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Abstract: In this paper quality characteristics of plasma cutting process for stainless steel 316l plates with 

different thickness are analyzed through experiments. The quality of the cut has been monitored by measuring 

kerf width and taper. Plate with thickness 4 mm, 8 mm and 12 mm are cut with different combination of input 

parameters as per the DoE. Input parameters used for experimental work are cutting speed, arc voltage and gas 

pressure. Effect of each process parameter on quality characteristic of cut is determined by using ANOVA.  It is 

found that arc voltage was the major influencing parameter which affects kerf followed by cutting speed, and 

gas pressure. Whereas taper, influenced by cutting speed followed by arc voltage, and gas pressure. These two 

quality characteristics were optimized by using Grey Relational Analysis. 
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I. Introduction 
There are number of thermal cutting techniques like plasma arc, laser, oxyacetylene flame etc. out of 

which plasma arc cutting is highly efficient cutting method for medium thick plates. Plasma arc cutting process 

offers massive advantage in terms of cutting speed and initial cost when compared to oxy-fuel cutting and water 

jet cutting. Laser cutting process is advantageous over plasma cutting process of being more precise and 

consumes less energy when cutting sheet metal. However, most of the industrial lasers are incapable to cut 

through the thick metal plates that plasma arc can [1]. 

The basic plasma cutting system composed of a power supply, an arc starting circuit and a torch. Torch 

comprises of nozzle and electrode assembly with shielding cap [2]. Cutting system can be operated on 

transferred arc and non-transferred arc mode. In transferred arc mode arc is formed between the electrode and 

the nozzle known as pilot arc which is transferred to the work piece for cutting, where as in non-transferred 

mode the arc is formed between electrode and nozzle, which is used for cutting [3]. Quality of cut produced by 

using this process can be accessed by measuring kerf width, taper (conicity), heat affected zone, surface finish, 

material removal rate etc. They were influenced by arc voltage, current, cutting speed, gas pressure, stand off 

distance etc. [4-6].  

The challenge for researcher in PAC process is to study occurrence of phenomenon like double arcing 

and magnetic arc blow. Double arcing will result in melting of consumables like nozzle and electrode. On the 

other hand magnetic arc blow will result in deflection of arc which result poor quality characteristics of cut [7-

9]. Efforts are taken by the researchers in order to increase flux density i.e. amount of heat per unit area 

generated by the system. This will results in better quality of cut while cutting plates with higher thickness [10-

12].The objective of this paper is to analyse plasma arc cutting process and determine most influencing 

parameters that affects the quality of cut produced by air plasma cutting. Air as a cutting gas is available at no 

cost against other cutting gases. This reduces operating cost significantly. For this reason, it is widely used in 

industrial practices for cutting mild steel and stainless steel materials. But air is an active gas which results in 

decreased quality of cut. Statistical analysis of the results obtained with different operating conditions is done to 

identify the effect of each input parameter to quality characteristics of cut and to optimise cut quality.  

 

II. Experimental Plan 
In this study Taguchi Grey Relational Analysis (TGRA) is used to optimize multiple responses. The 

experiments were performed as per Taguchi design of experiments.Stainless Steel 316L used as workpiece 

material. The chemical composition of the plate material is given in the Table 1. 

 

Table 1 stainless steel 316l composition 

 

https://en.wikipedia.org/wiki/Plasma_cutting
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Experimental work is carried out with CNC Plasma cutting system (Hypertherm Powermax 1650). 

Compressed air is used as cutting as well as assist gas. Electrode used is of hafnium tip with copper holder. In 

the existing setup the distance between the nozzle and the work piece has been controlled with pilot arc circuit. 

Plasma torch is provided swirl element at the top which produces swirling flow of cutting gas. This enables arc 

to concentrate over one edge of the cut work piece. Because of this taper produced on one edge of the cut was 

smaller than other one.  

 

2.1 Selection of Process Parameters and Levels 

Arc voltage, cutting speed and gas pressure were considered as input parameters for experimentation. 

