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1. Introduction  

Pressure vessels play a vital role in modern indus-

try, serving as critical components in the safe storage and 

transport of fluids under high pressure. As the global de-

mand for energy and industrial processing increases, the 

structural integrity of pressure vessels becomes more essen-

tial than ever. Ensuring the safe operation of these compo-

nents requires a comprehensive understanding of their de-

sign, fabrication, and performance under various loading 

conditions. 

Pressure vessels are crucial equipment in various 

industries, tasked with storing fluids under high pressures. 

Due to the inherent risks associated with high pressure, 

these vessels can pose significant safety hazards [1].  

Pressure vessels operate under specific pressure 

and temperature conditions, handling hazardous substances 

that pose risks [2]. 

To ensure adherence to safety standards, various 

design codes have been developed. The most commonly 

employed standards are the ASME Boiler and Pressure Ves-

sel Code and the European standard EN 13445 [3]. 

Pressure vessel failures can be categorized based 

on considerations related to materials, design, fabrication, 

and service in accordance with pressure vessel standards, 

and they can also be categorized based on their dimensions, 

with distinctions made between thick-shell and thin-shell 

configurations. [4] Thin-walled pressure vessels are struc-

tures characterized by a relatively small ratio of wall thick-

ness to the vessel's radius commonly employed for the stor-

age and transportation of gases and liquids in various indus-

trial applications.  

Deep drawing serves as a valuable metal forming 

technique applicable to the manufacturing of pressure ves-

sels, especially those characterized by cylindrical or cup-

shaped configurations. A fire extinguisher features a pres-

sure vessel in a handheld cylindrical form, designed to con-

tain and dispense an extinguishing agent for the purpose of 

suppressing and putting out fires. Water and powder-based 

fire extinguishers, are manufactured from mild steel using 

the deep drawing process. 

The deep drawing method allows for the efficient 

production of seamless and structurally sound pressure ves-

sels, which are essential components of fire extinguishers.  

Two types of extinguishers are produced in appli-

cations where, in the first type, the cylinder body undergoes 

deep drawing, and the base and the dome of the extinguisher 

are shaped independently and later welded onto the cylinder 

body. In the second type, the entire cylinder section and 

dome are produced from sheet metal through the deep draw-

ing process. 

To achieve a uniform wall thickness and greater 

height in the deep drawing of pressure vessel process, mul-

tiple drawing and ironing stages are employed [5]. 

Controlling thinning is crucial in pressure vessel 

deep drawing to ensure the final product meets specified di-

mensional and structural requirements. Excessive thinning 

can lead to issues such as reduced strength and integrity of 

the tube. Engineers and manufacturers often use techniques 

like finite element analysis to optimize the deep drawing 

process, aiming to achieve the desired geometry while min-

imizing thinning and potential defects [6]. 

Non-destructive testing (NDT) is commonly em-

ployed to assess thinning in pressure vessels both during 

production and throughout their operational lifespan [7]. 

The characteristics of the material used in deep 

drawing applications are crucial, particularly its ductility 

and its ability to handle higher deep drawing ratios effec-

tively. Tensile tests are conducted in three rolling directions 

to evaluate the material's properties, as these materials must 

handle multiaxial forces during deep drawing processes. 

The deep drawing ability of steels is assessed through vari-

ous forming tests, such as the Nakazima test, Incremental 

Sheet Forming tests, and Single Point Incremental Forming 

tests [8]. 

DC04 is a popular deep drawing steel commonly 

used in the production of thin-walled pressure vessels. Many 

studies in the literature focus on the forming ability of 

DC04. Isik and co-authors investigated the forming ability 

of DC04 steel sheets during punching [9]. Trzepiecinski and 

co-authors studied the forming and friction performance of 

DC04 through bending under tension tests [10]. Efe studied 

the micro- and macro-scale deformation behavior of DC04 

sheet steels under uniaxial tension and biaxial stretching, fo-

cusing on cold rolling process strain localization effects us-

ing Electron Backscatter Diffraction (EBSD) and digital im-

age processing [11].  

The parameters of the deep drawing process are 

pivotal in attaining the desired level of forming quality.  The 

potential risks of wrinkles and cracks are assessed through 

the utilization of forming limit diagrams [12]. 

