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Abstract

ISO 21029 cryogenic vessel is used to transport cryogenic fluids. High-manganese steel (High-Mn steel) is widely regarded as suitable 

for use at cryogenic temperatures. The conventional way of manufacturing an ellipsoidal vessel head involves incremental stretching, 

followed by a spinning process. In this study, an alternative method for forming an ellipsoidal vessel head was proposed. Finite element 

analysis (FEA) was used to theoretically examine the strain evolution during a multi-stage forming process, which involved progressive 

stretching, deep drawing, and spinning of High-Mn steel. The distribution of effective strain and strain components were analyzed at 

different regions of the formed part. The FEA results revealed that only normal strains were evident in the dished region of the vessel head 

due to the stretching process. However, the flange region experienced complex strain evolution during the subsequent deep drawing and 

spinning process.
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1. Introduction

High-manganese steel (High-Mn steel) is a type of 

austenitic steel with a Mn content greater than 20%. Its 

excellent mechanical properties of high strength and 

ductility have led to growing interest in using High-Mn 

steel[1]. High-Mn steel has shown to be effective for 

cryogenic applications due to its outstanding cryogenic 

temperature properties[2-4]. As industries and transport 

sectors increasingly use cryogenic fluids, the storage and 

transportation of these fluids present challenges due to their 

low temperatures. 

Cryogenic vessels that conform to the standards of ISO 

21029 are used to store cryogenic fluids[5]. The vessel 

head, as an end closure, is a key component of the vessel. 

There are various kinds of vessel heads with different 

geometry, but, the current studies has focused on the 2:1 

ellipsoidal head[5]. Zheng et al. conducted a compre-

hensive study on the numerical analysis of the stamping of 

various ellipsoidal head dimensions and concluded that the 

optimal parameter for describing deformation during head 

stamping was equivalent plastic strain[6]. They also 

analyzed the strain distribution along the cross-sectional 

profile of the deformed head. Soltani et al. used finite 

element analysis (FEA) to investigate dimensional 

deviations at different zones of ellipsoidal steel heads 

during deep drawing[7]. They concluded that the maximum 
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thinning occurs at the junction of the knuckle and the 

straight flange region. Zhang et al. employed FEA 

modeling to understand the stress and strain distribution 

during power spinning of ellipsoidal heads with variable 

thickness and validated the results experimentally[8]. It is 

well known that residual stresses are generally observed in 

the cold formed components which can affect the 

subsequent processes and overall life span of the product[9]. 

M.S. Ragab et al. concluded that residual stresses in deep 

drawn cups can be significantly reduced by implementing 

ironing process[10]. Y.C. Lin et al. made an attempt to 

reduce the residual stresses by annealing treatment on the 

spun ellipsoidal head and studied the residual-stress 

relaxation mechanism[11]. Some industries utilize 

incremental stretching to form the hemispherical part of the 

ellipsoidal head before employing the spinning process to 

achieve the straight flange and desired geometry. In this 

case, the workpiece is expected to undergo a significant 

plastic deformation and a complex strain path.

In the present study, to suggest an alternating 

manufacturing process, FEA was employed to investigate 

the strain development in High-Mn Steel during the 

sequential stages of stretching, deep drawing, and spinning, 

which together form an ellipsoidal vessel head.

2. Experimental details

The present study was conducted on hot-rolled High-Mn 

steel, with its chemical composition detailed in Table 1. In 

this research, a Finite Element Analysis (FEA) tool was 

utilized to examine the strain development throughout the 

consecutive processes of stretching, deep drawing, and 

spinning, resulting in the formation of an ellipsoidal vessel 

head. 

2.1 Head forming procedure.
Fig. 1(a) shows a typical ISO 21029 ellipsoidal vessel 

head, and Fig. 1(b) illustrates the cross-section view of the 

ellipsoidal head along with its specifications. The 

ellipsoidal head can be divided into three regions: Crown 

zone (CZ), Knuckle zone (KZ), and Flange zone (FZ), as 

highlighted in Fig. 1(b). The CZ and KZ regions together 

form dish region. Fig. 2 depicts the proposed multi-stage 

forming process for the ellipsoidal vessel head. Fig. 2(a) 

represents the initial state of the forming process. Fig. 2(b) 

demonstrates stretching process, during which the 

Table 1 Chemical composition

C Mn Si Cr Fe/others

0.32 24 0.014 3.62 Balance

Fig. 1 (a) 3D view of an ISO 21029 ellipsoidal vessel 

head; (b) Cross-section view of the ellipsoidal

vessel head and its geometry specifications

Fig. 2 Schematic view of (a) Initial state; (b) Stretching 

process; (c) Deep drawing process; (d) Spinning 

process 
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workpiece is clamped along its periphery and plastically 

deformed by the punch to create the dish region. Fig. 2(c) 

presents the deep drawing process, where the grip on the 

workpiece periphery is released, and the punch is further 

lowered to form the flange region.

The thickness distribution in the flange region might be 

heterogenous due to wrinkles generated during the deep 

drawing process. Fig. 2(d) depicts the spinning process, 

which is performed to eliminate the effect of wrinkles on 

the flange region and achieve the final geometry of the 

head.

