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Abstract 
High strength materials are most widely used in producing the parts of military, 

automobile, marine and mining industries. Special abrasion resistance material is used 

for above industries because of their superior mechanical properties like good weld 

capacity, good bendability, higher toughness and better workability. These alloy 

materials are classified as “Hard-to-cut” type materials and very difficult to cut the work 

piece. Cutting of high abrasion resistance alloy material with better dimensional 

accuracy in faster cutting speed within economic cost is still a challenging task for 

manufacturing industries. Generally fabrication units employed plasma arc cutting 

machine to cut the high strength material due to its advantages over the other cutting 

processes. The correct selection of machining parameter and plasma gas is very 

important for smooth cutting with high precision. The optimization of input parameters 

reveals the proper machining condition for cutting process. In addition to that, it was also 

noticed that the selection of appropriate plasma gas could enhanced the cutting process. 

Therefore, in the first stage of the research work, Investigation and optimization of 

plasma arc cutting process using different optimization techniques of some high strength 

and high abrasion resistance alloy material which was not sufficiently addressed so far 

were carried out. A CNC plasma arc cutting machine of MESSER industry named 

(BURNY 1250) was used to conduct the experiment of sailhard steel, abrex 400 steel 

and hardox 400 steel. These alloy materials have superior mechanical properties for 

manufacturing the parts of mining, automobile, petrochemical, oil and natural gas 

industries. On the other hand, a portable laboratorial plasma arc cutting machine was 

employed to investigate and optimize the cutting operation of 304L stainless steel. This 

alloy material has mostly employed for household and commercial application because 

of its superior corrosion resistance in nature. The cutting parameters were selected as 

Cutting current, gas supply pressure, cutting speed, stand-off-distance and feed rate were 

selected as cutting parameter. Surface roughness, material removal rate, kerf, chamfer 

and dross were considered as output responses. Taguchi’s orthogonal array was taken to 

design the run of experiment during cutting process. Additionally, three different multi 

criteria decision making techniques viz. Desirability approach, Technique for order of 

preference by similar to ideal solution (TOPSIS) and Vlsekriterijumska optimizacija 

KOm-promisno Resenje (VIKOR) were suggested to attain optimal cutting condition in 



ix 

 

order to minimize the production cost and maximize the productivity without 

compromising the quality. Also, a prediction model was developed to estimate the 

responses using multiple regression analysis (MRA). A comparison between 

experimental and predicted result shows the accuracy of the model. An ANOVA test was 

established to evaluate the significance of process parameter. Finally, a confirmation test 

was obtained to show the degree of effectiveness of proposed method. The optimum 

setting of process parameters will offer a very good cutting condition in order to achieve 

the preciseness. 

 

In the second stage, an experimental analysis was carried out to observe the effect of 

different plasma gas on the work piece material during plasma arc cutting process. The 

influence of flow rate of plasma gas on the plasma arc cutting process was investigated. 

Four different plasma gases were selected for this experiment viz. air, argon, oxygen and 

nitrogen. The thermo physical properties of plasma gases, properties of generated arc, 

cutting performance and energy balance was explained for different plasma gases. This 

research work was also clarified the potential of cutting process by varying the flow rate 

and chemical composition of the plasma gas. 

 

Finally, a temperature analysis was developed over the surface of work piece during 

plasma arc cutting process. The moving heat source was taken into consideration for 

calculation the heat created by plasma arc. The heat of fusion was also considered for 

estimation due to molten layer separates the plasma and solid layer. Different thickness 

of molten layer were taken for calculation viz. zero thickness, 10% and 20%. The 

estimated results are shown in non-dimensional form. So, the method can be applied for 

any other types of material. 

 

 

Keywords: plasma arc cutting; abrex 400; hardox 400; sailhard steel; multi-criteria 

decision making; VIKOR; utility measure; DRSM, desirability index;  TOPSIS; PCA; 

kerf energy; Radial distance; flow rate; arc diameter; moving heat source; 

temperature analysis; molten layer; peclet number. 
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Chapter 1 

1.Introduction 

1.1 Overview 

Modern manufacturing industries focuses on precise cutting of material plates due to high 

demand in the industrial sector. There are four major processes for cutting the high 

strength material:  oxy-fuel cutting, water jet cutting, laser cutting and plasma arc cutting. 

A burning jet of oxygen and consumable gas is used to melt and remove material in oxy-

fuel cutting process. A high energy laser is used to melt and a jet of gas causes to remove 

the molten metal in laser cutting process. Water jet cutting uses an extremely high 

velocity water jet with fine abrasive particles to remove the material from work piece. 

Lastly, plasma arc cutting process uses highly energized electric arc carried by high 

velocity jet to melt and blow away the material from work piece body.    

Previously, Oxy-fuel cutting process was employed to cut the plate material. It is the 

cheapest process among other cutting process. But, the production rate is affected due to 

its poor dimensional accuracy and slower cutting speed. The cutting speed is also very 

slow with extremely precise and clean cuts in laser cutting process. Water jet machining 

does not create the heat affected zone but it suffers from lower cutting speed, which 

makes it costly.    

 

Plasma arc cutting process is introduced to overcome above problem. This process is also 

used to cut high strength material which is very difficult to cut in other cutting process 

with better dimensional accuracy and faster cutting speed with reasonable cost. The only 

limitation of the process is the cutting material should be conductive in nature. Better 
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flexibility and faster productivity at cheaper cost is the prime advantages of PAC over 

other cutting processes[1].  

The kerf width generates from plasma cutting is much narrower compared to oxy-fuel 

cutting. There is no need to preheat the work piece material before cutting through plasma 

arc cutting process. Whereas, preheat is required for cutting in oxy-fuel process.  The 

extremely tight focus of the plasma arc tends to minimize heat distortion in the cut parts, 

as well. 

Very high strength material which is very difficult to cut through other process can easily 

be cut using plasma arc cutting machine. One of the principal advantages of this process 

over the other thermal cutting process is that it can be used in any electrically conductive 

material, like stainless steel, galvanized steel, hardox, abrex, salima, sailhard steel and 

many more. Precise cutting of high strength material within reasonable cost and faster 

production rate is the key point of this cutting process. 

1.2 What is Plasma? 

Plasma is a hot ionized gas consisting of mostly equal numbers of negatively charged 

electrons and positively charge ions. Plasma is known as the fourth state of matter.  There 

are four different states of matters in nature i.e. solid, liquid, gas and plasma. Generally 

first three state of matter is known to everyone. Water is most usually known substance 

and has states are ice, water and steam. If heat energy is added to ice, it becomes water 

and if more heat is added, it changes to steam or gaseous medium. If substantial heat 

energy is added to steam, it behaves like a plasma which is highly energized gas. Plasma 

is known as fourth states of matter. Figure 1.1 illustrate the formation of plasma.  

Most of the matter in the universe is plasma i.e. star, sun and galaxies. Lightning is 

naturally occurring plasma on the earth. It is also highly energized gas and having more 
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heat energy. It is the formation of plasma channel which is electrically conducting in 

nature [2].  

 

Figure 1.1: States of matter. 

1.3 Cutting principle of PAC 

PAC process involves the thermal cutting phenomena in which plasma gas is applied to 

cut the material. The PAC process utilizes a high velocity jet of highly ionized gas to melt 

a concentrated area and blown away the molten material by the application of force due to 

plasma jet [3]. Higher amount of current is applied to generate the plasma channel 

between the work piece and electrode. The temperature of plasma reaches around 20,0000 

C due to supply of high current. 

An atom comprises of neutrons and protons in a nucleus encircled by electrons. The 

electrons which have negatively charged in nature got separated from the nucleus parting 

behind positively charged ions. When the high speed moving electrons strike with other 

electrons, it releases a higher amount of energy which is used in PAC process. The 

ionized or electrically charged plasma exits from torch body through a constricting nozzle 

orifice to the work piece. The detailed principle of this process is shown in Figure 1.2. 

The set-up of PAC process is portrayed in Figure 1.3.   
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Figure 1.2: plasma cutting principle [4]. 

 

Figure 1.3: Set up of PAC process [4]. 

1.4 Types of PAC process 

There are two types of plasma cutting process according to arc creation between the 

cathode and anode i.e. transferred and non-transferred. Electrode of the system is always 

connected to the negative terminal as cathode, whereas the positive terminal is connected 

with work piece or nozzle of the torch body. Figure 1.4 shows the types of arc created in 

PAC process. 
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 Transferred arc process   

In this type of cutting process, the electric current flows between anode (work piece) and 

cathode (electrode). Here the arc is moved from tungsten electrode to the metal which has 

to cut. Pilot arc can be initiated between nozzle and work piece. The temperature of this 

process reaches between 8000 - 25000°C. 

 Non-Transferred arc process 

The electric current flows between electrode (anode) and nozzle of the torch body 

(cathode). The electric arc is totally independent from the work piece because the work 

piece is free from the electric circuit. The setup is easy to control and transport from one 

place to another. This process has less energy density as compared to previous one. The 

arc is created by using a high frequency unit in the circuit.       

 

Figure 1.4: Types of arc created in PAC [5] 

1.5 Cutting and shielding gases for PAC 

Inert/cutting gas used for PAC processes are helium, argon and nitrogen with electrode 

material as tungsten. Air is also used for the inert gas if the electrode used for PAC is 

water cooled copper with inserts of metals such as hafnium. Now-a-days, compressed air 

is used as cutting gas because it makes the process easier and cheaper. 
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Following are some plasma gases used for cutting the work piece:

I. Argon 

II. Helium 

III. Nitrogen 

IV. Air 

V. V. Nitrogen and carbon dioxide/oxygen 

mixtures 

VI. VI. Argon and hydrogen/nitrogen mixtures  

1.5.1 Plasma/Primary gas selection 

For high speed cutting, nitrogen and carbon dioxide/oxygen mixtures is used. The 

selection of plasma gas depends on the work piece material and speed of the cut. The 

cutting gas is also responsible for dimensional accuracy and width of the kerf. Mostly, 

Argon gas is used as cutting gas in the fabrication industries.   

Hydrogen/ Argon: A mixture of hydrogen (35%) and argon (65%) is used for cutting of 

non-ferrous material. It is less cheap cutting plasma gas. It provides faster cutting speed 

with better quality of cut.    

Air plasma: Carbon based or ferrous material can be smoothly cut by air plasma. This 

also provides the faster cutting. Dry air is recommended for cutting as plasma gas.  

Nitrogen: This types of plasma gas can be used instead of air plasma. This provides better 

life to the torch body and electrode rod.   

1.5.2 Secondary gas selection 

The secondary or shielding gas is used to prevent the metal pool and heat affected zone. It 

also acts as a defensive coating on primary gas. This gas is fed through outer shell of 

nozzle. Depending on the power density or type of gas, the arc may improve by this 

coating. Mostly, carbon dioxide and air is used as secondary gas for plasma cutting 

process.     

Carbon dioxide: This gas maximizes torch life and provides better cooling to the system. 

This may be used for both ferrous and nonferrous material.  
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Air: This type of secondary gas is used only when air is employed as primary gas for the 

PAC process. It is having very cheaper operating cost as compared to other gases and also 

improves cut quality. 

1.6 Experimentation 

1.6.1 PAC machine 

The entire experiments of PAC process were carried out using CNC plasma arc cutting 

machine (Maker: MESSER: Model: BURNY 1250) for this research work. The setup of 

the PAC machine is shown in Figure 1.5. The work piece material were chosen as the high 

strength material like sailhard steel, abrex 400 steel and hardox 400 steel for the 

experiment. On the other hand, portable laboratorial PAC machine was used to conduct 

the cutting process of 304L stainless steel. The setup of portable machine is portrayed in 

Figure 1.6. 

Constant current DC power source is used for power supply. The open circuit voltage is 

typically in the range of 240 to 400 V. The cut thickness and speed of the torch depends 

on the output current. The important purpose of the power supply is to provide the correct 

energy to maintain the plasma arc after ionization. 

Approximately 5,000 to 10,000 volts of AC voltage at 2 Mz are generated from high 

frequency generator circuit. This voltage is employed to generate a high intensity arc 

inside the torch to ionize the gas to create the plasma. 

The Torch works as a holder for the consumable especially and electrode and nozzle, and 

provides cooling (either water or gas) to these parts. The electrode and nozzle maintain 

and constrict the plasma jet. 
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Figure 1.5: CNC PAC machine. 

Figure 1.6: Portable PAC machine. 
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Specification of PAC machine: 

The specification of the CNC PAC machine is tabulated in Table 1.1 

Table 1.1: Machine specification. 

Rail Centre Distance 3500 mm 

Rail Length 7000 mm 

Drive motor and control Servo motor 

Controller FANUC 

Input Power 5 KW(Machine) 

25 KVA(Plasma torch) 

Input Voltage 410 V three phase 

Tool Plasma torch 

CNC Controller 3 Axis 

 

Key features of PAC machine (BURNY 1250): 

 Smooth edge surface 

 Hardening within the area of the HAZ 

 Metallurgical perfect surfaces for welding 

 Low to high cut quality 

 Excellent cutting speed 

 Wide range of material 

 Medium heat input 

1.6.2 Work piece material 

High strength material are most widely used in producing the parts of military, 

automobile, marine and mining industries. Special abrasion resistance material is used for 

above industries because of their superior mechanical properties. This is classified as 

“Hard-to-cut” type materials and very difficult to cut using other cutting process except 

PAC process with better dimensional accuracy. Total four high strength work piece 

materials were taken for the whole research work.      
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i. Abrex 400  

Abrex 400 has high resistance of abrasion, good weld capacity and better workability. 

This material has nearly three times the abrasion resistance as compared to normal steel. It 

helps drawing out the administration life of the mechanical parts. This steel plate reduces 

structural weight and gives the economic merits. This special steel is mostly used in 

fabrication unit of various industries. The application of this material is in manufacturing 

of different parts in bulldozer, dump truck, excavator and crusher. 

ii. Hardox 400  

Hardox 400 has good bendability, high toughness and better weldability. This alloy 

material is a very good abrasion resistant nature. The mechanical properties are achieved 

through quenching process and sometimes it needs tempering according to the use of that 

material. This alloy steel has good mechanical properties like good weldability, good 

bendability and high toughness. Specially, this material is used for load bearing 

application. Mostly Hardox 400 alloy steel is used in manufacturing of various equipment 

like buckets, front loaders, dump trucks and barges. 

iii. Sailhard  

Sailhard steel has also high strength with high abrasion resistant alloy material. This steel 

is commonly used in many industries such as automotive, petrochemicals, oil and natural 

gas. The application of this material is in the manufacturing of liner plates, conveyor belt 

plates, dumber body plates, and loaders. 

iv. 304L Stainless steel 

304L alloy is very much used as the most versatile alloy in the family of stainless steel. 

This alloy material has been mostly employed for household and commercial application 

because of its superior corrosion resistance in nature. There are such industries like 
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aerospace, biomedical, food and beverage, chemical, cryogenic and sanitary using this 

alloy material to   manufacture the finished goods.   

   

1.6.3 Cut Quality Characteristics of Plasma Cutting 

i. Material removal rate (MRR) 

MRR is the most significant response in PAC operation. Higher MRR is always preferred 

in PAC process. It is calculated by weight measurement. Before the experiment, the initial 

weight was recorded for each run. Final weight was recorded after cutting of the material. 

The material removal rate was calculated using eqn 1.1. 

*

i f

m

w w
MRR

t


          1.1 

where, wi is the initial weight, wf   is the final weight, ρ is the density of the material and tm 

is the machining time.  

ii. Chamfer 

A chamfer is a beveled edge joining two surface. Chamfer was measured using digital 

vernier caliper and protractor. In order to achieve better statistical accuracy the 

measurements were taken at three different locations throughout the cutting length and the 

average value was considered as final chamfer. 

iii. Kerf 

During PAC process, the highly energized plasma jet melts the work piece and the pressure of 

the jet blows away the melted material creating kerf. The kerf width was measured using 

digital vernier caliper. The dimensional accuracy highly depends on the kerf size, which in 

turn depends on the process variables. The kerf is also measured three times along the cutting 

edge and similarly the average value was taken like as chamfer measurement. 
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iv. Average surface roughness 

In PAC process, the surface of the work piece determines the cut quality of the product. This 

response is the secondary important aspect after MRR. The average surface roughness was 

measured using a Talysurf.      

v. Dross 

Dross is the type of mass of solid impurities that forms on the surface of molten metal as a 

result of oxidation in the plasma arc cutting process. 

 

Figure 1.7: Digital vernier caliper. 

 

Figure 1.8: Talysurf 

1.7 Advantages of PAC process 

I. Wide range of materials can be cut. 

II. Cutting of high-strength alloy material with lower heat input is possible. 

III. High quality cut edge can be achieved. 

IV. Narrow HAZ can be obtained. 
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V. Narrower kerf can be produced. 

VI. Faster cutting speed can be achieved. 

VII. Thickness up to 150 mm can be cut. 

VIII. Safe to use and user friendly. 

IX. Easy to automate. 

1.8 Disadvantages of PAC process 

I. Limitation of the use up to 150 mm.  

II. Produces large noise while cutting thicker material. 

III. The arc crated is very bright. 

IV. It produces a lot of fumes. 

V. More consumables (nozzle and electrode) costs. 

 

  

 



Chapter 2 

2.Literature Survey 

2.1 Overview 

In current era, the requirement of a durable as well as reliable product has raised the 

demand. Providing quality product is a challenging task for manufacturing industries. As 

already discussed in the previous chapter, high abrasion resistance alloy material are 

“Hard-to-cut” type. Therefore, plasma arc cutting machine is used to cut these type of 

material without compromising the superiority of the product. 

This chapter explores the principal findings of previous research works based on plasma 

arc cutting process and different MCDM techniques. 

2.2 PAC processes 

Ramakrishnan [6] et al. investigated the cut quality characteristics of SS321 employing 

PAC process. The gas pressure, stand-off-distance, cutting speed and current were 

considered as input process parameters. Taguchi L9 orthogonal array was used to design 

the experimental run. The responses such as kerf, heat-affected zone, and surface 

roughness were measured. Genetic algorithm along with Matlab was used to optimize the 

process parameter for obtaining the best cutting condition. The result revealed that the 

lower values of stand-off-distance and current gave minimum HAZ and better surface 

roughness.  

An optimization was carried out by Bhowmick [7] et al. of AISI 304L stainless steel 

during PAC process. The traverse speed, gas pressure and thickness of material were 

taken as input variables.  A Total 27 run of experiment was conducted using full 

factorial design of experiment. Surface roughness and MRR was measured as responses. 
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ANOVA was carried out to determine the significance of process parameters. The result 

shows that the gas pressure is the only significant input factor. 

Seong and Min [8] studied the characteristics of the PAC operation of thick steel ship 

plate. The thickness of 30 mm plate was taken for the research. It was concluded that the 

flow of molten metal was the most influenced by cutting condition. Moreover, electric 

current was directly proportional to the heat affected zone and straightness of cutting 

plane.    

Patel et al. [9]  performed a plasma arc cutting of AISI D2 steel. Three types of 

optimization techniques (viz. fuzzy inference system, JAYA algorithm and nonlinear 

regression analysis) was used to achieve the best cutting condition. MRR and surface 

roughness were measured as responses while gas pressure, torch height and cutting speed 

were taken as input process parameter. From the result, it was observed that the JAYA 

algorithm possessed the less convergence time.      

Flemmer and Tang [10] conducted an experiment to measure the kerf width with 

computer vision process. They explored a novel method to measure kerf width with 

application of commuter vision NC code. Total 25 cuts were measured with caliper of 

accuracy 0.2 mm and compared with aforesaid measurement process. They explored that 

computer vision measurement provided more data and quicker process compared to other 

process. Moreover, no relationship was detected between radius of curvature and kerf 

width of the test cut. 

Tsiolikas et al.[11] used full factorial design of experiment to conduct the PAC operation. 

Arc voltage, stand-off distance and cutting speed were selected for input process 

parameters. Dimensional accuracy and surface finish was the major output during cutting. 

Artificial neural network (ANN) employed with L27 orthogonal array was used to 
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optimize the process parameter. Learning rate was the most significant parameter with 

68.78% contribution.             

 

Artificial intelligence based Fuzzy logic was used to predict the cutting parameters for 

PAC of AISI 4140 steel by Ozek et al. [12]. Cutting speed, arc current and thickness of 

cut material were chosen as input variable. However, only surface roughness was 

measured as response. Fuzzy rule model was established for predicting the surface 

roughness. A good agreement was established between prediction and experiment.  

Sharma et al. [13] investigated the optimization of cutting parameters of EN-45A steel. 

Taguchi’s L16 orthogonal array was used to design the run of experiments. Cutting speed, 

cutting current, gas pressure and stand-off-distance were selected as input factors and 

MRR was selected as corresponding responses. ANOVA test was conducted to establish 

parametric contribution. All parameters were found to be significant.  

Teja et al. [14] used grey-Taguchi optimization method to determine the optimal cutting 

condition of PAC of mild steel. Taguchi’s L16 design was chosen for experimental run of 

the cutting process. The kerf width and surface roughness were measured as major 

outcomes. The cutting variables were selected as voltage, current, plate thickness and 

cutting speed. ANOVA was conducted to determine the influence of cutting parameters 

and to achieve the best cutting condition. After confirmation test, they established that the 

grey relational grade is improved by 59.15%. 

Hasio et al. [15] investigated the effect of process parameter of plasma arc welding of 

SUS316 stainless steel. Taguchi method coupled with grey relational analysis was used to 

optimize the input factors. Welding current, plasma gas flow rate, welding speed and 

stand-off distance were the welding variables whereas weld pool undercut, penetration of 
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root and groove width were the responses. The result shows that 31.8 % improvement was 

obtained using aforesaid technique.  

2.3 MCDM Techniques 

2.3.1 Desirability Function Analysis 

Shivade et al. [16] employed desirability function analysis and Taguchi method to 

optimize the process parameter of D3 steel High carbon and high chromium) during wire 

electrical discharge machining (WEDM). Taguchi’s L9 orthogonal array was taken for the 

design of experimental run. The desirability function analysis is well described in this 

research work.   

Santhanakumar et al. [17] investigated the effect of process parameters and parametric 

design of PAC process of galvanized iron sheet. They used desirability function-based 

response surface methodology (DRSM) to optimize the input variables. The cutting 

variables were selected as stand-off distance, cutting speed and arc current for this 

experiment.  The quality of cut was observed by determining the accuracy of kerf width 

and surface roughness.  A confirmation test was conducted to check the effectiveness of 

the proposed technique. 

Arumugam et al. [18] studied the formulation of biodegradable lubricant with low pour 

pinot and good thermo-oxidative stability. They applied DRSM technique to optimize the 

input factors. Full factorial CCD was chosen for the design of experimental run. The 

empirical models were developed for the responses and the adequacy was checked using 

ANOVA.  The main and interaction effects of the factors on the predicted responses were 

investigated.  