The elliptical dome shapes adds complexity to the 

deep drawing process, as it requires careful control of vari-

ous parameters such as material thickness, lubrication, 

forming forces, drawing beads, corner radius of dies, etc 

The principal residual stresses occurring in a 

curved dome of a pressure vessel are influenced by a range 

of factors related to the fabrication and welding processes. 

During the deep drawing of pressure vessels, the anticipated 

principal residual stresses are expected to occur at a point 

near where the most substantial thinning takes place-specif-
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ically, just above the punch radius on the sidewall of the el-

liptical domes [13]. 

Residual stresses in pressure vessel components 

are a concern because they can affect the structural integrity 

and performance of the vessel. They may lead to issues such 

as stress corrosion cracking, reduced fatigue resistance, and 

dimensional distortions. The presence of residual stresses in 

curved structures of pressure vessels like elliptical dome can 

contribute to thinning over time. Residual stresses can arise 

during the fabrication and welding processes of pressure 

vessels. The curved or geometrically complex sections, such 

as nozzles, shells, or other components, may experience un-

even heating and cooling during welding, leading to the de-

velopment of residual stresses. 

The major principal residual stresses typically re-

sult from the thermal gradients and plastic deformations.  It's 

important to note that accurately predicting these residual 

stresses can be a complex task and may require finite ele-

ment analysis (FEA) or other advanced simulation tech-

niques. 

Finite element analysis is utilized to determine the 

root cause of failure in the analysis of pressure vessels in 

many studies [14], [15]. Barsoum and co-authors analyzed 

the root cause failure of a pressure vessel under an internal 

blast load using finite element analysis. They used the John-

son-Cook failure model to determine the failure zone, con-

sidering the effects of plastic strain, strain rate, and temper-

ature [16]. 

Ghennai and co-authors are focused on studying 

the effects of plastic anisotropy and hardening behavior in 

DC04 steel during the deep drawing process using Finite El-

ement Analysis (FEA) [17]. 

Noraphaiphipaksa and co-authors investigated the 

stress intensity and failure effects of sight ports on pressure 

vessels using hydrostatic tests and finite element analysis 

[14]. 

Ali Khalfallah studied the mechanical characteri-

zation of low carbon steel welded tubes, considering strain 

hardening through finite element analysis and experimental 

study [18]. 

Welding thin plate structures is inherently more 

challenging than welding thicker plate structures, thin plates 

are highly sensitive to heat input during the welding process. 

Throughout the welding process, numerous non-uniform 

heat inputs contribute to the generation of residual stress dis-

tribution. This commonly gives rise to the issue of tensile 

residual stresses in welding engineering applications [19]. 

The tensile residual stresses are also very active in 

causing failure at the notches of cold-worked steels [20]. 

Simon and co-authors investigated the residual 

stresses during the deep drawing of a stainless-steel cup. 

They assessed the balancing characteristics of tensile and 

compressive residual stresses at the site of the deep-drawn 

cup using Finite Element Analysis (FEM) [21]. 

Puoza and co-authors evaluated the residual 

stresses using the strain gauge indentation method in longi-

tudinally welded electric water heater tanks [22]. 

Various components and welded sections, such as 

heads, flanges, and nozzles, are commonly found in pressure 

vessels. Among these, the welded T-joint is frequently used 

in their construction. Kollar and co-authors evaluated resid-

ual stresses in T-welded sections using the contour method 

with implemented inverse linear elastic finite element anal-

ysis [23]. Wu and co-authors investigated the distribution of 

residual stresses at the sites of the T-joint by employing both 

the finite element method and the indentation test method 

[24]. 

Peric et al. are focusing on residual stresses in T-

welded joints using the sub-modelling technique [25]. 

The application of a fracture mechanics approach 

to weld cracks enables a more comprehensive understanding 

of the structural integrity of welded components, facilitating 

informed decisions in the areas of design, maintenance, and 

safety. Aniskovich and his colleagues and investigated op-

erational defects in thin-walled pressure vessel welded 

joints and main materials using a fracture mechanics ap-

proach along with optical studies [26]. Semi-elliptical and 

elliptical crack contours are used in their study to understand 

the fracture analysis of thin-walled pressure vessels. 

