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stract 

e present investigation is pertaining to the optimization of the process parameters of plasma arc cutting (PAC) against surface 
ghness and material removal rate using the Taguchi Orthogonal Array approach.  The work was taken as a pilot study to cater 
 need of the local industry in Fiji that heavily involve repairing and machining jobs. In particular PAC is being widely utilized 
 cutting of metal strips. The operating parameters were directly observed from the industry to formulate the problem. The arc 
rrent, standoff distance and cutting speed are found to be the major influencing variables in the cutting process; in each case 
ee levels are considered. The analysis and discussion are made using S/N ratio plots, mean of means plots and ANOVA. The 
timized results are validated through experimental work. 
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Introduction 

In today’s era of modern technology, numerous thermal cutting techniques are being used to shape materials in 
 manufacturing industry. Technical advancement through time has enabled manufactures to produce part at a 
ter rate with superior quality and finish. One of the modern technologies widely used is Plasma Arc Cutting 

AC) which is a far better metal cutting technique in some aspects when compared to conventional cutting 
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techniques [1,2]. Plasma looks and behaves like a gas but has a distinctive difference; it conducts electrical charge. 
Vigorously heating a gas causes the atoms within the gas to get ionized which is due to unequal number of protons 
and electrons in the element. Particles within plasma also exert electromagnetic forces on one another [3]. Oxy-
acetylene cutting was being used for many years after which plasma arc cutting evolved in 1950s and since then has 
been rapidly used due to its wide range of application. A single PAC system can be used on a wide range of material 
provided they are electrical conductors. In PAC an inert gas is blown through a nozzle. The geometry of the nozzle 
causes significant increase in inert gas speed and temperature [4]. At this instant an electrical arc is also formed 
through the gas from the nozzle tip to the workpiece which causes some of the gas to turn to plasma. Plasma is 
sufficiently hot and moves at enough speed to melt the target metal and at the same time blow the molten metal 
away. The gas pressure and current required to cut a work piece is dependent on various factors for example 
scanning speed, gas pressure and cutting height [5-7]. Over the years methods and techniques to  undertake  any  
task  have  been  developed  using  trial  and  error  method.  This required large number of experimentations to be 
carried out which proved to be expensive and time consuming. To  avoid  this,  optimizing  the  process  or  
production  conditions  was  always  the  aim  for  any manufacturing industry. Genichi  Taguchi  an  engineer  and  
statistician  in  the  early  1950s  developed  a  methodology  to improve the quality of the product under optimum 
processing conditions [8]. Taguchi methods use the orthogonal array design to study a large number of experiments 
in a relatively small number of steps. The objective of the study is to develop an optimum cutting condition for PAC 
by using Taguchi methods on chosen variables with specified limits.  

1.1. Taguchi concept  

Every  concept  has  a  core  belief  upon  which  the  methodology  is  built  up  on. Taguchi’s loss function 
drives the objective of the Taguchi’s design, the objective is to design a process that not only complies with the 
customer specification but also maintains the process mean at the target. According to Genechi Taguchi, every time  
the  process  deviates  from  the  target  there  is  loss  to  the  customer  and  the producer,  the  larger  the  deviation  
the  larger   the  loss.  This quality loss is proportional to the square of the deviation of mean from the target [8]. 

Taguchi’s method uses orthogonal arrays to reach the optimum with minimum trials at minimum cost. 
Orthogonal arrays were first introduced by C. R. Rao in 1947 [9]. Orthogonality is when the sum of the dot product 
of 2  vectors  is  equal  to  0;  this  also  means  that  the  vectors  are  mutually perpendicular to each other. 
Orthogonality in an array means a balanced design, since each factor will be given equal weighting.  A  significant 
advantage  of  using  orthogonality  is  that  each  factor  can  be  evaluated independently, without influence from 
others i.e. factors do not influence each other during estimation. Taguchi represents an Orthogonal Array as: 

( )k
NL S . Where S is the number of levels for each factor, k is the number of factors and N is the total number of 

trials during experimentation [10]. 