Adalarasan and Santhanakumar [19] studied the welding responses like ultimate strength, 

yield strength and micro-hardness during Metal Inert Gas (MIG) and Tungsten Inert Gas 

(TIG) welding of Al 6061 alloy steel. The parameters involved for the experiments were 
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voltage, welding current, inert gas flow rate and welding speed. Desirability Grey 

Relational Analysis (DGRA) Technique was used to achieve the best welding condition.  

 Taguchi’s L9 orthogonal array was employed to carry out the experiments. The optimal 

welding condition predicted by the DGRA technique for TIG welding had improved. 

Majumder and Maity [20] used Taguchi Based Desirability Function Analysis (TDFA), a 

hybrid MCDM technique to get the optimal machining condition of Ni-Ti shape memory 

alloy during wire electrical discharge machining (WEDM). Pulse off time, pulse on time, 

wire tension and wire feed rate were chosen as input factors to optimize the responses like 

surface roughness, kerf width and cutting speed. A confirmation test was carried out to 

validate the optimal parametric combination and found that the proposed model was very 

effective.  

Canute and Majumder [21] studied the improvement of the stir cast  boron carbide- 

aluminium composites with enhanced tribological and mechanical properties.   The effect 

of input variables like speed, load and percentage of reinforcement on the wear rate was 

investigated employing the pin-on-disc method. The Design Expert software was used to 

plan for experimental run and the optimum condition was obtained using DRSM.   

Kundu and Singh [22] investigated the effect of welding parameters of 5083-H321 

aluminum alloy during friction stir welding process. Four different input variables viz.; 

tool tilt angle, traverse speed, dwell time and rotational speed were selected by 

conducting experiments using CCD. An empirical relationships between responses 

(percentage elongation and tensile strength) and input factors was developed through 

RSM. The results shows that the developed model discloses the effectiveness of 

proposed technique for friction stir welding.  
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2.3.2 VIKOR Technique  

Bhuyan and Routara [23] optimized the process parameters by combined approach of 

VIKOR and Entropy weight measurement method during EDM process of Al and SiCp 

MMC. Three input process parameter were varied during the machining i.e. peak current, 

pulse on time and flushing pressure. MRR, TWR and radial overcut were measured as 

responses. The Entropy weight measurement method was used to calculate the individual 

weights of each responses. Also, a confirmation test was carried to validate the empirical 

model developed by RSM. 

Chaturvedi and Singh [24] applied VIKOR approach coupled with S/N ratio to obtain the 

best optimal setting of process parameter during abrasive water jet machining of AISI 304 

stainless steel. Transverse speed, abrasive flow rate, SOD and water pressure were 

selected as input variable whereas, MRR and surface roughness were considered as 

responses.  The result determined optimum combination of AWJM parameters gives the 

lowest VIKOR index which shows the successful implementation of VIKOR Method 

coupled with S/N ratio in AWJM process. 

Galgil and Pradhan [25] used combined VIKOR and RSM method to maximize the 

productivity and minimize the surface integrity of titanium alloy during EDM. Four input 

variables were selected for machining process namely peak current, pulse on time, supply 

voltage and duty cycle. Central composite design was used to conduct thirty experiments 

on Ti-6Al-4V work piece. The outcomes of the research provides the suitable machining 

parameters, the responses and confirm higher MRR and accuracy of the EDMed products. 

Biswas et al. [26] used VIKOR based Taguchi method to optimize the process parameter 

during submerged arc welding process. Taguchi’s design of experiment was used to 

obtain the layout of the experimental run. Total 25 experiments were carried out using 

wire feed rate, voltage, electrode stick-out and transverse speed as input process 
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parameters. Bead width, reinforcement, Penetration and percent dilution were measured as 

responses. The study demonstrates the effectiveness of VIKOR’s MCDM technique 

hybridized with Taguchi method in relation to parametric optimization of SAW process. 

Dutta et al. [27] studied the green supply chain management and applied fuzzy approach 

coupled with VIKOR method to obtain best candidate supplier during green supplier 

selection. Also, a case study has been presented to stimulate the better understanding of 

the proposed methodology. 

2.3.3 TOPSIS method 

Bansal et al. [28] applied TOPSIS and VIKOR method to develop the decision support 

system to assist the decision-makers in evaluation and selection of different suppliers. A 

coMParative analysis of TOPSIS and VIKOR was studied. These method  assists the 

purchasing managers to better appreciate the complex relationships of the relevant 

attributes in the decision making environment and subsequently improve the reliability of 

the decision making process. 

Saha and Mondal [29] studied the effect of process parameter on the hardfacing material 

during manual metal arc welding process. Taguchi's L25 orthogonal array has been used to 

design the experimental runs. The arc voltage, welding current and welding speed was 

selected for input process parameter. The reinforcement, weld bead width and bead 

hardness were measured as responses. Multi-objective optimization was executed using a 

hybrid approach combining TOPSIS with PCA to identify best welding condition. Also, 

TOPSIS-AHP technique was used to coMPare the results with the PCA-TOPSIS. 

Ravikumar et al. [30] applied grey Taguchi based TOPSIS to optimize the process 

parameter during drilling of MMC. Drilling induced thrust force and surface finish were 

the major response of this research work. Taguchi’s L9 OA was used to design the run of 
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experiment. The confirmation test was carried out to demonstrate the accuracy of the 

approach. Feed rate was found as the prime factor affecting the quality of drilled holes. 

Sudhagar et al. [31] used GRA and TOPSIS to obtain the optimal welding condition of 

aluminum alloy during friction stir welding process. The experimental design was taken 

for Taguchi’s L9 OA. Welding speed, rotational speed and tool offset were taken as input 

variables whereas, iMPact toughness, ultimate tensile strength and hardness of welded 

joint were measured as responses. Comparison between GRA and TOPSIS method was 

made. Same result was achieved through both methods and the optimum conditions were 

achieved. 

Dewangan et al. [32] studied the influence of process parameters on dimensional accuracy 

and surface integrity during electro discharge machining of AISI P20 tool steel.  The 

effect of Pulse current, pulse-on time, tool lift time and tool work time were obtained on 

the responses. Multiple attribute decision making using fuzzy-based TOPSIS technique 

was used to best machining condition. Moreover, sensitivity analysis was carried out to 

study the sensitivity of decision makers. 

Tripathy et al. [33] investigated the effect of machining parameter of H-11 die steel during 

power mixed EDM process. They used Taguchi method in combination with GRA and 

TOPSIS to evaluate the effectiveness of peak current, powder concentration, gap voltage 

and duty cycle on to the MRR, TWR, EWR and surface roughness. Also, a confirmatory 

tests was carried out to reveal the improvement of preference values in the initial and 

experimental setting using GRA and TOPSIS. 

2.4 Temperature Analysis 

Maslani et al. [34]  measured the temperature of plasma in the kerf width during PAC of 

stainless steel. Vaporized mixture of water and ethanol was taken as the plasma gas. The 

cutting speed and arc current was kept constant at 30 cm/min and 60A respectively. 
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Emission spectral lines of neutral iron were used to evaluate the temperature of the plasma 

inside the kerf. The result disclosed that the temperature inside the kerf was lower as 

compared to nozzle exit of the torch.   

Singh and Chattopadhyaya [35] developed a model for prediction of heat affected zone 

(HAZ) during flame cutting using PAC process. They derived a simple mathematical 

formula to estimate the temperature variation in HAZ. Method of separation of variables 

was used to derive the full field analytical solution. They concluded that appropriate heat 

input characteristics regulates the temperature distribution around HAZ. 

Nemchinsky [36] investigated the heat transfer inside the kerf and physics of arc operation 

of PAC process. Double arcing and cathode erosion was the major problem during cutting 

operation. Cutting speeds increase in movement of arc attachment upwards. Also, found 

that substantial power was cutting through anode attachment.    

 

2.5 Summary and research gap 

From the extensive literature survey, it is revealed that the past researchers have 

significantly aimed at investigating the cut quality characteristics of different alloy 

materials viz. different grades of steel, salima, E250 mild steel using different cutting 

conditions. It is also noticed that the pervasive work has been done to optimize the process 

parameters to attain an optimal cutting condition during PAC process. However, 

optimization of PAC process using high strength/abrasion resistance alloy material has not 

been covered deeply so far. Therefore, an effort has been made in this research work to 

investigate the influence of process parameter of PAC process using high strength 

material viz. abrex 400, hardox 400, sailhard steel and 304L stainless steel.   

Furthermore, the literature also reports that an MCDM technique has been used to solve 

the different optimization problems. It is also observed that very few works has been done 
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for plasma arc cutting using MCDM techniques for high abrasion resistance alloy 

material. Thus, in this current work an MCDM based VIKOR, TOPSIS and Desirability 

methods have been used to provide the optimum machining condition. The suggested 

MCDM techniques are simple, time saving and widely accepted approach for solving 

various multi objective problems associated with a real time manufacturing system which 

includes engineering and manufacturing problems, material and tool selection based 

problems. Only limitations of these techniques are sometimes it varies from the predicted 

values. 

Moreover, the above literature study also reports that the very less work has been done to 

obtain the effect of different gases with flow rate on PAC process. This research work 

focuses on the properties of produced arc using four plasma gases and their effect on 

cutting performance and energy balance. The analysis of aforementioned responses can be 

useful for research and development sector of various industries.  

The survey of literature reveals that the very fewer work has been reported on temperature 

analysis of work piece during PAC process. Consideration of moving heat source and heat 

resistance during calculation of heat created by plasma arc is not covered so far. Thus, an 

attempt has been made to estimate the heat created during PAC process considering 

aforementioned factors. 

2.6 Objectives of the present research work 

The principal objectives of the proposed research work are described as follows: 

1. To investigate the experimental analysis of plasma arc cutting process of high 

abrasion or high strength alloy material (viz. abrex 400 steel, hardox 400 steel, 

sailhard steel and 304L stainless steel) for straight cut.  
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2. To propose multi-criteria decision making (MCDM) based approaches (viz. 

Desirability analysis, VIKOR and TOPSIS) for the selection of best cutting 

condition of different alloy materials in PAC process. 

3. To study the cut quality characteristic by varying the process parameters in PAC 

operation.  

4. To develop a prediction and empirical model of responses and validate with 

experiments.   

5. To investigate the effect of PAC process with varying different types of plasma 

gases (viz. argon, oxygen, nitrogen and air). 

6. To study the effect of gas flow rate and nature of arc on the work piece during 

PAC process.   

7. To carry out the temperature analysis by moving heat source during PAC process.  

 

2.7 Organization of the present dissertation 

The present research work has been organized as follows: 

Chapter 1 provides a brief introduction of plasma arc cutting process, cutting principle, 

cutting and shielding gas, experimental set-up, advantages and disadvantages of PAC 

process. 

Chapter 2 comprises of an extensive literature survey to analyze previously reported 

research works with an aim to determine the research gap of the work on the 

machinability assessment of titanium alloys. In addition to that, the objectives of the 

current research work were also identified in order to fulfil the aforesaid research gap. 

Chapter 3 reports the benefits of using desirability function based response surface 

methodology (DRSM) for investigating the plasma arc cutting process of sailhard steel 
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Chapter 4 emphasized on VIKOR model for the selection of optimal parametric 

combination during plasma arc cutting of abrex 400 material.  

Chapter 5 explains the benefits of employing of Hybrid PCA-TOPSIS method for 

optimizing the plasma arc cutting responses of 304L stainless steel. 

Chapter 6 suggests the Taguchi based desirability analysis to optimize the process 

parameter during cutting of hardox 400 alloy steel.  

Chapter 7 proposes the effectiveness of predictive models in approximating various 

cutting responses. Multiple regression analysis (MRA) has been explored. The predicted 

responses from the models have been compared with experiments to determine the errors. 

Chapter 8 explains the effect of gas flow rate and nature on plasma arc cutting of hardox-

400. Also, reports the best plasma gas selection for smooth cutting without compromising 

the quality. 

Chapter 9 submits a temperature analysis by moving heat source during PAC process. 

Chapter 10 reports the application of dimensional analysis to employ parametric modeling 

approach for 304L stainless steel during PAC operation. 

Chapter 11 contains of conclusions, major contributions and future scope of the present 

research work. 

 



Chapter 3 

3.Investigation of the plasma arc cutting 

process of Sailhard steel with 

application of desirability function 

based response surface methodology 

 

3.1 Overview 

In this investigation, a special abrasion resistant steel known as sailhard of 20 mm 

thickness plate has been cut by PAC machine. Cutting current, stand-off distance, cutting 

speed and gas pressure were selected as cutting parameters. The corresponding responses 

focused for this work are material removal rate, kerf and chamfer. L30 orthogonal array 

based on a Central composite design (CCD) of response surface methodology (RSM) was 

used to design the run of the experiment. For predicting and modeling of optimal cutting 

conditions, a hybrid approach of desirability function based response surface methodology 

(DRSM) was acquainted. The desirability index (DI) was affected significantly with the 

machining parameter as well as their interaction. A confirmation test was carried out to 

analyze the degree of effectiveness of DRSM technique. In plasma arc cutting, the 

selection of process parameters and effect of that parameter on the output responses is of 

greater value due to selection of best cutting condition. 

3.2 Introduction 

Plasma arc cutting includes a bigger number of process parameters. Optimization is 

necessary for smooth cutting of the process. Maity and Bagal [37] used a new 
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composition of GRA and RSM coupled with PCA to optimize the cutting parameters of 

AISI 304L stainless steel which was cut by plasma arc cutting machine. The cut quality 

increased through the optimal cutting conditions. A parametric design was established for 

plasma arc cutting of St. 37 carbon steel plate by using L18 orthogonal array [38]. Stand-

off distance and arc current were most significant cutting parameters and the plate 

thickness was the least significant parameter. 

Arumugam et al. [18] employed response Surface Methodology (RSM)-based desirability 

Analysis to optimize the process parameters of rapeseed Oil. The empirical models were 

developed for adequacy checking. Srivastava et al. [39] also used aforesaid technique to 

optimize the process parameters of fused deposition modelling. Simsek et al. [40] applied 

response surface methodology based desirability function for analyzing the effects of 

dioctyl terephthalate. This is acquired from polyethylene terephthalate wastes on concrete 

mortar. Desirability function analysis coupled with Taguchi method was employed to 

optimize the welding parameter in MMAW assisted nano-structured hardfacing [41].   

Adalarasan et al. [42] applied Grey-Taguchi based RSM technique for getting the 

optimum cutting parameters for plasma cutting of 304L stainless steel. The input 

parameters were air pressure, cutting speed, arc current and stand-off distance. The kerf 

width and surface roughness were output responses. The different techniques of multi 

objective optimization methods are regression analysis, RSM, PCA, GRA, ANN, data 

envelopment analysis, goal programming and fuzzy logic [43]. Multi response 

optimization was performed for surface plasma treatment and Taguchi design was used to 

run the experiment [44]. Mohanasundararaju et al. [45]used to Box-Behenken design and 

central composite method to design the matrix in RSM for further finding the optimal 

condition of cutting parameters. Multi objective optimization was accomplished with 

desirability analysis by utilizing the desirability function and desirability index [46, 47]. 
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Patel et al. [48]  was selected GRA method for parametric optimization of electro 

discharge machining process of Al2O3 ceramic composite. Surface roughness and MRR 

were the responses which were determined by grey relational grade. Venkatarao and 

Pawar [49] used simulated annealing algorithm to optimize the process parameter of 

advanced machining and compared the result with genetic algorithm. 

It is evident from the literature review that most of the researchers have used different 

grades of stainless steel for PAC operation. In this research work desirability function 

based RSM is employed to find the optimal cutting condition for PAC of sailhard steel to 

maximize the MRR and minimize the kerf and chamfer.    

  

3.3 Materials and methods 

3.3.1 Experimentation 

A CNC plasma arc cutting machine of MESSER Company named as BURNY 1250 was 

used to conduct the experiment. A special abrasion resistant steel plate known as sailhard 

steel of 20 mm thickness was taken for the experimental cutting purpose. Sailhard steel is 

commonly used in many industries such as automotive, petrochemicals, oil and natural 

gas. The application of this material is in the manufacturing of liner plates, conveyor belt 

plates, dumber body plates, and loaders. The chemical composition of Sailhard steel is 

shown in Table 3.1. 

Table 3.1: Chemical composition of Sailhard steel.[50] 

Mat C P Mn S Si Al Cr Nb+V+Ti Fe 

% 0.23 0.05 1.6 0.05 0.05 0.1 0.65 0.15 Bal 
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Argon was used as plasma (cutting) gas and oxygen as shielding gas. Oxygen gas supply 

was fixed at 25MPa.Voltage was also kept fixed at 400 volts throughout the experiment. 

Air cooled type swirl nozzle having 2 mm orifice diameter and tungsten electrode was 

used for the experiment. The input process parameter were taken as cutting current, stand-

of-distance, fuel gas supply pressure and cutting speed which were varied at different 

ranges according to the DOE. MRR, kerf and chamfer were taken as output responses. 

Material removal rate is calculated by weight measurement. Before the experiment, the 

initial weight was recorded for each run. Final weight was recorder after cutting of the 

material. The material removal rate was calculated using eqn 1.1. The kerf width was 

measured using digital vernier caliper. Similarly, the chamfer was also measured using 

digital vernier caliper and protractor.  The factor and level of various input process 

parameters are shown in Table 3.2. 

Table 3.2: Values of input process parameters. 

Symbol Input parameters Units Level 1 Level 2 Level 3 

A Stand-off-distance mm 3 4 5 

B Arc current A 80 90 100 

C Cutting speed mm/min 1300 1400 1500 

D Gas pressure bar 4 5 6 

        

3.3.2 Experimental Design 

The compilation of statistical and mathematical approach which are applicable for 

analysis of problems and modeling are easily done with response surface methodology 

[51]. The primary objective of this methodology is to get the correlation between 

inspected variable and responses. From a lesser experiments, it gives gigantic information. 

It is also desirable to detect the effect of interaction of the parameters which is 

independent in nature. To retrieve information, this methodology relates the independent 

variables to the responses. RSM is used to design the experiment, inspecting the 
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processes, building of models, outing the figure of various factors and seeking the optimal 

conditions to provide responses and shorten the number of experiments [52, 53]. A 

mathematical model is developed to find out the relationship between the responses and 

variables. Following is the second order model of the structure. 

0

1 1 ,

2

, 1

k k k

i i ii ij i j

i i i j i

i

j

X A A B A A B B CB
   

            3.1 

where X = Corresponding response, Bi= Input variable, Bii= Square term of input variable, 

Bij= Interaction term of the input variable and A0, Ai, Aij, Aii is the unknown regression 

coefficient, C= model error. 

3.3.3 DRSM Methodology 

It was a coarse pattern in industrial processes to enter the several responses since the 

superior was observed as a complex entity. Compared to single response, a multi response 

optimization technique is more complex. In the field of metal cutting processes to provide 

the best quality of product in the market, the multi response optimization method can be 

applied [54]. 

A central composite response surface method was taken to design the run of the 

experiment. The quadratic model was outline L30 orthogonal array having single block. 

The experimental design is shown in Table 3.3.  

Table 3.3: L30 orthogonal array showing response surface design. 

Std. 
order 

Run 
order A (mm) B (A) C(mm/min) D (bar) 

19 1 4 80 1400 5 

8 2 5 100 1500 4 

15 3 3 100 1500 6 

23 4 4 90 1400 4 

7 5 3 100 1500 4 

12 6 5 100 1300 6 

4 7 5 100 1300 4 

18 8 5 90 1400 5 
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21 9 4 90 1300 5 

27 10 4 90 1400 5 

6 11 5 80 1500 4 

28 12 4 90 1400 5 

22 13 4 90 1500 5 

2 14 5 80 1300 4 

11 15 3 100 1300 6 

26 16 4 90 1400 5 

30 17 4 90 1400 5 

5 18 3 80 1500 4 

16 19 5 100 1500 6 

1 20 3 80 1300 4 

9 21 3 80 1300 6 

17 22 3 90 1400 5 

20 23 4 100 1400 5 

10 24 5 80 1300 6 

14 25 5 80 1500 6 

3 26 3 100 1300 4 

29 27 4 90 1400 5 

13 28 3 80 1500 6 

24 29 4 90 1400 6 

25 30 4 90 1400 5 

 

Applying desirability analysis, the multi response is converted into a single response. 

Thus a mathematical model was developed. The stepwise methodology of DRSM is 

expressed beneath. 

Step 1: Using Larger-the-better function for MRR and Lower-the-better function for the 

rest responses applied to calculate the individual desirability value (Dij) for all the 

responses [55]. 

The formulae for both the function is given below: 

 For Larger-the-better:  

Dij= 0, if yij≤ymin 

Dij=
ij min

max min

y y

y y

 




 
 

, if ymin≤yij≤ymax        3.2   
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Dij= 1, if yij≥ymin 

 For Smaller-the-better: 

Dij= 1, if yij≤ymin 

Dij=
ij min

min max

y y

y y

 




 
 

, if ymin≤yij≤ymax        3.3 

      

 Dij= 0, if yij≥ymin 

where, ymin is the lower tolerance limit, ymax is the higher tolerance limit and yij represents 

the individual weight. 

Step 2: Taking the arithmetic mean of every desirability values, calculate the DI value 

which varies between 1 and 0. Following is the equation for calculating the DI value 

DI=
1

1
( )

n

i

ij
n

D


           3.4 

RSM can relate the design variable with accuracy of quality characteristics but 

complexities of computational increases because of increase the number of responses [56]. 

Step 3: Create a mathematical model for Desirability index (DI). Second order 

polynomial equation of quadratic model is developed to analyze the nature of the system. 

To relate the response with the parameters, this model is developed. 

Step 4: With the help of DI Values the ANOVA table is developed. To establish the 

contribution of different input parameters on the DI (responses), ANOVA is applied to the 

DSRM techniques. 

Step 5: Find out the effect of cutting parameters on the output value with their level on 

the DI is found out. The three dimensional response surface graph is plotted. 

Step 6: The optimum values of input parameters through desirability analysis and 

confirmation test has been conducted and validated. 
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3.4 Results and Discussion 

3.4.1 Calculation of DI 

The work piece after PAC process is shown in Figure 3.1. The obtained output responses 

and their DI values according to the RSM design is shown in Table 3.4. To convert the 

single response optimization from multi response optimization, DI values calculated using 

equation 3.2-3.4. The DI values represent both the responses. Greater DI value was 

irrespective of essence of responses. For a different cutting experiment, DI values are 

plotted on a graph and shown in Figure 3.2. It is observed that the higher value of DI in 

eleventh trial (0.8) showing the closeness of optimum level of the cutting condition. 

Table 3.4: Obtained output responses & their DI values. 

