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ABSTRACT: The mass and cost analysis and optimization of a welded pressure vessel, 

specifically for an ammonia synthesis converter, are presented in this article. Steels of various 

sorts, such as heat and corrosion-resistant steels, could be used to make this. There are various 

types of these steels, including ferritic steels, austenitic steels, and combinations of the two 

before duplex steels, as is well known. Steels like these are commonly utilized in the chemical 

and oil industries. Each variety has its own set of benefits and drawbacks. It relies on the 

consistency in contact with the steel and the mechanical stress if it is appropriate to use. For the 

base material and welding, the minimum mass and cost were computed using 23 different thefts 

and four different welding processes with various filler materials and welding conditions 
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1 INTRODUCTION  

The choice of heat-resistant steel material is 

critical for a pressure vessel that runs at a higher 

temperature, such as an ammonia synthesis 

converter. Steels that are austenitic, ferritic, or 

duplex can be chosen. They each have their own set 

of benefits and drawbacks. In this study, 23 

different heat-resistant steels were evaluated and 

compared in terms of cost and mass. During the cost 

estimates, the material and welding expenses were 

also taken into account. The generalized reduced 

gradient approach was utilized to get the objective 

function's minimum value for the optimization. 

Three distinct operating temperatures and inner 

pressures were used in the computations, resulting 

in a total of nine options. In this case, we do not 

consider welding shrinkage (Jármai, Petrik 2021), 

stability (Jármai, Petrik 2020), but the heat 

treatment (Jármai, Szűcs 2020) and the use of 

different standards is essential. Optimization is also 

considered (Al-Fatlawi et al. 2020, Sahib et al. 

2021). 

2 MATERIALS AND METHODS 

First, a short survey is done on the ferritic, 

austenitic, and duplex steels. What are their 

advantages or specialities to employ them? The 

employment is shown at a pressure vessel works on 

high temperature. The optimization is aimed to 

minimize the mass or the cost of the structure. 

Considering 23 different heat resistant steels, it is 

possible to choose the best for a given working 

temperature and pressure. 

 

2.1 Ferritic steels 

The ferritic steels have the lowest toughness of 

all the heat and corrosion-resistant steels. However, 

they are the only ones that can withstand sulphur-

containing consistency for an extended period of 

time, and as a result, their primary application is in 

car exhaust systems. The main alloying ingredient 

in these steels is chromium. However, some 

varieties use silicon or aluminium to boost 

corrosion resistance even more. Furthermore, these 

alloying elements play an essential role in ferrite 

genesis during crystallization. Because the 

toughness and impact strength of this kind are 

deteriorating, it has the most significant welding 

issues. Post-welding heat treatment can help 

improve this. 

As a result, annealing is commonly employed as 

heat treatment. This is the sole heat-treating method 

for strongly alloyed ferritic steels. This heat 

treatment's primary purpose is to reduce the steel's 

residual stress after welding or cold forming. 

Because of the chemical composition differences 

between these steels, as shown in Table 1, the hold's 

temperature varies (Tavares et al. 2017). In terms of 

welding filler materials, overmatching electrodes 

are typically employed; this produces a suitable 

outcome when considering the joint's mechanical 

qualities and corrosion resistance. However, if the 

main load is dynamic, fatigue, or any other type of 

non-static load, choosing an austenitic filler 
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material may be the best option due to the 

austenite's excellent deformation capabilities. 

Table 1. The temperature range of the hold of 

annealing heat treatment for various ferritic steels 

Type of steel Temperature [°C] 

446 (X18 CrN 28) 760-830 

442(X16 CrNiSi 20-12) 760-830 

430 (X8 Cr17) 595-900 

430F (X14 CrMoS 17) 705-785 

405 (X6 CrAl 13) 650-815 

 

2.2 Austenitic steels 

In the industry, the austenitic variety is the most 

popular. This type welds more easily than ferritic 

steel. It may be welded using any welding process, 

and the large range of filler materials indicated for 

the chemical composition makes this easier. This 

kind is divided into two groups: pure austenite and 

delta ferrite (1-2%). The volume and distribution of 

ferrite have a significant impact on the 

characteristics of the last one. The chemical 

composition and cooling rate of the steel could be 

used to control the quantity of delta ferrite 

produced. As shown in Fig. 1, the DeLonge 

diagram could be used to assess the amount of delta 

ferrite present. 

