining coefficients: C00, C10, C20 and C30 have a 
maximum/minimum values within the range of velocity investigated. The curves in Figure 20 can be 
used to determine the values of the coefficients. 
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Figure 20. Interpolations of the coefficients of the proposed equation. 

This paper proposes the use of ALE formulation to perform three dimensional finite element 
analysis of the rotary piercing process of Plasticine material. The capability of the method to describe 
the large deformation and fluid-like behaviour of the workpiece was shown and the results of the 
numerical simulations were in good agreement with the experimental data. The validated FEA model 
was utilised to study the influence of the three main variables consisting of, material temperature, 
maximum plug diameter, and piercing velocity. Three dimensional surface plots were generated to 
describe the relationship between the three variables and maximum von Mises stress in the material. 

The developed FEA model with ALE formulation gave better results than conventional FEA 
methods as it does not suffer from the limitations of the latter such as mesh distortion and elements 
entanglement. However, it requires more computational time as it necessitates modelling the 
surrounding space and thus the model will be inherently larger in size. Also, the interaction between 
the ALE material and different parts depends on the relative mesh size and inadequate modelling of 
this coupling will result in a leakage problem which is very common problem in modelling with ALE 
formulation. The optimal parameters for the coupling keyword is obtained through trial and error as 
it varies from one case to another. 

It was found that the piercing velocity has a proportional correlation with the maximum stress 
values while workpiece temperature and plug diameter have the opposite effect. However, further 
numerical simulations are necessary if the values of any of the three variables are not within the 
limited range of this study. These relationships can be generalized to the piercing of the steel due to 
the resemblance of the stress strain behaviour of Plasticine to that of steel at elevated temperatures. 
However, benchmarking analysis with empirical data of steel piercing process are required.  

This work focused on the rotary piercing of Plasticine workpiece materials and failure analysis 
and crack initiation were not considered. Future work will be to investigate the piercing of full-scale 
metal pipe at elevated temperatures. The numerical simulation will then be performed with ALE 
formulation to predict the critical stress and strain values, which may result in defective products 
with poor structural integrity. Additionally, the ductile fracture criteria may be coupled with the 
simulation to detect the formation of micro cracks which cannot be visualised by FEA simulations. 
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