Run order MRR (mm3/min) Kerf (mm) Chamfer (mm) DI 

1 3821.23 1.88 1.53 0.399 

2 5683.41 1.76 1.76 0.636 

3 4584.69 1.99 1.16 0.582 

4 5103.21 1.85 1.56 0.581 

5 3658.19 1.97 1.81 0.232 

6 4322.43 2.31 1.52 0.258 

7 4204.47 2.17 1.97 0.152 

8 3610.76 1.9 1.12 0.505 

9 4579.34 1.84 1.36 0.585 

10 4599.21 1.74 1.57 0.563 

11 5208.1 1.73 1.15 0.801 

12 5833.61 1.81 1.48 0.731 

13 4507.08 1.73 1.59 0.548 

14 4572.93 1.79 1.54 0.545 

15 5306.75 1.64 1.58 0.707 

16 4594.77 2.01 1.62 0.410 

17 6012.83 2.13 1.35 0.643 

18 3950.61 1.99 1.93 0.221 

19 3971.89 1.91 1.71 0.341 

20 5036.21 2.03 1.36 0.553 

21 4450.69 1.87 1.03 0.669 

22 4323.71 1.78 1.36 0.579 

23 5229.82 1.97 1.43 0.585 

24 3877.59 2.11 1.08 0.452 

25 5821.73 2.05 1.81 0.493 
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26 6005.44 1.89 1.74 0.623 

27 5703.66 1.77 1.55 0.708 

28 4812.32 1.81 1.79 0.479 

29 5386.14 1.92 1.88 0.472 

30 5448.96 1.79 1.8 0.574 

 

 
Figure 3.1: Sailhard work piece after cutting 
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Figure 3.2: DI values for various trial. 
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3.4.2 Fitness test and model adequacy 

The ANOVA was performed to establish the significance of cutting parameters on the 

output responses, from where fitness test and adequacy were checked [57]. It also creates 

a mathematical relationship between them. The ANOVA result is shown in Table 3.5. 

From ANOVA table, it is clearly observed that the F value is 2.9 which proves its 

significance. A probability value less than 0.05 expressed as the significance term. The 

ANOVA table had conceded the significance of model term of first order A, B and C. The 

interactions AB, AC, AD, CD and the second order of factor A and D also prove its 

significance. The adequate precision and R-squared value is expressed to check the test 

and the same is tabulated in Table 3.6. 

Table 3.5: ANOVA table for DI. 

Source 
Sum of 
Squares 

DF 
Mean 
Square 

F-Value 
p-value 

Prob > F 
Remarks 

Model 0.530 14 0.038 2.901 0.005 significant 

A-S.O.D. 0.012 1 0.012 0.906 0.046 significant 

B-Current 0.014 1 0.014 1.044 0.049 significant 

C-Cutting Speed 0.002 1 0.002 0.190 0.039 significant 

D-Gas Pressure 0.001 1 0.001 0.051 0.524 

 AB 0.079 1 0.079 6.061 0.026 significant 

AC 0.226 1 0.226 17.316 0.001 significant 

AD 0.122 1 0.122 9.333 0.008 significant 

BC 0.005 1 0.005 0.365 0.555 

 BD 0.005 1 0.005 0.353 0.561 

 CD 0.003 1 0.003 0.207 0.046 significant 

A^2 0.001 1 0.001 0.042 0.040 significant 

B^2 0.011 1 0.011 0.826 0.078 

 C^2 0.000 1 0.000 0.017 0.897 

 D^2 0.002 1 0.002 0.178 0.539 

 Residual 0.196 15 0.013       

Core Total 0.726 29         
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Table 3.6: R-squared and adequate precision values. 

Standard. Deviation 0.114 R-Squared 0.880 

Mean 0.521 Adjusted R-Squared 0.779 

Coefficient of Variation 21.934 Predicted R-Squared 0.690 

Predicted residual error sum of 

squares 
0.051 Adequate Precision 7.478 

 

The closer value of R-squared (0.8803) to unity expresses that a better fitness between the 

actual data observed and mathematical model within an experiment. The proximity of 

adjusted R-squared (0.7785) and the predicted R-squared (0.6895) indicated the values 

which were in acceptable agreement and fitness of the experimental data to develop a 

quadratic model. The adequate model discrimination was very clearly interpreted that 

adequate precision value (7.478) was larger than 4. The generated quadratic polynomial 

equation presented higher value of DI. 

3.4.3 Empirical Model 

The RSM methodology creates an empirical model to understand the individual and 

interaction between the variables and their significance. It forms a second order 

polynomial equation to establish the interaction and individual effects of input parameters 

on the DI. Design Expert 7.0.0 is used to obtain the model coefficient. The equation of DI 

is given as follows: 

DI=+0.58-0.026* A-0.028* B-0.012* C+6.089E-003* D-0.070* A * B+0.12* A * C-

0.087* A * D+0.017* B * C+0.017* B * D-0.013* C * D-0.015* A2-0.065* B2+9.347E-

003* C2-0.030* D2           3.5 

3.4.4 Study of process parameters and response surface plot 

The three dimensional response surface plots were drawn to relating the DI to the design 

parameters of gas pressure, stand-off-distance, current and cutting speed. The drawn 

surface plot is shown in Figure 3.3. This explains that the lower value of SOD is very 

important, since it can melt the material and expel it from the base material [Figure 3.3(a), 
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3.3(b) and 3.3(f)]. Thus the lower value of SOD will gives the best result for PAC. 

Increasing trend of arc current increases the energy content of cutting arc. Higher level of 

current needs to completely cut in the material [Figure 3.3(c), 3.3(d) and 3.3(f)]. Lower 

the value of cutting speed is required for proper cutting of material up to the desired 

thickness. The increasing trend of cutting speed gives the poor result [Figure 3.3(a), 3.3(c) 

and 3.3(e)]. Higher the value of gas supply pressure betters the result in cutting condition. 

The maximum amount of gas pressure, represents the increase in DI values [Figure 3.3(b), 

3.3(d) and 3.3(e)]. 

3.4.5 Optimum condition from desirability analysis 

With the help of Design expert software, the Larger-the-better criteria was selected for 

determining the optimal cutting conditions from desirability analysis [58]. The optimum 

cutting condition was chosen with respect to the higher value of DI and shown in Table 

3.7. The input parameters were selected for optimal level as: stand-off-distance- 3.02 mm, 

cutting current-93.22A, cutting speed- 1300.5mm/min and gas pressure- 5.84bar. The 

optimum values of various parameters are plotted in ramp function graph and shown in 

Figure 3.4. There is a dot mark in the ramp function graph that indicates the optimal level 

of process parameter. The highest desirability value is close to the unity and all values lie 

between 0 and 1. The graph of actual values versus predicted DI values was plotted and 

shown in Figure 3.5. It is clearly visible in the graph that the most of the values of DI fall 

proximity to the centerline which indicate the better fitness of model. 

Table 3.7: The Optimal level from desirability analysis. 

symbol parameters 
optimum 

value 
Low level High level 

A S.O.D. 3.02 3 5 

B Current 91.73 80 100 

C Cutting Speed 1300.06 1300 1500 

D Gas Pressure 5.89 4 6 

Response Prediction SE Mean 95% CI low 95% CI high 

DI 0.804 0.093 0.606 1.002 



Chapter 3                                                    Investigation of the PAC…..of Sailhard steel …. 

38 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

Design-Expert® Sof tware

DI
0.800999

0.15204

X1 = A: S.O.D.
X2 = C: Cutting Speed

Actual Factors
B: Current = 90.00
D: Gas Pressure = 5.00

  3.00

  3.50

  4.00

  4.50

  5.00

1300.00  

1350.00  

1400.00  

1450.00  

1500.00  

0.4  

0.485  

0.57  

0.655  

0.74  

  
D

I 
 

  A: S.O.D.    C: Cutting Speed  

Design-Expert® Sof tware

DI
0.800999

0.15204

X1 = A: S.O.D.
X2 = D: Gas Pressure

Actual Factors
B: Current = 90.00
C: Cutting Speed = 1400.00

  3.00

  3.50

  4.00

  4.50

  5.00

4.00  

4.50  

5.00  

5.50  

6.00  

0.4  

0.485  

0.57  

0.655  

0.74  

  
D

I 
 

  A: S.O.D.    D: Gas Pressure  



Chapter 3                                                    Investigation of the PAC…..of Sailhard steel …. 

39 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

 

 

 

 

 

 

 

(d) 

 

 

(d) 

 

 

Design-Expert® Sof tware

DI
0.800999

0.15204

X1 = B: Current
X2 = C: Cutting Speed

Actual Factors
A: S.O.D. = 4.00
D: Gas Pressure = 5.00

  80.00

  85.00

  90.00

  95.00

  100.00

1300.00  

1350.00  

1400.00  

1450.00  

1500.00  

0.39  

0.4775  

0.565  

0.6525  

0.74  

  
D

I 
 

  B: Current    C: Cutting Speed  

Design-Expert® Sof tware

DI
0.800999

0.15204

X1 = B: Current
X2 = D: Gas Pressure

Actual Factors
A: S.O.D. = 4.00
C: Cutting Speed = 1400.00

  80.00

  85.00

  90.00

  95.00

  100.00

4.00  

4.50  

5.00  

5.50  

6.00  

0.39  

0.4775  

0.565  

0.6525  

0.74  

  
D

I 
 

  B: Current    D: Gas Pressure  



Chapter 3                                                    Investigation of the PAC…..of Sailhard steel …. 

40 

 

 

 

 

 

 

 

 

 

 

 

 

 

(e) 

 

 

 

 

 

 

 

 

 

 

(f) 

 

Design-Expert® Sof tware

DI
0.800999

0.15204

X1 = C: Cutting Speed
X2 = D: Gas Pressure

Actual Factors
A: S.O.D. = 4.00
B: Current = 90.00

  1300.00

  1350.00

  1400.00

  1450.00

  1500.00

4.00  

4.50  

5.00  

5.50  

6.00  

0.4  

0.485  

0.57  

0.655  

0.74  

  
D

I 
 

  C: Cutting Speed    D: Gas Pressure  

Design-Expert® Sof tware

DI
0.800999

0.15204

X1 = A: S.O.D.
X2 = B: Current

Actual Factors
C: Cutting Speed = 1400.00
D: Gas Pressure = 5.00

  3.00

  3.50

  4.00

  4.50

  5.00

80.00  

85.00  

90.00  

95.00  

100.00  

0.37  

0.4625  

0.555  

0.6475  

0.74  

  
D

I 
 

  A: S.O.D.    B: Current  

Figure 3.3: (a)-(f) Response surface plots of DI. 
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3.4.6 Confirmation test 

To validate the proposed DRSM model, a real confirmation test is needed. The set of 

Input parameters of greater value of DI was considered as initial setting and compared 

with the optimal setting which was found from the DRSM. The result of the comparison is 

Figure 3.4: Ramp function graph of desirability. 

Figure 3.5: Plot of predicted vs. actual DI values 
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shown in Table 3.8. This confirmation test provides the result that there is a subsequent 

increase in MRR and decrease in the kerf and chamfer. Thus the technique proves its 

effectiveness.  

Table 3.8: Result of confirmatory test. 

Parameter setting 
Desirability 
index(DI)  

Responses 

 MRR Kerf Chamfer 

Initial setting 0.8 5208.1 1.73 1.15 

Optimal setting using DRSM 0.84 5277.6 1.68 1.08 

Improvement 0.04 69.5 0.05 0.07 

Percent Improvement 5.03% 1.33% 2.89% 6.07% 

 

3.5 Conclusions 

Finding out the solution through a multi-response optimization technique in a multi input- 

output process of PAC is still a very challenging work. In this paper, a report is presented 

on PAC of sailhard steel. A modern methodology like DRSM is selected to optimize the 

process parameters of cutting variables. A CCD design of RSM was used to design the 

experiment of L30 orthogonal array. The following outcomes were observes as: 

 

 The DRSM technique was very adequate in predicting the optimum solution of 

input parameters for setting the PAC condition is as follows: cutting current 

93.22A, stand-off distance 3.02 mm, cutting speed 1300.54mm/min and gas 

pressure 5.84 bar. 

 The predicted DI values reasonably synchronized well with the values of domain 

of investigation. It indicated the good fit of the model. 

 The input cutting parameters (cutting current, cutting speed, gas pressure and 

SOD) were found that they had an effect on the output responses (MRR, kerf, 

chamfer), and second order polynomial model for DI was given to be adequate and 

significant. 

The present research findings established a better set of guidelines for PAC of sailhard 

steel. DRSM technique is very effective to design the optimal setting of parameters and 

can be useful in various manufacturing industries.  



Chapter 4 

4.Investigation of plasma arc cutting of 

Abrex material with multi response 

optimization based on VIKOR and DA 

method  

4.1 Overview 

The purpose of this research work is to propose a multi-criteria decision making (MCDM) 

technique namely VIKOR, to determine an optimum cutting condition during plasma arc 

cutting (PAC) of abrex 400 material plate. In this paper, high abrasion resistant and high 

strength material abrex 400 of 5 mm thickness has been used to cut through plasma arc 

cutting process. The cutting current, gas supply pressure and cutting speed were selected 

as input factors. The article recommends the optimal machine setting with an aim to 

maximize the material removal rate and to minimize chamfer and kerf as output 

characteristics with the help of VIKOR method. An ANOVA test was established to 

evaluate the significance of process parameter and revealed that the cutting speed was the 

most significant process parameter followed by supply gas pressure and cutting current. 

The results indicated that, the suggested VIKOR method was capable of identifying the 

most preferable parametric setting within the specified range of process variables. 

Comparison between VIKOR and desirability approach (DA) shows the effectiveness of 

VIKOR over desirability approach.  Finally, a confirmation test was obtained to show the 

degree of effectiveness of VIKOR method.  
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4.2 Introduction 

PAC process is widely used in fabrication units to cut the high strength material like 

stainless steel. Different grades of steel are employed to manufacturing as per product’s 

requirement. Abrex 400 is a special type of alloy having superior mechanical properties 

such as high resistance to abrasion, better workability and good weld capacity. As 

compared to normal steel, this material has nearly three times higher abrasion resistance. 

Aforesaid material is very useful in a wide range of manufacturing industries such as 

automotive, material handling and construction, mining etc.       

Plasma arc cutting associates with various input process parameters like cutting current, 

feed rate, stand-off-distance, supply gas pressure, voltage. Major attribute of this 

processes are material removal rate, surface roughness, kerf, chamfer and dross [37]. 

Optimization plays a key role for faster cutting with high precision accuracy. This also 

comprises higher productivity. In recent scenario, these attributes are to be analyzed in a 

manner to meet the demand of better quality product. To improve the performance of the 

PAC process various approaches were suggested in the last few decades. An integrated 

approach grey Taguchi-based response surface methodology was used to optimize the 

process parameter and the effect of various input process parameters of plasma arc cutting 

of 304L stainless steel were obtained [59]. From this study, it was clearly observed that 

the process improves the quality characteristics. In a study, optimization of plasma arc 

cutting using Taguchi method of mild steel has been illustrated in order to meet the cut 

quality and performance of the process [60]. A kali-100 plasma arc cutting machine was 

employed to cut the thin plate of thickness 10 mm. With employing Taguchi method, the 

effect of process parameter was analyzed of E250 mild steel for PAC process [61]. The 

improvement was found on surface finish and hardness of material from the optimized 

process parameters. A new amalgamation of gray relation analysis and response surface 
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methodology with principal component analysis was applied to determine the best 

parametric combination of PAC process [37]. AISI 316 grade stainless steel was selected 

as workpiece material for the experiment. Employing parametric design approach 

optimization method, the best optimal setting was established for dimensional accuracy of 

PAC process [62]. The influence of input process parameters were studied upon 

dimensional accuracy. A Taguchi based desirability approach was utilized to determine 

optimal setting of process parameters for improving the quality characteristics of the PAC 

process [63]. The workpiece material was selected as Hardox 400 with superior property 

i.e.  High resistance, good bendability, high toughness and better weldability. Grey 

relational analysis technique was applied to optimize the process parameter of EN 31 steel 

using PAC process [64]. This investigation was performed to obtain minimum surface 

roughness and maximum material removal rate. The predicted and experimental results 

were compared to determine the efficiency of the method. An optimal cutting condition 

was obtained during CNC plasma arc cutting of plasma ST37 mild steel plate applying 

robust design [65]. Taguchi’s L18 orthogonal array was taken for the experimental design. 

An attempt has been done to investigate the effect of process parameter during CNC 

plasma cutting of S235J sheet material [66]. The thickness of 4, 5 and 6 mm of sheet were 

taken for experimentation with cutting current, cutting speed and voltage as process 

parameters. An artificial neural network was developed to predict the effect of process 

parameter during plasma cutting of ST37 steel  [67]. The bevel angle was selected as the 

major attribute of this research and the results showed the authentic prediction. The 

Taguchi method was used to design the parameter and the multi response of surface 

plasma treatment was optimized [44]. Experimental and predicted results were compared 

to determine the efficiency of aforesaid methodology to optimize the surface plasma 

treatment process.  
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In a study, applied MCDM approach familiar as VIKOR analysis coupled with 

Taguchi method was used to determine the optimal parameter setting in turning 

process of cp-titanium grade 2 material [68] . A combined MCDM VIKOR and 

DEMATEL was used to evaluate the performance of Indian railways [69] . A 

numerical example was depicted and solved from Indian railways for superior 

understanding. A combination of VIKOR, DEMATEL and ANP approach was used to 

obtain the optimal parameters of non-conventional machining processes [70]. This 

hybrid MCDM technique was applied to meet the quality and quantity of the product 

with suitable economic factors. In a manufacturing system, a new modified VIKOR 

technique is adopted to address the lean tool selection problems [71] . A model was 

developed to improve their capability to solve the difficulties of researchers. The 

aforesaid technique was employed to optimize surface roughness and mass deposition 

for ternary ni-cu-p electroless coating [72] . Using this method, different parametric 

values were ranked and the process parameters were optimized. This MCDM 

technique was also used to review systematically in several application area such as 

renewal energy and sustainability [73]. In a solar airflow channel optimization of 

discrete V obstacle parameters was attempted employing novel Entropy-VIKOR 

approach [74] . The benefit of VIKOR technique has a solution adjoining to the ideal 

solution having a satisfactory compromise of conflicting and non-commensurable 

criteria [75, 76]. It was observed that the VIKOR model for optimization was easier and 

more effective to get the best optimum setting of the machine [77-79].      

From the above study, it is evident that a pervasive work has been done to optimize the 

process parameter to attain an optimal cutting condition. The review of the literature 

indicated that the past researchers substantially aimed at investigation the quality 

characteristics of the PAC process using various material as workpiece such as different 
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grades of steel, E250 mild steel and hardox 400. However, optimization of PAC process 

using abrex 400 grade steel has not been covered deeply so far. Therefore, an effort has 

been made in this work to investigate the influence of process parameter of PAC process 

using abrex 400 as workpiece material. Furthermore, the literature also reports that an 

MCDM based VIKOR technique has been used to solve the different optimization 

problems. It is also observed that very few work has been done for plasma arc cutting 

using VIKOR analysis. Thus, in this paper an MCDM based VIKOR model is established 

to provide the optimum process parameters when plasma cutting of abrex 400. The 

suggested technique is a simple, time saving and widely accepted approach for solving 

various multi objective problems associated with a real time manufacturing system which 

includes engineering and manufacturing problems, material and tool selection based 

problems [71, 80, 81].   

4.3 Experimentation 

The experiments were performed on BURNY 1250(MESSER) CNC plasma arc cutting 

machine installed at L&T Kansbahal, India (Figure 1.6). A special type of steel was taken 

for this experiment i.e. abrex 400 steel. This steel material has high resistance of abrasion, 

good weld capacity and better workability. This material has nearly three times the 

abrasion resistance as compared to normal steel. It helps drawing out the administration 

life of the mechanical parts. This steel plate reduces structural weight and gives the 

economic merits. For this work, 5 mm of abrex 400 steel was taken. This special steel is 

mostly used in fabrication unit of various industries. The application of this material in 

manufacturing of different parts in bulldozer, dump truck, excavator and crusher. The 

chemical composition of abrex 400 steel is shown in Table 4.1. 

The selection of plasma gas for cutting operation is an important factor for precise cutting. 

Argon and oxygen was used as plasma gas and shielding gas respectively. The supply of 
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oxygen gas was fixed at 25 MPa. Voltage was additionally kept settled at 400 volts all 

through the analysis. The nozzle orifice diameter of 2 mm of air cooled type swirl nozzle 

and tungsten electrode was used for this experiment. The arc current, supply gas pressure 

and cutting speed were considered as input variables. Material removal rate (MRR), kerf 

and chamfer were the major attention in this proposed work. Material removal rate is 

calculated by weight measurement. Before the experiment, the initial weight was recorded 

for each run. Final weight was recorded after cutting of the material. The material removal 

rate was calculated using eqn 1.1. The kerf width was measured using digital vernier 

caliper. Similarly, the chamfer was also measured using digital vernier caliper and 

protractor.  In order to achieve better statistical accuracy the measurements were taken at 

three different locations throughout the cutting length and the average value was 

considered as final kerf width and chamfer respectively. The range of input variables of 

factors are shown in Table 4.2. The work piece after PAC process is shown in Figure 4.1. 

Table 4.1: Chemical composition of abrex 400 steel [82]. 

 

Table 4.2: Values of input process parameters 

 

. 

 

 

Material C P Mn S Si Ni Cr Mo B Fe 

% 0.21 0.025 2 0.01 0.7 1 1.2 0.06 0.005 Balance 

Symbol Input parameters Units Level 1 Level 2 Level 3 

A Arc current A 80 100 120 

B Gas pressure bar 6 7 8 

C Cutting speed mm/min 1500 1600 1700 
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Figure 4.1: Work piece after cutting. 

4.4 Methodology 

In this experiment, Taguchi’s L18 orthogonal array was used to design the layout. The 

results from the experiment have been analyzed and optimized using a hybrid multi-

criteria decision making technique i.e. VIKOR analysis. Both the techniques are explained 

underneath. 

4.4.1 Taguchi’s L18 orthogonal array: 

Optimization plays a very important role in order to maximize the rate of production with 

maintaining the quality of product in an equitable cost by selecting the optimal setting of 

parameters.  Due to a large number of cutting variable in conventional layout, it is 

difficult to perform all the set of experiment. Taguchi design reduces the number of 

experiments with a whole set of combination and less trials. In this research work, 

Taguchi’s L18 orthogonal array has been taken for experimentation. The arc current, 
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cutting speed and supply gas pressure were considered as the variables of PAC process. 

The layout of the experiment is shown in Table 4.3. 

Table 4.3: Layout of the experiment. 

Trial No. A B C 

1 1 3 3 

2 2 1 3 

3 2 3 2 

4 3 1 2 

5 1 3 2 

6 2 2 2 

7 1 1 2 

8 3 1 3 

9 3 2 2 

10 2 1 1 

11 1 2 1 

12 1 1 1 

13 1 2 3 

14 3 3 3 

15 2 2 3 

16 2 3 1 

17 3 2 1 

18 3 3 1 

 

4.4.2 VIKOR analysis method: 

Opricovic introduced VIKOR analysis method which is multi-criteria decision making 

technique in 1998 to optimize the problems in various industries like chemical, 

automotive, aerospace etc. It is difficult to determine optimum process parameters for the 

problem associated with involvement of multiple output and input criteria which are very 

adverse in nature of different unit. 
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This method makes the ranking and choosing of an optimal setting from the alternate and 

gives the best setting criteria of input process parameter. The step by step process of 

VIKOR method is described below [83].  

