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Abstract 

The effect of technological parameters such as gas pressure, cutting 

current, standoff distance, and cutting speed on the cutting surface 

quality of CNC plasma cutting process was investigated. The 

experiment was carried out by Bruco CNC plasma cutting machine 

for CT3 steel with different thicknesses. The quality characteristics 

examined included the ability to cut out samples, the slag formation 

on the surface, the surface roughness, and the cut angle. The analysis 

of the results was made using the Taguchi method in order to 

determine the contribution of each-individual parameter to the cutting 

quality, especially surface roughness. The obtained results show that 

the value of cutting current should be set up at a real value in order 

to cut out of the sample. The air pressure strongly affected the slag 

formation. The surface roughness was mainly affected by the standoff 

distance and air pressure, whereas the cutting speed and cutting 

current were the minor influencing parameters. 
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Introduction 

The plasma process for cutting was developed approximately 

thirty years ago (Ilii et al., 2010). In this process, a high energy stream 

of dissociated, ionized gas, known as plasma, was used as the heat 

source for cutting metals such as carbon steel, stainless steel, 

aluminum, copper, and other metals or alloys using a plasma torch 

(Bhowmicka et al., 2018; Salonitisa et al., 2012). Generally, an inert 

gas is blown at a high speed out of a nozzle and, at the same time, an 

electrical arc is formed through that gas from the nozzle to the surface 

being cut, turning some of that gas into plasma. This plasma torch is 

sufficiently hot in order to melt the metals or alloys. As a result, the  
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metal might be cut away from the beginning 

plate. A model for the plasma arc cutting 

principle is expressed in Figure 1 (Tsiolikas et 

al., 2016). The inert gases usually used in cutting 

metals are dry air, Nitrogen, Argon/Hydrogen, 

and Oxygen gas. Air plasma is mostly used on 

ferrous or carbon-based materials to obtain good 

quality with a faster cutting speed (Teja et al., 

2015). Meanwhile, Nitrogen plasma provides 

better cut quality on non-ferrous materials such 

as stainless steel. Argon/Hydrogen is applied in 

the case of thicker stainless steel. When using 

Oxygen gas, the quality of the cutting surface 

obtained is higher with very smooth finishes and 

minimizes nitride build-up on the cut surface 

(Kechagias et al., 2014).        

The advantage of the plasma cutting method 

is that it can cut the thicker materials at lower 

cutting speeds compared to other conventional 

arc cutting methods (Bhowmicka et al., 2018; 

Patela et al., 2018). Moreover, the plasma cutting 

method is able to achieve high quality for cutting 

kerf with complex profiles. In addition, it is 

possible to mechanize and automate the cutting 

process. Therefore, nowadays, plasma cutting 

technology is widely used in mechanical 

manufacturing with computer numerical control 

(CNC) to improve productivity as well as 

enhance cutting quality. In the process of CNC 

plasma cutting, technological factors such as 

cutting speed, air pressure, cutting height, or 

chosen current intensity greatly affect product 

quality. According to Bhowmicka et al. (2018), 

the common parameters which influence the 

cutting quality during CNC plasma cutting 

process are gas pressure, cutting current, arc 

voltage, standoff distance (distance between the 

material surfaces and the nozzle tip), cutting 

speed, and material thickness. 

Various studies have been conducted on the 

cutting methods used in plasma machines. 

Salonitisa et al. (2012) investigated the plasma 

arc cutting process on S235 mild steel by CNC 

plasma cutting machine. In their research report, 

the stand-off distance had a significant effect on 

surface roughness and cut angle. Meanwhile, the 

effect of material thickness, cutting current, and 

cutting speed in the CNC plasma on the surface 

roughness was studied by establishing a fuzzy 

logic model by Ozek et al. (2011). Their results 

indicated that while cutting the material with the 

same sheet thickness, the surface roughness 

decreased with the increase in the cutting speed, 

and increased with the increase in the ampere. 

Bhowmicka et al. (2018) had an experimental 

investigation on the effect of cutting current, 

traverse speed of torch, and thickness on the 

variation of Ra value of surface roughness, 

temperature distribution, thickness of heat-

affected zone, and hardness for S235JR steel.  

 

Figure 1. Plasma arc cutting principle (Tsiolikas et al., 2016) 
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Losub et al. (2008) found that the electrical 

voltage and the cutting speed must be arranged in 

accordance with the properties and geometric 

shape of the material to be cut in order to achieve 

good plasma cutting results. A design of 

experiments approach was used to 

experimentally investigate the influence of 

cutting parameters on kerf characteristics. 