Thickness of the plate has been varied during experimentation. Plates having thickness 4 mm, 8 mm and 12 mm 

were used for experimentation. Different levels of above input parameter were chosen in order to obtain through 

cut, which are given in the Table 2.  Other parameters like current, and gas pressure were kept constant for each 

plate thickness their level is listed in the Table 3. 

 

Table 2 process parameters and their corresponding levels for different thicknesses of plate

 
 

Table 3 level of constant parameter for each plate thickness

 
 

2.2 Design of Experiments (DoE) 

With help of design of experiment the minimum number of experiments which are required to be 

performed are determined. It uses orthogonal array in order to express the relationship among the factors under 

investigation. The selection of suitable orthogonal array depends on the total degrees of freedom (DOF) of the 

problem under consideration. In our case there were 3 process parameters with their 3 different levels. The 

degree of freedom comes to be equal to 8, hence selecting L9 orthogonal array as the number of experiments to 

be conducted must be equal to or greater than the degrees of freedom [13]. 

 

III. Experimentation and Analysis 
Linear cuts of length 150 mm were cut over each plate as per the design of experiment. Fig.1 shows 

image of cuts obtained over the plates. Measurement of kerf and taper was done USB 2.0 Interfacing Camera 

which has been provided with DinoCapture software interface to capture live image to measure dimensions. 

Fig.2 shows images of kerf and taper measurement.   

 

 
Figure 1 cuts obtained over (a) 4 mm, (b) 8 mm and (c) 12 mm plate 
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Figure 2 measurement of (a) kerf width and (b) taper with dinocapture usb 2.0 software 

 

Results obtained by measurement of kerf and taper for each of the plate thickness along with the design of 

experiment are listed in the below Table 4. 

 

Table 4 design of experiments and response values 

 
 

3.1 Analysis of Variance (ANOVA) 

ANOVA technique widely used to provide a measure of confidence. Contribution of each parameter 

can also be determined. This is done with the help of Minitab 17 software. Results obtained by ANOVA for kerf 

and taper of 4 mm plate thickness are shown in Table 5 and Table6. 
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Table 5 ANOVA results of 4 mm plate for kerf 

 
 

Table 6 ANOVA results of 4 mm plate for taper 

 
 

Results obtained from ANOVA it is found that arc voltage is contributing more to kerf width followed 

by cutting speed and gas pressure, and for taper cutting speed contributing more followed arc voltage and gas 

pressure. Arc voltage and cutting speed found significant for kerf width as the p value is below 0.05 (95% 

confidence level is considered), and for taper all three parameters are found significant in case of 4 mm plate 

thickness. 

 

3.2 Grey Relational Analysis 

In our case, there are two quality characteristics which are to be minimized. Therefore, the problem is 

required to be converted into single objective optimization problem i.e. grey relational grade using grey 

relational analysis. Following are the steps followed to carry GRA [14]: 

A) Normalization of S/N ratio for each response 

In this step data is preprocessed to transform original sequence to a comparable sequence. For this 

purpose, the experimental data of S/N ratio is normalized in the range of zero to one. As both the responses kerf 

width and taper were to be kept minimum in order to increase quality of cut.  Hence using smaller the better 

characteristic of signal to noise ratio which is given by eq. (1), 
𝑆

𝑁
= −10 log

1

𝑁
 𝑌𝑖𝑗2𝑛

𝑖=1                                                            …… (1)                                                                               

Where, Y is the value of the response for j
th

 and i
th

 experimental condition, with i=1, 2, 3…n and j = 1, 2…k. 

There are three approaches to carry normalization. These approaches depends on whether we require smaller is 

better, higher is better, or nominal the best. As both the quality characteristics are required to be minimized 

smaller is better approach is used. Normalized as by using eq. (2):  

𝑋𝑖 =
max 𝑋𝑖 𝑘 −𝑋𝑖(𝑘)

max 𝑋𝑖 𝑘 −min 𝑋𝑖(𝑘)
                                                                         ….. (2) 

Where, max Xi(k) denotes maximum value of S/N ratio whereas, min Xi(k) denotes minimum value of S/N ratio 

for response under consideration. Xi (k) is the reference value of S/N ratio. Calculated values of S/N ratio and 

normalized S/N ratio are listed in Table 7. 

