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Abstract
Conventional engineering analyses for tube drawing processes have assumed an ideal material with uniform initial tube 
thickness; however, these assumptions limit the ability to address quality issues in the manufacturing industry. In this 
study, we present a finite element analysis model to analyze the tube drawing process with non-uniformity of the initial 
tube thickness and misalignment of the drawing die, using the implicit elastoplastic finite element method with a multibody 
treatment scheme (MBTS). We specifically focus on tube eccentricity. The plug in the MBTS is regarded as a deformable 
body with any fixed boundary condition in the lateral direction. Our analysis results show that an adequately tilted drawing 
die substantially reduces the eccentricity and thickness non-uniformity. The predictions are validated by comparison with 
experimental results in the literature.

Keywords  Implicit elastoplastic FEM · Multibody treatment scheme · Non-uniform initial thickness · Tilted die · Tube 
drawing · Tube eccentricity

Introduction

Seamless tubes are fundamental materials for many indus-
tries, with numerous mechanical applications [1–3]. The fab-
rication process for seamless tubes begins with roll-piercing 
[4], extrusion [2, 5], and rolling [6] of the initial material, 
followed by cold drawing to create the tube. Preform materi-
als may be geometrically and mechanically poor because of 
thickness non-uniformity, shape ovality, and non-homoge-
neous residual stress.

In industrial applications, some eccentricity is allowed; 
however, the consumption of the material becomes ineffi-
cient because the thickness specification is determined by 
the minimum thickness. The eccentricities of industrial tubes 
are between 1 and 3% for aluminum, up to 5% for copper, 

and up to 10% for steel [2, 5, 7] as defined by the difference 
between the maximum and minimum external diameters of 
the tube per its mean external diameter [2]. These geometri-
cal and mechanical features are inevitable during fabrica-
tion because the tool (e.g., the plug) does not allow flexible 
control during pre-work step.

Additionally, non-homogeneous residual stresses can 
cause a decrease in structural strength and local metallur-
gical weakness during service and tube drawing. Residual 
stress may induce buckling of cylindrical tubes [8], and 
severe residual stresses may increase manufacturing costs 
during post-work surface or heat treatments intended to 
improve the formability and crack resistance of the final 
product. In contrast, improvements in non-homogeneity 
of the drawn tubes are useful to process engineers because 
consumer demand steadily pushes tube manufacturers to 
reduce tube weight and cost. This demand is expected to 
grow with existing efforts to combat global warming and 
improve material strength and use efficiency.

Tube drawings with various types of plugs have thus 
been studied in multiple ways [8–11]. Neves et al. [9] 
attempted to identify the best die and plug geometry to 
reduce the drawing force using a finite element method 
(FEM). Kuboki et al. [10] studied the effect of a plug on 
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residual tube stress by drawing tubes to determine the 
minimum bare reduction in thickness that is needed to 
level out and reduce residual stress. Yoshida et al. [11] 
experimentally and numerically studied fine tube draw-
ing, with an emphasis on fixed and floating plugs. Linar-
don et al. [12] conducted experimental analyses of a tube 
drawing process with a long conical plug, then presented 
a numerical model with a pressure-dependent friction 
model. However, it is difficult to address geometrical 
and mechanical insufficiencies with conventional cold 
tube drawing because the plug is nearly always free to 
move.

Most research investigations have been based on the ide-
alization of symmetry or perfection of the starting materials 
and dies or tools. Yoshida et al. [13] experimentally and 
numerically studied the tube drawing of Ni–Ti shape-mem-
ory alloy for medical applications, emphasizing the usage 
of a plug to improve the surface quality of the drawn tube. 
Palengat et al. [14] experimentally and numerically stud-
ied the drawing process of thin-walled 316L stainless steel 
tubes for medical applications. Alexandrova [15] analyti-
cally studied the failure of incompressible, rigid perfectly 
plastic material during drawing processes using Hill’s gen-
eral method and a fracture criterion based on a workability 
diagram. Rubio [16] conducted an analytical study of tube 
drawing using various theoretical approaches. Lee et al. 
[17] studied the causes of material fracture during cold tube 
drawing using a rigid-plastic FEM and the theory of ductile 
fracture.

