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^Äëíê~ÅíK= In this paper, the experimental design by using the Taguchi method was employed 
to optimize the processing parameters in the plasma arc surface hardening process. The evaluated 
processing parameters are arc current, scanning velocity and carbon content of steel. In addition, 
the significant effects of the relation between processing parameters were also investigated. An 
orthogonal array, signal-to-noise (S/N) ratio and analysis of variance (ANOVA) were employed to 
investigate the effects of these processing parameters. Through this study, not only the increasing 
in hardened depth and improvement in surface roughness, but the parameters that significantly 
affect on the hardening performance were also identified. Experimental results showed the 
effectiveness of this approach.  

 

hÉóïçêÇëW Plasma arc; hardened depth; surface roughness; Taguchi method; ANOVA; 
optimization 

 

^Äëíê~âK Dalam kertas kerja ini, reka bentuk ujikaji menggunakan kaedah Taguchi digunakan 
untuk mengoptimumkan parameter pemprosesan dalam proses arka plasma pengerasan 
permukaan. Parameter pemprosesan yang dinilai adalah arus arka, halaju imbasan dan kandungan 
karbon dalam keluli. Sebagai tambahan, kesan-kesan penting yang lain seperti hubungan di antara 
parameter pemprosesan juga diselidiki. Tatasusunan ortogon, nisbah ëáÖå~ä�íç�åçáëÉ (S/N) dan 
analisis varians (ANOVA) digunakan untuk mengkaji kesan parameter pemprosesan ini. Melalui 
kajian ini, bukan sahaja kedalaman pengerasan bertambah dan kekasaran permukaan lebih baik, 
malah parameter pemprosesan yang nyata sekali menpengaruhi prestasi pengerasan dikenal pasti. 
Hasil percubaan mengesahkan keberkesanan pendekatan ini. 

 

h~í~= âìåÅáW Arka plasma; kedalaman pengerasan; kekasaran permukaan; kaedah Taguchi; 
ANOVA; pengoptimuman 
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NKM= fkqolar`qflk=
=
The methods of surface hardening on steels and alloys with the concentrate energy 
flow of heat source such as laser beam, electron beam, or plasma arc are widely 
used [1]. The surface hardening method is a modification of the surface structure 
of steel containing sufficient carbon to allow the transformation from austenite to 
martensite after the appropriate amount of heat is applied to the surface followed 
by rapid cooling of the heated layer by heat sink. 
  Recently, the surface hardening process has been typically carried out by laser 
beam [2, 3] and electron beam [4, 5]. However, there is very little independent 
published information available on use of plasma arc source for surface hardening 
[6]. As a heat source, a plasma arc possesses advantages over electron beams or 
lasers. Plasma arc does not require vacuum chamber as in the case of electron 
beam, or a complex and expensive optical-mechanical system for laser. In fact, 
plasma arc is widely used for welding [7], cutting [8] and forming [9], as well as in 
surface modification of biomedical materials [10]. Therefore, the plasma arc 
process is one of the most attractive methods. 
  This technology began in 1980s, and from that time until now, the 
development of plasma arc surface hardening technology was more concentrated 
on the experimental studies [1, 6, 11–15]. Most of the studies have been 
developed by using trial and error or empirical methods. Classical experimental 
design methods are too complex and are not easy to use. A large number of 
experiments have to be carried out when the number of the process parameters 
increases. This also proves to be expensive and time consuming. 
  The objective of the experimental design is to optimize the settings of the 
parameter values. The Taguchi method is a powerful, high-quality experimental 
tool [16, 17]. Using a simple, effective and systematic approach, the optimal 
process parameters can be derived. Taguchi method uses a special design called 
orthogonal array to study the entire parameter space with a small number of 
experiments. In this method, process parameters which influence the processes 
are separated into two main groups: control factors and noise factors [16]. A 
statistical analysis of variance (ANOVA) is performed to identify the process 
parameters that are statistically significant. In addition, the optimal combination of 
the process parameters can be predicted based on the above analysis. 
  In this study, the effects of the processing parameters and their significance on 
the hardened depth and surface roughness were statistically evaluated using 
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ANOVA. Moreover, an optimization study for combination of processing 
parameters to achieve high hardened depth and low surface roughness was 
investigated. Experiments were conducted using different processing parameters, 
namely, arc current, scanning velocity and carbon content of steel. The settings of 
processing parameters were determined by using Taguchi experimental design 
method. 

