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Abstract: Optimization of process parameters is the key step in the Taguchi Method to achieve high 
quality without increasing cost. The Taguchi method uses the orthogonal arrays to maximize the effect 
of controllable parameters and to minimize the effect of uncontrollable process parameters. In this 
study, FeCrC powder was alloyed on the surface of AISI 1030 steel with FeCrC powder having 70 % 
Cr ratio with the Plasma Transferred Arc Welding Method. In the coating process performed with the 
Plasma Transferred Arc Welding Method, N2 gas at 1-3-5% ratio was added to the shielding gas. The 
abrasive wear behavior of AISI 1030 substrate material whose surface was coated with high Cr in 
different atmospheres and the coating layer with high Cr were investigated under 5-10 N load and at 
10-20 meter distances. The effect of wear loss on the lowest wear behavior, which is a most important 
criterion in determining the wear behavior, was optimized with the lowest-the best control 
characteristics of the Taguchi method and the results were analyzed with graphical methods. 
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INTRODUCTION 
 
Surface Modification: 

Iron based surface coating is very popular and its resistance to wear is dependent on the hard carbides 
distributed in a relatively soft matrix. It was seen in earlier researches on Fe-Cr-C alloys conducted by using 
methods such as laser and plasma that complex carbides with rich chromium such as M(=Cr, Fe)3C, M(=Cr, 
Fe)7C3 and M(=Cr, Fe)23C6 and microstructures which were the mixture of -ferrite were formed depending on 
the chemical composition of the alloy (Hou, Q.Y., 2005; Liu, H.N., 2001; Buytoz, S. 2006). This type of 
microstructures showed good abrasive wear resistance (H. Berns, 2003). However, in all of these investigations, 
microstructures with relatively larger primary carbides were obtained in comparison with those obtained by 
rapid solidification methods. 

The Plasma Transferred Arc Welding surface process is widely used in coating engineering. In this method, 
coating powders are absorbed with a separate powder feeding unit into a melting pool formed with the plasma 
transferred arc welding method on the surface of the material to be coated. However, the coating process is also 
conducted by bonding the coating powders on to the surface of the material with special binders. The coating 
process is performed by melting the powders with the energy supplied by the plasma transferred arc welding 
method (Bourithis, L., 2009; Xibao, W., 2006). 

The properties and the quality of the surface depend on the coating method to perform the coating process 
and the selected alloys (Xiu-Bo Liu, 2006). Therefore, surface coatings performed by using high energy density 
weldings such as the plasma transferred arc welding method and the laser coating are commonly used in order to 
improve the mechanical, corrosive, and tribological properties of the surfaces (Bourithis, E., 2002). 
 
Taguchi Desing Method: 

Thanks to this method, the optimization of long and expensive experiments conducted in determining the 
design or factor effects, which are applied in many fields of industry, and the effectiveness of parameters in the 
method are determined with fewer experiments than in the full factorial method and the experiment period and 
cost are reduced as well. While a parameter level is changed and the others are held constant in each experiment 
in experimental studies of traditional design methods, in the Taguchi method, the level of more than one 
parameter can be changed in an experiment (Ross P.J., 1996).  

In the Taguchi method, the loss function is used in calculating the stud between experimental values and 
desired values. By determining this loss function, it is provided to convert the experiment results to signal/ noise 
ratio (Ugo. Enemuoh E., 2001).  The S/N ratio provides to precisely measure the quality characteristics of the 
processing in different levels of processes of both controllable and uncontrollable factors. In other words, it 
makes it possible to minimize the negative effects of uncontrollable factors on processing. In general, they can 
be expressed as the most widely used quality characteristics (Lin, Y.C. and Wang S.W., 2003). By determining 
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the S/N ratios; it is possible to provide the optimum parameters of each parameter. The level having the highest 
S/N ratio means that it is the optimum level of that parameter. In addition to this, the S/N ratios play a great role 
in performing the variance analysis of the conducted experimental studies as well. While doing the variance 
analyses, the S/N ratio is used in calculating sum of squares, mean squares, and f value and % distribution. 

 

The smallest, the best:                (1) 

The biggest, best:                (2) 

Nominal best:                  (3) 

 
The variance analysis makes it possible to obtain the effects of factors used in the method and the errors 

occurred in experimental studies (Lin, Y.C. and Wang S.W., 2003). The Taguchi experimental design method 
has been frequently used in performing the machining studies recently.  

Lin, Y.C. and Wang S.W. alloyed the surface of medium carbon steel with the GTAW method and they 
investigated the wear resistance of this alloyed coating layer. While investigating the wear loss, they used the 
Taguchi design according to L18 orthogonal array and evaluated the factors affecting the wear of the coating 
layer experimentally and theoretically (Sahoo, P., 2009). 