1.2. Plasma arc cutting  

Plasma cutting quality was studied under the influence of inert gas pressure and cutting speed elsewhere [11]. It 
is reported that the gas pressure was varied from 3 to 5 bar in deviations of 0.25 bar while the velocity was varied 
from 200 mm/min to 1000 mm/min. On the other hand the standoff distance and the current intensity were chosen to 
be constant to cut the EN 10025 low alloy steel of thickness 5 mm. The major findings were that the kerf width and 
surface roughness both decreases with increasing pressure, whereas the burr increases as cutting speed increases. To 
cut low alloy steel of 5 mm thickness, it was recommended to use 4-5 bar gas pressure and 400-700 mm/min of 
cutting speed. In another study [12], a Taguchi L16 orthogonal array (OA) was used to understand the influence of 
current, voltage, speed and plate thickness against surface roughness and kerf width. The signal to noise, (S/N) ratio, 
ANOVA and grey-Taguchi method was used in the work to determine optimal setting parameters. It was found that 
out of the 4 influencing variables the plate thickness had 94% impact on the results. It is reported elsewhere [13] that 
the 1017 steel was studied under manual plasma cutting using L9 Taguchi OA with the influence of air pressure, 
current, speed and gap at 3 different levels of each.  It was predicted that the higher material removal rate produced 
small dross that resulted in better surface roughness.  On the other hand when the material removal rate is small the 
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material melts and sticks to the cut surface that produces high alterations in the cut surface contour. Adalarasan et. 
al., [14] studied the plasma arc cutting parameters optimization on 304L stainless steel. The thickness of the plate 
chosen is 5 mm in the study, the compressed air flow as 7.5 L/min, the process parameters varied is cutting speed, 
stand-off gap, air pressure and arch current each having 3 levels. A  grey Taguchi based response surface 
methodology is adopted to optimize the parameters, it was found that air pressure of 5 bar and cutting speed of 2000 
mm/min, arc current of 60 amps and stand-off distance as 2 mm yielded the best results. 

2. Problem formulation 

To survive the level of competition brought forward by competitors it is essentially viable for any industry to 
function properly with minimum input wastage and maximum output. Improving lead time for operations such as 
plasma arc cutting can greatly has an impact on the overall production time.  Preeminent  process  cutting  
parameters  leads  to  high  material  removal  rates  giving  good surface finishing. A case industry in Fiji, Suva 
region has taken up to observe the general machining operations.  It is noted that in Fiji there is no automobile or 
automobile part or heavy duty part manufacturing unit.  However to cater for the local needs either the parts are 
imported or repaired in a small to medium scale industry.  It is observed that the plasma arc cutting is widely used in 
the workshops around Fiji for general machining and repairing works. The cutting and operating parameters were 
chosen from the case industry as a pilot study to carry out the optimization analysis that yields the quality product in 
terms of metal removal rate and surface roughness of the cut specimen.  For this investigation, 9 workpieces were 
cut to be analyzed. The test material was made up of AISI 1018 Steel which comprises of the following elements 
that are portrayed in Table 1 [15]. 

Table 1. Composition of AISI 1018 Steel. 

Element Mn C S P Fe 

Content in Wt. (%) 0.6-0.9 0.15-0.2 0.5 (max) 0.04 (max) Rest 

2.1. Experimental procedure and calculations  

 
  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Fig. 1. Workpiece setup for plasma cutting. 
 
The equipment and other important items used in the experiment are: INVERTEC PC102 Plasma cutter, 

compressed air as plasma gas, 5.1 mm thickness plate, G-clamp, a plate for guiding parallel cut of thickness 4.68 mm 
and stand-off plate thickness of 4.8 mm. The Fig. 1 shows the workpiece set-up in the workshop. The following 

G - Clamp

Guide plate for 
parallel cutting 

Stand-off plate

Substrate
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steps were involved to cut the 9 workpieces. The variables of interest were chosen to be current, stand-off distance 
and cut time, the details of it is shown in Table 1. The Taguchi method minimizes the number of tests for 3 variables 
to be tested which is shown in Table 2 that guides to carry out just 9 tests (Table 3) in place of conventionally 27 
tests. 

    Table 2. Variables for the test. 

Levels Current (amps) Stand-off distance (mm) Cut Time (s) 

1 70 0 5 

2 80 4.68 7 

3 90 9.48 10 

Table 3. L9 Orthogonal Array. 

Experiment No. Current (amps) Stand-off distance (mm) Cut Time (s) 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

 
In Fiji, most of the workshops use compressed air as plasma gas for plasma arc cutting, so the same has been 

used in the present study. The stand-off distance is the distance between cone and the workpiece which is 
represented in the present investigation as 0 mm when the cone was in contact with the workpiece and further 
increased by placing the 4.68 and 4.8 mm plates successively to carry out the cut for the other 2 setups. The length 
of cut is maintained to be 70 mm; thus, the cutting speed is found to follow on average of 840 mm/min, 600 mm/min 
and 420 mm/min on average respectively for cut time of 5 s, 7 s and 10 s. The operation is carried out manually 
using experienced personnel to ensure the consistency of operations. 