Kechagias et al. (2014) reported that on cutting 

of 15-mm mild steel plates by plasma arc cutting 

process, the most influencing parameters on kerf 

characteristics were the cutting speed and the arc 

voltage. A mathematical model was established 

by Guo et al. (2010) for plasma cutting methods 

to improve the cutting parameters to a level better 

than normal conditions. As a result, it can be seen 

from the past research that the cutting quality of 

CNC plasma cutting process is evaluated by the 

ability to cut out the sample, the slag formation 

on the surface of the sample, the cut angle and 

the roughness of the cut surface. Among the 

output factors of the cutting process, the surface 

roughness should be considered the main output 

parameter to optimize the quality of the cutting 

surface. Moreover, in order to achieve higher 

cutting thickness with a higher quality of the 

cutting kerf, many parameters must be taken into 

careful consideration. 

Although many studies have been carried out 

on CNC plasma cutting machines to investigate 

the influence of process parameters on cutting 

product quality, the existing research results are 

only applicable to a kind of steel with a given 

thickness. At the same time, the actual 

production normally used varied steel grades 

with different thicknesses. In particular, in 

Vietnam, the CT3 steel, a kind of low-carbon 

steel, is widely used in industry because of its 

good mechanical properties, such as hardness, 

tensile strength, and heat resistance. In general, 

cutting methods are usually applied for this steel 

in the plate form to produce flanges or codes, etc. 

Therefore, it is important to investigate the CNC 

plasma cutting process for this steel. In this 

study, an investigation was made on the effect of 

technological parameters such as gas pressure, 

cutting current, standoff distance, and cutting 

speed on the cutting quality of CNC plasma 

cutting process including the ability to cut out the 

sample, the slag formation on the surface of the 

sample, the cut angle, and the roughness of the 

cut surface. The experimental work was done by 

employing Bruco CNC plasma cutting 

equipment for the samples with different 

thicknesses. The analysis of the results was used 

to determine the contribution of each individual 

parameter to the cutting quality.  

Materials and Methods 

Materials 

The CT3 steel in sheet plate form was used 

for the experimental study. The thicknesses of 

sheet plate form were 5 and 8mm, the thicknesses 

that are widely used in the manufacturing 

industry. Samples with dimensions of 70mm in 

length and 50mm in width were cut from the 

sheet plate form. The chemical composition and 

mechanical properties of CT3 are illustrated in 

Tables 1 and 2, respectively. The density of this 

steel was 7.85 g cm-3. 

Experimental setup 

The experiment was carried out on Bruco 

CNC plasma cutting machine (Figure 2). The 

equipment comprised of major parts such as air 

compressor,  AC  plug,  power supply,  plasma 

torch,  ground clamp, electrode, nozzle, guide 

rail, computer, and cutting table. In this study, in 

order to cut CT3 steel, the gas selected in CNC 

plasma cutting was air. Compressed air was 

equipped in this cutting system to control the air 

pressure. This should be an important process 

parameter for investigation. In addition, the 

cutting speed was controlled by a modification of 

setting up in MicroStep software.   

In this study, the experimental investigation 

was conducted for two cases of the thickness of 

sheet plate form of 5 and 8mm by conventional 

experimental method and Taguchi method, 

respectively. The four-parameter design is shown 

in Table 3 including gas pressure (P), cutting 

current (I), standoff distance (lc), and cutting 

speed (v) for the thickness of 5mm following the 

conventional experimental methodology. The 

initial parameters of the first case of thickness 

were    designed    based     on     the     referenced  
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  Table 1. Chemical composition of CT3 steel   

Steel C Mn Si S P Fe 

CT3 0.14 - 0.22 0.40 - 0.60 0.12 - 0.30 ≤ 0.05% ≤ 0.04% in balance 

 Table 2. Mechanical properties of CT3 steel   

c (N mm-2) b (N mm-2)  (%) 

225 373 - 461 22 

 

Figure 2. Bruco CNC plasma cutting machine 

parameters of the equipment manufacturer for 

other grades of steel.  

In this case, all parameters of the cutting 

quality of CNC plasma cutting process including 

the ability to cut out the sample, the slag 

formation on the surface of the sample, the cut 

angle, and the roughness of cut surface were 

evaluated. 