Palengat et al. [18] presented an analysis model to accu-
rately predict the drawing process, with an emphasis on 
hypothesis, physical modeling (flow behavior, tool behav-
ior, and friction), and numerical modeling (load, meshing, 
friction, and convergence). Rubio et al. [19] analytically 
studied the tube drawing process, with an emphasis on the 
effects of input parameters (e.g., material flow behavior, 
die conical angle, area reduction, and friction conditions) 
on the process and product using an upper bound method. 
Boutenel et al. [20] presented a model for predicting the 
final dimensions of the tube with high accuracy in the cold 
tube drawing process. They provided some detailed infor-
mation regarding the finite element (FE) model, includ-
ing geometry, materials, boundary conditions, mesh, and 
numerical factors.

Pirling et al. [2] measured the residual strain of a 
cold-drawn copper tube using neutron diffraction to 
resolve the interconnection between the geometrical 
changes in the tubes caused by deformation non-homo-
geneity and the resulting residual stresses. Gattmah 
et al. [21] developed a technique for the measurement 
of residual stress for drawn tubes; the approach was 
validated by a comparison of FE predictions and X-ray 
diffraction results.

Béland et al. [22] conducted process design optimiza-
tion of a drawing process in terms of the drawing force 
or maximum stress level to reduce the number of draw-
ing stages (passes). Sheu et al. [23] optimized the pro-
files of the drawing die orifice and the plug, in terms of 
both drawing force and strain non-homogeneity, using 
the Taguchi method with the FEM. Hosseinzadeh and 
Mouziraji [24] attempted to identify optimal combina-
tions of drawing parameters in terms of drawing force 
and thickness distribution in the round-to-square tube 
drawing. They also studied the optimization of process 
design parameters using an FEM with an optimization 
technique. Jafari et  al. [25] presented an optimiza-
tion approach that combined the Taguchi method and 
FEM for tube drawing; their approach identified the 
minimum forming force necessary to produce the mini-
mum dimensional error. Farahani et al. [26] presented 
an optimized curved die profile for tube drawing that 
used a fixed conical plug to minimize the necessary 
tensile stress or drawing force and to reduce the stresses 
exerted on the die and plug; these effects were based 
on the appropriate determination of f low behavior of 
the material, area reduction, plug angle, and friction 
conditions.

However, few researchers have studied tube drawing 
via realistic tube drawing processes with non-uniform 
thicknesses and/or non-idealized tools or dies. Tetley 
[27] reported that the drawn tube could be significantly 
improved during block tube drawing, depending on the 
initial eccentricity of the tube and reduction in the area of 
the drawing process. Pirling et al. [3] studied the effects of 
wall thickness, eccentricity, ovality, and residual stress in 
tube drawing on tube qualities using a three-dimensional 
FEM. Foadian et al. [7] experimentally and numerically 
studied the effects of tilting the die and shifting the tube on 
the resulting tube eccentricity and residual stresses, using 
as-received tubes with eccentricity; they showed that a 
tilted die improves product quality with respect to residual 
stresses. Al-Hamdany et al. [5] conducted experimental 
analyses of the effect of a tilted die in tube drawing on 
the texture, dislocation density, and mechanical proper-
ties of the drawn tube; they concluded that the method 
of tilting the drawing die is effective for controlling tube 
eccentricity.