Sahoo, P alloyed the surface of medium carbon steel with Ni-P electrode. While evaluating the wear 
resistance of the coating layer, he  used the Taguchi design and investigated the factors affecting the wear 
resistance of the coating layer experimentally and theoretically according to L27 orthogonal array 
(Basavarajappa S., 2007).  

Basavarajappa S. et al., produced SiC and graphite-reinforced Al composite and measured the adhesive 
wear resistance of the produced composite. While performing this process, they used L27 orthogonal array and 
evaluated the factors affecting the wear parameters experimentally and theoretically according to the process 
parameters. They observed that SiC and graphite reinforcement increases the wear resistance (Şahin, Y., 2010). 

Şahin, Y. produced 15% SiC reinforced 2014 Al-SiC composite with the powder metallurgy method and 
while evaluating the adhesive wear resistance of the composite material, he used the Taguchi design and 
investigated the factors affecting the wear resistance of the composite experimentally and theoretically 
according to L9 orthogonal array (Şahin, Y., 2005).  

Şahin, Y. produced 10 % and 20 % SiC reinforced 2024 Al-SiC composite with powder metallurgy method 
and while evaluating the adhesive wear resistance of the composite material, he used the Taguchi design and 
investigated the factors affecting the wear resistance of the composite experimentally and theoretically 
according to L16 orthogonal array (Şahin, Y. 2005).   

Şahin, Y. produced 10 % and 20 % SiC reinforced 2014 Al-SiC composite with powder metallurgy method 
and while evaluating the adhesive wear resistance of the composite material, he used the Taguchi design and 
investigated the factors affecting the wear resistance of the composite experimentally and theoretically 
according to L16 orthogonal array (Eşme, U., 2009).   

While evaluating the tensile strength of AISI 1010 steels with different thickness at different ampere values 
with spot resistance weld, Eşme, U. used the Taguchi design and investigated the factors affecting the tensile 
resistance of the welded specimens experimentally and theoretically according to L18 orthogonal array (Eşme, 
U., 2009). He also determined optimum weld resistance and weld performances (Kuwana, T., 1995).  

In this study, while we were investigating the wear behavior of the coating layer whose surface was coated 
with high chromic FeCrC in different atmospheres with the PTA method, the Taguchi design was used and the 
factors affecting the wear resistance of the composite were optimized with the lowest-the best control 
characteristic experimentally and theoretically according to L8 (1*4, 2*2) mixed level orthogonal array, and the 
results were analyzed with graphical methods. 

 
Experimental Study: 

AISI 1030 steel in 60 mm x 14 mm x 10 mm measures was used as a sub-layer material in surface coating 
processes (Figure 1).  

Before the plasma transferred arc coating method, the surfaces of the steel materials were cleaned with 
acetone and they were dried. Channels having 4 mm width and 0.5 mm depth were opened and after the coating 
powders were placed in the channels, they were perfused upon mixing with alcohol. FeCrC powders in 70 % Cr 
proportion, whose chemical compounds are given in Table 1, were used as coating powders. SEM image and 
EDS analysis used in the process are given in Figure 2. 

In order not to let them move away from the perfused surface due to the flow rate of the shielding gas used 
in the PTA surface coating method, they were kept on the surface of the coating with a little binder and they 
were dried at 50C for 1 hour (Figure 3). 
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Fig. 1: Dimensional sample and canal opened of substrate material. 

 
Table 1: The chemical compositions of substrate and coating materials. 

 
 

Weight (%) Composition 
Cr  C Fe Ni Si Mn Mo P S 

AISI 1030 Steel 0.012 0.296 97.24 0.006 0.157 0.646 0.009 0.02 0.02 
FeCrC Powder 70.21 12.44 16.27 - 1.08 - - - - 

 

 
Fig. 2: Carbide and alloy powders used to manufacture coatings. 

 

 
Fig. 3: The adhesive substance canal of powders. 

 
After the specimens were dried, the surface of the AISI 1030 material was alloyed in accordance with the 

parameters in Table 2 as in Figure 4 with the PTA method.  
 

Table 2: PTA weld-surfacing process experimental parameters. 
Samples S 1 S 2 S 3 S 4 
Arc current (A) 125 
Arc voltage (V) 17 
Shield gas flow (Ar, m3/h) 25 Ar 25 Ar+%1N2 25 Ar+%3N2 25 Ar+%5N2 
Plasma gas flow (Ar, m3/h) 0.5, Ar 
Diameter of electrode (mm) 4.8 
Electrode Kind % 2 thoryum (Th), tungsten (W) 
Travel Speed (mm/s) 0.15 
Torch and Samples Distance (mm) 3≈ 4 
Torch Gap (mm) 3.25 
Set Back (mm) 3 
Heat Input (KJ) Q 8.5 
Energy Input (KJ) Qw η:0.55 4.675 
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Fig. 4: Schematic appearance of PTA weld-surfacing process. 
 