Xio and co-authors are investigating inertia and in-

ternal pressure-induced defects in pressure vessels through 

fracture mechanics-based failure probability analysis [27]. 

Wang and his colleagues focused on Cweld frac-

ture in thin-walled pressure vessel welds related to stress 

corrosion cracking. They utilized both finite element analy-

sis (FEA) for stress analysis near the weld crack and micro-

structural studies [28]. The double ellipsoid heat source 

model has been implemented into the heat transfer model, 

coupled with the structural field model for determining the 

weld heat effect in their analysis. 

Balac and co-authors studied maximum strains in 

the thin-walled pressure vessel weld zone near the nozzles 

using digital image correlation. They then focused on crack 

propagation at this stress intensity zone through XFEM 

analysis [29]. 

Oh et al. investigated crack growth at stress inten-

sity locations in J-groove welded components, specifically 

at the reactor pressure vessel closure head and nozzles [30]. 

The present study investigates the failure behavior 

of a fully deep-drawn, fire extinguisher-type pressure ves-

sel. Unlike previous works that primarily examined partially 

deep-drawn designs with welded components, this research 

emphasizes the combined influence of high draw ratios and 

welding on structural failure. To this end, tensile and hydro-

static strength tests are conducted alongside detailed finite 

element analyses. 

The FEA is structured in two stages. In the first, 

residual stresses induced by weld heat input are assessed to 

understand their contribution to localized weakening and 

crack initiation. In the second stage, stress intensity at criti-

cal crack tips is evaluated to pinpoint the conditions leading 

to fracture. This comprehensive approach aims to clarify the 

role of weld-affected zones in catastrophic failure, particu-

larly in the curved sections of the vessel.  

2. Material and Methods 

2.1. Fire extinguisher type pressure vessel characteristics 

The material used in the production of the fire ex-

tinguisher-type pressure vessel is DC-04 (DIN EN-10130), 

known for its ductility and suitability for higher deep draw-

ing ratios. 

The chemical composition of the material is pro-

vided in Table 1 [31]. 

The pressure vessel for the portable fire extin-

guisher is produced using a two-stage deep-drawing pro-

cess, with maximum drawing ratios of 2 and 1.3 for the first 
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and second stages according to EN 3-8:2021 standards.  The 

reduction ratios are 50% and 23%, respectively, with a start-

ing blank diameter of 400 mm. These deep drawing param-

eters are provided by the manufacturer. 

The thickness of the sheet steel at the start of the 

drawing is 1.5 mm. The variation in thickness of the pres-

sure vessel at the end of the deep-drawing process is shown 

in Fig. 1. 

Table 1 

Chemical Composition of DC04 Low Carbon Steel 

Standard Number EN 10130 

Producer Number Erdemir-7114 

C 0.08 

P 0.03 

S 0.03 

Mn 0.04 

Ti 0.065 

 

 

Fig. 1 Thickness variation of the fire extinguisher 

The MAG welding operation used to apply the 

bush on the head section and the base section was conducted 

in previous research [32], by the TS EN ISO 15614-1 stand-

ards, as shown Fig. 2 and Table 2. 

Here, heat input was calculated according to 

ISO/TR 18491:2015 standard [33] 

60V A
H

s


= , (1) 

where H is heat input (J/mm),  is an arc weld efficiency, V 

is an arc weld voltage, A is an arc weld current, s is the travel 

speed (mm/min). The mechanical properties of the sheet 

material are provided in Table 3. It is observed that both 

yield strength and tensile strength increase, while ductility 

decreases with higher cold reductions after two stages. 

The strain hardening coefficient and hardening co-

efficient at the Table 3 are calculated according to the Hol-

loman equation by using true stress strain curve given below 

[34]. 

n

T K = . (2) 

Here K is the strength coefficient, n is the strain 

hardening coefficient.  

These values in Table 3 are obtained for the log 

true stress-strain curve using linear regression with the least 

squares method. 

2.2. Hydrostatic test  

The hydrostatic test is performed to ensure that the 

vessel can safely contain the intended working pressure 

without failing, and also to assess factors such as burst pres-

sure and the failure zone, as shown in the figure below. 