This study presented a finite element analysis model 
to investigate the tube drawing process characterized by 
a tilted drawing die and non-uniform raw tube thickness 
using an implicit elastoplastic FEM and a multibody treat-
ment scheme (MBTS [28]). MBTS treated the contact 
condition between the tube and plug using the penalty 
method. The plug was regarded as a laterally movable 
and deformable body to consider its movement and vibra-
tion inside the tube. However, its rotational motion was 
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constrained. The thickness distribution of the prediction 
was compared with experimental results found in the lit-
erature, and the effects of bearing length were analyzed. 
Our analysis results showed that bearing length and tilted 
angle strongly affect the eccentricity of the tube produced 
by tube drawing.

FE modelling

Definition of process

Al-Hamdany et al. [5] experimentally studied the draw-
ing process of a copper tube with a ± 5° tilted die; a 
schematic diagram of the + 5° tilted die case is shown 

in Fig. 1. The extruded and annealed copper tube (outer 
diameter: 65.0 mm; mean thickness: 5.5 mm) was inves-
tigated. In this study, we used the tube drawing pro-
cess described by Al-Hamdany et al.; our results were 
numerically studied and compared with their experi-
mental results. The non-uniform thickness of the initial 
tube only at the cross-section was considered. Following 
Al-Hamdany et al.'s work, the minimum and maximum 
thicknesses of the initial tube were purposely fixed at 
5.14 and 5.78 mm, respectively, which were defined by 
the eccentricity, i.e., the gap between the central lines of 
inner and outer circles of the tube cross-section. Impor-
tantly, the maximum thickness is located on the opposite 
side of the x-direction for all figures presented in this 
paper.

(a) Initial (b) Intermediate

Fig. 1   Schematic diagram of tube drawing process studied
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The tube was assumed to behave as an elastoplastic 
material. A three-dimensional FE model (i.e., a half model) 
was developed for the tube drawing process by adaptation 
of an implicit elastoplastic FEM with the MBTS. In the 
work of Al-Hamdany et al., three main parameters were not 
described or considered: bearing length of the die, denoted 
as lb ; fillet radius of the die’s inner corner, denoted as Rf  ; 
and friction coefficients. Point O on the drawing die in Fig. 1 
is the center of rotation when the die is tilted clockwise or 
counterclockwise. In this study, the drawing velocity Vd 
was fixed at 1.0 mm/s because the material was assumed 
to be rate-independent. Additionally, the friction coefficient 
between the tube and plug, and between the tube and die, 
was assumed to be 0.05 [29–31]. Dies with different bear-
ing lengths and fillet radii, lb and Rf  , varying from 5–20 mm 
and 0.5–30 mm, respectively, were used to investigate the 
effects of these parameters on the thickness distribution after 
tube drawing. Table 1 summarizes the key dimensions of the 
process studied.

Table 2 shows the material and flow properties of the 
tube and plug. The flow function of the copper tube was 
characterized using a generalized blending flow model 
[32] from the reference flow curve (RFC) described by the 
selected points from O to T, as shown in Fig. 2. The RFC 
was obtained using the method of Joun et al. [30] from the 
experimental tensile test curve, as shown in the lower panel 
of Fig. 2, given by Al-Hamdany et al. [5]. The dashed line in 
the lower panel of Fig. 2 is the theoretical tensile test curve 
predicted using the generalized blending flow model, which 
implies that it is accurate. Note that point N ( �t = 0.41 ) on 
the flow curve (true stress–strain curve) is corresponds 
to the necking point Ne ( �e = 0.50 ) on the engineering 
stress–strain curve. The experimental flow curve from N 
to T describes the post-necking strain hardening. It is also 
noted that the predicted engineering stress–strain curve is 
in good agreement with the experiments, as can be shown 
in the lower panel of Fig. 2. However, it can be seen that 

the flow curve is remarkably different from the engineer-
ing stress–strain curve, compared with the forgeable steels 
including SCM415, SCM435, and SWCH10A [33]. The rea-
son for such a big difference lies in the significant elongation 
of the material, like stainless steel [34]. The initial effective 
strain of the tube was assumed to be 0.1 to satisfy the value 
of 124 MPa for its initial flow stress.