Material removal rate (MRR) is the amount of material that is cut per second. To measure the MRR, the Eq. (1) is 
formulated, and it is deduced to Eq. (2).   

  
       (1) 

 
( ) ( )3MRR cm / s V / Time,  t s=          (2) 

 
Surface roughness, Ra is the smoothness or the texture measure of the surface. It is the vertical deviations on the 

surface. The roughness of a surface plays a vital role in a manufacturing industry.  Rough  surfaces  have  an  
increased  wear  and  a  higher  coefficient  of  friction. Surface roughness also contributes to the performance of 
components which provide a site for corrosion/ rust and cracks. In the present investigation the average roughness, 
Ra is measured using the formula [16] given in Eq. (3).   

0

1 n

a i
i

R Y
m =

=     (3) 

( ) ( )3
LVolume,  V Weight Lost,  W g / Density g / cm  =
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Where, iY  is the deviation of the reading from the average value, m is the number of trials and n refers to the 
respective test numbers.  

The roughness profile was measured using the Mitutoyo Toolmakers Microscope. The kerf of the workpiece was 
cleaned as it would provide an ease to measure the cut side at 90 degrees. The steel ruler was used to make a straight 
line on all the workpieces. The line was drawn parallel to the line of cut. This line was used as a reference line for 
measuring. The workpiece is placed on the Microscope and using the workpiece inscribed reference line, the 
microscopic reference line was calibrated to zero. The values were recorded for 8 points on a workpiece. It is noted 
that for all the points, the microscope was calibrated to zero. The measurement was repeated for all the 9 test 
workpieces. The complete setup for measuring the surface roughness is shown in Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 

Fig. 2. Surface roughness measurement set up with Toolmakers Microscope. 

3. Results and discussion 

3.1. Surface roughness (SR)  

     The Table 4 shows the vertical deviations in mm to the cut from the reference line at distances of 1.25 mm for 10 
mm that is a total of 8 readings.  The Ra in the table is calculated using Eq. (3). 

        Table 4. Surface roughness measurements and calculated Ra. 

Test  

No. 

Vertical deviations in mm Average Ra (mm) Range   

1.25 2.5 3.75 5 6.25 7.5 8.75 10  

1 1.339 1.313 1.324 1.444 1.599 1.562 1.716 1.636 1.492 0.137 1.355 

2 1.835 1.57 1.629 1.621 1.518 2.206 1.765 1.832 1.747 0.163 1.584 

3 1.739 1.926 1.977 2.028 1.978 1.815 1.736 1.582 1.848 0.130 1.718 

4 1.68 1.684 1.494 1.386 1.535 1.735 1.713 1.694 1.615 0.108 1.507 

5 0.376 0.313 0.341 0.349 0.308 0.287 0.305 0.256 0.317 0.029 0.288 

6 0.986 1.039 1.086 1.123 1.169 1.141 1.025 0.998 1.071 0.059 1.012 

7 2.325 2.225 2.452 1.752 1.452 1.397 1.628 1.791 1.878 0.342 1.536 

8 1.154 1.154 1.008 0.905 0.905 1.094 1.048 1.113 1.048 0.081 0.967 

9 1.202 1.275 1.248 1.195 1.086 1.000 1.083 1.228 1.165 0.081 1.084 

 

Workpiece 

Amplitude 
measurement knob 

Transverse 
displacement knob 
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     From the Table 4, the Range can be calculated by subtracting the Ra value from Average value, this indicates that 
the lower the range value is the better the results. In other words, experimental test number 5 seems to be yielding 
the least surface roughness values as compared to all other tests, followed by experimental test number 9. This study 
shall be understood by plotting the graph as shown in Fig. 3 that explains how surface roughness measurements 
deviates from its average. The Fig. 3 is drawn for test no. 1, in which the solid horizontal line represents the average 
value and the points are referring to the peaks and valleys measured at 8 different locations from its datum line on a 
cut surface. Similar graphs shall be drawn for all the other tests to understand the deviations from its average value.     

Fig. 3. Surface roughness (SR) deviation from mean line. 

3.2. Material removal rate (MRR)  

     The Table 5 shows the raw results obtained for measuring the material removal rate using Eq. (1) and (2) 
respectively for all the tests from 1 through 9.  