 

Fig. 1. The Delong-diagram 

The horizontal axis in this diagram is the chrome 

equivalent; the nickel equivalent is on the vertical 

axis. Intergranular corrosion is the main issue with 

these steels during and after welding. This is related 

to the formation of complex carbides at the grain 

boundary (Padilha et al. 2007). 

These carbides can be terminated in one of three 

ways: 

1. At the start of the design process, choose a 

steel with a low carbon content (the ELC steels) 

2. Use the following microalloys to make more 

stable carbides: Ti, Nb, Ta, and Mo are all metals. 

3. After welding, apply a heat treatment. 

The fundamental issue, as previously stated, is 

chromium precipitates on the grain boundaries 

during welding. Solution annealing is the most 

extensively utilized heat treatment in the industry 

for restoring the original microstructure. These 

precipitates develop at temperatures ranging from 

450 to 900 degrees Celsius; however, the carbides 

must be dissolved at temperatures more than 900 

degrees Celsius. However, the grains may develop 

detrimentally if the peak temperature is too high 

(typically between 1010 and 1120 °C). This is also 

influenced by the carbon content. If it is greater, the 

temperature where the grains begin to grow is 

likewise higher. Because of the excellent stability of 

Nb and Ti precipitates, the treatment temperature 

might be mentioned below 1000 °C if the austenitic 

steel is microalloyed with titanium or niobium. 

Because the precipitations do not have time to 

grow, the cooling must be done quickly after the 

holding. 

2.3 Duplex steels 

The qualities of these two steel kinds are 

combined in duplex steels, which include roughly 

50-50 percent austenite and ferrite. Hot rolling is a 

standard production technique for duplex steels, and 

it is usually conducted at a temperature of 

approximately 1230 °C, where the formability of 

these steels is excellent. The fracture propagation in 

the ferritic zones will be accelerated if the 

temperature drops too low. The -phase can also be 

seen during the hot forming process at low 

temperatures. Intermetallic precipitation is an issue 

that arises during cooling, generally between 700 

and 1000 °C. Table 2 shows the specific heat and 

hold temperatures of several duplex steels (IMOA 

2022). 

Table 2. Temperatures of the hot forming 

DIN number 

of steel 

Heat temperature 

[°C] 

Hold temperature 

[°C] 

1.4410 1025-1230 1050 

1.4507 1000-1230 1080 

1.4501 1000-1230 1100 

1.4362 950-1150 980 

1.4462 950-1230 1040 

1.4301 925-1205 1040 

1.4401 925-1205 1040 

1.4162 900-1100 950 

 

After welding duplex steels, two types of heat 

treatments can be used to improve the joint's 

properties: solution annealing and tempering. The 
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tempering temperature peaks at roughly 900 °C, and 

the holding time can range from 30 to 60 minutes. 

The cooling process should be gradual and patient, 

and stagnant air is frequently employed to achieve 

this. The hardness of the joint reduces after this 

treatment, but it is continued at roughly 800°C with 

a short hold time of roughly 10 minutes to increase 

the joint's impact strength. 