Because of the difficulty of placing the plug in the correct 
position, the material and plug were assumed to simultane-
ously move towards the orifice until the process reaches the 
steady-state condition. The bottom side of the material and 
plug were regarded as velocity-prescribed boundaries in the 
drawing direction until the plug reached its target position.

The floating plug has a significant effect on correction for 
misalignment errors that affect tube quality. Figure 3 shows 
the FE model; here, the importance of the modeling tech-
nique of the plug is emphasized under the conditions of non-
axisymmetric tube drawing, along with die misalignment 

Table 1   Key dimensions of initial tube drawing process [5]

Parameters Units Values

Minimum initial tube thickness,ti,min mm 5.14
Maximum initial tube thickness,ti,max mm 5.78
Initial tube diameter,∅i mm 65.0
Plug diameter,∅plug mm 51.0
Die orifice diameter,∅die mm 60.0
Half conical die angle,θdie Deg. (°) 12.0
Tilted angle,θt Deg. (°)  ± 5.0
Length of tube,lt mm 250
Length of plug,lp mm 200
Upper corner radius of plug,RPu mm 5
Lower corner radius of plug,RPl mm 15

Table 2   Material properties of tube material and plug [5]

Parameters Units Values

Plug (SKD 11)
Young’s modulus,E GPa 200.0
Poisson’s ratio,v − 0.24
Flow function MPa

𝜎̃ = 2630(1 + 𝜀∕0.01)
0.16

Tube (Copper)
Young’s modulus,E GPa 130
Poisson’s ratio,v − 0.34
Flow function MPa

𝜎̃ =

4
∑

i=1

𝛼
i
S
i

S1 = 124
(

1 + �∕0.045
)0.450

, �1 = −1.62

S2 = 174
(

1 + �∕0.170
)0.575

, �2 = 18.11

S3 =191
(

1 + �∕0.295
)0.700

, �3 − 25.81

S4 =200
(

1 + �∕0.420
)0.825

, �4 = 10.33

Fig. 2   Flow information of the copper
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and tube thickness non-uniformity. The drawing die was 
assumed to be rigid, whereas the plug was regarded as a 
laterally movable and deformable (elastic–plastic) body. 
However, the plug was regarded as a laterally fixed and rigid 
body only as an exceptional case in Fig. 3a. The predicted 
histories of the deformation and the effective strain of the 
tube drawing process for both rigid and deformable plugs 
are shown in Fig. 3a and b, respectively.

In Fig. 4, the laterally movable and deformable plug 
moves towards the right side because of the need for force 
equilibrium. This demonstrates that the treatment scheme of 
the plug is a critical consideration during non-axisymmetric 
tube drawing. Notably, there is no actual axisymmetric draw-
ing because of the eccentricity of the initial tube.

FE predictions of tube drawing processes 
with a tilted die

Numerical effects on predictions

We assumed a plane of symmetry for the tube drawing 
process. First, the numerical effects were assessed using 
various FE mesh systems [35]. The same die and process 
conditions were used. For this purpose, the effects of the 

number of tetrahedral elements on tube reference diameter 
and eccentricity were investigated. The reference diam-
eter, denoted as ∅f  as shown in Fig. 1b, is the predicted 
distance of the two external surfaces of the drawn tube 
on the symmetric plane. The eccentricity, denoted as e, is 
defined as follows:

where tmax and tmin are the maximum and minimum thick-
nesses of the drawn tube, respectively.

The tube drawing process of Al-Hamdany et al. [5] was 
conducted using the initial tube diameter of 65.0 mm, and 
minimum and maximum thicknesses of 5.14 and 5.78 mm, 
respectively, as summarized in Table 1. The initial tube 
eccentricity was 5.86%. All predicted tube thicknesses and 
diameters used in this study were obtained after spring-
back analyses. Figure 5 shows the FE mesh systems con-
structed with the lowest (39,000) and highest (142,000) 
tetrahedral elements tested for both the plug and tube 
material.