Schematic view of the process ensuring the N2 (g) ↔ 2N (k) equity during the process performed with gas 
metal arc welding in Ar + N2 gas environment is seen in Figure 5 (Ross P. J., 1996). 

 
Fig. 5: A shematic illustration of the behavior of nitrogen during arc tungsten arc welding. 

 
While the specimens are alloyed in Ar+%N2 atmosphere, it is inevitable for N2 in the welding atmosphere 

to penetrate molten metal bath because while the radius of C atom is 0.77 oA, the radius of N atom is 0.71 oA. 
Production parameters of the surface coating process performed with PTA method are given in Table 2. The 

surface coating processes with the plasma transferred arc welding method were performed at 125 A. While the 
flow rate of the Argon shielding gas was chosen as 25 lt/min, the flow rate of the plasma gas was chosen as 0.5 
lt/min. Macro view of the coating material performed with the plasma transferred arc welding method is given 
in Figure 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Macrography of the surface-modified composite layer with FeCrC alloy powder on AISI 1030 steel. 
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During this process, the first specimen A was alloyed in pure Ar atmosphere and the specimen B, the 
specimen C and specimen D were alloyed in pure Ar+1% N2 atmosphere, pure Ar+3 % N2 atmosphere, and pure 
Ar+5 %N2 atmosphere, respectively. No macro fracture was observed on the surface as a result of the 
solidification process after coating. For abrasive wear analyses, specimens in 10 mm x 10 mm x 10 mm size 
were taken from the middle region of the coating material (Figure 7). 

 

 
Fig. 7: The illustration specimen of abrasive wear analyses. 

 
The schematic picture of the abrasive wear apparatus and its parts are seen in Figure 8. The abrasive wear 

experiment was conducted by wearing the coating layer of the specimen. The experiments were conducted in the 
abrasive wear apparatus having pin-on disc system. 

 

 
 
Fig. 8: The illustration of abrasive wear aparatures. 

 
The abrasive wear specimens were ground with 120 mesh SiC abrasive paper by applying two different 

loads such as 5 N and10 N. A separate wear experiment was conducted under each load at 10 and 20 m 
distances. The abrasive paper was used only once and each time it was replaced with a new one. The specimen 
in the system operates by applying a load from the top with a 90 ° right angle to the abrasive 

 
Experimental Design By Taguchi Desing Method: 

In surface modification process, three separate control factors such as coating atmosphere, applied load, and 
applied distance were used. While four different levels were selected in the first factor, two different levels were 
selected in the  second  and  the third levels. The parameters used in this study and their levels are given in 
Table 3. 
 
Table 3: Control factors and their levels. 

Symbol Testing parameter Level I Level II Level III Level IV 
A Coating Atmosphere S 1 S 2 S 3 S 4 
B Applied Load (N) 5 10 - - 
C Sliding Distance (mt) 10 20 - - 

 
Because the levels in the ABC parameters used in planning of the experimental studies were not equal, the 

mixed level orthogonal L8 (4*1; 2*2) array was used. The L8 orthogonal mixed level array is given in Table 4.   
 
Results and Analysis: 

The experimental studies in Table 5 were conducted according to the L8 orthogonal mixed level array. The 
wear mass losses obtained as a result of the wear experiments and the S/N ratios are given in the table. 
According to this value, the S/N ratios according to factor levels are given in Table 6. The mean of the S/N 
ratios in the process was calculated as 30, 51375 dB.  
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Table 4: Experimental layout using an L8 orthogonal mixed level  array. 
 
Exp. No 

Parameter level 
A B C 

1 S 1 5 10 
2 S 1 10 20 
3 S 2 5 10 
4 S 2 10 20 
5 S 3 5 20 
6 S 3 10 10 
7 S 4 5 20 
8 S 4 10 10 

 
Table 5. Experimental lay out and result with calculated S/N ratios for weight loss of coated plate FeCrC. 

 
Exp. No 

 
Control factors 

Measured weight 
loss (gr) 

 
S/N ratio 

A B C 
1 S 1 5 10 0,0233 32,65288158 
2 S 1 10 20 0,0535 25,43292436 
3 S 2 5 10 0,0195 34,19930777 
4 S 2 10 20 0,0509 25,86564435 
5 S 3 5 20 0,0383 28,33602452 
6 S 3 10 10 0,0243 32,28787453 
7 S 4 5 20 0,0264 31,56792146 
8 S 4 10 10 0,0205 33,76492278 

 
Table 6: Mean S/N ratio for varios sizes of coated plate FeCrC. 