3 WALL THICKNESS OF THE 

PRESSURE VESSEL 

These steels are widely utilized in industry, 

particularly in the oil and chemical industries. An 

ammonia synthesis converter, which is the central 

unit of ammonia manufacturing, is the subject of the 

inquiry. It produces ammonia through an 

equilibrium reaction at a high temperature, ranging 

from 200 to 700°C. The mechanical properties of 

the heat and corrosion-resistant materials alter as 

the temperature rises at various temperatures. The 

criteria required for strength, such as yield strength, 

modulus of elasticity, and tensile strength, all drop 

as a result of this. They are all getting smaller as the 

temperature rises. The properties could be defined 

as temperature dependent. Table 3 shows the data 

needed to perform the functions from the DIN EN 

10028-7 standard (DIN 2008). The function may be 

based on linear or polynomial interpolation. 

Because these qualities must be utilized instead of 

valid for room temperature, the functions were 

utilized to compute the mechanical property at a 

specific temperature. Equation (6) is valid for 

X5CrNi18-10, and equation (7) is the linear 

interpolation formula, which may be seen below. 

Table 3 displays the underlying data according to 

(DIN EN 2008). 

 

X5CrNi18-10: 

  
                                  

                                     
          (1) 

   
    

     
 (       )      (2) 

Wall thickness may be estimated at the 

temperature at which it operates. In the case of a 

cylindrical shell, MSZ EN 13445-3 provides the 

formula for the wall thickness (MSZ EN 2014) 

  
    

        
    (3) 

Table 3. Mechanical properties at given temperatures 

Temperature 
[°C] 

Minimum 
tensile 
strength 
Rm [MPa] 

Minimum 
1,0 % 
proof 
strength 
Rp1,0 [MPa] 

Minimum 
0,2 % 
proof 
strength 
Rp0,2 [MPa] 

50 494 228 190 

100 450 191 157 

150 420 172 142 

200 400 157 127 

250 390 145 118 

300 380 135 110 

350 380 129 104 

400 380 125 98 

450 370 122 95 

500 360 120 92 

550 330 120 90 

600 - - - 

The value of z is normally 0,85 or 1 depending 

on the device's testing group. The value of c is 

derived from table suggestions based on the 

reaction of the shell material with the phenomena 

inside the vessel. Because of the comparatively high 

temperature and the ammonia's characteristics, the 

corrosion factor was set to 1,6 mm. The design 

stress value and calculations are listed in Table 4 of 

the EN 13445-3 standard (MSZ EN 2014). This also 

specifies whether the yield or tensile strength 

should be used as a mechanical attribute. The 

chosen formula is determined by the steel's 

elongation and microstructure (MSZ EN 2014). 

Table 4. The design stress calculation 

 Normal load cases 
Test, exceptional 
load cases 

Other 
than 
austeni
tic 

A<30% 

   

    {
       

   
 
     

   
} 

      

 {
             

    
} 

Austeni
tic 
steels 

30%<A
 35% 

   {
       

   
} 

     

 {
             

    
} 

Austeni
tic 
steels 

A>35% 

  

    [{
       

   
}     {

       

   
 
    

 
}] 

     

    {
             

    
 
          

 
} 

Cast 
steels 

   

    {
       

   
 
     

 
} 

     

 {
             

    
} 

Three distinct temperatures and three different 

pressures were used in the computations. The 

parameters were chosen based on ammonia 
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production literature. There are three alternative 

approaches depending on the forces. The Claude-

Casale method is for high pressure, the Uhde Mont 

Cenis method is for low pressure, and the Haber-

Bosch technique is for both. The pressure was set to 

100, 150, and 200 bars (p1, p2, and p3), and the 

temperature was set to 200, 400, and 500 degrees 

Celsius (T1, T2, and T3) (Wang et al. 2021). 

 

Fig. 2. Schematic geometry of a real ammonia synthesis 

converter 

 

4 OPTIMIZATION OF THE PRESSURE 

VESSEL 

In The investigation's focus may be seen in Fig. 

2 above. The following are its parameters: The 

cylindrical shell has a height of 16700 mm, a wall 

thickness of 100 mm, and a diameter of 1400 mm 

externally and 1200 mm inside. 