B) Computation of deviation sequence 

After normalization difference between reference sequence and comparability sequence gives deviation 

sequence. Deviation sequence is given by eq. (3), 

∆0𝑖 𝑘 = ⃒𝑋𝑜 𝑘 − 𝑋𝑖(𝑘)⃒                                                                 ….. (3) 

Where, Xo(k) is the reference sequence and Xi(k) is the comparability sequence. 

C) Determine grey relational coefficient (GRC) 

Relation between the ideally normalized and actually normalized S/N ratio is given by GRC. If the two 

sequences match then their grey relational coefficient is 1. The grey relational coefficient is given by eq. (4), 

𝛾(𝑋𝑜 𝑘 , 𝑋𝑖(𝑘)) =
∆ min + 𝜁 ∆𝑚𝑎𝑥  

∆𝑜𝑖 𝑘 + 𝜁 ∆𝑚𝑎𝑥
                                                              ….. (4) 

Where, ∆min denotes minimum and ∆max value denotes maximum deviation sequence. ∆0i(k) is the reference 

deviation sequence and 𝜁 is the distinguishing coefficient. Its value can be adjusted in the range of 0 to 1. It is 

taken equal to 0.5. 

D) Determine grey relational grade (GRG) 

The overall evaluation of multiple responses is done with the help of grey relational grade. It is the 

average sum of grey relational coefficients of each response which is given as by eq. (5): 
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𝛾 𝑋𝑜, 𝑋𝑖 =
1

𝑚
 𝛾(𝑋𝑜 𝑘 , 𝑋𝑖 𝑘 )𝑚

𝑖=1                                                      …… (5) 

Where, 𝛾(Xo,Xi) is the grey relational grade for the jth experiment and m the number of quality characteristics. 

Calculated values of GRG are listed in Table 7. GRG is required to be higher in order to get optimum setting of 

process parameters. 

 

Table 7 calculated values of Grey Relational Grades 

 
 

Taguchi method is used to determine optimum value of process parameters to maximize GRG. Table 9 shows 

results obtained by this. 

 

Table 8 optimal process parameter level for each plate thickness 

 
 

Cuts were obtained with above optimal process parameters over each plate thickness and measurement of kerf 

width and taper is done results obtained by the measurement are shown in Table 10. 

 

Table 9 results obtained by optimal process parameters 

 
 

IV. Conclusions 
Plasma arc cutting is a very promising thermal cutting technique which gives high productivity with 

good quality. In this study stainless steel 316l is cut with CNC controlled plasma arc cutting process, and kerf 

width and taper these two quality characteristics were monitored.  
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a) Through S/N ratio analysis it is found that increase in arc voltage results in increase kerf width and decrease 

in taper produced. Increase in cutting speed results in decreased kerf width and increase in taper. Increase in 

gas pressure causes increase in kerf width and decrease in taper produced. 

b) ANOVA is done in order to identify influence of process parameters on quality characteristics. It is found 

that arc voltage and cutting speed are significant for kerf width. Whereas all three input parameters arc 

voltage, cutting speed and gas pressure are found significant for taper.  

c) Contribution of arc voltage is found more for kerf width followed by cutting speed and gas pressure. 

Cutting speed is contributing more for taper followed by arc voltage and cutting speed. 

d) GRA is used to optimize both the responses kerf width and taper. GRG is found maximum for 4 mm plate 

at 145 volt, 3500 mm/min and 55 psi, for 8 mm plate at 155 volt, 1500 mm/min and 65 psi, for 12 mm plate 

at 155 volt, 900 mm/min and 80 psi. 

e) Taguchi method is employed to optimize GRG it is found that GRG is maximum for 4 mm plate at 145 

volt, 4000 mm/min and 55 psi, for 8 mm plate at 145 volt, 1800 mm/min and 65 psi, for 12 mm plate 155 

volt, 1100 mm/min and 80 psi. Better results of quality characteristics were obtained by using these process 

parameters. 
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