 
Symbol 

Mean S/N ratio 
Level I Level II Level III Level IV 

A 29,04 30,03 30,31 32,67 
B 31,69 29,34 - - 
C 33,23 27,80 - - 

 
The surface coating atmosphere, the load applied in the abrasive wear and the wear resistance of the applied 

distance selected as the control factor and their effects on the S/N ratios are seen in Table 5 and 6. The levels 
that have the highest value of the S/N ratio in Table 6 are the best factor levels.  

The diagram created according to the values obtained by calculating the mass losses of the specimens 
ground with 120 mesh abrasive paper is seen in Figure 9. While the wear related to the level tends to decrease in 
the factor A, an increase is observed in the levels of the factors B and C. The graph of the S/N values obtained 
with the Taguchi design is given in Figure 10. The wear rate of the factors such as coating environment, applied 
load, and wear distance selected as the control factor, and their effects on the S/N ratios are seen in Figure 9 and 
10. The levels that have the highest value of the S/N ratio in Figure 9 are the best factor levels. The optimum 
A4B1C1 equation obtained by the S/N ratios is explained by the resistance the hard nitride layer shows against 
the wear as a result of the fact that rich N2 transition on the surface of the coating layer forms FeN or CrN 
(Figure 11) layer in regions closer to the surface as shown in Figure 5. The first level of the applied load and 
wear distance gives the best results. While the mass loss was calculated, it was observed that the first levels of 
the applied load and wear distance give the best result, whereas the fourth level of the coating environment gives 
the best value. 

 
 

 
 
 
 
 
Figure 9. Main weight mass loss graph 

 
 

 
 
 
 
 
Figure 10. Main effect plot  for S/N ratios (dB) 
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Fig. 11: XRD patterns of the composite coating produced by PTA weld-surfacing process: Ar+5 % N2 

atmosphere 
 
In the variance analyses conducted on abrasive wear behavior, the effects of the factors on surface 

roughness were calculated numerically. The results of the variance analysis are given in Table 7. 
 

Table 7: Result of alalysis varience for weight loss of coated plate FeCrC. 
Symbol Df ss Variance F pa (%) 

A 3 14,13947 4,713157 8,728402 14,70286 
B 1 11,05621 11,05621 20,47524b 12,3502 
C 1 58,87466 58,87466 109,0313b 68,5079 

Error 2 1,079959 0,539979 0 4,43904 
Total 7 85,1503   100 

 Df ; degree of freedom, ss;sum of squares 
 aPercentage of contribution 
 b 95 % confidence level 

 
In addition, the effects of control factors on the wear resistance in percentage and the error percentage are 

shown graphically in Figure 12.  When the graphic is investigated, it is seen that all factors are effective on the 
result. As seen in the graph, the applied distance has the biggest effect with 69 % ratio. 

 
Fig. 12: The effect of parameters by percentage (%). 

 
When the graphs of the S / N ratio are investigated, it is seen that the optimum levels are in A4B1C1. The 

equation no 4 was used to obtain the optimum S/N ratio in these levels.  
ηopt shows the optimum S/N ratio, ηm shows the mean of the mean S/N ratios, and ηi shows the S/N ratio of 

the ideal level of each parameter. The optimum S/N ratio was found to be 36,55482728 dB in calculations. 
 

              (4) 

 
By using the optimum S/N ratio obtained from this equation in the equation no 5 according to the smallest 

and the best quality characteristic, the optimum mean wear rate was calculated. 
 

               (5) 

 
Wearopt in the equation no 5 represents the optimum mean wear rate. The optimum mean wear rate was 

calculated as 0,014868208 gr.  
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Conclusions: 
In this study, the surface of AISI 1030 steel was coated with high chromium ferrochromium in different 

atmospheres with the PTA method. The effect of the coating layer on abrasive wear resistance under two 
different loads and at two different distances and the effect of FeCeC composite coating layer on abrasive wear 
resistance were investigated by using Taguchi method. The effects of parameter levels on mean lowest wear 
value were analyzed by using Variance analysis (ANOVA). The results of this study are summarized as 
following. 

The lowest wear losses occurred in the first levels of load and wear distance values applied as a result of the 
conducted experimental studies. 

It was determined with the Taguchi method that the increase in N2 gas in the coating environment increased 
the wear resistance of the coating layer. 

As a result of the variance analysis results, it was determined as % that all parameters have a certain effect 
on the wear resistance. 

It was determined that the optimum wear resistance value was obtained by using A4B1C1 parameter levels 
in the optimization process conducted with Taguchi method. 
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