2.2 Uniaxial tensile test
Uniaxial tensile tests were carried out to determine the 

material’s mechanical properties, which were then utilized 

in the FEA. Fig. 3(a) shows the geometry of the round bar 

specimen used for the tensile tests. The samples were cut 

along the rolling direction using wire electrical discharge 

machining (EDM). The tensile tests were conducted at 

room temperature (RT) at a strain rate of 0.7/sec. Fig. 3(b) 

shows the true stress-true plastic strain data obtained from 

the tensile tests. This data was fitted using the classical 

constitutive Swift equation and used as a flow property for 

the workpiece in the simulation[12]. The fitted parameters 

are mentioned in Fig. 3(b).

3. Simulation details

A continuum element-based 3D FEA simulation was 

carried out using DEFORM v12.0 software to investigate 

the strain evolution during the ellipsoidal head forming 

process. The stretching and deep drawing model consisted 

of a punch, die, and workpiece. The punch and die were 

assumed as rigid parts, while the workpiece was modeled 

as a rigid-plastic body assuming isotropic behavior. Fig. 

4(b) displays the tetrahedral mesh of the workpiece, 

consisting of 115,181 elements. Throughout the stretching 

process, the workpiece's linear movements at its periphery 

were constrained in the X, Y, and Z directions.

The punch was allowed to move exclusively in the Z 

direction at a velocity of 10 mm/s for a displacement of 495 

mm. During the deep drawing stage, constraints on the 

workpiece's periphery were removed, and the punch 

movement continued until the flange shape was achieved. 

Figs. 4(c) and (d) illustrate the spinning process assembly, 

which includes the deformed workpiece, mandrel, power 

roll, and tool. The mandrel functioned to rotate the 

Fig. 3 (a) Uniaxial tensile test specimen geometry; (b) 

True stress-plastic strain data obtained from 

uniaxial tensile test and Swift equation fitting 

curve and parameters

Fig. 4 (a) Initial FEA set-up for stretching and deep 

drawing process; (b) Initial mesh condition of the 

workpiece; (c) and (d) FEA set up for spinning 

process in different views 
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deformed workpiece by implementing a sticking contact 

condition. The power roll, whose rotation axis is its Z axis, 

was in contact with the inner surface of the deformed part. 

The tool was initially positioned at the beginning of the 

flange region (C) and completed the flange (D) by 

following a designated tool path. The X, Y, and Z 

coordinates were determined based on the final head 

geometry's outer diameter and incorporated into the tool 

path as a time-dependent function. Moreover, the tool was 

given rotational motion around its Z axis. A feed rate of 30 

rpm was assumed for the mandrel, power roll, and tool, and 

a friction coefficient of 0.12 was applied between the 

mating surfaces.

4. Results and discussions

In this section, we discuss the strain evolution in the CZ 

and KZ regions using the stretching and deep drawing 

process results, while the spinning results are used to 

examine the strain distribution in the FZ region.

Fig. 5 illustrates the distribution of effective strain ( e ) 

during the stretching process at various punch strokes (PS). 

Fig. 5(a) displays the effective strain at PS1, where 

noticeable effective strain occurs only in the contact region 

between the punch and workpiece. Strain localization is 

apparent in the peripheral region due to restricted material 

flow. Fig. 5(b) depicts the effective strain at PS2, where the 

maximum effective strain is at the center region, gradually 

decreasing to zero towards the periphery. Moreover, the 

strain localization value in the peripheral region has 

increased. Fig. 5(c) presents the effective strain distribution 

at PS3, where the punch’s contact region with the 

workpiece exhibits a uniform distribution of effective strain. 

Fig. 5(d) reveals the final stage of stretching, characterized 

by a uniform strain distribution throughout the dish region, 

except at point B, where the punch's radius of curvature 

changed. Strain localization occurs along the peripheral 

region, with a maximum effective strain reaching a value of 

0.33. 

Fig. 6 illustrates the effective strain distribution during 

the deep drawing process at various intervals. Fig. 6(a) 

Fig. 5 (a)-(d) Effective strain distribution of the 

deformed part during stretching process at 

different punch strokes
Fig. 6 (a)-(d) Effective strain distribution of the 

deformed part during deep drawing process at 

different punch strokes
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displays the flow of flange material into the die opening as 

the punch progresses, with the maximum effective strain 

increasing to 0.42. Figs. 6(b) and (c) reveal wrinkles in the 

flange region, as there is no blank holder to restrain them. 

These wrinkles cause a heterogeneous effective strain 

distribution in the flange region. Fig. 6(d) represents the 

final formed shape after the deep drawing process, with the 

inner surface exhibiting a maximum effective strain of 0.5 

at the end of the deep drawing process. Figs. 7(a)-(d) 

demonstrates the effective strain distribution during the 

spinning process at various intervals. As the tool moves, the

effective strain begins to increase, reaching a maximum 

value of 2.6 at the end of the process. The strain 

distribution in the flange region is not homogeneous. The 

outer surface undergoes more extensive strain than the 

inner surface due to the intense deformation caused by the 

tool's rotation and vertical translation.