Standards for Portable Fire Extinguishers  

 

a b 

Fig. 2 MAG welding operations setup graphic applied to deep-drawn fire extinguisher (a) and view of MAG welding oper-

ation (b) 

Table 2 

MAG weld parameters at welding of pressure vessel  

Specimen 
Welding current, 

A  

Welding voltage, 

V 

Welding speed, 

mm/min 

Torch distance,  

mm 

Weld efficiency, 

  

Total power,  

W 

1 100 14 300 2 0.7 980 

2 100 14 200 2 0.7 980 

3 125 15 300 2 0.7 1312 

4 125 15 200 2 0.7 1312 

5 140 15.6 300 2 0.7 1534 

6 140 15.6 200 2 0.7 1534 
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Table 3 

The mechanical properties of welded and non-welded samples  

Operation 
Yield Strength,  

MPa 

Tensile Strength, 

MPa  

Elongation,  

% 

Strength Coeffi-

cient, 

K , MPa 

Hardening 

Coefficient, 

n 

Anisotropy  

ratio, r90 

Cold Worked 210 350 38 575 0.18 1.6 

Cold Worked + Deep Drawn 597 642 6 2749 0.48 1.6 

 

TS EN 3-8 covers the construction, resistance to 

pressure, and mechanical tests for extinguishers with a max-

imum allowable pressure equal to or lower than 30 bar. Ac-

cording to these standards the burst pressure should not be 

less than 2.7 times the permissible pressure, and a 81 bar test 

pressure is applied during tests. This process also allows for 

the identification of the maximum pressure the tube can 

withstand and provides insights into the failure zone, which 

refers to the conditions or pressure range at which the tube 

fails. All pressure vessels do not fail at test pressure. The 

burst pressure of the tested vessels was found to be approx-

imately 120 bar. The hydrostatic test setup graphic and typ-

ical images of the test samples' failure zones used in the ex-

periments are given in Fig. 3. 

  

a 

 

b 

Fig. 3 Hydrostatic test setup graphic (a) and Failure zones at 

the burst pressure vessels (b) 

3. Result and Discussion 

3.1. Microhardness measurements 

After grinding and polishing, the hardness samples 

were etched. HV1 Vickers microhardness measurements 

were then taken at five different points, including the weld 

fusion zone, the heat-affected zone (HAZ), and the base 

metal zone, using the Microbul-1000-DN microhardness 

tester (Fig. 4). 

It can be seen from the figure that the hardness de-

creases in both the weld fusion zone and the weld-affected 

zone, which is the main reason for the reduced strength weld 

affect at thinnest section after deep drawing. 

3.2. Microstructure investigation 

In this section, a microstructural investigation is 

conducted on the deep-drawn tube shell and head section, 

 

Fig. 4 Microhardness measurements at the head of the pres-

sure vessel 

with a specific focus on the curved head section, and weld-

affected zone. The ferritic and perlitic microstructure of 

DC04 before deep drawing is given at the figure below 

(Fig. 5). 

In the shell section, after deep drawing, longitudi-

nally oriented, highly elongated ferrite grains can be ob-

served in the figure below. In the elongation and transverse 

direction, no cracks are observed. (Fig. 6). 

 

Fig. 5 Microstructure of DC04 before deep drawing 

 

Fig. 6 The oriented ferrite grains at shell section  
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Fig. 7 Weld heat affected zone recrystallized grains 

 

Fig. 8 Weld heat affected zone boundaries with recrystal-

lized grains 

The weld and heat-affected zone at the curved head 

section are shown in the Fig. 7 and Fig. 8. No weld defects 

were observed in the weld fusion zone. The figures indicate 

that weld fusion is effective in the HAZ zone at the transi-

tion and also at the far boundaries of HAZ zone, where ori-

ented grains transform into recrystallized grains. 

The grain orientation at the curved thinned head 

section is shown in the following Fig. 9. It can be observed 

that the ferritic grain orientation is present, and the grain 

sizes have decreased compared to the shell section. 

The microhardness and microstructural studies in-

dicate a decrease in the strength of the HAZ zone, where 

recrystallization has occurred in the elongated grains. 