In Fig. 6, the e-values slightly decreased as the number 
of tetrahedral FEs increased, up to approximately 90,000; 
subsequently, the e-values generally remained constant. 
When 39,000 tetrahedral elements were used, the maxi-
mum predicted eccentricity was 4.41%; when 89,000 

(1)e =
tmax − tmin

tmax + tmin
,

Fig. 3   History of deformation 
with effective strain (+ 5° tilted 
die case)

(a) Fixed and rigid plug

(b) Laterally movable and deformable plug
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Fig. 4   Nodal velocity compo-
nents of tube material and plug 
[mm/s] (+ 5° tilted die case)

(a)  x-direction (b) y-direction

Fig. 5   FE mesh systems of half 
FE model (+ 5° tilted die case)

(a) 39,000 tetrahedral elements           (b) 142,000 tetrahedral elements  
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tetrahedral elements were used, the minimum predicted 
eccentricity was 3.14%. Figure 6 shows that as the num-
ber of tetrahedral FEs approached 90,000, the predicted 
e-values became more stable and reliable, as revealed in 
a previous study [36] regarding the FE simulation of a 
rotary tube-draw bending process. In contrast, the refer-
ence diameter ∅f  became stable beginning at 60,000 tetra-
hedral elements. An FE mesh system with approximately 
100,000 tetrahedral elements was thus used for all FE 
models in this study.

Effects of bearing length and fillet radius 
on eccentricity

The bearing length, lb, and the fillet radius of the die’s inner 
corner,Rf  , have significant influences on the drawing phe-
nomena for non-axisymmetric tube drawing, particularly 
when a tilted drawing die is involved. These effects occur 
because the tilted angle directly affects the reduction of the 
area.

In accordance with the work of Al-Hamdany et  al. 
[5], tmax and tmin after the first pass, in the case of die 
tilted + 5°, were 4.63 and 4.35 mm, respectively. There-
fore, the e-value experimentally determined from the 
literature was 3.42%; this value was used in our numeri-
cal study. However, because Al-Hamdany et al. did not 
provide any details regarding lb and Rf  , we selected four 
lb values (5, 10, 15, and 20 mm) and three Rf  values (0.5, 
10, and 30 mm) for our simulation of the non-axisym-
metric tube drawing process. Figures 7 and 8 show two 
examples of assumed dies using the selected lb and Rf  
values, respectively, with an emphasis on the projected 

die orifice distance on the symmetric plane, denoted as 
∅p ; importantly, ∅p is similar to ∅f  in the figures.

Figure 9 shows the variation in the reference diam-
eter of the drawn tubes with lb and Rf  , indicating that the 
mean outer diameter of a tube drawn by the tilted die may 
decrease when the bearing length increases or the fillet 
radius decreases.

Figure 10 shows the bearing length–eccentricity curve 
of the process with the + 5° tilted die for fillet radii of 0.5, 
10, and 30 mm. Notably, it was calculated after the pre-
diction of springback because the tube drawing process is 
considerably affected by the springback phenomenon [23, 
24]. Eccentricity linearly decreased with bearing length, 
except for the shortest bearing length, and a distinct mini-
mum point at the bearing length of approximately 10 mm 
was observed for all fillets.

Eccentricity is primarily affected by bearing length 
when a tilted die is used because it determines the ∅p 
value or the area reduction. This relationship is depicted 
in Figs. 7 and 8, implying that a tilted die with an appro-
priate bearing length should be used to reduce the eccen-
tricity of drawn tubes. Figure 11 shows the changes in 
traction and material–die interface according to bearing 
length in the + 5° tilted die case, indicating that contact 
discontinuity varies according to bearing length. Nota-
bly, contact on the thicker side is not affected by the 
bearing length, whereas contact on the thinner side is 
affected. These findings suggest that contact discontinu-
ity is a primary factor influencing thickness uniformity.