Step-1 

The multiple outcomes was converted in to the decision matrix after the experimentation. 

The values are arranged in such a manner to describe a decision matrix. This matrix is 

expressed below: 
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Here, the alternatives are presented in the row (i= 1, 2… m) and the corresponding 

outcomes for each alternative are shown in the column (j=1, 2… n). 

Step-2 

It is to normalize the decision matrix Values between 0 and 1. Using following equation, 

data normalization can be achieved. 
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where, 
,

ijx represents the normalized value. The normalized decision matrix can be 

displayed as below: 

 

 

 

 



Chapter 4  Investigation of PAC of Abrex material …. 

52 

 

























mnmjmm

ijii

nj

nj

xxxx

xxx

xxxx

xxxx

X

''.''

.'.''

.....

''.''

''.''

'

21

11

222221

111211

                                                                          4.3 

Step-3 

It is to compute the Ideal (beneficial) and Non-ideal (non-beneficial) solutions. These 

values can be estimated using the following equations. 

 

      4.4 

 

      4.5 

Where,  1,2,........, ijJ j n x    is used for higher-is-better criteria and  

 ' 1,2,..........., ijJ j n x   is used for lower-is-better criteria. 

Step-4 

It is to estimate the utility and regret measure by using below formulae. 

Utility measure  

 

Regret measure  

 

 

 

 

 

4.6 

4.7 

      ,max min 1,2,........,ij ijX beneficial x j J or x j J i m    

      ,min max 1,2,........,ij ijX non beneficial x j J or x j J i m     
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Step-5 

It is to compute the VIKOR index (Qi) using the given below equation. 

 

 

where, Qi is the VIKOR index value i = 1, 2,……, m; and v represents the weight of the 

maximum group utility (generally taken as 0.5). 

Step-6 

 

Rank the alternatives based on VIKOR index (Qi). The alternative with the smallest 

VIKOR index value was considered as the best solution. 

4.4.3 Desirability approach method (DA): 

The detail step wise process of desirability approach method has been discussed in 

Chapter 3. 

4.5 Results & Discussion 

4.5.1 Multi-response optimization using VIKOR Analysis method 

The selected methodology is based on the theory that the ranking and selecting the perfect 

alternative by excluding the units through normalization technique. The result obtained 

from the plasma cutting of the material was tabulated in Table 4.4. The normalized values 

were calculated using the eqn 4.2 and shown in Table 4.5. The values of normalized data 

lie between 0 and 1. Applying eqn 4.4 and eqn 4.5, non-beneficial and beneficial solution 

was calculated. The material removal rate was considered as Higher-is- better (HB) 

criteria while chamfer and kerf were considered as Lower-is-better (LB) type 

characteristic. The utility and regret measurement for each trial were determined using eqn 

4.6 and eqn 4.7 respectively and shown in Table 4.6. In plasma arc cutting process, 

material removal rate, chamfer and kerf width are identified as three crucial performance 

4.8 

4.9 
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measures which strongly affect the productivity and the quality of the end product. 

Therefore, during the present investigation all the aforesaid performance measures have 

been treated as equal importance and hence weights were taken 0.333 for each attribute. 

The values for VIKOR index (Qi) was computed using eqn 4.8. As per the ranking of the 

VIKOR index, the best alternative is selected. The smallest value of Qi is selected as very 

close to the optimal solution. The run number 6th is marked as the best optimal setting for 

the cutting. The graph was plotted between numbers of trials and VIKOR index and 

shown in Figure 4.2. The minimum VIKOR index is obtained during the setting of input 

process parameter when cutting current at level 2 (100 A), gas pressure at level 2 (7 bar) 

and cutting speed, also at level 2 (1600 mm/min). Figure 4.3 shows the main effect plot of 

the S/N ratio for VIKOR index. 

Table 4.4: Measured values of output responses. 

Trial no. Current Gas 

pressure 

Cutting 

speed 

Experimental data 

MRR 

(mm3/min) 

Chamfer 

(mm) 

Kerf 

(mm) 

1 80 8 1700 5163.23 1.77 1.86 

2 100 6 1700 4042.92 1.67 1.94 

3 100 8 1600 5230.35 1.62 1.23 

4 120 6 1600 4987.88 1.65 1.62 

5 80 8 1600 5312.21 1.17 1.85 

6 100 7 1600 4877.63 1.25 1.67 

7 80 6 1600 5011.24 1.63 1.73 

8 120 6 1700 4955.45 1.67 1.82 

9 120 7 1600 4897.31 1.65 1.67 

10 100 6 1500 4998.27 1.39 1.55 

11 80 7 1500 5009.54 1.37 1.87 

12 80 6 1500 4945.54 1.75 1.55 

13 80 7 1700 4889.65 1.79 1.69 

14 120 8 1700 5110.55 1.67 1.94 
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15 100 7 1700 5029.31 1.74 1.49 

16 100 8 1500 4986.65 1.72 1.71 

17 120 7 1500 4974.24 1.62 1.62 

18 120 8 1500 5097.32 1.36 1.92 

 

Table 4.5: Normalized data matrix. 

Trial no. 
Normalized data 

MRR Chamfer Kerf 

1 0.76 0.262 0.255 

2 0.595 0.247 0.266 

3 0.77 0.24 0.169 

4 0.734 0.244 0.222 

5 0.782 0.173 0.254 

6 0.718 0.185 0.229 

7 0.737 0.241 0.238 

8 0.729 0.247 0.25 

9 0.721 0.244 0.229 

10 0.735 0.206 0.213 

11 0.737 0.203 0.257 

12 0.728 0.259 0.213 

13 0.719 0.265 0.232 

14 0.752 0.247 0.266 

15 0.74 0.257 0.205 

16 0.734 0.254 0.235 

17 0.732 0.24 0.222 

18 0.75 0.201 0.264 
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Table 4.6: Utility and regret measure for each run with VIKOR index. 

Trial no. Utility measure 

Regret 

measure 

VIKOR index 

(Qi) Rank 

1 0.903 0.319 0.953 17 

2 0.596 0.330 0.650 11 

3 0.548 0.309 0.502 7 

4 0.682 0.255 0.419 5 

5 0.618 0.330 0.675 14 

6 0.464 0.217 0 ≅0.001 1 

7 0.729 0.252 0.455 6 

8 0.778 0.274 0.610 9 

9 0.682 0.255 0.418 4 

10 0.514 0.248 0.196 2 

11 0.655 0.297 0.574 8 

12 0.692 0.309 0.665 12 

13 0.764 0.330 0.841 16 

14 0.874 0.330 0.966 18 

15 0.681 0.303 0.629 10 

16 0.761 0.293 0.673 13 

17 0.663 0.242 0.337 3 

18 0.696 0.321 0.723 15 
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To identify the most significant factor on the characteristics, response table for S/N ratio 

was drawn. In Table 4.7, the delta (max-min) value is shown from where the significance 

of process parameter can be obtained. From this table, it is disclosed that the cutting speed 

is the most effective process parameter because its delta value is more than the other two. 
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Figure 4.2: Variation of VIKOR index values for different trials. 

Figure 4.3: Main effects plot for S/N ratio of Qi. 
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Table 4.7: Response Table. 

Level Current Gas pressure Cutting speed 

1 0.6939 0.4992 0.5280 

2 0.4418 0.4667 0.4117 

3 0.5789 0.7487 0.7749 

Delta 0.2521 0.2819 0.3632 

Rank 3 2 1 

 

ANOVA test was performed to obtain the significance level of each input process 

parameter. In this current work, the test for ANOVA was conducted at 95% of confidence 

level. The result of ANOVA test is shown in Table 4.8. 

Influence of each machining parameter was determined by calculating their percentage 

contribution using eqn 4.10. It reveals that the effects of each cutting parameters 

individually and with interaction effect with VIKOR index. From the ANOVA, it is 

revealed that the cutting speed is the greater parameter contribution and hence plays the 

most significant parameter among all the input variable. It is also observed that gas 

pressure is the second most significant parameter followed by cutting current. The 

interaction between current, gas pressure and cutting speed are found to be insignificant in 

this study. The contribution of each process parameter and their interaction is shown in 

Figure 4.4. 

( )

( )Total

Sumof square SS
PercentageContribution

Total sumof square SS


    4.10 
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Table 4.8: ANOVA. 

Source       DOF SS MS 
F-

Value 

P-

value 

Percent 

contribution 

Current    2 0.191 0.096 42.040 0.006* 18.670 

Gas pressure    2 0.286 0.176 77.280 0.003* 27.870 

Cutting speed    2 0.413 0.185 81.190 0.002* 40.290 

Current*Gas pressure 4 0.041 0.013 5.890 0.089 4.050 

Current*Cutting speed 4 0.087 0.022 9.510 0.047* 8.440 

Residual Error 3 0.007 0.002 
  

0.67 

Total    17 1.024 
    

*Significant term  

The contour plot for the VIKOR index versus diffident input process parameters are 

plotted in graph and shown in Figure 4.5. From this figure, it is found that the saddle is 

clearly visible on the plotting area of the cutting speed. Since from the graph of parameter, 

cutting speed is the most effective process parameter followed by gas pressure and cutting 

current. The contour plots were plotted between cutting current and gas pressure versus 

VIKOR index and it shows that the dark saddle area is observed in gas pressure 

parameter. Also, plotted the VIKOR index versus gas pressure, cutting speed and current, 

cutting speed. 
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Figure 4.4: Pie chart for parameter contribution. 
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Figure 4.5: Contour plot for VIKOR index versus input parameters. 

Figure 4.6: Surface plot of VIKOR index versus input parameter. 
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The surface plot for the VIKOR index versus input variables were plotted and shown in 

Figure 4.6. From the surface plot of VIKOR index vs current, gas pressure, it can be 

perceived that the VIKOR index increases with increase in cutting current and VIKOR 

index also increases with increase in gas pressure up to a limit and then decreases. From 

the surface plot of VIKOR index with cutting speed and current, it is observed that 

VIKOR index increases with increase in cutting speed up to a limit and then decrease. The 

VIKOR index increases with increase in gas pressure and cutting speed in the surface plot 

of VIKOR index versus cutting speed and gas pressure.   

4.5.2 Multi-response optimization using DA 

The stepwise process to calculate desirability value were explained in Chapter 3. In this 

chapter, only results were shown after calculating the values. The obtained values of 

individual desirability value and composite desirability value with rank are listed in 

values. The graph of different trials versus DI values are shown in Figure 4.7. 
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Figure 4.7: Graph of DI values versus different trials. 
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Table 4.9: Individual and composite desirability values. 

 

Trials 

Individual Desirability index Composite 

Desirability Index 

 

Rank MRR Chamfer Kerf 

1 0.8826 0.0323 0.1127 0.3425 16 

2 0.0000 0.1935 0.0000 0.0645 18 

3 0.9355 0.2742 1.0000 0.7366 2 

4 0.7445 0.2258 0.4507 0.4737 9 

5 1.0000 1.0000 0.1268 0.7089 3 

6 0.6576 0.8710 0.3803 0.6363 5 

7 0.7629 0.2581 0.2958 0.4389 11 

8 0.7189 0.1935 0.1690 0.3605 14 

9 0.6731 0.2258 0.3803 0.4264 12 

10 0.7527 0.6452 0.5493 0.6490 4 

11 0.7615 0.7774 0.6986 0.7459 1 

12 0.7111 0.0645 0.5493 0.4416 10 

13 0.6671 0.0000 0.3521 0.3397 17 

14 0.8411 0.1935 0.0000 0.3449 15 

15 0.7771 0.0806 0.6338 0.4972 7 

16 0.7435 0.1129 0.3239 0.3935 13 

17 0.7337 0.2742 0.4507 0.4862 8 

18 0.8307 0.6935 0.0282 0.5175 6 

   

4.5.3 Comparison between VIKOR and DA method:    

According to VIKOR method, the optimal setting for input parameters is A2 B2 C2 (i.e. 

current: 100 A, gas pressure: 7 bar and cutting speed: 1600 mm/min). On the other hand, 

desirability approach gives the optimum condition of process parameters as A1 B2 C1 

(i.e. current: 80 A, gas pressure: 7 bar and cutting speed: 1500 mm/min).  Based on the 

aforementioned parametric combination, the calculated values of MRR were observed as 

5272.7 mm3/min and 5009.54 mm3/min by employing VIKOR and desirability approach 

respectively. From the above statement, it is evidently clear that the proposed MCDM 
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technique is providing better results in comparison to its DA counterpart. In addition to 

that, for the same parametric combination the measured values of kerf width were 

perceived as 1.72 mm and 1.87 mm by using former and latter approaches. These results 

are also in favor of the suggested methodology. On the contrary, in case of chamfer the 

desirability approach was found to be more efficient than that of VIKOR method which 

indicated the kerf values as 1.37 mm and 1.7 mm respectively. 

4.5.4 Confirmation test 

A confirmation test was carried to check the result. The initial setting of this experiment 

was chosen as the 10th trial of the run because it was having the second lowest VIKOR 

index value. The cutting current 100 A, gas pressure 6 bar and cutting speed 1500 

mm/min was taken as initial setting. As, the VIKOR index was lower at trial number 6th, 

hence the optimal setting for the confirmation test was taken for that trial. The cutting 100 

A, gas pressure 7 bar and cutting speed 1600 mm/min was taken as per 6th trial. Both the 

results were compared and presented in Table 4.10. 

Table 4.10: Result of confirmatory test. 

Parameter setting 

Responses 

MRR Chamfer Kerf 

Initial setting (A2B1C1) 5163.23 1.77 1.86 

Optimal setting using VIKOR (A2B2C2) 5272.7 1.7 1.72 

Improvement 109.47 0.07 0.14 

% Improvement 2.12% 3.96% 7.53% 
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4.6 Conclusions 

In this present study, an investigation report has been presented on plasma arc cutting of 

abrex 400 material. A multi criteria decision making VIKOR method coupled with 

Taguchi’s orthogonal array has been used to identify the optimal cutting condition of 

plasma arc cutting process. The following outcomes have been detected during the cutting 

of that material plate: 

 The lowest VIKOR index value was found in the 6th trial of the experiment which 

indicated that the optimal condition of machining input parameter variable 

(Cutting current 100 A, cutting speed 1600 mm/min and gas pressure 7 bar). 

 ANOVA test has been obtained to determine the significance of cutting variable 

for multi response characteristics. From ANOVA test, it is observed that the 

cutting speed for plasma arc cutting operation is the most significant parameter 

and has contribution of 40.29% on the response. The gas pressure has contribution 

effect 27.87% and cutting current has 18.67%.  

 The interaction effect of cutting speed and current found to be significant because 

the P-value lies under 0.05 which is the significant level. Whereas, the interaction 

effect of current and gas pressure found to be insignificant because of having 

higher P-values which are greater than 0.05. 

 Comparison between MCDM VIKOR technique and desirability approach shows 

the advantage of VIKOR over desirability approach method in optimizing the   

output responses in the present experimental environment.



Chapter 5 

5.Investigation of the plasma arc cutting 

of 304L stainless steel using hybrid 

PCA-TOPSIS method 

5.1 Overview 

In this research work, experimental investigation and analysis of plasma-arc cutting has 

been carried out for straight cut. In this investigation, AISI 304L stainless steel of 5mm 

thickness is used as the work piece and argon is taken as the inert gas. Cutting current, 

pressure of inert gas and feed rate are selected as the variable process parameters and the 

corresponding output responses are considered surface roughness, kerf, chamfer and 

dross. Taguchi’s L16 orthogonal array is considered to design the experimental run. Hybrid 

multi-criteria decision making approach principal component analysis (PCA) coupled 

with TOPSIS method has been used to determine the optimum process parameter 

combination. The results reveals that the cutting current is the most significant process 

parameter followed by feed rate and gas pressure in PAC. The optimal setting of process 

parameters were found to be; current: 85 A, gas supply pressure: 6 bar and feed rate: 2.33 

m/min. The optimum setting of process parameters will offer a very good cutting 

condition in order to achieve the preciseness. 

5.2 Introduction 

PAC process involves several input process parameters. For smooth cutting of this 

process, optimization is required for different input process parameters. There are so many 

researchers who have carried out the optimization or studied the plasma arc cutting 

process in various aspects.  
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Mohapatra and Sahoo [84] exhibit TOPSIS method for optimization of process parameter 

for gear cutting process through wire EDM of Inconel 718 material. The finding of this 

work was to minimize the kerf and maximize the MRR using Taguchi L16 Design of 

Experiment. Majumder and Saha [85]used hybrid PCA-TOPSIS and MOORA-PCA to 

optimized different input parameters in turning operation on ASTM A588 mild steel. 

They concluded that these optimization methods were relatively easier and very less 

mathematical calculation required.  

Khan and Maity [86] applied MCDM-based TOPSIS method to optimize the process 

parameter of modern manufacturing processes. Seven different examples have been 

discussed in that work to determine the best setting of the machining parameters. Maity 

and Bagal [37] optimized different machining parameters for the PAC process on stainless 

steel (AISI 316) material. They used hybrid PCA based TOPSIS method to optimize the 

responses. To obtain the effect of input parameters on the output responses a new 

composition of RSM and GRA coupled with PCA had been proposed. The surface 

roughness, MRR, chamfer, kerf and dross are the output responses. The corresponding 

input process parameters are current, torch height, feed rate and voltage.  

The effect of parametric optimization was investigated by Das et al. [64] of EN 31 steel 

using GRA method with different process parameters, i.e. torch height, gas pressure and 

arc current were considered. For this experiment, Taguchi L27 orthogonal array is used. 

Taguchi coupled with GRA was used to maximize the MRR and minimize surface 

roughness. ANOVA was performed to get the contribution of each process parameters on 

the responses and gas pressure was found to be the most significant process parameter. 

Rana et al. [60] analyzed PAC process parameters to enhance the cut quality of thin mild 

steel. KALI-100 PAC machine was used (range: 25-120A) to cut mild steel plate of 10mm 

thickness. The air was used as both primary and secondary gases. Bhuvenesh et al. [87]  
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investigated the PAC process utilizing Taguchi technique where cutting current, air 

pressure, arc gap, cutting speed were taken as the process parameters to get the minimum 

surface roughness and maximum MRR for AISI 1017 steel.  

Taha and Ismail [88] optimized the process parameter using Taguchi method in the 

plasma arc surface hardening ASSABDF3 and ASSAB618 steel. They considered the 

process parameter such as arc current, the carbon content of steel and scanning velocity 

and as the machining input process parameter. Chen et al. [89] used Taguchi method to 

determine the optimal solution of plasma arc cutting with multiple operating 

characteristics with a small diameter deviation of the hole and bevel magnitude, 

considering the process parameters as feed rate, tip size, current and voltage.  

Asiabanpour [90] optimized the process parameter of automated plasma cutting process of 

stainless steel to evaluate output responses which are clean cut, flatness and bevel angle. 

Vatousianos and Salnotis [91] derived a regression model of plasma arc cutting responses, 

i.e. heat affected zone, surface roughness and cut geometry conicity with the input process 

parameters as cutting current, torch height, plasma gas pressure and cutting speed.  

Asiabanpour et al. [92] studied the automated PAC process and optimized the process 

using RSM and desirability functions and finally concluded that high current as well as 

high velocity required for a quality cut. Ferreira et al. [93] studied the PAC process using 

QstE-380 and Hardox 450 alloy steel. They concluded that cutting speed increased from 

35% to 65% with reduction in cost around 28 %. Celik [66] investigated the cutting of 

S235JR sheet materials of 4, 6, and 8mm thickness. These materials were used in pressure 

vessels. At these different values thicknesses of heat-affected zone (HAZ), hardness, 

temperature distribution and surface roughness were measured from the material cut. 

Panda et.al [94] employed the integrated AHP and fuzzy TOPSIS method for selection of 

rapid prototyping process. This process provides accurate, effective and systematic 
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decision support tool for the additive manufacturing processes. Mahapatra et. al [95] used 

Q-mode PCA method to classify the samples of water in four different categories. 

Majumder and Maity [96] investigated the influence of process parameters of wire EDM 

operation of Titanium grade 6 using MOORA-PCA technique.   

It is observed from the literature review that maximum researchers have optimized or 

investigated the process parameter using a simple response surface methodology or some 

other optimization processes. In plasma arc cutting process, there are so many 

contradictory response parameters. In this paper, optimization of process parameter is 

done using PCA based TOPSIS method. 

 

5.3 Experimentation 

Experiments were conducted on the portable plasma cutting machine. The argon was used 

as assist gas. The machine was rectified with an automatic feed arrangement system. The 

2 mm nozzle made of copper alloy was used with tungsten electrode. AISI 304L grade 

stainless steel was used as work material. The chemical composition of the work piece 

material is displayed in Table 5.1.  

A rectangular block of 250×200×5 mm was taken for the experiment. The arc current, gas 

supply pressure and feed rate were taken as the process parameter. Working voltage and 

standoff distance were kept constant. Working voltage was taken as 120 V and torch 

height is 2 mm. The proposed input setup for the experiment is shown in Table 5.2. The 

work piece after PAC process is shown in Figure 5.1. 

Table 5.1: Chemical composition of 304L stainless steel [97]. 

Mat C P Mn S Si N Cr Ni Fe 

% 0.03 0.045 2 0.03 0.75 0.1 18 12 Bal 
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Table 5.2: Input factor and their levels. 

Sl.No. Parameters Unit Level I Level II Level III Level IV 

1. Current A 70 75 80 85 

2. Gas pressure bar 4 5 6 7 

3. Feed rate m/min 2.33 2.93 3.53 4.13 

Total 3 factors and 4 level were taken as input process parameter. Taguchi’s L16 

orthogonal array method was used to design the experiment. Krishnaiah and Shahabudeen 

[43] revealed that the Taguchi design gave the necessary information on all conceivable 

number of trials with very good exactness. The proposed output responses to be 

determined by the above experiments are surface roughness, dross, chamfer, and kerf. The 

amount of material loss during cutting is the kerf width and it needs minimum to better 

result.  

 

 
Figure 5.1: 304L SS after cutting. 
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5.3 Methodology 

Plasma cutting industries are concentrating on the precision cut quality because the 

demand is increasing day to day at lower production cost. Multi objective optimization is 

a technique concerned with the best feasible solution from the alternatives. To acquire the 

best efficiency and quality attributes; the parameters influencing the machining procedure 

need to be improved. Therefore a provision is necessary to determine out the best 

alternative solution by multiple objective optimization method. Here, the test is to secure a 

model, from a gathering of capable models, which impeccably outfits the data of the 

experiment. The machining parameters were taken as process variables and the objective 

function was taken as performance parameters which need to be optimized. In PAC the 

correlation of the data was needed. Therefore, the special technique PCA based TOPSIS 

with Taguchi method is used to find out the optimal solution. 