Then, based on the obtained good results in 

the case of 5mm in thickness, a design of 

experiment following the Taguchi method was 

carried out for the samples with a thickness of 

8mm in order to optimize the quality of the 

cutting surface. Taguchi method is a fractional 

factorial design method  based  on  an  orthogonal  

array method developed by Genichi Taguchi 

(Kumar, 2018). The Taguchi design method is a 

simple and robust technique for optimizing the 

process  parameters.  In  this  method,  the  main 

parameters, which are assumed to have an 

influence on process results, are located at 

different rows in a designed orthogonal array 

(Arakerimath & Kumar, 2015). Furthermore, a 

larger number of experiments are required with 

an increase in the process parameters. This 

technique is used to find the best set of values of 

controllable factors to type the design less 

sensitive with a variation of noise,  which means 

that  Taguchi method makes a  design more 

robust. There are three categories of performance 

characteristics as the larger  the better, the 
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smaller  the better, and the nominal - the better 

(Colombo et al., 2009; Bahram, 2009). These 

performance characteristics were evaluated by 

the Signal-to-Noise ratio or simply known as the 

S/N ratio as follows:  

The larger - the better: 

𝑆

𝑁
= −10𝑙𝑜𝑔10 (

1

𝑛
∑

1

𝑌𝑖
2

𝑛

𝑖=1

) (1) 

The smaller - the better: 

𝑆/𝑁 = −10𝑙𝑜𝑔10 (
1

𝑛
∑𝑌2
𝑛

𝑖=1

)(2) 

 The nominal - the better: 

 𝑆/𝑁 = −10𝑙𝑜𝑔10 (
1

𝑛
∑ (𝑌𝑖 − 𝑌𝑜)

2𝑛
𝑖=1 ) (3) 

where, S/N is performance statistics, n is the 

number of repetitions for an experimental 

combination, Yi is the performance value of the 

ith experiment, and Yo is the nominal desired 

value.  

In this study, four input factors including gas 

pressure (P), cutting current (I), standoff distance 

(lc), and cutting speed (v) with three levels were 

used as shown in Table 4. The standard L9 (34) 

orthogonal matrix experiment was used (Table 

5) following the experiment design of Taguchi 

method. 

Output data measurement 

The quality of sample by plasma cutting 

process was examined by kerf characteristic, cut 

angle, and roughness of the cut surface. Two 

parameters of the kerf characteristic included the 

ability to cut out the sample and the slag 

formation on the surface of the sample. The slag 

formation was observed directly by the eyes. The 

cut angle was defined as shown in Figure 3 and 

measured by a universal bevel protractor.  

Surface roughness changes depending on the 

cutting parameters. To observe the effect of 

cutting parameters on the roughness of the 

surface, the average surface of the sample was 

investigated. The surface roughness parameter 

measured on the cutting surface as shown in 

Figure 4 is Rz (μm). Rz is the mean of five 

maximum peak-to-valley roughness depths in 

five successive sampling lengths. The 

measurements were taken by Mitutoyo Surftest 

RJ-210 tester (Figure 5).  

Results and Discussion 

Experimental results in the case of a 

thickness of 5mm 

The experimental results obtained in the case 

of a thickness of 5mm are indicated in Table 6.  

 

  Table 3. Parameters of experimental design for the sample with a thickness of 5mm 

No. 
Process parameters 

I (A) P (MPa) lc (mm) v (mm/min) 

1 60 0.45 3.5 2000 

2 60 0.45 3.5 1800 

3 60 0.7 1.5 2000 

4 65 0.55 3.0 2000 

5 65 0.55 2.0 2000 

6 65 0.55 3.5 2000 

7 65 0.55 3.5 1800 

8 65 0.7 3.5 2200 

9 65 0.7 3.5 2000 

10 65 0.7 2.0 2000 

11 65 0.7 1.5 2000 
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  Table 4. Parameters of experimental design for the sample with a thickness of 8mm 

Thickness of sample (mm) No. 
Process parameters 

I (A) v (mm min-1) lc (mm) P (MPa) 

8 Level 1 80 1000 1.5 0.6 

Level 2 90 1200 3.5 0.7 

Level 3 100 1500 4.0 0.8 

 

  Table 5. Orthogonal array L9 

No. lc (mm) v (mm min-1) I (A) P (MPa) 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

Figure 3. Determination of cut angle 

 
Figure 4. Determination of surface roughness 
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Figure 5. Mitutoyo Surftest RJ-210 test 

 

As can be seen, at a low level of cutting current 

of about 60A, the sample could not be cut out in 

the case of high standoff distance and cutting 

speed but low gas pressure. When the pressure 

gas increased, the sample was able to be cut out. 