Considering that the tube was initially in contact with 
the die at the left side (i.e., thicker wall), the tube tended to 
move towards the x-direction. Inwardly, the plug used for 

Fig. 6   Effects of the number 
of tetrahedral elements on the 
eccentricity and reference diam-
eter of the drawn tube
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this process was being pushed in the same direction. This 
relationship explains the higher value of traction force and 
effective strain on the right side in all tubes in Figs. 11 and 
12, respectively.

In Fig. 12, the material in the entry side was bent to the 
left in the case of a 5-mm bearing length and to the right 
in cases of 15- and 20-mm bearing lengths when it was 

observed towards the negative z-axis; material alignment 
was maintained in the case of a 10-mm bearing length.

Furthermore, all bearing lengths produced similar 
effective strain distribution patterns: larger effective 
strain of the drawn tube on the thinner side than on the 
thicker side, and minimum effective strain at the mid-
dle between the two sides (except in the case with the 
lowest bearing length). The larger effective strain on 

(a) = 10, = 10 (b) = 15 , = 10

Fig. 7   Schematic diagrams of drawing dies using different lb values, with an emphasis on ∅p [mm]

(a) = 10, = 0.5 (b) = 10, = 30

Fig. 8   Schematic diagrams of drawing dies using different Rf  values, with an emphasis on ∅p [mm]
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the thinner side presumably led to improved thickness 
uniformity (i.e., reduction in eccentricity). As indicated 
by the effective strain rate distribution in Fig. 13, the 
material point passed through a longer distance on the 
thinner side than on the thicker side because the mate-
rial in the exit side leaned to the right. The 15- and 

20-mm bearing length cases exhibited a large difference 
in effective strain rate between the middle point and the 
thicker side, potentially leading to deterioration of the 
thickness uniformity of the drawn tube, compared with 
the 10-mm bearing length case.

Fig. 9   Predicted reference diam-
eters, ∅

f
 with different l

b
 and R

f
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Notably, the projected lengths of the material–die con-
tacts on the symmetric plane varied according to bearing 
length, indicating that the 10-mm bearing length case exhib-
ited minimum and maximum projected lengths on the left 
and right sides, respectively, when they were observed in 
the negative z-axis direction. These findings are related to 
the minimum eccentricity at the bearing length of 10 mm, 
as shown in Fig. 10.

Experimental validation of predictions

In accordance with the work of Al-Hamdany et al. [5], the 
drawing die was tilted in two directions: clockwise and 
counterclockwise, denoted as − 5° and + 5°, respectively. 
The experiments by Al-Hamdany et al. indicated that the 
direction of the tilted die significantly affects the thickness 

distribution. When the die angle was reduced on the thin-
ner side, as shown in Fig. 14a, the eccentricity worsened. 
In contrast, when the die angle was reduced on the thicker 
side, as shown in Fig. 14b, the eccentricity improved. As 
the angle on one side decreased, the angle on the other 
side increased.

Bearing length and fillet radius have a direct influence on 
the outer diameter of the drawn tube because the ∅p value 
affects the reduction of the area. However, there was no 
detailed information regarding die geometries, such as die 
bearing length and fillet radius, in the work by Al-Hamdany 
et al. Identical values were provided for both the initial ori-
fice diameter and outer diameter of the drawn tube in the 
misaligned tube drawing process with the ± 5° tilted die. 
Because the present study was intended to determine the 
mechanism underlying reduction of the eccentricity of the 

(a) = 5 mm (b) = 10 mm

(c) = 15 mm (d) = 20 mm

Fig. 11   Tube traction for different lb(Rf  = 10 mm, + 5° tilted die)
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drawn tube, the initial orifice diameter and fillet radius were 
assumed to be 60.8 and 10 mm, respectively, which pro-
duced an outer diameter nearly identical to the experiments.