5.3.1 TOPSIS 

In 1981, Yoon and Hwang invented this multi response optimization technique which is 

very efficient and advanced. This technique depends on the idea that the chosen decision 

must have the adjacent distance from the positive ideal solution and the most remote 

separation from negative ideal solution. Singh et al. [98] observed that the arrangement 

that expanded the advantage measures and reduced unfavorable measures, was recognized 

as a positive ideal solution. The procedure that exploited the opposing criteria and 

decreased the advantage measures, was identified as a negative ideal solution. Followings 

the stages are involved for computing the TOPSIS values: 
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Step 1: 

In the first step, format of matrix is established. The row represents the substitutions of 

this matrix and column represents the attributes of the matrix. The matrix can be shown 

as: 

11 12 1 11

21 22 2 22

1 2

1 2

j n

j n

i i ij ini

m m mj mnm

a a a aB

a a a aB

A
a a a aB

a a a aB

 
 
 
 

  
 
 
 
  

      5.1  

Here,  Bi(i=1,2…..m) express the probable substitutes aj(i=1,2…..n) express the 

attributes concerning to alternative performance, j=1,2,…..n and aij is the performance of 

Bi respect to attribute aj. 

Step 2:  

In this step normalization is calculated of the matrix. Here is the formula for this follows: 

2

1

ij

ij
m

ij

i

a
r

a





          5.2 

Here, γij express the normalized performance of Bi with respect to attribute aj. 

Step 3:  

The calculation of weighted normalized matrix is as follows: 

[ ]ijV v  can be found as V=Wjγij        5.3 

Where, Wi is the individual weight given. 
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1jw            5.4 

Step 4:  

In this stage the negative ideal (worst) and positive ideal (best) solutions were found. Both 

the ideal solution can be characterized as: 

 

a) The positive ideal solution: 

    JjvJjvB ijij  ,min,,max      5.5       

=(v1
+,v2

+,……v j
+……….vn

+ ) 

b) The negative ideal solution: 

    JjvJjvB ijij  ,max,,min      5.6 

 = (v1
-, v2-,……vj

-……….vn
-) 

Here,J  j1,2 .......... n 

[Associated with the beneficial attributes] 

J ‘ j 1,2 .......... n

[Associated with the non-beneficial attributes] 

Step 5:  

The distance measures are illustrated in this step. The Euclidean distance formulae are 

used to compute the separation of each substitute from the ideal solution. Following 

equations are shown: 

2

1

( ) , 1,2,.....
n

i ij j

j

S i m  



          5.7 

2

1

( ) , 1,2,.....
n

i ij j

j

S i m  



          5.8 
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Step 6:  

Computation of the relative closeness to the ideal solution is carried out. The formulae for 

this is shown below: 

i
i

i i

S
C

S S




 



          5.9 

Step 7: 

Preference order ranking is done. This investigation, Ci
+ for each run has been named as 

MPCI 

5.3.2 Principal component analysis (PCA) 

Engineers and scholars have innovated several techniques of multi-response optimization, 

but due to unidentified correlations between them many of the recommended methods 

intensify uncertainties. The information is normalized earlier assessing the principal 

components, to keep up a few variables or perceptions from removing the calculations. 

The actual data are interpreted values which are ranging between 0 to 1 as the worst and 1 

considering as the best performance. The followings are the formula for calculating the 

normalization of criteria. 

 Higher-is-better (HB) criteria: 

* [min( (j))]
(j)

[max( (j))] [min(x (j))]

i i
i

i i

x x
x

x





       5.10 

 Lower-is-better criteria: 

* [max( (j))] (j)
(j)

[max( (j))] [min(x (j))]

i i
i

i i

x x
x

x





       5.11 
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The stages of PCA are listed as bellows: 

5.3.2.1 Inspecting for correlation among the individual pair of quality 

characteristics: 

Let       iBiBiBQ mi

**

1

*

0 ,......,        5.12 

where i=1,2,3……n          

This is the normalized values of the ith quality characteristic. The coefficient of correlation 

between two quality characteristics is estimated by the following equation: 

 

cov(Q ,Q )

*

j k

jk

Qj Qk


 

          5.13 

Here, J=1,2…….n  ,K= 1,2……n ,  j≠k 

Here, jk  is correlation coefficient, , ,Qk Qj   stands for standard deviation of the quality 

characteristics k and j respectively. 

5.3.2.2 Calculation of the PCS: 

Eigen value k is to be calculated. The corresponding Eigen vector βkj,k=(1, 2, 3.... n) is 

also to be calculated  from the  correlation matrix established by all the quality 

characteristics. 

Estimate the PCS of the normalized reference sequence and comparative sequence using 

the formulae shown below: 

*

1

(k) (j)
n

i i kj

j

Y a 


          5.14 

0,1,2,3......i m  ,  1,2,3.......nk      

Here Yi (k) is the pcs of the kth element in the ith series. βkj is the kth element of the Eigen 

vector βk and ɑ*i(j) is the normalized value of the jth element in the ith sequence.  
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5.3.2.3 Quality loss estimation: 

Loss estimate ∆0,i (k) is calculated as the distance between the desired (ideal) value and  

ith experimental value for kth response. 

 

5.4 Results & Discussion 

Cutting of the steel plates is still more resisting than that of other material, because of the 

distinction in the mechanical, metallurgical and physical properties of the metals which is 

to be cut for any industrial use. The appropriate decision of system and process variables 

is, necessary to cut with great quality. In this way, plasma cutting of various types 

stainless steel has expanded the demand. The efficiency of PAC will be higher with better 

penetration and high cutting speed. Li and Tsai [99] suggested to obtain the better 

accuracy and quality, enhancement in production rate. The optimization is required to 

determine the best set of experiments. 

From the outline of investigations and because of very big input parameters of machining 

process, 4 levels of process parameters, 3 factors and L16 orthogonal array design are 

taken to optimize the process. MINITAB 16 was used to design the matrix and arranging 

in a manner so that total 16 run of layout was given. This software was used to analyze the 

effect of various process parameters on the output responses. The three machining 

parameters, namely cutting current, gas pressure and feed rate were varied at four 

different levels. To get the optimum parameter setting for PAC, a hybrid PCA-TOPSIS 

optimization technique has been utilized. The experimental results following Taguchi’s 

L16 orthogonal array has been portrayed in Table 5.3. 
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Table 5.3: L16 Orthogonal Array. 

Run 

No. 

Current Gas supply 

pressure 

Feed 

Rate 

Current 

 

Gas supply 

pressure  

Feed Rate  

1 1 1 1 70 4 2.33 

2 1 2 2 70 5 2.93 

3 1 3 3 70 6 3.53 

4 1 4 4 70 7 4.13 

5 2 1 2 75 4 2.93 

6 2 2 1 75 5 2.33 

7 2 3 4 75 6 4.13 

8 2 4 3 75 7 3.53 

9 3 1 3 80 4 3.53 

10 3 2 4 80 5 4.13 

11 3 3 1 80 6 2.33 

12 3 4 2 80 7 2.93 

13 4 1 4 85 4 4.13 

14 4 2 3 85 5 3.53 

15 4 3 2 85 6 2.93 

16 4 4 1 85 7 2.33 

 

The observed values of performance parameters viz. surface roughness, chamfer, dross & 

kerf according to an initial setting of various input parameters for individual run was 

measured and listed in Table 5.4. Using eqn 5.2, the normalized values of each S/N ratio 

was calculated and shown in Table 5.5. Eigenvectors, Eigen values, AP and CAP has been 

obtained by using Eqn 5.12- 5.13 on the normalized values and revealed in Table 5.6. 

Employing Eqn 5.14, major PCS of the normalized series has been calculated and shown 

in Table 5.7. The quality loss of the major PCS has been calculated. This is obtained by 

calculating the difference between the ideal (desired) value and values of individual major 

PCS. For converting single objective functions from multi objective functions, TOPSIS 
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method has employed. Normalization of Quality loss estimates for major PCS has been 

calculated using Eqn 5.2 and listed in Table 5.8. 

Table 5.4: Experimental data. 

Run No. Ra  

(μm) 

Kerf  

(mm) 

Chamfer 

(mm) 

Dross 

(mm2) 

1 15.6 6.47 1.03 0.75 

2 14.9 5.87 1.52 0.96 

3 11.2 6.67 1.79 1.85 

4 9.4 6.51 1.24 2.69 

5 13.6 6.68 1.6 3.58 

6 12.7 6.1 1.23 3.02 

7 13.2 6.03 1.08 5.72 

8 12.8 6.46 1.87 4.83 

9 10.4 6.53 1.29 3.11 

10 11.6 6.37 1.58 4.08 

11 13.4 4.53 1.46 6.37 

12 14.1 5.87 1.29 4.27 

13 14.2 5.57 1.55 5.65 

14 12.9 5.09 1.68 3.64 

15 11.4 6.31 1.09 2.86 

16 11.8 5.98 1.87 3.7 

 

Table 5.5: Normalized values 

Run No. Ra Kerf Width Chamfer Dross 

Ideal Solution 1 1 1 1 

1 0 0.09767442 1 1 

2 0.112903 0.37674419 0.416667 0.962633 

3 0.709677 0.00465116 0.095238 0.80427 

4 1 0.07906977 0.75 0.654804 

5 0.322581 0 0.321429 0.496441 
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6 0.467742 0.26976744 0.761905 0.596085 

7 0.387097 0.30232558 0.940476 0.115658 

8 0.451613 0.10232558 0 0.274021 

9 0.83871 0.06976744 0.690476 0.580071 

10 0.645161 0.14418605 0.345238 0.407473 

11 0.354839 1 0.488095 0 

12 0.241935 0.37674419 0.690476 0.373665 

13 0.225806 0.51627907 0.380952 0.128114 

14 0.435484 0.73953488 0.22619 0.485765 

15 0.677419 0.17209302 0.928571 0.624555 

16 0.612903 0.3255814 0 0.475089 

 

Table 5.6: Results of PCA: Eigen values, Eigen vectors, AP, CAP. 

Eigen 

Value 

PC1 PC2 PC3 PC4 

1.6477   
 

1.406 0.8309 0.3807 

 

Eigen 

Vector 

0.339 

-0.692 

0.198 

0.606 

0.677 

-0.116 

-0.665 

-0.293 

-0.528 

-0.076 

-0.72 

0.444 

0.385 

0.709 

0.008 

0.591 

AP 0.412 0.285 0.208 0.095 

CAP 0.412 0.697 0.905 1.000 

 

Table 5.7: Major PCS. 

Run No. PC1 PC2 PC3 PC4 

Ideal Solution 0.1644975 0.31909 -1.38589 1.674691 

1 0.736409302 -0.96933 -0.28342 0.668251 

2 0.443423089 -0.5264 0.039164 0.882829 

3 0.743607084 0.180927 -0.08654 0.752609 

4 0.829595109 -0.02278 -0.78328 0.83405 

5 0.473841112 -0.14082 -0.18133 0.420162 

6 0.483970347 -0.39595 -0.55138 0.729727 
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7 0.178319758 -0.43231 -0.85315 0.439259 

8 0.248344411 0.213584 -0.12456 0.408366 

9 0.724280928 -0.06941 -0.68773 0.720714 

10 0.434218902 0.071076 -0.41926 0.594194 

11 -0.47506682 -0.20036 -0.61478 0.849518 

12 0.184464719 -0.44856 -0.48761 0.586617 

13 -0.12765115 -0.19789 -0.37587 0.53174 

14 -0.02496973 -0.08371 -0.23332 0.980888 

15 0.672894359 -0.36184 -0.76203 0.759361 

16 0.270375783 0.237967 -0.13742 0.747583 

 

Table 5.8: Normalized values for Quality loss estimates for major PCS. 

Run No. PC1 PC2 PC3 PC4 

1 1.571911802 -0.28842 2.102465 -0.00644 

2 1.278925589 0.154509 2.425052 0.208138 

3 1.579109584 0.861838 2.29935 0.077918 

4 1.665097609 0.658131 1.602612 0.159359 

5 1.309343612 0.54009 2.204557 -0.25453 

6 1.319472847 0.284959 1.834509 0.055037 

7 1.013822258 0.2486 1.532734 -0.23543 

8 1.083846911 0.894494 2.261326 -0.26632 

9 1.559783428 0.611496 1.698156 0.046023 

10 1.269721402 0.751986 1.966632 -0.0805 

11 0.36043568 0.480553 1.771105 0.174827 

12 1.019967219 0.232348 1.898279 -0.08807 

13 0.707851353 0.483022 2.010022 -0.14295 

14 0.810532772 0.597201 2.152571 0.306197 

15 1.508396859 0.319066 1.623863 0.08467 

16 1.105878283 0.918877 2.248471 0.072892 
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The weighted normalized matrix has been developed. For this work, different values of 

factors are used for calculating the normalized values. The weightages given to the 

parameter are 0.412, 0.285, 0.208 and 0.095 respectively. Development of the weighted 

normalized decision matrix is calculated employing Eqn 5.3-5.4 and tabulated in Table 

5.9. For each attribute, negative and positive ideal solution is computed using Eqn 5.5-5.6 

and is listed in Table 5.10. The difference between the ideal solution and the each solution 

have been calculated using Eqn 5.7-5.8 and the closeness coefficients has been calculated 

using Eqn 5.9 and shown in Table 5.11 and this value has been taken as multi-performance 

characteristic index (MPCI). 

Table 5.9: Weighted Normalized values of the quality loss estimates. 

Run No. PC1 PC2 PC3 PC4 

1 0.64762766 -0.0822 0.437313 -0.00061 

2 0.52691734 0.044035 0.504411 0.019773 

3 0.65059315 0.245624 0.478265 0.007402 

4 0.68602021 0.187567 0.333343 0.015139 

5 0.53944957 0.153926 0.458548 -0.02418 

6 0.54362281 0.081213 0.381578 0.005228 

7 0.41769477 0.070851 0.318809 -0.02237 

8 0.44654493 0.254931 0.470356 -0.0253 

9 0.64263077 0.174276 0.353216 0.004372 

10 0.52312522 0.214316 0.409059 -0.00765 

11 0.1484995 0.136958 0.36839 0.016609 

12 0.42022649 0.066219 0.394842 -0.00837 

13 0.29163476 0.137661 0.418085 -0.01358 

14 0.3339395 0.170202 0.447735 0.029089 

15 0.62145951 0.090934 0.337763 0.008044 

16 0.45562185 0.26188 0.467682 0.006925 
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Table 5.10: Negative and positive ideal solution. 

Sl No. Ideal positive Ideal negative 

1 0.1484995 0.686020215 

2 -0.082199681 0.261880023 

3 0.318808675 0.504410856 

4 -0.025300816 0.029088756 

 

Table 5.11: Estimated data of separation measures and closeness coefficient. 

Sl. No. S- S+ Ci+ 

1 0.353905506 0.513596214 0.407959 

2 0.26992034 0.44228337 0.378993 

3 0.051703623 0.621338505 0.076821 

4 0.187032306 0.602950161 0.236755 

5 0.195136091 0.477624448 0.290053 

6 0.261867821 0.433241102 0.376729 

7 0.381557785 0.309675771 0.551995 

8 0.248021537 0.474820381 0.34312 

9 0.181735204 0.558578275 0.245484 

10 0.198087222 0.486541405 0.289335 

11 0.568499445 0.228570807 0.713236 

12 0.349768196 0.319266727 0.522795 

13 0.424550398 0.280748219 0.601944 

14 0.368208934 0.343037465 0.517695 

15 0.248203454 0.505110938 0.329482 

16 0.234357983 0.485712339 0.325465 

 

The main effects plot for optimal setting of process parameters is shown in Figure 5.2. 

Refers to this figure, optimal setting of parameter for PAC is obtained. During the plasma 

arc cutting process, the effect of various input parameter like current, feed rate & gas 
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pressure have significant effect on output responses as shown in Figure 5.3. The means 

value of MPCI is shown in Table 5.12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: S/N Means plot for optimal parameters. 

Figure 5.2: S/N ratio plot for optimal parameters. 
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Table 5.12: Means values of MPCI. 

Level Current Gas Pressure Feed Rate 

1 0.2751 0.3864 0.4558 

2 0.3095 0.3907 0.3803 

3 0.4427 0.4179 0.2958 

4 0.4436 0.357 0.42 

Delta 0.1685 0.0608 0.1601 

Rank 1 3 2 

 

Most significant parameter is current which shows very clearly in increasing trend i.e. 70 

to 85 A. In this study larger current gives the better result for PAC. Feed rate is the next 

significant parameters followed by gas supply pressure. In case of feed rate, it decreases 

from 2.33 m/min up to 3.53 m/min and further increases up to 4.13 m/min. In this research 

work 2.33 m/min gives the better result. Gas supply pressure increases from 4 bar to 6 bar 

and further decreases up to 7 bar. Gas supply pressure of 6 bar gives the better result 

compared to other 3 level of process parameter. The optimal setting of process parameter 

is tabulated in Table 5.13. 

Table 5.13: Optimal setting of process parameter. 

Factors Current Gas pressure Feed rate 

Levels 85 A 6 bar 2.33 m/min 

 

The contour plot of various input process parameters vs. closeness co-efficient is carried 

out and shown in Figure 5.4. There are very different types of shapes found in the contour 

plot of separate combination. It is found that the plot of gas supply pressure vs. feed rate is 

less significant compared to other because the saddle is visible clearly on the contour plot 

of that combination. Current is the most significant process parameter in this investigation 



Chapter 5                                                       Investigation of PAC of 304l stainless steel…   

84 

 

because the contour plot of current vs. feed rate/gas supply pressure is showing the best 

result from the figure. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Contour Plots of Ci+ vs factors. 

5.5 Conclusion 

It is a very challenging task to cut the stainless steel material using plasma arc cutting and 

optimizing with the help of multi response processes like PCA based TOPSIS method. In 

this research work 304L stainless steel is taken for cutting material and analyzed the effect 
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of various input process parameters, i.e. arc current, feed rate and gas pressure. PCA 

based TOPSIS method is used to optimize the input process parameters to determine the 

best objective. The following conclusions were carried out based on findings of this 

research experiment: 

 The optimal setting was found as follows: arc current 85 A, gas pressure 6 bar and 

feed rate is 2.33 m/min.  

 The investigation was revealed that the input variables i.e. cutting current, gas 

supply pressure and feed rate are the influencing factors which affect the material 

removal rate, surface roughness kerf and dross in plasma arc cutting process. 

However, cutting current is the most significant factor followed by feed rate and 

gas pressure. 

 The PCA-TOPSIS technique was very convenient for predicting the parametric 

design of input process parameter. 

 The combination plea of PCA and TOPSIS was moderately precise and could be 

further used for such optimization techniques.



Chapter 6 

6.Investigation of plasma arc cutting of 

Hardox-400 using Taguchi based 

desirability analysis 

 

6.1 Overview 

In this present investigation, experimental investigation of plasma arc cutting has been 

carried out. The workpiece material was taken as Hardox 400 which is very high resistant 

steel. This material has good bendability, high toughness and better weldability. Hardox 

400 variously used in manufacturing of Dump truck, Front loaders, Barges and Buckets. 

Argon is used as the inert gas and oxygen gas was taken for shielding. During the cutting 

process, cutting current, supply gas pressure, cutting speed and Standoff distance are 

varied as the parameters of operation. The material removal rate, surface roughness, 

chamfer and kerf are considered as the output responses. The individual effect of cutting 

parameters related to the output responses also discussed. Taguchi based desirability 

analysis (TDA) was observed to determine the optimal cutting conditions for improving 

the quality characteristics of the plasma arc cutting process. The goal of the experiment 

was to maximize the MRR and minimize the other output responses. The confirmation test 

was obtained according to the optimal setting of process parameter in achieving the 

improved efficiency of plasma arc cutting machine. The result of this analysis will offer a 

better database for the industries.  The outcomes of the investigations clearly show that 

the specific range of input process parameters to achieve the improved machinability 

criteria. 
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6.2 Introduction 

Precise cutting in faster speed is the advantages of plasma arc cutting over other 

traditional cutting process. Taguchi based desirability approach is used to optimize the 

process parameter of boronizing of 410 martensitic stainless steel by Atul. Et. al. [100] 

.This process improves the the quality characteristic of the operation and to determine the 

optimum condition for better result. Adalarasan et.al. applied Grey-Taguchi based 

response surface methodology to obtain the parametric design of plasma arc cutting 

operation of stainless steel 304L grade of  stainless steel [42]. Cutting speed, air pressure, 

stand-off distance and cutting current were taken as input process parameter and surface 

roughness, kerf width are considered as output responses.  

A combination of response surface methodology coupled with principal component 

analysis and grey relational analysis was applied to select the optimum cutting conditions 

of plasma arc cutting [64]. The workpiece material for plasma cutting was taken as AISI 

304L stainless steel. The input process parameter was considered as torch height, arc 

current, voltage and feed rate. The corresponding responses taken as material removal 

rate, surface roughness, dross, kerf and chamfer. 

Taguchi coupled with GRA method was used for parametric optimization of plasma arc 

cutting of EN 31 steel [87]. Taguchi’s L27 orthogonal array was planned to outline the 

design of experimental run and gas pressure, torch height and cutting current were taken 

as input process parameters. Plasma arc cutting of 1017 steel was investigated by Taguchi 

optimization technique [92]. The input process parameter was taken as cutting speed,air 

pressure, arc current and arc gap to determine the responses such as MRR and surface 

roughness. 

Automated plasma arc cutting process has been carried out to cut the work piece material 

[93]. RSM and desirability analysis was used to optimize the process parameters. It was 
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observed that the quality cut was achieved through the high current and high velocity of 

plasma arc. RSM was applied to investigate the plasma arc cutting of Hardox 450 and  

QstE-308 alloy steel plate [101]. It was observed from the experiment that cutting speed 

of the torch increases from 35% - 65% with cost reduction around 28%. 

It is found that many researchers have applied different techniques or methods to 

determine the quality solution for plasma arc cutting operation. Very less work is done in 

Hardox 400 alloy steel using plasma arc cutting process. Different material was used as 

work piece in this cutting process. In this research article Taguchi based desirability 

approach has been applied to obtain the best optimal solution of the cutting process. The 

goal of this work is to minimize the surface roughness, Chamfer and kerf as well as to 

maximize the material removal rate. 

6.3 Experimentation 

In this experiment CNC plasma arc cutting was used to perform the cutting operation. 

BURNY 1250 plasma cutting of MESSER Company was used for precise cutting of the 

work piece. Hardox 400 of 10 mm thickness was taken as the work piece for this 

experiment. This alloy material is of very good abrasion resistant nature. The mechanical 

properties have been achieved through quenching process and sometimes it needs 

tempering according to the use of that material. This alloy steel has good, mechanical 

properties like good weldability, good bendability and high toughness. Specially this 

material is used for load bearing application. Mostly Hardox 400 alloy steel is used in 

manufacturing of various equipment like buckets, front loaders, dump trucks and barges. 

The chemical composition of this material is shown in Table 6.1. 

Table 6.1: Chemical composition of Hradox 400 [102]. 