To quantitatively understand the strain evolution along 

the cross-sectional line profile (A-B-C-D), we plotted the 

effective strain and strain components on the deformed part 

after the stretching, deep drawing, and spinning processes.

Fig. 8(a) displays the effective strain line profile during 

the stretching process, where a uniform effective strain 

distribution in the CZ region (A-B) is followed by a slight 

decrease in the KZ region as it approaches point C. This 

may be because the CZ region had stronger contact with 

the punch compared to the KZ region. The effective strain 

exhibits a small spike at point C due to strain localization 

resulting from the material flow restriction in the FZ region. 

Fig. 8(b) shows the effective strain line profile illustrating 

the effective strain distribution after the deep drawing 

process. The CZ and KZ regions display a similar profile as 

in the stretching process because of the free flow of 

material from the FZ region. The effective strain reaches a 

maximum value of 0.40 at point C due to the wrinkles' 

impact on the existing strain localization. The FZ region 

exhibits an effective strain value of ~0.26, similar to the CZ 

region. Fig. 8(c) presents the effective strain line profile in 

the FZ region (C-D) after the spinning process. High 

effective strain is evident in the FZ region, with values 

increasing from 1.15 at point C and reaching a maximum 

value of 2.45 before decreasing to 1.92 at the end of the 

flange path D. Fig. 9(a) displays the strain components line 

profile after the stretching process. It is evident that all 

three normal strain components are active, while none of 

the shear strain components are active in the CZ and KZ 

zones during the stretching process. Longitudinal strain 

(
XX

e ) and transverse strain (
YY
e ) are tensile in nature, 

while thickness strain (
ZZ
e ) is compressive, indicating the 

thinning phenomenon in this region. The material in the 

dished area experiences biaxial tensile stress due to the 

action of the punch in the stretching process. In the CZ 

region, longitudinal strain (
XX

e ) maintains a constant value 

of 0.13 and then exhibits a slightly higher value in the KZ. 

The transverse strain (
YY
e ) remains a constant value of 0.13 

throughout the CZ region and then linearly decreased to 0 

at the end of KZ region. The thickness strain (
ZZ
e ) has a 

fluctuating value of around −0.28 in the CS zone and then 

gradually diminished to −0.20 at the end of the KZ zone 

path. Fig. 9(b) shows the strain components line profile 

after the deep drawing process. The strain components in 

the CZ and KZ regions demonstrate similar behavior as 

during the stretching process. The tensile nature of 

longitudinal strain (
XX

e ) decreases as it reaches the end of 

Fig. 7 (a)-(d) Effective strain distribution of the 

deformed part during spinning process at 

different stages.
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the flange in FZ region. The transverse strain (
YY
e ), which 

was tensile in the CZ and KZ regions, transitions to a 

compressive nature in the FZ region. The thickness strain 

(
ZZ
e ), which was compressive in the CZ and KZ region, 

transitions to tensile behavior at the end of the FZ zone. 

The end part of the FZ region exhibits a thickening 

phenomenon. Fig. 9(c) presents the strain components line 

profile of the FZ region after the spinning process. A 

Fig. 8 Effective strain line profile on the deformed part after: (a) stretching process; (b) deep drawing process; (c) 

spinning process

Fig. 9 Strain components line profile on the deformed part after (a) stretching process; (b) deep drawing process; (c) 

spinning process
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complex strain evolution is evident in the FZ region, where 

all the strain components are active. The longitudinal strain 

(
XX

e ) exhibits tensile behavior at the beginning of the 

flange path, C, and then gradually shifts to compressive 

behavior. The transverse strain (
YY
e ) maintains a tensile 

nature throughout the path. The compressive nature of the 

thickness strain (
ZZ
e ) indicates that material experienced 

thinning in flange region. The shear strain components 

display erratic behavior.

5. Conclusion

The following conclusions were drawn after theoretically 

examining the strain evolution in High-Mn steel ellipsoidal

vessel head during the sequential stretching, deep drawing, 

and spinning process using FEA:

A maximum effective strain of 0.33 was experienced by 

the deformed part after stretching process. The cross-

sectional line profile on the deformed part revealed that 

only normal strain components were active in the CZ and 

KZ zones. The compressive nature of the thickness strain 

(
ZZ
e ) in the CZ and KZ zones demonstrated the thinning 

phenomenon.

After the deep drawing process, a maximum effective 

strain of 0.5 was experienced at the junction (C) of the KZ 

and FZ regions. The cross-sectional line profile on the 

deformed part showed that CZ and KZ zones followed a 

similar trend as stretching process. The transverse strain 

(
YY
e ) exhibited a linearly increasing compressive behavior 

from the start to the end of the FZ region.

Following the spinning process, a maximum effective 

strain of 2.6 was induced in the FZ region. The effective 

strain line profile in the FZ region (C-D) showed an 

increase from 1.15 at point C, reaching a maximum value 

of 2.45, and then decreasing to 1.92 at the end of the flange 

path D. The compressive nature of thickness strain (
ZZ
e ) in 

the FZ region emphasized the thinning phenomenon.
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