3.3. Finite element analysis 

The couple-field thermomechanical finite element 

analysis is performed to better understand the effects of re-

sidual stresses and thermal conditions on the failure zone. In 

the first stage, a thermal analysis is conducted on the weld 

heat-affected zone at the head section, based on the heat 

source parameters. In the second stage, the temperature 

changes from the thermal analysis are used as thermal load 

inputs for the subsequent mechanical analysis. The pressure 

vessel model and thermal and mechanical boundary condi-

tions used in the finite element analysis are illustrated in 

Fig. 10, with symmetry boundary conditions applied to re-

duce computational effort. 

The Gauss heat flux technique was incorporated 

into the finite element model for thermal analysis to simu-

late the weld arc, involving the customization of Gauss heat 

flux parameters as described in the following section. 

 

Fig. 9 The oriented ferrite grains at curved head section 

    

a 

  

b c 

Fig. 10 Pressure vessel model (a), thermal boundary condi-

tions (b) and mechanical boundary conditions (c) 

The Gauss heat source density of the weld was 

characterized by the following formula based on the heat 

source radius [35, 36]: 

0 2

3
q Q

R
= , (3) 

Q U I= , (4) 

where q0 is heat source density per heat effected area, Q is 

total heat input,  is an arc weld efficiency, U is an arc weld 

voltage, I is an arc weld current, r is the surface flux at ra-

dius, R is weld pool radius. 

The Gauss heat distribution parameters in the mov-

ing heat line model for finite element analysis were derived 

from experimental weld parameters presented in Table 2, 

utilizing the heat input formula specified in Table 4. 

Table 4 

The moving heat source parameters at the numerical study 

Weld Speed 13.33 mm/s 

Weld Current Heat Radius R  2.8 mm 

Weld Power Density q  49.1 W/m2 

Weld Time t  6.26 s 

 

Quadratic ten-node tetrahedral thermal and struc-

tural solid elements (Solid291 and (Solid187) are used in the 

finite element models to optimize meshing transition at the 
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curved and cylindrical sections and to improve sensitivity 

by increasing the number of numerical integration points. 

The mesh element size is determined to be 5 mm at the head 

section and refinement is applied at weld heat applied face,  

considering element quality for effective heat flux and tem-

perature variation optimal for computational effort in the 

couple field analysis, as illustrated in Fig. 11. 

   

a b c 

Fig. 11 The finite element model mesh (a), temperature var-

iation (b) and heat flux variation at the weld heat af-

fected zone (c) 

Temperature-dependent specific heat and conduc-

tivity values for the DC04 material were obtained from the 

literature [37, 38] 

Thermal boundary conditions, including the con-

vection coefficient value and radiation rate, were defined as 

30 W/m2 and 0.9, respectively [39]. 

After thermally induced residual stresses are deter-

mined, the second stage of the analysis implements these re-

sidual stresses. Internal pressure is then applied to complete 

the failure analysis. During the nonlinear failure analysis, 

the mechanical properties of the pressure vessel, including 

the effects of deep drawing, are used. 

A nonlinear static analysis is conducted using the 

bilinear isotropic hardening material model at the second 

stage. The study evaluates plasticity in the failure zone and 

Von Mises stresses, which are then compared with experi-

mental results. The residual stress state in the weld heat-af-

fected zone (HAZ) is indeed crucial for the failure analysis 

of pressure vessels. Weld heat-affected residual stresses 

evaluated by FEM analysis are given at the following 

Fig. 12. 

The residual stress results indicate that tensile re-

sidual stresses are effective at the weld heat affected zone 

which is known that tensile residual stresses may contribute 

to the initiation and propagation of cracks. At the second 

step, the internal pressure is determined based on the burst 

pressure values obtained from hydrostatic tests. The results 

of the failure analysis at the end of the second step are pro-

vided in Fig. 13 and Fig. 14. 

The figures illustrate that maximum stresses and 

strains occur at the shell sections, while minimum stresses 

are observed at the head zone of the pressure vessel. These 

observations are consistent with analytical stress results pro-

vided for circumferential and axial stresses in thin-walled 

pressure vessels subjected to internal pressure [28]. Fig. 14 

shows that the plastic strains and yield stresses in the weld 

heat-affected zone influence the pressure vessel's strength. 