Mat C P Mn S Si Ni Cr Mo B Fe 

% 0.15 0.025 1.6 0.01 0.7 0.25 0.5 0.25 0.004 Bal 
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In this experiment, argon and oxygen were selected as cutting (plasma) gas and shielding 

gas respectively. Supply of oxygen gas was fixed at 30 MPa. During the entire experiment 

the voltage was also kept constant i.e. 400V. The swirl nozzle having 2 mm diameter of 

copper alloy which is an air cooled type and tungsten electrode was used. Taguchi’s L9 

orthogonal array having three levels and four factors was selected for the experiment. 

Supply gas pressure, arc current, stand-off distance and cutting speed were considered as 

an input process parameters. Output responses for this work is chosen as material removal 

rate, kerf width, surface roughness and chamfer.  

The input factor factors and their levels are shown in Table 6.2. Taguchi’s L9 orthogonal 

array with input parameters in form factors and levels are portrayed in Table 6.3. 

The material removal rate is metal worn rate from the work piece. Surface roughness, 

dross and chamfer were measured from the work piece after cutting through plasma arc 

process. The result obtained from the cutting process is listed in Table 6.4. The work piece 

after PAC process is shown in Figure 6.1.    

Table 6.2: Values of input process parameters. 

Symbol Input parameters Units Level 1 Level 2 Level 3 

A Arc current A 70 90 110 

B Gas pressure Bar 3 5 7 

C Cutting speed mm/min 1200 1400 1600 

D Stand-off-distance Mm 3 4 5 
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Figure 6.1: Hardox 400 after cutting. 

 

Table 6.3: L9 Orthogonal array. 

Run order A B C D A B C D 

 

Coded Uncoded 

1 1 2 2 2 70 5 1400 4 

2 1 1 1 1 70 3 1200 3 

3 2 2 3 1 90 5 1600 3 

4 1 3 3 3 70 7 1600 5 

5 3 2 1 3 110 5 1200 5 

6 3 1 3 2 110 3 1600 4 

7 2 1 2 3 90 3 1400 5 

8 2 3 1 2 90 7 1200 4 

9 3 3 2 1 110 7 1400 3 
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Table 6.4: Output responses with measured values. 

Run order 
Responses 

MRR (mm3/min) SR (µm) Kerf (mm) Chamfer (mm) 

1 3654.23 13.9 2.76 1.15 

2 3877.25 12.8 1.82 1.21 

3 4014.54 12.6 1.97 1.34 

4 3745.74 11.2 1.78 1.17 

5 4212.36 14.5 2.24 1.28 

6 4215.89 13.6 1.65 1.23 

7 3756.14 12.4 1.52 1.19 

8 3878.11 11.7 1.91 1.12 

9 4265.32 13.6 2.04 2.11 

 

 

 

6.3 Methodology 

Multi response optimization technique is much more intricate compared to the single 

quality characteristics. The steps for the desirability analysis is mentioned in Chapter 3. 

6.4 Results & Discussion 

6.4.1 Preprocessing of data and DI value calculation 

Normalization of the measured data is required in order to achieve the value between 0 

and 1. The S/N ratio was applied to preprocess the data, as it considered both the mean 

and variability [46]. The larger-the-better characteristic has been applied to data 

preprocessing of MRR and smaller-the-better has been used for surface roughness, kerf 

and chamfer. Using eqn 3.3 and eqn 3.4, individual desirability values were calculated for 

each response. The composite desirability values were obtained using eqn 3.5 which is 

described in the methodology.  The obtained values of S/N ratio for measured data, 

individual desirability value and composite desirability value are listed in Table 6.5.  
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The DI values vary in the range 0 to 1. It is observed that the highest value of DI obtained 

in 4th trial i.e. 0.889. This indicates the optimal condition of plasma arc cutting and this 

setting of input process parameter will give the best result among all the sets of 

experiment. The graph was plotted between the DI values and numbers of trials and 

shown in Figure 6.2. 

 

 

 

 

 

 

 

Table 6.5: S/N ratio and DI values. 

Run 

order 

S/N Ratio Individual DI 
DI 

MRR SR Kerf Chamfer MRR SR Kerf Chamfer 

1 71.256 -22.860 -8.818 -1.214 -0.255 0.164 0.000 0.958 0.374 

2 71.770 -22.144 -5.201 -1.656 0.128 0.483 0.698 0.878 0.686 

3 72.073 -22.007 -5.889 -2.542 0.353 0.544 0.565 0.717 0.609 

4 71.471 -20.984 -5.008 -1.364 -0.096 1.000 0.735 0.931 0.889 

5 72.491 -23.227 -7.005 -2.144 0.664 0.000 0.350 0.789 0.380 

6 72.498 -22.671 -4.350 -1.798 0.669 0.248 0.862 0.852 0.654 

7 71.495 -21.868 -3.637 -1.511 -0.078 0.606 1.000 0.904 0.837 

8 71.772 -21.364 -5.621 -0.984 0.129 0.831 0.617 1.000 0.816 

9 72.599 -22.671 -6.193 -6.486 0.745 0.248 0.507 0.000 0.252 
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Figure 6.2: Variation of DI values for different trials. 
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6.4.2 Effects of input parameters on the responses 

The effect of different process parameters on the obtained quality characteristics at their 

various levels is plotted on a graph and shown in Figure 6.3. The graphs were drawn 

between individual desirability values and different process parameter using their levels. It 

is observed from the graph that the 70A current and 3 bar gas pressure produces good 

chamfer during the cutting operation. The influence of other process parameters can be 

investigated from the graphs.  

The effect of input process parameter for desirability index is shown in Table 6.6 which 

reveals that the optimal parametric combinations are lying at A2B1C3D3. The graph was 

drawn between DI values and process parameter and plotted in Figure 6.4. The highest 

value of DI obtained from the graph is corresponding to the optimum conditions of 

process parameter.   

Table 6.6: Effects of parameters on DI. 

factor Level 1 Level 2 Level 3 Max-Min 

A 0.6497 0.7538 0.4285 0.3253 

B 0.7257 0.4541 0.6521 0.2716 

C 0.6273 0.4874 0.6147 0.2298 

D 0.5155 0.6147 0.1862 0.1862 
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Figure 6.3: Effects of cutting parameters on the responses. 

 

 

Figure 6.4: Parameter effect on DI. 
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6.4.3 Analysis of Variance (ANOVA) 

ANOVA was carried out for the contribution of various cutting parameters which were 

influencing the quality characteristics of output responses, i.e. MRR, surface roughness, 

kerf and chamfer. To complement the technique of Taguchi based desirability analysis, 

ANOVA was performed. The obtained ANOVA is tabulated in Table 6.7. From the 

ANOVA, it is observed that current is the most influencing parameter and it contributes 

37.54%. The contribution of all parameters is shown in Figure 6.5.   

 

Table 6.7: Result of ANOVA. 

Factor DOF SS MS F % Contribution 

A 2 0.1656 0.8278 4.2068 37.54 

B 2 0.1184 0.0592 3.7848 26.84 

C 2 0.0805 0.0402 3.2415 18.25 

D 2 0.0521 0.0261 2.9756 11.81 

Residual 2 0.0245 0.0123 
 

5.56 

Total 10 0.4411 
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Figure 6.5: Parameter contribution pie chart. 
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6.4.4 Confirmation test 

A confirmation test was very important to validate the outcomes of TDA method. The 

input process parameter of the 4th trial of the experiment was chosen as initial setting 

because the highest value of the desirability index in this trial. The corresponding values 

of initial setting are, current 70 A, gas pressure 7 bar, cutting speed 1600 mm/min and 

stand-off-distance is 5 mm. The optimal setting obtained from TDA method was 

compared with the initial setting.  

The optimal setting found from TDA methods were, current 90A, gas pressure 3 bar, 

cutting speed 1600mm/min and stand-off-distance is 5 mm. The comparison of both 

optimal settings was compared and represented in Table 6.8. 

Table 6.8: Result of confirmatory test. 

Parameter setting Desirability index(DI)  
Responses 

MRR SR Kerf Chamfer 

Initial setting 

(A1B3C3D3) 
0.889 3745.74 11.2 1.78 1.17 

Optimal setting using 

TDA 
0.912 3862.09 10.7 1.66 1.09 

Improvement 0.023 116.35 0.5 0.12 0.08 

Percent Improvement 2.58% 2.93% 4.46% 6.74% 6.83% 
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6.6 Conclusions 

This research paper described the application of Taguchi based desirability analysis for 

parametric design of plasma arc cutting process. Taguchi’s L9 orthogonal array was used 

to design the run of the experiment. The following outcomes were disclosed: 

 The TDA technique was very convenient for predicting the parametric design of 

input process parameter. 

 This process improved the quality characteristics in term of the best output 

responses. 

 The optimum cutting condition found as current 90A, gas pressure 3MPa, cutting 

speed 1600 mm/min and stand-off-distance is 5 mm. 

 Cutting current was largest influencing process parameter for this research and it 

contributed 37%, followed by gas pressure, cutting speed and stand-off-distance. 

 



Chapter 7 

7.Modelling of surface roughness, 

material removal rate and kerf using 

multiple regression analysis in plasma 

arc cutting process of Hardox and 

Abrex steel 

 

7.1 Overview 

This present work proposed an experimental investigation of plasma arc cutting process of 

hardox 400 and abrex 400. Both the materials are having high strength and high abrasion 

resistance in nature. Experiments were conducted based on Taguchi’s L25 orthogonal array 

design. The cutting parameters analyzed were arc current, cutting speed, stand-off 

distance and supply gas pressure whereas material removal rate, kerf and surface 

roughness were selected as responses. A prediction model was developed to estimate the 

responses using multiple regression analysis. The predicted results agree well with the 

experiments. Analysis of variance (ANOVA) was used to verify the effect of each 

parameter on the surface quality to be assessed. 

7.2 Introduction 

Plasma arc cutting machine was introduced in fabrication unit to cut the steel and 

aluminum materials in 1950. Modern fabrication units have greater flexibility to adopt an 

advance or special materials. In this era, cutting the materials with higher accuracy, 

reduced time and better quality product is a challenging tasks to manufacturing sectors. 
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There is a lot of cutting process to cut the materials, but plasma arc cutting process is 

quietly economic process with preciseness compared to other process. 

A combination of response surface methodology coupled with grey relational analysis and 

principal component analysis were introduced to determine the optimization of plasma arc 

cutting process of AISI 304L stainless steel [37]. The material removal rate, dross, 

chamfer, kerf and surface roughness were measured as responses. Artificial neural 

network model was developed to predict the surface roughness during plasma arc cutting 

of structural steel S235JRG2. Cutting current and cutting speed were selected as the input 

process variables [103]. Parametric optimization of plasma arc cutting process of stainless 

steel 304L obtained using grey-Taguchi based response surface methodology [42]. 

Taguchi’s optimization technique was used to determine the optimum condition of plasma 

arc cutting process of 1017 steel and Taguchi’s L27 orthogonal array utilized to outline 

the design [87]. Desirability function and response surface methodology are applied to 

optimize automated plasma arc cutting process [92]. 

Cutting force and temperature was analyzed during turning of Ti-6Al-4V alloy using 

general regression analysis [104]  . The experimental and predicted result was compared 

to find the error during the process. Multiple regression analysis (MRA) and general 

regression neural network (GRNN) models were established to coMPare and predict the 

responses like material removal rate, kerf width and surface finish in wire electrical 

discharge machining process of titanium grade 6 [105]. Average surface roughness and 

micro hardness were optimized and predicted the model using MOORA-fuzzy and GRNN 

for nitinol in WEDM process [106]. MRA model was developed to predict the surface 

roughness and wheel wear of modern ceramic during grinding process[107]. MRA and 

ANN was applied to predict the model of cutting force in turning process of AISI 316L 
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stainless steel [108]. The effectiveness of regression analysis has been used for the 

improvement of productivity and product quality [109].    

 

From the literature analysis, it has been found that a very few works are presented based 

on regression analysis to predict the model of responses in different manufacturing 

industries. In this article, a little attempt has been made to predict the model and obtain 

relationship between inputs and outputs using regression analysis of the cutting process. 

Furthermore, very few research works are available in PAC process of hardox and abrex 

material as work piece. Therefore, both the materials have been selected for work piece. A 

coMParative study has been made to determine the error during PAC.       

. 

7.3 Experimentation 

High abrasion resistance steel such as hardox 400 and abrex 400 grade was selected for 

the cutting operation. Abrex steel has three times superior abrasion resistance as compared 

to normal steel. This special steel mostly used in fabrication unit of manufacturing sector. 

The application of this material in part production of bulldozer, dump truck, excavator and 

crusher. Hardox steel is also very high resistant in nature. This material has very good 

mechanical properties like good bendability, better weladability and high toughness. 

Mostly this material is used for load bearing application such as part manufacturing of 

front loaders, buckets, barges and dump trucks. The chemical composition of hardox and 

abrex steel is shown in Chapter 6 and Chapter 4 respectively.  

In PAC process, plasma gas selection is very important step towards preciseness of the 

cut. For this experiment, argon and oxygen were selected for plasma and shielding gas 

respectively. The supply of oxygen gas was kept constant during entire experiment at 25 

MPa. The voltage used for the cutting process was fixed at 400 V. The electrode used for 
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cutting was made of tungsten material and 2mm diameter of swirl nozzle used. The input 

variables were taken for this research work as cutting current, cutting speed, stand-off 

distance and supply gas pressure. The output responses were measured as material 

removal rate, surface roughness and kerf width. Weight measurement method was applied 

to estimate the MRR. Initial weight of the work piece was noted prior the experiment. The 

final weight was measured after PAC process and MRR was calculated using eqn 1.1. 

Digital vernier caliper and surface roughness tester (TR 110-Piezo Electric pick up type) 

were used for measurement of kerf and surface roughness respectively. In order to obtain 

superior preciseness, the measurents were noted at three different location of the cutting 

and the mean value was considered for final surface roughness and kerf. The ranges of 

input variables are tabulated in Table 7.1. Taguchi’s L25 orthogonal array was chosen for 

designing the experiment according to the input factors and their levels. The work piece 

material of hardox 400 and abrex 400 after PAC process is shown in Figure 7.1and Figure 

7.2 respectively. 

 

Table 7.1: Machining factor and their levels. 

Symbol Input parameters Units L 1 L 2 L 3 L 4 L 5 

A Current A 75 85 95 105 115 

B Cutting speed mm/min 2000 2100 2200 2300 2400 

C Stand-off distance mm 2 3 4 5 6 

D Supply gas pressure Bar 5 6 7 8 9 
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Figure 7.1: Hardox 400 work piece after cutting. 

 

Figure 7.2: Abrex 400 work piece after cutting. 
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7.3 Results and Discussion 

7.3.1 Development of Empirical model 

The regression analysis of the responses with respect to input variables has been carried 

out using Minitab 17. Regression equations have been obtained for both the work piece 

material i.e. hardox and abrex. The output dependent variables such as MRR, surface 

roughness and kerf width can be related as a linear function of such independent variables 

i.e. cutting current, stand-off distance, cutting speed and gas supply pressure. The 

following regression equations shows the relation of responses with variables in uncoded 

unit. 

MRR (Hardox) = 3906 + 1.96 A + 0.541 B + 93.5 C - 122.6 D    7.1 

(R2 = 92.5 %, R2 (adj) = 77.4 %) 

MRR (Abrex) = 3983 + 1.76 A + 0.520 B + 94.5 C - 124.1 D    7.2 

(R2 = 92.1 %, R2 (adj) = 77.4 %) 

Ra (Hardox) = 7.84 + 0.0022 A + 0.00172 B + 0.182 C + 0.172 D    7.3 

(R2 = 96.1 %, R2 (adj) = 88.2 %) 

Ra (Abrex) = 6.75 + 0.0074 A + 0.00204 B + 0.148 C + 0.192 D    7.4 

(R2 = 95.1 %, R2 (adj) = 85.4 %) 

Kerf (Hardox) = 1.83 + 0.00122 A + 0.000374 B - 0.0036 C - 0.0006 D   7.5 

(R2 = 95.4 %, R2 (adj) = 86.2 %) 

Kerf (Abrex) = 2.14 + 0.00336 A + 0.000182 B + 0.0112 C - 0.0198 D  7.6 

(R2 = 99.4 %, R2 (adj) = 97.4 %) 

Significance tests were carried out to verify the goodness of fit and the mathematical 

model[110, 111]. The tests were performed for regression model and individual model 

coefficient for verify the significance. ANOVA was established to verify the significance 
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level of the model. The confidence level of 95% or significance level of 5% is considered 

for testing.  

The models are said to be statically significant when the P value is less than 0.05. From 

the ANOVA, it is perceived that the developed models are significant and the variables 

have significant effects on the reposes in all the cases.  Table 7.2, Table 7.3, Table 7.4, 

Table 7.5, Table 7.6 and Table 7.7 show the ANOVA tables and detailed of significance 

levels of both the work piece material. Stand-off distance is the most effecting parameter 

for MRR and kerf in both the material. In addition to that gas pressure is also most 

affecting parameter for kerf in abrex material.  For surface roughness, cutting speed and 

gas pressure are the most influencing parameters for hardox and abrex respectively. From 

the all ANOVA table, it seems that most of the parameters are significant for all the 

analysis.   

Table 7.2: ANOVA table of first order model for MRR (Hardox). 

Source DOF Seq SS Adj MS F P 

A 4 9.234    2.3084   7.90 0.007 

B 4 6.725    1.6812   5.75 0.018 

C 4 9.630    2.4074   8.23 0.006 

D 4 3.149    0.7873   2.69 0.109 

Residual Error 8 2.339    0.2923   

Total 24 31.076    

 

Table 7.3: ANOVA table of first order model for MRR (Abrex). 

Source DOF Seq SS Adj MS F P 

A 4 9.514 2.3785 7.48 0.008 

B 4 7.162 1.7905 5.63 0.019 

C 4 9.929 2.4823 7.81 0.007 

D 4 3.163 0.7908 2.49 0.127 
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Residual Error 8 2.544 0.3180   

Total 24 32.312    

 

 

Table 7.4: ANOVA table of first order model for Ra (Hardox). 

Source DOF Seq SS Adj MS F P 

A 4 0.2923   0.07308    1.51 0.287 

B 4 3.4113   0.85281   17.59 0.000 

C 4 3.1700   0.79251   16.35 0.001 

D 4 2.5634   0.64086   13.22 0.001 

Residual Error 8 0.3878   0.04847   

Total 24 9.8248    

 

Table 7.5: ANOVA table of first order model for Ra (Abrex). 

Source DOF Seq SS Adj MS F P 

A 4 0.5906   0.14766    2.55 0.121 

B 4 2.3911   0.59776   10.30 0.003 

C 4 2.8702   0.71755   12.37 0.002 

D 4 3.2242   0.80606   13.89 0.001 

Residual Error 8 0.4641   0.05801   

Total 24 9.5402    

 

Table 7.6: ANOVA table of first order model for Kerf (Hardox) 

Source DOF Seq SS Adj MS F P 

A 4 0.9500    0.2375    2.16 0.164 

B 4 1.0938    0.2734    2.49 0.127 

C 4 13.9434   3.4859   31.72 0.000 

D 4 2.2967    0.5742    5.23 0.023 

Residual Error 8 0.8790    0.1099   

Total 24 19.1629    
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Table 7.7: ANOVA table of first order model for Ra (Abrex). 

Source DOF Seq SS Adj MS F P 

A 4 1.2427 0.31068 16.73 0.001 

B 4 1.2897 0.32244 17.36 0.001 

C 4 8.3349 2.08486 112.25 0.000 

D 4 6.0883 1.52206 81.95 0.000 

Residual Error 8 0.1486 0.01857   

Total 24 17.1087    

 

The determination coefficient (R2) is also measured for the degree of fit. Higher the value 

of R2, better fits the mathematical model and residual are less[108, 112]. The obtained 

model presented better correlation coefficient are explaining 92.5%, 96.1% and 95.4% of 

the variability in the hardox respectively. For abrex material, the correlation coefficient 

are explaining 92.1%, 95.1% and 99.4% of the variability in the material removal rate, 

surface roughness and kerf width respectively. It concludes that the predicted model is 

significant. 

The normal probability plot of residual for MRR, surface roughness and kerf of hardox 

and abrex material were prsented in Figure 7.3 and Figure 7.4 respectively.  From this plot 

of individual responses, it is also revealed that the data closely follows near straight line 

and P value is greater than 0.05 at 95% confidence interval. It means that the data follow a 

normal distribution and the model is adequate. The residuals fall on a straight line and 

suggests that the errors are distributed normally.  

The standardized residual versus fitted value of the models for hardox and abrex were 

displayed in Figure 7.5and Figure 7.6 respectively. From the figure, it is observed that no 

unusual structure from the model are found. Figure 7.7and Figure 7.8 shows the residual 

versus order of the data of the model. It is observed that the residual are random in nature 
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for each figure. Therefore, the developed model can be efficiently applied for prediction 

of reposes in PAC process.  
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Figure 7.3: Normal probability of residual for Hardox (a) MRR (b) Ra (c) Kerf. 
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Figure 7.4: Normal probability of residual for Abrex (a) MRR (b) Ra (c) Kerf. 
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Figure 7.5: Residual vs. fitted value for Hardox (a) MRR (b) Ra (c) Kerf. 
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Figure 7.6: Residual vs. fitted value for Abrex (a) MRR (b) Ra (c) Kerf. 
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Figure 7.7: Residual vs. order of the data for Hardox (a) MRR (b) Ra (c) Kerf. 
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Figure 7.8: Residual vs. order of the data for Abrex (a) MRR (b) Ra (c) Kerf. 
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All the experiments were conducted using Taguchi’s L25 OA for validation of the models. 

Comparison between the model value and experimental result for MRR, surface 

roughness and kerf are shown in Table 7.8, Table 7.9 and Table 7.10 respectively. The 

calculated error for MRR varies between -21.08 to 28.08, for surface roughness -9.73 to 

14.22 and for kerf -16.36 to 23.67 in hardox material. Also, the estimated error for MRR 

fluctuates between -21.85 to 28, for surface roughness -9.08 to 15.03 and for kerf -13.17 

to 22.12 in abrex material. From this above results, it is observed that the values for 

responses is almost nearer for both the work piece material. Therefore, the developed 

mathematical model can be used to predict the responses within the limits.  

Table 7.8: Comparison of experiment with predicted result for MRR. 