Table 5. MRR measurements and calculations. 

Test No. 1 2 3 4 5 6 7 8 9 

Weight before in g 1.47 1.394 1.324 1.306 1.239 1.173 0.997 0.946 0.892 

Weight after in g 1.463 1.389 1.321 1.3 1.234 1.166 0.988 0.942 0.882 

Weight removed in g 0.007 0.005 0.003 0.006 0.005 0.007 0.009 0.004 0.01 

Volume in cm3 0.889e-03 0.635e-03 0.381e-03 0.762e-03 0.635e-03 0.889e-03 1.144e-03 0.508e-03 1.271e-03 

Cut Time in s 5 7 10 7 10 5 10 7 5 

MRR in cm3/s 1.78e-04 9.08e-05 3.81e-05 1.09e-04 6.35e-05 1.78e-04 1.14e-04 1.02e-04 1.82e-04 

MRR in cm3/hr 0.6404 0.3267 0.1372 0.3921 0.2287 0.6404 0.4117 0.3659 0.6535 

 
    It is observed from Table 5 that lower the cut time leads to larger the materials removal rate, however within the 
cut time of 5 s, that is test no. 1, 6 and 9, it is compared and concluded that the test 9 results into larger material 
removal rate. However the optimum value shall be determined for SR and MRR using the Taguchi analysis. 
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3.3. S/N ratio analysis for SR and MRR  

     The S/N ratio can be calculated using Eq. (4), which can also be determined through mathematical software, in 
this case Minitab 17 is used. The S/N ratio for each test is shown in Table 6. It is noted that to calculate the S/N ratio 
for each test with regards to the surface roughness the ‘smaller the better approach’ is used, whereas for MRR the 
‘larger the better approach’ is used [17]. 

2

0

110
n

i
i

S log Y
N m =

 = −  
 
    (4) 

    Table 6. SR and MRR’s S/N ratio for each test. 

Test No. 1 2 3 4 5 6 7 8 9 

S/N ratio of SR 17.2894 15.7829 17.7462 19.3642 30.7989 24.6014 9.3147 21.8068 21.8068 

S/N ratio of MRR -3.8709 -9.7160 -17.251 -8.132 -12.814 -3.871 -7.706 -8.732 -3.695 

 
However, the values in Table 6 for each test is utilized to determine the S/N ratios for individial factors at 

individual levels. For instance the S/N value of SR, for current at level 70 amps shall be calculated by averaging the 
first three test experiments values that can be determined as 16.9395. Similarly for each factors at each level can be 
calculated and the values are portrayed in Table 7. 

Table 7. Surface roughness S/N ratio for each factor of each level. 

Control factors Current Stand-off distance Cut time 

Levels 70 80 90 0 4.68 9.48 5 7 10 

S/N ratio of SR 16.9395 24.9215 17.6427 15.3227 22.7962 21.3848 21.2325 18.9846 19.2866 

S/N ratio of MRR -10.279 -8.272 -6.711 -6.569 -10.421 -8.272 -5.491 -7.181 -12.590 

 
     
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Main effects plots for S/N ratios of surface roughness.                   Fig. 5. Main effects plots for S/N ratios of MRR. 

 
The  S/N plot for both SR and MRR is shown in Fig. 4 and 5 respectively, whose significance  is  that  it  shows  

the  optimal  conditions  for  the control factors in regards to the smallest surface roughness and the largest material 
removal rate. From the Fig. 4., it is evident that for optimal SR, the current, standoff distance and cut time need to be 
set at 70 amps, 0 or standard 6 mm and 7 s respectively. Whilst for optimal MRR, the Fig. 5 reveals that the 
condition is met by setting the current to 90 amps, stand-off distance to 0 mm and the cut time to 5 s. Accordingly 
the experiment has been conducted and it was found to have largest MRR of 0.78 cm3/h by setting up current, 
standoff distance and time to 90 amps, 0 mm and 5 s. A similar optimized experimental set up has been made for SR 
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and it was found to produce the least surface roughness. The Taguchi method predicts the  optimal  set  up  
considering  individual  factors  separately  and  not  on  the interaction between setups. This is one of the major 
advantages of the Taguchi method; with 9 set-ups the optimal factors can be found.    