However, the quality of cutting kerf was not so 

high with slag formation on the surface and high 

roughness even though other process parameters 

were improved. Therefore, the value of cutting 

current should be achieved at a real level in order 

to enhance the quality of the cutting surface. 

At a higher level of cutting current (65A), it 

can be clearly seen that the gas pressure strongly 

affected the output data. In detail, an increase in 

the gas pressure from 0.55MPa to 0.7MPa 

induced an improvement of the cutting angle as 

well as the roughness of the cutting surface. 

Moreover, the condition with a higher gas 

pressure would allow to set up a higher cutting 

speed in order to increase the cutting 

productivity. On the other hand, the standoff 

distance and cutting speed had an influence on 

the formation of slag. The formation of slag on 

the surface of the sample can be observed in 

Figure 6. Obviously, in order to obtain a higher 

quality of surface without slag, the standoff 

distance should be decreased and cutting speed 

should be set  at a higher level.  

Additionally, it can also be seen that the 

cutting surface became smoother in the case of a 

higher standoff distance. However, a higher 

value of standoff distance might induce a bevel 

for the cutting angle, leading to a decrease in the 

quality of the cutting surface. Thus, the standoff 

distance should be set at a suitable value to obtain 

satisfied values for surface roughness as well as 

cutting angle. 

For the case of a thickness of 5mm, it can be 

said that the parameters of CNC plasma cutting 

process for CT3 steel should be chosen as I = 

65A, v = 2000 mm min-1, lc = 2mm, and P = 

0.7MPa in order to achieve a high quality of 

cutting surface. Moreover, the value of cutting 

current needed to be carefully set  at a level 

higher than 60A to ensure the ability for cutting 

off the sample with 5mm in thickness.  

Optimization of cutting quality using Taguchi 

approach 

The obtained experimental results are shown 

in Table 7. In this case, only the parameter of 

surface roughness was examined to obtain the 

optimized value. In general, the required value of 

cutting current in the case of a thickness of 8mm 

was higher than that in the case of 5mm when 

other parameters were setup at the same values in 

order to cut out the sample. An example of 

surface roughness curve evaluated by Rz is 

shown in Figure 7 with the experimental 

condition as lc= 1.5mm, v = 1200 mm min-1, I = 

90A, and P = 0.7MPa.  

Based on the obtained values in Table 7, 

the method of analyze Taguchi design was 

applied to calculate the values of Signal to 

Noise Ratios and Means. The calculated results 

are shown in Table 8. 
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  Table 6. Experimental results in the case of a thickness of 5mm 

No. 

Process parameters Output parameters 

I  

(A) 

P  

(MPa) 

lc  

(mm) 

v 

 (mm min-1) 

Cut out 
ability 

Slag 
formation 

Cutting 
angle 

Surface roughness 
(µm) 

1 60 0.45 3.5 2000 No    

2 60 0.45 3.5 1800 Yes Yes 98°50’ 22.420 

3 60 0.7 1.5 2000 Yes No 93°8’ 12.761 

4 65 0.55 3.0 2000 Yes Yes 95°50’ 15.979 

5 65 0.55 2.0 2000 Yes Yes 94°32’ 17.674 

6 65 0.55 3.5 2000 Yes Yes 95°36’ 16.947 

7 65 0.55 3.5 1800 Yes Yes 96°12’ 16.850 

8 65 0.7 3.5 2200 Yes No 93°20’ 9.136 

9 65 0.7 3.5 2000 Yes Yes 94°18’ 8.560 

10 65 0.7 2.0 2000 Yes No 91°28’ 9.133 

11 65 0.7 1.5 2000 Yes No 90°20’ 10.989 

 

Figure 6. The appearance of cutting surface of sample with a thickness of 5mm 

 

Table 7. The experimental results for sample with a thickness of 8mm 

No. lc (mm) v (mm min-1) I (A) P (MPa) Roughness ( m) 