Run no. Experimental Predicted Error 

Hardox Abrex Hardox Abrex Hardox Abrex 

1 4042.79 4021.74 4709 4723.5 7.36 8.04 

2 5628.37 5693.47 4734 4745.9 -2.98 -5.14 

3 5022.74 5023.36 4759 4768.3 -9.73 -9.08 

4 4655.55 4654.14 4784 4790.7 1.76 1.23 

5 4528.49 4533.98 4809 4813.1 6.28 8.15 

6 4547.25 4546.87 4576.9 4587.4 -2.10 -2.60 

7 4344.71 4341.25 4601.9 4609.8 -7.77 -6.82 

8 4092.67 4093.68 4626.9 4632.2 -5.50 -3.79 

9 4110.60 4121.32 5264.9 5275.1 14.22 15.03 

10 4601.77 4599.28 4822.4 4825 -3.89 -6.65 

11 4905.24 4925.47 4444.8 4451.3 -0.25 1.12 

12 5795.25 5813.24 5082.8 5094.2 8.31 7.50 

13 6078.87 6087.65 5107.8 5116.6 0.41 -0.14 

14 4218.67 4219.78 4665.3 4666.5 10.35 12.07 

15 5998.79 6000.17 4690.3 4688.9 -6.01 -5.11 

16 4927.34 4972.43 4925.7 4935.7 -5.92 -6.90 

17 5093.71 5101.56 4950.7 4958.1 2.04 -0.40 

18 4354.95 4377.41 4508.2 4508 -1.49 1.82 

19 4765.26 4757.22 4533.2 4530.4 13.88 4.28 

20 5183.44 5201.97 5171.2 5173.3 -7.47 -5.57 

21 4394.71 4377.97 4793.6 4799.6 -0.70 -0.67 

22 3905.30 3908.47 4351.1 4349.5 6.38 7.82 

23 5392.28 5402.17 4989.1 4992.4 -0.13 2.22 

24 3989.45 3921.45 5014.1 5014.8 -2.06 -3.19 

25 5371.89 5401.78 5039.1 5037.2 -5.07 -4.07 

 



Chapter 7  Modelling of surface roughness…. 

114 

 

Table 7.9: Comparison of experiment with predicted result for Ra. 

Run no. Experimental Predicted Error 

Hardox Abrex Hardox Abrex Hardox Abrex 

1 11.8 11.7 12.67 12.64 7.36 8.04 

2 13.6 13.9 13.20 13.19 -2.98 -5.14 

3 15.2 15.1 13.72 13.73 -9.73 -9.08 

4 14 14.1 14.25 14.27 1.76 1.23 

5 13.9 13.7 14.77 14.82 6.28 8.15 

6 13.5 13.6 13.22 13.25 -2.10 -2.60 

7 14.9 14.8 13.74 13.79 -7.77 -6.82 

8 15.1 14.9 14.27 14.34 -5.50 -3.79 

9 12.2 12.1 13.94 13.92 14.22 15.03 

10 14.1 14.7 13.55 13.72 -3.89 -6.65 

11 13.8 13.7 13.77 13.85 -0.25 1.12 

12 12.4 12.5 13.43 13.44 8.31 7.50 

13 13.9 14 13.96 13.98 0.41 -0.14 

14 12.3 12.3 13.57 13.79 10.35 12.07 

15 15 15.1 14.10 14.33 -6.01 -5.11 

16 14.3 14.5 13.45 13.50 -5.92 -6.90 

17 13.7 14.1 13.98 14.04 2.04 -0.40 

18 13.8 13.6 13.60 13.85 -1.49 1.82 

19 12.4 13.8 14.12 14.39 13.88 4.28 

20 14.9 14.8 13.79 13.98 -7.47 -5.57 

21 14.1 14.2 14.00 14.11 -0.70 -0.67 

22 12.8 12.9 13.62 13.91 6.38 7.82 

23 13.3 13.2 13.28 13.49 -0.13 2.22 

24 14.1 14.5 13.81 14.04 -2.06 -3.19 

25 15.1 15.2 14.34 14.58 -5.07 -4.07 

 

Table 7.10: Comparison of experiment with predicted result for Kerf. 

Run no. Experimental Predicted Error 

Hardox Abrex Hardox Abrex Hardox Abrex 

1 2.72 2.69 2.66 2.68 -2.23 -0.25 

2 3.01 2.99 2.69 2.69 -10.55 -9.91 

3 2.59 2.61 2.73 2.70 5.24 3.61 

4 2.47 2.48 2.76 2.71 11.70 9.46 

5 3.05 3.03 2.79 2.73 -8.46 -10.07 

6 2.72 2.71 2.67 2.69 -1.96 -0.73 

7 2.49 2.47 2.70 2.70 8.43 9.34 

8 2.21 2.22 2.73 2.71 23.67 22.12 

9 2.81 2.79 2.77 2.82 -1.45 0.95 

10 3.04 3.03 2.82 2.77 -7.22 -8.55 

11 2.68 2.67 2.67 2.70 -0.22 1.01 

12 2.31 2.34 2.71 2.80 17.33 19.76 

13 3.28 3.26 2.74 2.81 -16.36 -13.72 
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14 2.97 2.98 2.79 2.77 -5.90 -7.14 

15 2.89 2.67 2.83 2.78 -2.15 4.03 

16 2.27 2.77 2.68 2.80 18.26 1.04 

17 3.09 3.08 2.72 2.81 -12.05 -8.79 

18 2.77 2.68 2.77 2.76 -0.04 3.12 

19 2.84 2.87 2.80 2.77 -1.33 -3.34 

20 2.63 2.64 2.84 2.88 7.92 9.07 

21 3.06 3.01 2.69 2.81 -12.03 -6.79 

22 2.75 2.78 2.74 2.76 -0.25 -0.72 

23 2.61 2.59 2.78 2.87 6.49 10.63 

24 3.01 3.29 2.81 2.88 -6.56 -12.59 

25 2.55 2.56 2.85 2.89 11.60 12.74 

 

7.3.2 Comparison of experimental and predicted values 

The Comparison result of predicted and experimental values of responses for hardox 

material is portrayed in Figure 7.9. From this figure, it is perceived that the lowest 

difference between both the values are obtained from 16th, 23rd and  18th trial of 

experiment for MRR, surface roughness and kerf respectively. In addition to that, highest 

difference acquired in 15th, 9th and 13th trial of experiment for above cases respectively.  

Figure 7.10 shows the comparison of experimental versus predicted values of responses 

for abrex material.   It disclosed that MRR, surface roughness and kerf differs maximum 

in 15th, 9th and 8th trial of experimental run respectively. On the contrary, MRR, surface 

roughness and kerf differs minimum in 20th, 13th and 1st trial of experiment.  
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7.4 Conclusions 

This research work described the experimental investigation and development of 

empirical model of plasma arc cutting process of hardox and abrex steel using multiple 

regression analyses. The following investigation outcomes were carried out:  

 The empirical models revealed superior correlation coefficient that explain 92.5%, 

96.1%,  95.4%  and 92.1%, 95.1%, 99.4% of the variability in the MRR, surface 

roughness and kerf respectively for hardox and abrx material. This specifies better 

goodness of fit and high significance of the model. 

 The investigation revealed that the input variables i.e. cutting current, standoff 

distance and gas supply pressure were the influencing factors which affected the 

material removal rate, kerf and dross in plasma arc cutting process. However, 

current and stand-off distance are the most significant factor for MRR in hardox 

and abrex cutting, gas pressure is the most influencing parameter for surface 

roughness in both cutting, stand-off distance is the most significant parameters for 

kerf in both hardox and abrex material cutting. 

 The data nearly follows the straight line obtained from probability plot of 

individual responses. It satisfied the goodness of fit and significance model. 

 The experimental and predicted values are almost nearby to each other. Therefore, 

the developed model can be used to predict the material removal rate, surface 

roughness and kerf within the limits.    

 

 



Chapter 8 

8.Experimental analysis of the effect of 

gas flow rate and nature on plasma arc 

cutting of hardox-400 

 

8.1 Overview 

This research paper exhibits an experimental investigation of plasma arc cutting of 

hardox-400 using different types of plasma gases. Nature and behavior of the plasma arc 

is studied and described the effect of plasma gas on the workpiece. The experiments were 

performed on 10 mm hardox-400 using CNC plasma cutting machine. The selected 

workpiece material has very good mechanical properties like high toughness, good 

bendability and better weldability. This special abrasion resistanct steel is used in part 

manufacturing of front loaders, buckets, barges and various mining equipment. Four 

different plasma gases are chosen for this experiment i.e. air, argon, oxygen and nitrogen. 

Thermophysical properties of plasma gases, properties of generated arc, cutting 

performance and energy balance is explained for different plasma gases used. The kerf 

shape and material removal rate (MRR) due to the generated arc is measured and analyzed 

the effect. This paper clarifies the potential of cutting process by varying the flow rate and 

chemical composition of the plasma gas. 

8.2 Introduction 

In PAC process, initially argon and nitrogen gases were used as primary gas for 

generation of plasma. In 1960, to achieve the cut quality of the surface and higher cutting 

speed, air plasma was introduced. Oxygen plasma increases the quality of cut due to its 
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oxidizing properties [113, 114]. Arc current under 100 A is available in the market for air 

cutting. Oxygen, nitrogen and air were used as plasma gases in various research work. 

The selection of the plasma gas depends on the workpiece material to be cut. Kavka et al. 

[115] studied the PAC process using three different gases and one liquid media as plasma 

gas i.e. oxygen, air nitrogen and steam. They explained the effect of gas nature and flow 

rate on mild steel material. Ramakrishnan et al. [116] investigated the properties of 

produced plasma using different gas. They made a relation between flow rate of plasma 

gas and the diameter of torch nozzle. An investigation was presented on properties of 

plasma produced from the air cutting [117]. Research and development on PAC process 

are devoted to correlation between cutting performance and arc properties [118, 119], 

phenomena of electrode [120]. Nemchinsky and Severance [121] studied the phenomena 

of kerf width generated using PAC process and introduced a model that affecting the cut 

quality. Gonzalez et al. [122] characterized the generated plasma with energy transferred 

using argon as a plasma gas. Long et al. [123] investigated experimentally and 

numerically the effect of cathode diameter in PAC process  using  process parameters 

such as gas flow rate, gas pressure and cutting current. Ramakrishnan et al. [124] made a 

comparison of cut quality with oxygen, air and nitrogen as plasma gas. But they focused 

on presence of oxygen on the kerf and overall energy balance. 

The above literature study reports that the very less work has been done to obtain the 

effect of gas nature and flow rate of PAC process. This research work focuses on the 

properties of produced arc using four plasma gases and their effect on cutting performance 

and energy balance. The analysis of aforementioned responses can be useful for research 

and development sector of various industries. This paper also coMPares the kerf width 

with nitrogen, air, oxygen and argon as a plasma gas.           
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8.3 Experimentation 

The experiments were performed on computer numerical controlled (CNC) plasma arc 

cutting machine (Burny 1205) of MESSER Company. Air cooled type swirl nozzle of 

copper material having 2 mm diameter was taken for the experiment. Tungsten electrode 

with hafnium insertion was used in plasma torch. The shielding gas is not used for cooling 

purpose in this study. Air was selected as a cooling medium to prevent the excessive 

heating while generation of plasma. The gas supply was arranged in to the torch body 

through centrally connected pipe and adjusted by controllers. 

The power supply was arranged in such a manner that the current may be increased up to 

70 A. For all the experiments, the intensity of current was kept constant at 70 A. Only two 

process parameters were varied i.e. flow rate and type of plasma gas, during the 

operations. For all study, the flow rate of plasma gas was varied between 8 gm/min and 16 

gm/min. Argon, nitrogen, oxygen and air were used as plasma gases. The selection of 

plasma gas involves a major role in the cutting process. Therefore the gases were selected 

according to the previous literature study [115].  

 The pressure was measured inside the arc chamber of the plasma torch body. The flow 

rate of plasma medium was controlled with the help of control valve which is mounted in 

the inlet of pipe. The measurements extracts a strong relationship between chamber 

pressure and flow rate which is portrayed in Figure 8.1. It shows the trend that, increase in 

gas flow rate increases the chamber pressure inside the torch body. 

During the experiments, the torch body was arranged as a moving system which direction 

was controlled by the CNC machine. The work piece was fixed at the same position. 

Cutting speed and standoff distance were also kept constant during the experiments as 30 

cm/min and 2 mm respectively. The kerf was measured from the cut edge of the surface. 



Chapter 8  Experimental analysis of the effect…. 

122 

 

The whole experiments were performed on hardox-400 material of sheet thickness 10 

mm. The chemical composition of the material is shown in Chapter 6. The material 

properties of the same material is tabulated in Table 8.1.  

Heat capacity of iron depends on the temperature in the solid phase while it does not 

depend in liquid phase for the temperature range considered in this work [125]. So, the 

average value for the whole temperature was considered in this paper. 

The thermo physical properties were calculated of the pressure of 1-3 atm and temperature 

ranges between 4000 K and 35000 K for the gases used in this experiments. By using 

classical methods, thermodynamic properties and equilibrium composition were 

determined. Standard formulae was used to compute the equilibrium thermodynamic 

properties of mass density, enthalpy, sound velocity and heat capacity for each pressure. 

The Enskog-Chapman method of solution was applied to calculate the transport 

coeffients. The fourth approximation of Boltzman equation was used for this paper. The 

applied method is described in detail in [126].  

Figure 8.2, Figure 8.3 and Figure 8.4 shown the temperature dependence of enthalpy, 

temperature of electrical conductivity and speed of sound velocity of used gases for 1 atm 

pressure respectively. From the above figures it is obtained that increase in pressure 

increases the gas density and is directly proportional with pressure. Moreover the thermo 

physical properties are less affected by pressure. Decrease in pressure slightly decreases 

the speed of sound and enthalpy for temperature ranges 13000 K and 24000 K. Further, 

above 25000 K, pressure is significant for dependence of electrical conductivity.  

Table 8.1: Material properties of hardox-400. 

Thermal conductivity (W/mK) 40 

Density (kg/m) 9410 

Melting point (K) 3000 

Yield strength (MPa) 950 

Hardness (HBW) 390 
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Figure 8.1: Gas flow rate versus chamber pressure. 
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8.3 Results and discussion 

8.3.1 Material properties of hardox-400 

The relation between the chamber pressure and the arc voltage is shown in Figure 8.5. The 

voltage drop between the nozzle and cathode was recorded for plasma gases used in this 

work. It is found that the increase in pressure increases the voltage. The argon gas 

generates the higher voltage compared to the other gases used in this experiment due its 

high specific enthalpy. Convection is the dominant process during distribution of energy 

[127]. So, the cutting arc comes with strong axial flow types of arc. The electric field 

intensity is calculated by  𝐸 = √
𝐻

𝜎
         8.1  

where “H” and “σ” represents the plasma enthalpy and the electrical conductivity 

correspondingly [126]. Electrical conductivity plays a vital role for temperature rather 

than plasma gas, where enthalpy depends on both the aforesaid parameters. Compared to 

other gases, argon is having the much higher enthalpy at the same temperature. This is due 

to reaction enthalpy which breaks the molecular bonds and ionization. An example taken 

for the brief description of the above statement. One molecule of water splits into three 

atoms whereas in case of ethanol it breaks into nine atoms. Due to this higher enthalpy 

explains higher voltage because of ionization at higher temperatures. Thus, higher 

enthalpy creates higher amount of voltage. Oxygen enthalpy measures lower voltage as 

compared to other plasma gases studied. There is no major difference between air and 

nitrogen whereas argon creates more voltage difference in increasing range of chamber 

pressure. Charged coupled device (CCD) was used to take the images of the arc column. 

The arc column diameter was estimated from that images. Average values of the same 

was considered for calculation of radial intensity. Aubrecht and Bartlove [128] evaluated 

the effect of gas flow using radial intensity dependence on pressure. Figure 8.6 shows the 

relation between radial intensity and radial distance of flow rate of plasma medium for 12 



Chapter 8  Experimental analysis of the effect…. 

126 

 

g/min at the torch exit. From this figure, nitrogen, argon and air unveil sharp profiles 

whereas oxygen exhibits faster drop on edges. When there is no radial distance, there is 

maximum radial intensity. Oxygen gas produces lower intensity compared to other gases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The relation between plasma gas flow rate and dependence of arc diameter is portrayed in 

Figure 8.7. The arc diameter was measured and found that the values were lesser than the 
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Figure 8.5: Arc voltage versus Chamber pressure. 

Figure 8.6: Radial intensity versus Radial distance for 12 gm/min. 
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diameter of nozzle (d˂ 1mm). There are two flow zones during the nozzle openings i.e. 

outer cold zone and hot conducting zone [117, 124] . The temperature is lower in the outer 

zone as compared to hot conducting zone to sustain significant ionization. Maximum 

energy transferred occurs at the hot zone. Thus, mass flux density is bigger in the cold 

zone. The arc diameter decreases in increase of gas flow rate for all the studied gases in 

this experiment. The widest arc diameter was found for oxygen and the lowest for 

nitrogen plasma. Higher arc constriction found at smaller arc diameter, which increased 

the nozzle voltage and electric field. 

Figure 8.8 shows the temperature profiles for all different studied gases at the nozzle exit 

at a constant flow rate of plasma gases. Girand et al [113] presented the temperature 

profiles for an oxygen plasma working on the same arc current and all gases provide the 

temperatures around 23,0000 K in the same region. The flow corresponds to the sonic 

region for all profiles. The temperature was the smallest for argon and the largest for the 

nitrogen arcs. The temperature of the arc for the centerline for different flow rates at the 

torch exit is shown in Table 8.2. For oxygen plasma gas, the centerline temperature 

increases significantly and for other gases it doesn’t depend on the gas flow rate.  

Table 8.2: Temperature of the arc for the centerline for different flow rates. 

Flow rate 
(g/min) 

Axis Temperature (K) 

Argon Oxygen Nitrogen Air 

8 22720 22320 23330 22250 

12 22940 22540 23540 22510 

16 22750 22530 23370 22430 
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8.3.2 Performance of cutting 

Figure 8.9 shows the kerf geometries on the work piece for different plasma gases used. 

The appearance of kerf width with nitrogen is very similar to air because air contains 79% 

of nitrogen. The kerf is narrows towards the bottom and wider at the top. However, other 

two used gases reveal similar types of kerf which is narrowest at the top and bottom. The 

central portion of the kerf is little bit widened compared to the top and bottom portion. 
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Figure 8.7: Arc diameter versus Gas flow rate. 

15000

17000

19000

21000

23000

25000

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Te
m

p
er

a
tu

re
, 

K

Radial distance, mm

Air Argon Oxygen Nitrogen
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From the above result, it is disclosed that the kerf width is not uniform during cutting due 

to improper heat distribution along the kerf surface. 

Bini et al. [129] found that the minimum stand-off-distance created the kerf with negative 

inclination from the both sides. Whenever there is small arc diameter, the plasma enters 

on to the work piece. However, at the same stand-off-distance, air and nitrogen do not 

give such a feature. Nemchisky [121]  explained the reason behind the narrower kerf 

towards bottom. The kerf thickens towards the bottom of the plate due to separation of the 

layer from the solid metals. During the plasma arc cutting, the material removal rate was 

calculated using below equation 

0

( )

h

V K Z dz              8.2 

where, ρ is the density of hardox material, V is the cutting speed and K(Z) is the width of 

kerf. The kerf geometry is not uniform along the length of cut. So, the integration was 

performed through the width of the kerf. The average value of the kerf width was taken 

for the calculation of MRR. The graph of calculated MRR versus gas flow rate for each 

plasma gas is shown in Figure 8.10. From the graph, it is found that the oxygen and argon 

gas provides higher MRR. For air and nitrogen, there is decrease in MRR with increase in 

gas flow rate. When flow rate increases, the constriction of arc also increases and hence 

the arc radius decreases. Maximum energy releases if supply of oxygen gas increases 

which causes higher MRR. 
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Figure 8.10: MRR versus Gas flow rate. 

Figure 8.11: Temperature versus Gas flow rate. 
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8.3.3 Energy balance of the PAC process 

Teulet et al [113] described the arc-material interaction. They applied and modified to 

coMPare energy terms for different gases involved in cutting process. The total electric 

energy is estimated by Qel =VI, where “I” is the working current, “V” is the total voltage 

of arc and “Qel” is the total electric energy. There are some energy released during oxygen 

plasma gas cutting due to the oxidation with the material in the kerf. The oxidation is 

denoted by Qoxy. The total energy is divided in to four different constituents: energy losses 

above the plate Qlost-up, energy losses below the workpiece Q lost-down, energy consumed for 

material removal from the kerf Qkerf and convective energy losses below the workpiece 

Qconv. The total energy balance is evaluated by the following formulae: 

convfdownlostuplosteloxy QQQQQQ   ker      8.3 

Energy losses above the plate represents the conduction, convection and radiation losses 

between the top surface of the workpiece and the nozzle exit. The conduction and 

convection losses are very difficult to estimate in this part of arc. Thus, the radiation loss 

is estimated using this formulae: 

zRQ nsrad   4         8.4 

where, “z” is the stand-off-distance, “Rs” radius of sphere plasma and “εn” is the net 

emission coefficient.  

Net emission coefficient calculation during plasma arc cutting process using nitrogen, air 

and oxygen was established [128, 130]. Increase in arc radius decreases the radiation 

losses for stand-of-distance at 2 mm using different pressures. The radiation losses 

completely depends on the stand-of-distance. The temperature of plasma changes with 

stand-of-distance. The estimation shows the significance of the radiation losses. 

The material gets heated, melted and removed from the workpiece in kerf. Further added 

heat energy to the molten material caused to leaving the kerf. Qkerf comprises of three 
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constituents: energy required for fusion Qm, energy required for heating the molten 

material Qh and energy needed for overheating the molten material Qo. The total energy 

for heating the material is derived as Qh = Mm×Cp×(Tm-Ti), where Ti is the initial (room) 

temperature. Again, Qm= Mm×Lf. For estimating Qo, material temperature inside the kerf 

is to determine.  

Figure 8.11 shows the relation between measured temperature and gas flow rate. Air, 

nitrogen and argon exhibits the similar nature whereas oxygen behaves different nature 

compared to other three. In case of oxygen gas, the temperature increases in increasing 

trend of gas flow rate. On the other hand, while using other three gases, the temperature 

decreases in increasing trend of flow rate of plasma gas. The energy spent for material 

overheating was evaluated using average temperature value along the kerf. 

 meltfpmo TTCMQ  ker        8.5 

The percent component of the total energy spent is shown in Figure 8.12. The energy 

consumed during heating the material to the melting point inside the kerf is presented. 

This energy is more than sixty percent of the total kerf energy. About twenty one percent 

of energy required to melting the material. The relation between the total energy spent 

inside the kerf and gas flow rate of studied gases is shown in Figure 8.13. The energy 

decreases with increase in gas flow rate in air and nitrogen gases. It behaves counterpart 

while using argon and oxygen as plasma gas. Oxygen exhibits the higher energy in higher 

amount of gas flow rate. The residual enthalpy measured after passing through the kerf is 

Qlost-down. The graph between conventional losses and flow rate of plasma gas is shown in 

Figure 8.14. The conventional losses increases with increase in gas flow rate for all the 

studied gases. The losses were the highest for argon and the lowest for nitrogen gas.  
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Table 8.3: Total energy in kerf versus Gas flow rate. 