Controlled manufacturing stipulates that a 

particular geometry's change must be less than 10% 

of its original value. Furthermore, the difference 

between the inner and outer radii must be equivalent 

to the wall thickness (Wang et al. 2021). In this 

scenario, various optimization strategies might be 

applied (Farkas, Jármai 2013, Jármai, Farkas 2015). 

The reliability can also be an aspect to increase the 

behaviour of the pressure vessel (Choi et al. 2021). 

Fig. 3 shows the optimal temperature curve Wang et 

al. 2021).  

As a result, the 10 percent allowable change in 

the inner volume may be used to compute the 

volume and radius of the vessel. 

The inner capacity of the converter at the start of 

the procedure: 
           ((                 

                  (4) 

The original volume of the converter, including the 
volume of the shell: 

           ((                 
                 (5) 

The internal volume’s restrictions fall within a 10% 
range: 
                                 (6) 

The calculated limits of the shell included volume: 
                                 

   (7) 

        √
       

   

 
 √

              

         

 
             

   (8) 

 

Fig. 3. Optimal temperature curve (Wang et al. 2021) 

 

Table 5. Results of the optimization 

 

The 

volume 

of the 

shell 

[mm
3
] 

The 

mass 

of the 

shell 

[kg] 

Inner 

radius 

[mm] 

Outer 

radius 

[mm] 

Wall 

thickn

ess 

[mm] 

The cost 

of the 

base 

material 

[EUR] 

T1 

and 

p1 

354421

5124 

27822,

09 

611,0

7 

664,0

7 
53,00 

37702,2

8 

T2 

and 

p1 

450750

0918 

35383,

88 

595,8

5 

664,0

7 
68,22 

47949,4

2 

T3 

and 

p1 

486833

3555 

38216,

42 

590,0

5 

664,0

7 
74,02 

51787,8

5 

T1 

and 

p2 

502298

7851 

39430,

45 

587,5

4 

664,0

7 
76,53 

53433,0

1 

T2 

and 

p2 

641802

7451 

50381,

52 

568,9

4 

667,9

0 
98,95 

68273,0

2 

T3 

and 

p2 

711371

6819 

55842,

68 

568,9

4 

677,7

6 
108,81 

75673,5

5 

T1 

and 

p3 

648412

1682 

50900,

36 

568,9

4 

668,8

4 
99,89 

68976,1

1 

T2 

and 

p3 

897681

1861 

70467,

97 

568,9

4 

703,4

8 
134,53 

95492,5

8 

T3 

and 

p3 

100163

61729 

78628,

44 

568,9

4 

717,4

3 
148,48 106551 
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If the pricing of the steels is known, this 

information could aid in material selection. Based 

on this information, a ranking of the steels based on 

weight and cost may be established. The following 

are the results of a comparison of 23 different heat 

or corrosion steels: 

 

The investigated austenitic grades: X1 

CrNiMoCuN 25-25-5, X5 CrNi18-10, X6 

CrNiMoTi 17-12-2, X6 CrNiTi 18-10, X2 

CrNiMoN 17-13-3, X2 CrNi 18-9, X2 CrNiMo 18-

14-3, X2 CrNiMo 18-15-4, X5 CrNiN 19-9, X1 

CrNiMoCuN 25-20-7, X2 CrNiMo 17-12-2, X2 

CrNiMoN 17-11-2, 

The investigated ferritic grades: X3 CrTi 17, X6 

CrMoNb 17-1, X2 CrNiN 23-4, X2 CrTi 12, X2 

CrTiNb18, X2 CrMoTi 17-1, X2 CrMoTi 18-2 

        √
       

   

 
 √

              

         

 
            

   (9) 

        √
       

   

 
 √

              

         

 
            

   (10) 

        √
       

   

 
 √

              

         

 
            

   (11) 

During the optimization, these are the radius 

restrictions. The main goal of this method is to 

calculate the shell's minimum wall thickness. 

Before beginning the optimization, one should be 

familiar with the following terms. 