 
 

OKM= bumbofjbkq^i=tloh=
=
The experimental studies were performed on a plasma arc machine with torch 
diameter of 1.6 mm, which integrated with a six degree-of-freedom articulated 
robot. The negative terminal of the power supply was connected to tungsten 
electrode, while the workpiece was connected to the positive terminal of the power 
supply as shown in Figure 1. Argon gas was used at 6 bar as plasma and shielding 
gas, to minimize oxidation. The nozzle–workpiece standoff distance was kept 
constant at 13 mm. The selected currents of plasma arc were 30 A and 60 A. The 
scanning velocities of plasma arc were 0.1 m/s and 0.3 m/s. ASSAB 618 and 
ASSAB DF3 steels with carbon content of 0.38 wt.% and 0.90 wt.% were used in 
this study, respectively. The chemical compositions of both tool steels are shown 
in Table 1. 
 
 
 
 
 
 
 
 
 
 

 
cáÖìêÉ=N Schematic diagram of the experimental set-up 

q~ÄäÉ=N Chemical composition of the material used for experiments (wt.%) 
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j~íÉêá~ä= `= jå= `ê pá jç ká= t=
ASSAB 618 0.38 1.50 1.90 0.30 0.15 1.00 - 
ASSAB DF3 0.90 1.20 0.85 - - - 0.55 

 
 

  Specimens of size 60 × 40 × 10 mm3 were cut from a thick plate, ground and 
polished to 1000 grit silicon carbide paper in order to remove oxides and obtain a 
smooth surface. After scanning the steel surface with different conditions, the 
surface roughnesses of each track were measured at three different positions along 
the track length using a Mahr Perthometer M1 tester. Subsequently, the hardened 
specimens were cut perpendicular to the scanning direction, ground, polished and 
etched in 2% Nital, and then used for hardened depth measurements. The 
measurement was carried out using an optical microscope with 10 times 
magnification. 
  In order to ensure the surface hardening has produced hardened layer, the 
microstructure and hardness distribution of the hardened zones were investigated.  
A typical transverse section of a plasma arc hardened specimen is shown in Figure 
2, which depicts the characteristics zones that form below the surface of the 
material. It shows that the profile of a hardened zone is semispherical shape, 
which the maximal hardened depth located at the central zone of the plasma arc 
track. Figure 3(a) shows the microstructure at the top surface area of the ASSAB 
618 specimens was found to consist of lath martensite. It is clear as shown in 
Figure 3(b), the phase transformed to martensite as well as a small amount of 
retained austenite on the top surface of the ASSAB DF3 specimens. The presence 
of retained austenite is a result of increased carbon content. This untransformed 
austenite occurs owing to the martensite transformation finish temperature (Mf) 
dropping below room temperature, resulting in a lower hardness in the hardened 
zone. 
  Processing parameters of plasma arc influence the hardness distribution of the 
hardened zones. Figure 4(a) and 4(b) shows the relationship between hardness 
distribution and distance from the top surface after plasma arc surface hardened of 
ASSAB 618 and ASSAB DF3 with each arc current and scanning velocity setting, 
respectively. In the hardness curves, the three zones with different hardness could 
be observed along the specimen thickness. The first zone has a gradual decrease 
of the hardness occurred within the zone, in the second zone, these hardness 
values decrease sharply, while the third zone the hardness gradually falls down to 
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its original hardness value of the base material. The maximum hardness of the 
hardened zone indicated was 849 HV. 
 