While it is recognized that high stresses occur at 

the shell sections of a pressure vessel, it is noteworthy that 

  

a b 

Fig. 12 Tensile residual stresses at weld affected zone (a) 

and von Mises residual stresses at weld affected 

zone (b) 

  

a b 

Fig. 13 The von Mises stress (a) and plastic strain (b) results 

of pressure vessel shell sections for 10.6 MPa inter-

nal pressure 

  

a b 

Fig. 14 The von Mises stress (a) and plastic strain (b) results 

of pressure vessel welded cap sections for 10.6 MPa 

internal pressure 

the shape of the stress curve at the dome section and the 

stress concentrations introduced at the transition sections, 

particularly in welded zones, play a significant role in the 

failure of pressure vessels [28, 40]. 

The crack opening mode is also studied with a 

semi-elliptical crack at failure zones to understand the crack 

opening failure mechanism. Semi elliptical crack zones are 

determined from the failure zones observed in hydrostatic 

burst pressure tests. The singularity is reduced by position-

ing the mid-side nodes at the quarter points in the hex-dom-

inant mesh around the crack front, which should be quad-

ratic. 

It is seen from the figures that the Mode I domi-

nated crack opening is observed at crack zones, which is in 

good agreement with experimental hydrostatic tests (Fig. 15 

and Fig. 16). The numerical results are compared with the  
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a b 

Fig. 15 Semi-elliptical crack at head section (a) and opening 

mode in semi-elliptical crack at the head section 

weld (b) 

 

a 

 

b 

Fig. 16 Semi-elliptical crack at shell section (a) and crack 

opening mode in semi-elliptical crack at shell sec-

tion (b) 

analytical results obtained from the stress intensity factor 

calculation derived by Irwin for semicircular crack from the 

equation below for critical pressure [41] 

1
2 4

2 2

2I

a a
K Sin Cos

E( k ) c

 
 

 
= + 

 
, (5) 

( )

1
1 64 2

1 1 47

.
a

E k .
c

  
= +  

   

, (6) 

where a is the crack depth, c is the half surface length of the 

semi-elliptical crack. 

Here, stress  at the pressure vessel is defined as 

follow for shell and curve section respectively: 

PR

t
 = , (7) 

2Z

PR

t
 = , (8) 

where R is the pressure vessel inner radius,  and 
Z
 are 

hoop and longitudinal stresses respectively. 

Critical pressure may be defined by Eqs. (5), (6) 

and (7) according to the stress intensity factor [42]: 

c
cr

K t
P

F R a
= , (9) 

C IK K= , (10) 

where Kc is fracture toughness determined experimentally, 

F is the geometric correction factor, t is the pressure vessel 

thickness. The critical pressure can also be defined accord-

ing to the yield strength y [42] 

2

3

y

cr

t
P

R


= . (11) 

The critical pressure in Equation 9 is determined 

from hydrostatic tests. The variation of the critical stress in-

tensity factor for a shell and curved head section of a pres-

sure vessel, with respect to the crack length to thickness ra-

tio, is shown in Fig.| 17.  

 

Fig. 17 The critical stress intensity factor at shell and curve 

section of pressure vessel: Pcr = 12 MPa, a / c = 0.5, 

cr = 498 MPa 

In Fig. 17, Kcr(sh)-an, Kcr(head)-an refer to the an-

alytical solutions for the shell and head sections, respec-

tively. Whereas Kcr(sh)-fem, Kcr(head)-fem refer to the fi-

nite element modeling solutions for the shell and head sec-

tions, respectively. 

The figure indicates that critical stress intensity is 

achieved at lower values for smaller crack length-to-thick-

ness ratios. Numerical and analytical results demonstrate 

that the critical fracture stress intensity is lower in the head 

section of the pressure vessel, where catastrophic failure oc-

curs during hydrostatic tests. 