Table 3 summarizes and compares the predicted and 
experimental results for the cases mentioned above. 
The bearing lengths and inner corner radii used for both 
cases were 10 mm. Table 3 shows that the e-value of the 
tube drawn by the − 5° tilted die increased by approxi-
mately 2.3% from the initial tube (i.e., the eccentricity 
worsened). In contrast, the e-value of the tube drawn 
by the + 5° tilted die decreased by approximately 2.4%. 
Surprisingly, the maximum percentage error between the 
predictions and experiments of the wall thickness and 
eccentricity was 3.31%, indicating that the predictions 
were accurate.

Conclusions

We conducted a numerical study of the tube drawing pro-
cess, in which die misalignment was assumed because 
of a tilted die and thickness non-uniformity in the initial 
tube. An implicit elastoplastic FEM was used, along with 
an MBTS. We simulated an example tube drawing pro-
cess in the literature, characterized by its initial tube with 
5.86% eccentricity and ± 5° tilted die angle, and com-
pared the predicted results with experimental findings.

Because a tilted die causes an extensive change in 
the lateral force exerted on the plug, a novel FE model 
was presented based on the MBTS in which the plug was 
modeled as an elastically deformable and rigidly movable 

(a) = 5 mm (b) = 10 mm

(c) = 15 mm (d) = 20 mm

Fig. 12   Effective strain of drawn tube for different lb(Rf  = 10 mm, + 5° tilted die)
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material. The numerical effects of FE mesh systems on 
the predictions were assessed, revealing that the half FE 
model with approximately 100,000 tetrahedral elements 
for both the plug and tube material is robust in terms of 
numerical effects.

The bearing length lb and the fillet radius Rf  played essen-
tial roles in controlling the thickness distribution, as well as 
the reference diameter of the tube ∅f  in non-axisymmetric 
tube drawing using the tilted die and non-uniform initial tube. 
Numerical analysis revealed that the predicted ∅f  linearly 
decreases as the bearing length increases when the bearing 
length exceeds a low threshold value. Moreover, an optimal 
bearing length minimizes the eccentricity, depending on 
the initial eccentricity of the tube material and the degree 
of die misalignment. In this study, the optimal lb and Rf  for 
the process studied were both 10 mm when the + 5° tilted 
die was used. The maximum errors between predictions and 

experiments for wall thicknesses and eccentricity were very 
small.

Researchers often overlook tube non-uniformity and 
eccentricity when conducting numerical analyses of tube 
drawing processes. However, these issues are becoming 
increasingly crucial in minimizing material consumption 
and protecting the environment. This study provides a 
deeper understanding of the non-axisymmetric tube draw-
ing process with die misalignment and initial tube thickness 
non-uniformity. It isn't easy to improve thickness uniformity 
during tube drawing because of the characteristics of the 
tube drawing process. This study provides insights into the 
development of novel drawing processes and technologies 
for the fabrication of high-quality tubes, while contributing 
to green manufacturing practices in an effort towards net-
zero emissions.

(a) = 5 mm (b) = 10 mm

(c) = 15 mm (d) = 20 mm

Fig. 13   Effective strain rate of drawn tube for different lb(Rf  = 10 mm, + 5° tilted die)
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Fig. 14   Predicted history of 
plastic deformation during tube 
drawing using the ± 5° tilted 
angle

(a) Clockwise direction (−5°)

(b) Counterclockwise direction (+5°)

Table 3   Experiment and prediction results

Tube Diameter, ∅ 
(mm)

Wall thickness 
(mm)

Eccentric-
ity, e (%)

t
max

t
min

Initial 65 5.78 5.14 5.86
Die tilted − 5°
  Experiment [5] 60 4.84 4.14 7.85
  Prediction 59.93 4.81 4.09 8.11
  Error (%) 0.12 0.62 1.21 3.31

Die tilted + 5°
  Experiment [5] 60 4.63 4.35 3.42
  Prediction 59.93 4.60 4.29 3.44
  Error (%) 0.12 0.65 1.38 0.58
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