• The wall thickness and radiuses of the 

cylindrical shell are the procedure's variables, and 

after optimization, the wall thickness must be equal 

to or higher than the estimated value. 

• The wall thickness must be equal to the 

difference between the inner and outer radiuses. 

• The calculated volume of the vessel after 

optimization must also fall within the volume limits 

that apply. 

 

Table 5 shows the calculation results following 

optimization in the example of the X5 CrNi 18-10 

steel. The optimization was completed in MS Excel 

using the solver addition feature, and the 

Generalized Reduced Gradient approach was 

chosen. The objective functions were the volume, 

the mass of the cylindrical shell, and the procedure 

to discover the smallest value while the constraints 

are met. The price of the shell is determined by the 

steel used as the base material. Mechanical and 

corrosion resistance parameters are also provided 

with the selection. As a result, the steel choice has 

an impact on the wall thickness. 

The investigated duplex grades: X2 CrNiMoN 

25-7-4, X2 CrNiMoN 22-5-3, X2 CrNiN 18-7.  

 

Table 6 shows the results of the calculation and 

the ranking in terms of cost and mass, as well as the 

steel with the best result at a certain pressure and 

temperature. 

5 DISCUSSION 

Using different heat-resistant steels for high-

temperature pressure vessels, the mass and the cost 

of the vessel are different. There are benefits to 

using ferritic, austenitic, or duplex steels. 

Considering different working temperatures and 

pressures, the best steel is not the same but 

different. The optimization of pressure vessels is 

also available, considering volumes and radii. 

Considering the welding costs, using different 

welding technologies, filler materials, the problem 

is even more complex. The proper material 

selection is difficult; it depends on what is 

considered most: mass, cost, or time. 

 

 

 

 

Table 6. The best steels by weight and cost 

 
By weight By cost 

T1 and p1 X2 CrNiMoN 25-7-4 X2 CrNiMoN 25-7-4 

T2 and p1 X2 CrNiMoN 25-7-4 X2 CrNiMo 17-12-2 

T3 and p1 X6 CrMoNb 17-1 X2 CrNiMo 17-12-2 

T1 and p2 X2 CrNiMoN 25-7-4 X3 CrTi 17 

T2 and p2 X2 CrNiMoN 25-7-4 X2 CrNiMo 17-12-2 

T2 and p3 X2 CrNiMoN 25-7-4 X2 CrNiN 18-7 

T1 and p3 X2 CrNiMoN 25-7-4 X2 CrNiMo 17-12-2 

T3 and p2 X6 CrMoNb 17-1 X2 CrNiMo 17-12-2 

T3 and p3 X6 CrMoNb 17-1 X2 CrNiMo 17-12-2 

 

6 CONCLUSION 

During the analytical test, 23 different corrosion 

or heat-resistant steels were evaluated based on the 

cost and weight of the base material. In the case of 

austenitic, ferritic, and duplex steels, the 

microstructure and manufacturing processes, 

particularly heat treatments and weldability 

procedures, are also discussed. The study aimed to 

find the best steel for the given pressure and 

temperature at an ammonia synthesis converter, 

giving the minimum mass or cost. The calculations 

were conducted using three different temperatures 

and inner pressures in nine different situations for 

each steel grade. The investigation yielded the best 

steel grades, which were selected by the factors 

mentioned above. 
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9 NOTATION 

The The following symbols are used in this 

paper:  

c  = corrosion allowance; 

De= cylindrical shell's outer diameter; 

fd = design stress; 

fy = yield stress; 

P = vessel inside pressure; 

p1, p2, and p3 = pressure at 100, 150, and 200 

bars; 

Rm = minimum tensile strength; 

Rp1,0 = minimum 1,0 % proof strength; 

Rp0,2 = minimum 0,2 % proof strength; 

T1, T2, and T3 = temperature at 200, 400, and 500 

degrees Celsius; 

r = inner radius; 

R = outer radius; 

V = volume of the shell; 

z  = welding factor 
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