4. Conclusions 

This study systematically investigated the failure 

mechanisms of fully deep-drawn, thin-walled pressure ves-

sels used in fire extinguisher applications, focusing particu-

larly on the influence of weld-induced residual stresses and 

geometric thinning in curved regions. A comprehensive ex-

perimental and numerical approach, including tensile and 

microhardness testing, hydrostatic burst pressure evalua-

tion, microstructural analysis, and coupled-field thermome-

chanical finite element simulations, was employed. 
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The findings clearly indicate that the weld heat-af-

fected zone (HAZ), particularly in the head section of the 

vessel, serves as a critical location for failure initiation. Mi-

crostructural evaluations revealed grain recrystallization 

and reduced hardness in this region, corresponding with lo-

calized thinning. Hydrostatic burst tests confirmed that fail-

ure consistently occurred in these weld-affected areas. 

Residual stresses were obtained through thermo-

mechanical coupled-field FEM analysis, considering the 

nonlinear behavior of DC04 steel. The results indicate the 

presence of tensile residual stresses in the weld heat-af-

fected zone (HAZ), which are known to be a dominant fac-

tor contributing to failure. Both hydrostatic testing and ther-

momechanical FEM results reveal that the weld-affected re-

gion at the thinnest section of the pressure vessel dome is 

the critical area during catastrophic failure. Stress intensity 

effects at the shell and dome sections of the pressure vessel 

were also analyzed using a semi-elliptical crack model at 

these critical locations. A Mode I-dominated tensile fracture 

mechanism was observed in the fracture zones, consistent 

with the burst patterns seen in experimental tests. 

Overall, the study highlights the significant impact 

of welding-induced thermal gradients and geometrical fea-

tures on the structural performance of fully deep-drawn ves-

sels. These results underscore the importance of precise pro-

cess control in welding and forming operations and advo-

cate for the continued use of integrated experimental and 

computational methods in predicting and preventing cata-

strophic failures in pressure vessels. 

Future work may include parametric optimization 

of welding parameters and post-weld heat treatment strate-

gies to reduce residual stresses and enhance structural per-

formance and service life. 
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I. S. Dalmis, S. O. Eruslu 

FAILURE ANALYSIS OF DEEP-DRAWN SINGLE 

PIECE PRESSURE VESSELS  

S u m m a r y 

This study presents a comprehensive failure analy-

sis of fully deep-drawn, thin-walled pressure vessels used in 

fire extinguisher applications, focusing on the effects of 

deep drawing and welding processes. Hydrostatic burst 

pressure testing, tensile and microhardness measurements, 

microstructural evaluations, and coupled thermomechanical 

finite element analysis (FEA) were performed to identify the 

root causes of failure and assess the influence of weld-in-

duced residual stresses. 

The experimental results revealed that the weld 

heat-affected zone (HAZ), particularly at the curved head 

section of the vessel, exhibited reduced microhardness and 

structural integrity due to recrystallization and grain refine-

ment. Hydrostatic testing confirmed that failure typically in-

itiated in this thinned, weld-affected region, where residual 

tensile stresses were also found to be concentrated. 

Numerical simulations further substantiated the ex-

perimental observations. Thermal-mechanical FEA demon-

strated the presence of tensile residual stresses in the HAZ 

and identified stress concentrations aligned with experimen-

tally observed crack zones. A two-stage FEA approach, in-

corporating both thermal and structural analyses, was used 

to simulate weld heat input and internal pressure loading. 

The resulting stress distributions and crack propagation pat-

terns, evaluated using a semi-elliptical crack model, re-

vealed that Mode I crack opening was dominant, especially 

at the head section. 

Comparative analysis of critical stress intensity 

factors between the shell and head sections showed that the 

head region had a significantly lower threshold, explaining 

its susceptibility to catastrophic fracture. The numerical pre-

dictions showed strong correlation with experimental hy-

drostatic burst test results, validating the use of FEA in pre-

dicting failure mechanisms in deep-drawn welded vessels. 

Overall, the study highlights the critical role of 

weld-induced residual stresses and geometric thinning in de-

termining failure zones in pressure vessels. The integration 

of experimental and numerical techniques offers a robust 

framework for evaluating structural integrity and improving 

the safety of welded deep-drawn pressure vessels in indus-

trial applications.  

Keywords: MAG welding, welding heat input, finite ele-

ment analysis, Gaussian heat flux approach. 
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