Gas flow rate 
(gm./min) 

Energy (KW) 

Air Argon Oxygen Nitrogen 

8 1.5 1.6 1.7 1.6 

10 1.4 1.8 1.8 1.5 

12 1.3 2 1.9 1.4 

16 1.1 2.1 2.2 1.2 
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Figure 8.13: Total energy in kerf versus Gas flow rate. 
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Table 8.4: Conventional losses. 

Gas flow rate 

(gm./min) 

Conventional losses (KW) 

Air Argon Oxygen Nitrogen 

8 2.6 2.9 2.4 2.1 

10 2.8 3.1 2.6 2.3 

12 3 3.3 2.8 2.5 

16 3.4 3.7 3.2 2.8 

  

 

 

 

 

 

 

 

8.4 Conclusions 

The present research work exhibits the experimental study of the effect of plasma gas type 

and flow rate on hardox-400 material plate. Argon, air, nitrogen and oxygen was used as 

plasma gas for cutting the aforesaid material. The following conclusions drawn on the 

basis of the results of present investigation: 

 The appearance of kerf width is very similar to while using nitrogen and air as a 

plasma gas in cutting process. Narrower kerf and the smallest arc diameter can be 

achieved through these types of plasma gases. 

 Wider kerf can be acquired in argon cutting due to higher energy density in the 

plasma gas. The radial heat transfer towards the material inside the kerf from the 

centre is better in argon cutting.  

Figure 8.14: Conventional losses versus Gas flow rate. 
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 Higher material removal rate can be obtained using argon and oxygen as plasma 

gas. The maximum energy releases during cutting of material causes to higher 

material removal. 

 The energy required to melt the material is 21% of the total energy and 61% 

energy used to heat the material inside the kerf. 

 Higher cut quality during plasma arc cutting can be achieved with higher gas flow 

rate because it increases both momentum density and energy.  



Chapter 9 

9.Temperature analysis by moving heat 

source during plasma arc cutting 

process: An analytical approach 

9.1 Overview 

This research work exhibits the temperature analysis over the surface of work piece 

during plasma arc cutting process. The moving heat source is taken into consideration for 

calculation the heat created by plasma arc. The heat is generated at the plasma –liquid 

metal boundary. The heat of fusion is also considered for estimation due to molten layer 

separates the plasma and solid layer. This causes to hamper the heat transfer towards the 

melting front. Eliminating the heat resistance may calculate the error at high cutting 

speed. Power required to melt the material depends on speed of the cut. Higher the cutting 

speed, increases the power required. The temperature drop over the layer of molten front 

increases as the speed of cut increases at higher Peclet number. Different thickness of 

molten layer were taken for calculation i.e. zero thickness, 10% and 20%. The estimated 

results are shown in non-dimensional form. So, the method can be applied for any other 

types of material. 

 

9.2 Introduction 

The solution of temperature created by a moving heat source is very interesting research 

for metal cutting processes like oxy-fuel cutting, laser cutting and plasma arc cutting. 

Rosenthal [131] introduced the calculation of heat created by moving heating source. 

Rykalin [132]  and Carslaw and Jaeger [133] modified the equation to get the better result 
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compared to previous one. The moving heat source in a linear X-direction is calculated 

using given formulae. 
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where, Ti is the initial temperature, Q is the linear power density, V is the velocity, K is 

the thermal conductivity, D is the thermal diffusivity, Ko is the modified Bessel function, 

Xs and Xo are the heat source and observation point respectively, Ro-s is the distance 

between Xs and Xo. Modelling of temperature has been done using above formulae. 

Colla, Vicanek [134]  used eq. (1) for temperature distribution during key hole welding. 

Same analysis has been done for laser cutting.  Bunting and Cornfield [135] introduced 

the heat transfer of PAC process inside the workpiece. Some more heat distribution during 

PAC process has been carried out [1, 121, 136, 137].  

The constricted plasma jet heated the material and then melted it with removal of molten 

metal from the base work piece. The twofold role assumption was made [135]. In reality, 

the molten metal separates from the solid layer in work piece, which is yet to be melted. 

There is a temperature difference between two layers due to temperature drop across the 

layer. Teulet, Girard [138] considered the molten layer for the calculation of power loss 

due to enthalpy of cut work piece during PAC process. Kavka, Tossen [139] also have 

taken the molten layer for analysis of heat transfer and power losses.  

In this paper, temperature analysis has been done which is generated by moving heat 

source with consideration of molten layer. Another goal of this research work is to 

consider the process of melting in the formulae. 
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9.3 Methodology 

The molten metal removal and heat transfer are inter related. The thickness of molten 

metal layer increases due to intensive heat transfer into the workpiece. Thus, the melting 

rate decreases because heat transfer slows down in the thick molten layer. The motion of 

the melt and its removal have been taken into consideration[140-144].The molten layer 

thickness can be considered as process parameter because it can be changed by changing 

the plasma jet speed [140, 145] .  

Let us consider a cylindrical plasma whose radius “Rarc” and center point at “O”. Plasma 

jet moves with speed “V” in the X-axis. The detailed diagram is shown in Figure 9.1. The 

plasma arc is generated in between metal boundary and nozzle of the torch. The molten 

metal is blown away by the application of pressure. It is assumed that the heat source is 

distributed uniformly over the bold line in Figure 9.1 which represents the half cylindrical 

surface. Using complex interactions of melt removal process and heat transfer, the melt 

front is determined. “Rmelt” is the radius of the half cylinder surface of melting front. Point 

“B” is the last part of the melting point. The thickness of molten layer δ= Rmelt-Rarc. OJ= 

Rarc, OA= δ+ Rarc, and δ does not depend on the angle “θ”. 

The following assumption were made: 

a) The cut is vertical 

b) The width of the cut should have very smaller than the thickness of metal slab.  

c) Thermal properties of the base plate arc temperature independent. 

d) The molten layer thickness is uniform throughout the cut.  

The total temperature distribution is calculated using “T= To+δT1-δT2”. It is assumed that 

the linear density of the plate is “Darc”. The heat source is generated at point “B”. 
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Here, “J” is the heating point at boundary of metal, “OJ cosθ” is the projection of X-axis 

of the heating point “J” and distance from J to B is “RBJ(θ). 

During cutting process, “Pm” is the consumed power for melting the material per unit of 

thickness of the plate (W/m). Pm= ρVLRmelt.. 

Here, “L” is the latent heat of fusion (J/Kg) and “ρ” is the density of metal used (Kg/m3). 

The temperature created by heat sinks: 
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Let us assume dimensionless parameters: Pe (Peclet number)= VRmelt/2D, t 

(temperature)= T/Tm, Δ (thickness of molten layer)= δ/Rmelt, darc (density of heat flux)= 

Darc/2kTm, pm (heat sinks at melting front) = Pe×[L/(CTm)], where k= ρCD and “C” is 

the specific heat. 

Assume dimensionless function “G” defining temperature at X-axis: 

Figure 9.1: Geometry used for estimation of temperature. 
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Here, r = R/Rmelt and x = X/Rmelt. 

When θ→0 and x = r, the integrated diverges. In case of Δ ˂˂Rmelt (1) using eqn 9.4, 

combining eqn 9.2 and eqn 9.33, we get: 
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If, Δ = δ/Rmelt, 
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The power required to get melted and thermal conduction is the power loss during cutting 

operation (13). So, the revised formulae for darc considering zero liquid layer thickness. 
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The temperature around any location could be estimated with darc. In order to estimate the 

temperature at X-axis at a distance RmeltY (Y˃1- Δ) from the origin, 
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At point K, the temperature should be maximum: 
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9.4 Results and Discussion 

The maximum temperatures and heat flux is calculated using function of G (Pe, 1- Δ, 1) 

and G (Pe, 1- Δ, 1- Δ) expressed in eqn 9.9. Figure 9.2 portrayed the relationship between 

dimensionless heat flux dependency and the speed. It shows darc(Pe) at thickness of 

multiple layer including nil thickness. Higher amount of heat is generated at higher cutting 
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speed in work material. Heat transfer is difficult due to higher thickness of layer in the 

melting front. Thus, more power is required to melt the melting front in higher thickness 

of base material. There is an error if latent heat of fusion is not considered even for zero 

thickness. So, heat of fusion is considered into account. The circle symbol represents Δ = 

0, square represents Δ = 0.1 and triangle represents Δ = 0.2. Higher amount of darc is 

produced at higher value of delta.   

The hot side temperature of the layer with respect to Pe is displayed in Figure 9.3. Here, 

also higher temperature is generated with higher value of Δ. The melt material from the 

base material is removed faster for smooth cutting operations. If it fails, the temperatures 

exceed the melting point. The triangle and square symbol represents Δ = 0.2 and Δ = 0.1 

respectively.  

Estimation of temperature distribution during moving heat source inside the molten layer 

is very complicated and it can be achieved through calculation of the fraction of total 

power loss to the molten metal extracted from the base plate. The amount of loss in 

melting front per unit depth of cut is 2VρRmelt (Kg/sm). The amount of melt carries 

L+CTavg (J/Kg) per kilogram.  

Tavg is the average temperature inside the molten pool. The loss of power per unit depth is 

Dmelt= L+CTavg + 2VρRmelt. Also, power transferred by the arc is Darc= 2kTmdarc (per unit 

cut depth). So, coMParing the both above we get: 
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 Figure 9.4 shows the relation between Pe and f as a function of cutting speed at different 

thickness layer. From this, it is observed that the f values remains in the range of 0.4-0.5 

for a wide range of cutting speed. The circle, square and triangle symbol represents Δ = 0, 

Δ = 0.1 and Δ = 0.2 respectively.       
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Figure 9.2: darc versus Pe value. 

Figure 9.3: Hot side temperature of molten layer versus Pe. 

Figure 9.4: f versus Pe value. 
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9.5 Conclusions 

The temperature analysis over the metal plate with moving heating source using plasma 

arc cutting machine is considered. The liquid molten metal is blown away due to heat 

transfer through it. The solid metal is also considered into account. The heat of fusion is 

taken for calculation the temperature distribution for melting the material. Three different 

thickness of molten layer were used for calculation i.e. 0%, 10% and 20%. The followings 

outcomes were extracted from this research work: 

 Speed of the cut is directly proportional to the required power. If the speed of cut 

increases, power required is higher to perform the cutting. 

 Cutting speed increases as the temperature drop over the molten layer increases 

and shows very large at high Peclet number. The total power delivered to the 

workpiece is divided between power loss and thermal conduction.  

 At average Peclet numbers, the power of arc shares equally between thermal 

conduction and power loss whereas thermal conduction dominates at low Peclet 

number. 

 The calculated results are shown in non-dimensional form. Thus, they can be 

applied for any material. 

 

 

.



Chapter 10 

10. Optimization of Dimensional 

accuracy in plasma arc cutting process 

employing parametric modelling 

approach 

10.1 Overview 

This research work presents the effect of process parameter on to the dimensional 

accuracy of PAC process. The arc voltage, standoff distance and cutting speed were 

selected as input process parameters. A rectangular plate of 304L stainless steel of 10 mm 

thickness was taken for the experiment as a work piece.  Stainless steel is very extensively 

used material in manufacturing industries. Linear dimension were measured following 

Taguchi’s L16 orthogonal array design approach. Three levels were selected to conduct the 

experiment for each of the process parameter. In all experiments, clockwise cut direction 

was followed. The result obtained thorough measurement is further analyzed.   Analysis 

of variance (ANOVA) and Analysis of means (ANOM) were performed to evaluate the 

effect of each process parameter. ANOVA analysis reveals the effect of input process 

parameter upon leaner dimension in X axis.  The results of the work shows that the 

optimal setting of process parameter values for the leaner dimension on the X axis. The 

result of the investigations clearly show that the specific range of input process parameters 

achieved the improved machinability. 
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10.2 Introduction 

PAC process encompasses greater number of process parameters. To accomplish smooth 

operation of this process, it needs optimization of process parameters. Many researchers 

attained the investigations in this direction [146]. Optimization of quality indicators, such 

as dimensional accuracy, kerf characteristics and quality of the cut surface have been 

investigated by them [65, 129, 147, 148] . In PAC operation, the effect of input variable  

onto the dimension accuracy performance were studied and introduced an optimal cutting 

condition using ANOVA and ANOM [62]. The optimal parameter setting was introduced 

using RSM  and GRA coupled with PCA analysis in PAC on AISI 316 stainless steel [37]. 

Taguchi’s L27 orthogonal array employed to design the experimental run and optimize the 

process parameter of PAC on1017 steel [149]. 

The proposed investigation focuses on the effect of input variables onto the dimensional 

accuracy of 304L stainless steel. An optimization was carried out employing full factorial 

design of experiment method.              

      

10.3 Experimentation 

In this research work experiments were performed on 304L stainless steel which was very 

extensively used material in manufacturing industries. Mainly aerospace and automotive 

industries employs this grade of stainless steel to produce finish goods. CNC plasma arc 

cutting machine of MESSER Company named BURNY 1250 was used to conduct the 

experiment. A rectangular plate having 10 mm thickness was taken for all the experiment. 

Working gas selection in PAC operation plays a vital role to achieve a precise cutting. 

Argon and oxygen were used as inert and shielding gas respectively. The supply of 

oxygen was fixed at 20 MPa, while argon was at 1.2 MPa. Voltage was kept constant at 

400 volts. 2mm diameter of swirl nozzle of tungsten material was taken as electrode. 
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The input process parameters were selected as arc voltage, standoff distance (SOD) and 

cutting speed (CS). Two levels were selected to conduct the experiment for each of the 

process parameter. Taguchi’s L16 orthogonal array was selected for the design of 

experimental run. The range of variables are furnished in Table 10.1. 

Table 10.1: Values of input variables. 

Symbol Input parameters Units Level 1 Level 2 

A Arc current A 70 80 

B Voltage V 140 150 

C SOD mm 3 4 

D CS mm/min 2500 3000 

 

A rectangular cut of 40×50 mm was achieved for all 16 experiments as specified in the 

orthogonal matrix. In all experiments, clockwise cut direction was followed. Figure 10.1 

shows the direction of measurements. The leaner x dimension of the quadrilateral base 

was measured on its top surface. A digital vernier caliper of 1 micron was used to measure 

taken along X axis direction. Average of four measurements as well as deviation was 

measured for each work piece. Deviation is the difference between the minimum and 

maximum value of four measurement. The result obtained thorough measurement is 

furnished in Table 10.2.   

 

 

 

 

 

 

 

 Figure 10.1: Direction of measurement. 
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Table 10.2: Experimental result. 

Run no A B C D 
Average X 

(mm) 
Deviation 

(mm) 

1 70 140 3 2500 49.328 0.41 

2 70 140 3 3000 49.300 0.39 

3 70 140 4 2500 49.478 0.35 

4 70 140 4 3000 49.460 0.33 

5 70 150 3 2500 49.241 0.36 

6 70 150 3 3000 49.223 0.34 

7 70 150 4 2500 49.413 0.29 

8 70 150 4 3000 49.393 0.28 

9 80 140 3 2500 49.415 0.47 

10 80 140 3 3000 49.360 0.46 

11 80 140 4 2500 49.575 0.41 

12 80 140 4 3000 49.554 0.43 

13 80 150 3 2500 49.335 0.42 

14 80 150 3 3000 49.320 0.41 

15 80 150 4 2500 49.503 0.35 

16 80 150 4 3000 49.499 0.36 

 

10.4 Results and Discussion 

10.4.1  Analysis of Means (ANOM) 

ANOM (Analysis of means) was achieved onto the experimental result to find the rate of 

significant of process parameter. ANOM of leaner dimension and minimum deviation was 

performed and presented in Table 10.3 and Table 10.4 respectively. According to ANOM 

of linear dimension, SOD is the most significant process parameter followed by current, 

voltage and cutting speed. Also from the ANOM of minimum deviation, it is found that 

the current is the most significant process parameter followed by SOD, voltage and 

cutting speed. The ANOM graph was plotted for leaner dimension and minimum 

deviation and shown in Figure 10.2 and Figure 10.3 respectively. According to the 

ANOM diagram , the best optimal solution for optimizing the leaner X dimension is; 
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current: 80 A, voltage: 140V, SOD: 4 mm and cutting speed: 2500 mm/min. Minimization 

of the deviation is accomplished when; current: 70 A, voltage: 150 V, SOD: 4 mm and 

cutting speed: 3000 mm/min. 

Table 10.3: ANOM (Leaner dimension). 

Leaner dimension: X-Direction 

Means L1 L2 Delta Rank 

A 49.35 49.45 0.09 2 

B 49.43 49.37 0.07 3 

C 49.32 49.48 0.17 1 

D 49.41 49.39 0.02 4 

 

Table 10.4: ANOM (Minimum deviation). 

Deviation: (Maximum-Minimum) 

Means L1 L 2 Delta Rank 

A 0.344 0.414 0.07 1 

B 0.406 0.351 0.055 3 

C 0.408 0.350 0.057 2 

D 0.383 0.370 0.007 4 

            

10.4.2  Analysis of Variance (ANOVA) 

The impact of process parameter on leaner dimension and minimum deviation have been 

performed using ANOVA. This test reveals the significance of process parameter and 

performance indicator.  There is also need for estimating the error variances for the 

parameters effects. The F-test has been performed at 95% confidence level. The ratio of 

mean square deviations of each parameter and the mean square of corresponding 

parameter is the F-value. The factors are significant if P-value (probability of 

significance) is less than 0.05 at 95% confidence interval.   



Chapter 10  Optimization of Dimensional accuracy…. 

149 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 10.5 and Table 10.6 portraits the result of ANOVA for leaner dimension and 

minimum deviation respectively. From above, it reveals that all the cutting parameters are 

significant whose P-value is less than 0.05 at 95% confidence interval during the ANOVA 

test of leaner dimension. SOD is the most significant process parameter whereas it 

contributes 67.74 % followed by current 19.45 %, voltage 10.91 % and cutting speed 1.19 

%. Also, it unveils that all the process parameter are significant except cutting speed. P-

value of cutting speed is more than 0.05. Current is the most significant factor affecting 

Figure 10.2: ANOM Diagram (Leaner dimension)     . 

Figure 10.3: ANOM Diagram (Deviation of measurement). 
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deviation about 42.45 %. Also, SOD, current and cutting speed contributes 28.64 %, 26.21 

% and 0.49 % respectively. This trend has also been observed from the ANOM graphs.  

Table 10.5: ANOVA- Leaner dimension 

Source DF Seq SS Adj MS F P % 

Current 1 0.032852 0.032852 300.84 0 19.45 

Voltage 1 0.018428 0.018428 168.76 0 10.91 

SOD 1 0.114413 0.114413 1047.8 0 67.74 

CS 1 0.002003 0.002003 18.34 0.001 1.19 

Error 11 0.001201 0.000109 
    

Total 15 0.168896 
     

 

Table 10.6: ANOVA- Minimum deviation. 

Source DF Seq SS Adj MS F P % 

Current 1 0.0196 0.0196 210.34 0 42.45 

Voltage 1 0.0121 0.0121 129.85 0 26.21 

SOD 1 0.013225 0.13225 141.93 0 28.64 

CS 1 0.000225 0.000225 2.41 0.148 0.49 

Error 11 0.001025 0.000093     

Total 15 0.046175 
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10.5 Conclusions 

In this research work the PAC process was experimentally investigated on 304L stainless 

steel. The influence of process parameters are discussed onto the X direction dimensional 

accuracy. Also, the deviation was established using ANOM and ANOVA.  The following 

findings were concluded of this research experiment: 

 The optimal condition for the leaner dimensions on the X axis were; current: 80 A, 

voltage: 140 V, SOD: 4 mm and cutting speed: 2500 mm/min.  

 The optimum parameters values for the deviation were; current: 70 A, voltage: 150 

V, SOD: 4 mm and cutting speed: 3000 mm/min. 

 ANOVA portraits that the X axis leaner dimension is contributed the most by the 

SOD (67.74 %) and the deviation is affected the most by the current (42.45 %). 

.



Chapter 11 

11 Conclusions, major contributions and 

future scope of the work 

11.1 Conclusions 

The present research work is intended to enhance the cutting characteristics of high 

strength and high abrasion resistant alloy materials during plasma arc cutting process. In 

order to achieve better dimensional accuracy along with faster cutting speed, several 

MCDM techniques have been suggested. Benefits of these techniques have been broadly 

explored. The effect of different types of plasma gases and flow rate on the work piece 

have been obtained. Temperature analysis by moving heat source during PAC process has 

been carried out. Some of the findings of the research work are listed below: The DRSM 

technique was very adequate in predicting the optimum solution of input parameters for 

cutting operation. This technique established a better set of guidelines for PAC of sailhard 

steel. 

1. The DRSM technique was very adequate in predicting the optimum solution of 

input parameters for cutting operation.  

2. Multi-criteria decision making (MCDM) based VIKOR method  revealed the 

cutting condition of PAC process for smooth and faster cutting of abrex alloy 

material. The comparison between MCDM VIKOR technique and desirability 

approach shows the advantage of VIKOR over desirability approach method in 

optimizing the output responses 

3. The PCA-TOPSIS technique was very convenient for predicting the parametric 

design of input process parameter of 304L stainless steel during PAC process. The 

combination plea of PCA and TOPSIS was moderately precise. 
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4. The TDA technique was very convenient for predicting the parametric design of 

input process parameter of hardox steel and improves the quality characteristics in 

term of the best output responses. 

5. The experimental and predicted values are almost nearby to each other in MRA 

modelling. Thus, the developed model can be used to predict the material removal 

rate, surface roughness and kerf within the limits.    

6. Higher cut quality during PAC process can be achieved with higher gas flow rate 

because it increases both momentum density and energy. Higher material removal 

rate can be obtained using argon and oxygen as plasma gas.  

7. Speed of the cut is directly proportional to the required power. If the speed of cut 

increases, the power required is higher to perform the cutting. 

11.2 Major contributions 

The following issues have been settled after the effective completion of the present 

research investigation: 

1. Effect of cutting parameters on the cut quality characteristics of various high 

abrasion resistant alloy material viz. abrex, hardox, stainless steel and sailhard 

steel during PAC process was explored. 

2. Various MCDM based optimization techniques were employed to optimize the 

process parameters to achieve smooth cutting without compromising the quality.  

3. Implementation of Multiple regression analysis (MRA) model was developed to 

predict various cutting responses and the feasibility test was carried out to check 

the model.   

4. A temperature analysis by moving heat source was established and explained 

during PAC process to estimate the heat generation due to cutting of work piece. 
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5. Effect of plasma gas flow rate and nature was discussed to attain the best quality 

of cut during PAC process. Better plasma gas was introduced for cutting the 

material in industries.    

11.3 Future scope of the work 

1. Investigation and optimization of other high abrasion resistant alloy material 

during PAC process can be carried out. The high strength material which is widely 

used in mining, petrochemicals, oil and natural gas industries can be selected as 

work piece material for cutting process. 

2. Other MCDM techniques can be employed for optimize the process parameter to 

attain the superior cutting environment.        

3. The research work can be further extended to determine the cutting characteristics 

of high strength alloy material such as right bevel angle and heat affected zone 

(HAZ) in work piece. 
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