3.4. Mean of means analysis  

     The mean of means is the average of all the results of experiments which include the particular factor at that 
particular level. For example, first the average of all the trial runs for a particular experiment is calculated. In this 
investigation, since each experiment was done once it is the average value. Then to find the mean of means for a 
factor at a level, the results of all the experimental results which contain the factor at that level are averaged, which 
is given by the Eq. (5) and is described elsewhere [17].  

( )0

n

i
X

X
U

n
==


   (5) 

Where, XU , is the mean of means and X , is value of Ra or MRR for a particular test experiment. For instance the 
calculation of SR of the factor Current and at the Level of 70 amps is shown below as Eq. (5a).  

( )0.137 0.163 0.13
0.143

3XU
+ +

= =    (5a) 

These values can be used to plot the main effect plot for means graphs. The graphs show if the level changes 
within a particular factor have a small or a great effect on the results. If the graph is horizontal, it means that the 
changes are redundant and do not have a strong impact on the output. On the contrary if steep slopes are present it 
portrays that the change in levels have a great impact on the outputs. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Main effects plots for means of surface roughness.                    Fig. 7. Main effects plots for means of MRR. 

 
     In the main effects plot for means for surface roughness (Fig. 6) it can be seen that if current is changed the mean 
of means values fluctuate showing that a change in current levels have a great influence on the resulting surface 
roughness values. For the standoff, if it is changed from 4.68mm to 9.48 mm there is rarely any change on the result 
which is not the case if it’s changed from 0 to 4.68 mm. In the cut time plot a linear change can be seen as the time is 
increased from 5 to 10s. Referring to Fig. 7 for MRR, it reveals that a linear relationship can be seen for current and 
time variation on material removal rate. However careful observation reveals that the increase of current decreases 
increases MRR but increase of cut time decreases MRR. In regards to the standoff distance shows the fluctuation that 
indicates the change in levels have a great impact on the material removal rate. 
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3.5. ANOVA for SR and MRR  

     ANOVA is used to investigate the parameter which significantly affects the characteristic of output parameters 
[18,19]. The percentage contribution of the sum of squares (SS) of each factor with respect to the total SS is used to 
evaluate the importance of each factor on the result of the cutting process. Table 8 is showing the ANOVA for both 
SR and MRR, which reveals that the most influential factor for SR is the stand-off distance, this is due to the fact that 
more the torch is away from the workpiece (W/P) the wider the point of contact of torch on the W/P, which leads to 
difficulty in localizing the heat, consequentially melts material at a slower rate and stick to the cut (burr) resulting in 
poor surface finish.  The error also has a comparable effect; this is evident since the operation is carried out by 
manual. The current also had a dominant effect, whereas the time of cut effect was negligible, because the time of 
cut would vary with stand-off i.e. the further away the torch the longer time to cut.  Similarly the ANOVA for MRR 
reveals that the most influential factor is cut time. It is evident since the longer the time the torch is in contact with 
the workpiece the more the materials will melt away. The effect of current and standoff distance takes bit of 
importance but it is not as comparable to cut time. 

Table 8. ANOVA for SR and MRR. 

Source SR MRR 

DF SS %SS DF SS %SS 

Current 2 0.0173 26.06 2 1.108 16.34 

Stand-off distance 2 0.0221 33.22 2 1.709 25.20 

Cut time 2 0.0087 13.04 2 2.115 31.18 

Error 2 0.0184 27.68 2 1.851 27.29 

Total 8 0.0665 100 8 6.783 100 

 

4. Conclusions 

The present investigation is to cater for the local small scale workshop that heavily involve machining and cutting 
operations, in which it was found that plasma arc cutting is widely used. This study was taken as pilot work to 
observe the practical parameters that are in general used in the workshop, including the manual operation that is 
widely preferred for cutting. The study reveals the following major findings. 

• Taguchi OA method is found to be one of the simplest methods to carry out a multitude of experiments in a 
shorter period of time to obtain optimum result. 

• The optimum cutting conditions for least surface roughness was found to be: 70 amps current, 0 mm standoff 
distance and 7 s cut time. In addition it was found that the standoff distance had maximum impact in SR 
especially from 0 to 4.68 mm, but from 4.68 to 9.48 mm shows negligible impact in SR. While the other 
parameter such as current shows fluctuating impact in SR and cut time shows linear increase in SR. 

• Similarly the optimum cutting condition for MRR was when the current was 90 amps, standoff distance was 0 
mm and cut time was 5 s. Of all the parameters the cut time shows the maximum impact on MRR, it was also 
further evident from mean of means plot that the increase in cut time drastically and linearly decreases the 
MRR. 
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