1 1.5 1000 80 0.6 12.109 

2 1.5 1200 90 0.7 11.180 

3 1.5 1500 100 0.8 9.759 

4 2.0 1000 90 0.8 14.144 

5 2.0 1200 100 0.6 14.740 

6 2.0 1500 80 0.7 17.527 

7 3.5 1000 100 0.7 16.578 

8 3.5 1200 80 0.8 11.140 

9 3.5 1500 90 0.6 9.613 
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Figure 7. An example of roughness curve in the experimental condition  

as lc= 1.5mm, v = 1200 mm min-1, I = 90A, and P = 0.7MPa 

  Table 8. Analyze Taguchi design 

No. lc (mm) v (mm min-1) I (A) P (MPa) Roughness (m) S/N Means 

1 1.5 1000 80 0.6 12.109 -21.6622 12.109 

2 1.5 1200 90 0.7 11.180 -20.9688 11.180 

3 1.5 1500 100 0.8 9.759 -19.7881 9.759 

4 2.0 1000 90 0.8 14.144 -23.0114 14.144 

5 2.0 1200 100 0.6 14.740 -23.3699 14.740 

6 2.0 1500 80 0.7 17.527 -24.8742 17.527 

7 3.5 1000 100 0.7 16.578 -24.3906 16.578 

8 3.5 1200 80 0.8 11.140 -20.9377 11.140 

9 3.5 1500 90 0.6 9.613 -19.6572 9.613 

 

Figure 8 indicates the main effects plot for 

(a) Means and (b) S/N ratios. Since the smaller 

level of roughness was the better, the lower value 

for Mean was expected to achieve. Thus, the 

experimental condition with lc of 1.5mm was 

considered a good condition for surface 

roughness. When the torch was positioned too 

high with regard to the surface of the sample, the 

plasma arc was long and curve. This also resulted 

in the formulation of drag-lines and surface 

waves, leading to an increase in the roughness of 

surface. At the same value of cutting current and 

gas pressure, the higher level of cutting speed 

induced a decrease in the roughness of cutting 

surface. This phenomenon could also be seen in 

the case of a lower thickness of 5mm. That could 

be explained by the fact that a too low cutting 

speed led to over-melting of the processing area 

that could not be removed and re-solidified 

within the cutting area. This re-solidification was 

in the form of striations, thereby increasing the 

surface roughness. 

At the same time, according to the Taguchi 

method, the higher value for S/N ratios should be 

chosen for optimizing the parameters. As a result, 

the experiment should be set up as lc= 1.5mm, v 

= 1500 mm min-1, I = 90A, and P = 0.8MPa. In 

this condition, the best value of the roughness of 

the surface can be achieved. 

On the other hand, the influence of cutting 

parameters on the surface roughness is shown in 

Table 9. In this table, the standoff distance is the 

most important parameter. The value of lc should 

be carefully examined during CNC plasma 

cutting. Then, the pressure of cutting gas also 

considerably affectedt the quality of the cutting 

surface. However, the cutting speed was a minor 

influencing parameter; while the effect of cutting 

current could not be seen clearly. 

Conclusions 

In this study, the experiments weres 

conducted on the CNC plasma cutting process of 

CT3 steel to examine the influence of the process 

parameters   including   the standoff distance, 

cutting current, gas pressure, and cutting speed 

for two cases of thickness of samples. The quality  
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(a) 

 

(b) 

Figure 8. Main effects plot for (a) Means and (b) S/N ratios 
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  Table 9. Response table for Signal to Noise Ratios 

Level lc (mm) v (mm min-1) I (A) P (MPa) 

1 -20.81 -23.02 -22.49 -21.56 

2 -23.75 -21.76 -21.21 -23.41 

3 -21.66 -21.44 -22.52 -21.25 

Delta 2.95 1.58 1.30 2.17 

Rank 1 3 4 2 

characteristics assessed in the study included the 

ability to cut out the sample, the slag formation 

on the surface, the surface roughness, and the cut 

angle. Some concluding remarks can be derived 

as follows: 

The value of cutting current should be set at 

a real value in order to cut out of the sample. 

When the thickness of the sample increases, the 

required cutting current needs to be higher.  

The air pressure strongly affects the slag 

formation. At higher air pressure, the slag 

formation might be reduced. 

Using design of experiments and analysis of 

variance, it is found that the surface roughness is 

mainly affected by the standoff distance and air 

pressure, whereas the cutting speed and cutting 

current are the minor influencing parameters.  

For the case of a thickness of 5mm, it can be 

said that the parameters of CNC plasma cutting 

process for CT3 steel should be chosen as I = 

65A, v = 2000 mm min-1, lc = 2mm, and P = 

0.7MPa in order to achieve high quality of 

cutting surface. Moreover, the value of cutting 

current needs to be carefully set at a level higher 

than 60A to ensure the ability for cutting off the 

sample with 5mm in thickness. In the case of 

8mm in thickness, the experiment should be set 

up as I = 90A, v = 2000 mm min-1, lc = 1.5mm, 

and P = 0.8MPa to obtain the best value of 

roughness surface. 
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