 

 
 
 
 
 

 
cáÖìêÉ=O Schematic of hardened zone cross section 

 
 
 
 
 
 
 
 
 
 

 
 

cáÖìêÉ=P Optical micrographs of the hardened zones 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

(a) ASSAB 618 

(a) ASSAB 618 (b) ASSAB DF3 
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(b) ASSAB DF3 

 
cáÖìêÉ=Q Hardness profiles of plasma arc hardening 

 
 

PKM bumbofjbkq^i=abpfdk=
 
In this study, Taguchi method, a powerful method for parameter design of 
performance characteristics was used to determine optimal processing parameters 
for maximum hardened depth and minimum surface roughness in plasma arc 
surface hardening. The three processing parameters, namely arc current (A), 
scanning velocity (B) and carbon content (C) were used as control factors and each 
parameter was designed to have two levels as shown in Table 2. Besides the 
influences of control factors, the influences of their interactions on hardening 
performances of the hardened specimen were also studied to confirm for any 
confounding of the factors. The influences of interaction of interest were between: 

 Arc current and scanning velocity (A x B), 
 Arc current and carbon content (A x C), 
 Scanning velocity and carbon content (B x C). 

  There are six degrees of freedom regarding the number and levels of control 
factors and the number of the desired interactions between control factors. A 
standard Taguchi experimental plan with notation L8(23) was selected. An 
orthogonal array with arranged control factors is shown in Table 3, where 1 and 2 
mean the first level and the second level of each control factor, respectively. The 
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L8 orthogonal array with six columns and eight rows was used. This array has 
seven degrees of freedom and it can handle two-level process parameters. Each 
processing parameter and their interactions were assigned to the column with eight 
combinations of hardening parameter. Therefore only eight experiments are 
required to study the entire processing parameter space when the L8 orthogonal 
array is used.  
 

q~ÄäÉ=O Processing parameters and their levels 

=
póãÄçä= m~ê~ãÉíÉêë råáí iÉîÉä=N iÉîÉä=O=

A Arc current A 30 60 
B Scanning velocity m/s 0.1 0.3 
C Carbon content wt.% 0.38 0.90 

 
 

q~ÄäÉ=P Experimental layout using L8 orthogonal array 

 
bñéÉêáãÉåí=
åìãÄÉê=

c~Åíçêë=~åÇ=áåíÉê~Åíáçåë=

^ _ ^=ñ=_ ` ^=ñ=`= _=ñ=`=

1 1 1 1 1 1 1 
2 1 1 1 2 2 2 
3 1 2 2 1 1 2 
4 1 2 2 2 2 1 
5 2 1 2 1 2 1 
6 2 1 2 2 1 2 
7 2 2 1 1 2 2 
8 2 2 1 2 1 1 

 
 
  The characteristics that higher value represents better hardening performance 
such as hardened depth, it is called ‘higher is better, HB’. Inversely, the 
characteristics that lower value represents better hardening performance such as 
surface roughness, it is called ‘lower is better, LB’. In quality engineering [16], the 
S/N ratio (signal-to-noise ratio) could be an effective representation to find the 
significant parameter from those controlling hardening process parameters by 
evaluating the minimum variance. Based on the Taguchi method, the S/N 
calculations of HB and LB are shown in the following equations: 
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where η denotes the S/N ratio calculated from observed values (unit: dB), yi 
represents the experimental observed value of the áth experiment, and å is the 
number of times each experiment is repeated. Each L8 and measurement of the 
hardened depth and surface roughness are repeated three times. 
  The analysis of variance (ANOVA) was applied in order to investigate the 
process parameters (factors) that significantly affect the quality characteristic. The 
results of ANOVA are presented in a table that displays for each factor or 
interaction the value of:  
 
 SS: sum of squared deviations from the mean. For n values of yi and the mean 

value y . 

 

( )∑
=

−=
n

i
i yy

1

2
SS                                                           (3) 

 
 

 d.f.: degree of freedom which is number of levels for each factor minus 1. 
 MS: mean of squares. 

 

d.f.
SSMS =                                                      (4) 

 
 

 F: F-value is the ratio between the mean of squares effect and the mean of 
squares error. 

error

effect

MS
MSF =                        (5) 
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F-test is used to see the significance of each factor or interaction on the response 
variable or S/N ratio. 
 
=
QKM= ^k^ivpfp=lc=bumbofjbkq^i=obpriqp=
=
The results of hardening experiments were studied using the S/N and ANOVA 
analyzes. Based on the results of the S/N and ANOVA analyzes, the optimal 
settings of processing parameters for hardened depth and surface roughness were 
analyzed and verified. 
 
QKN= ^å~äóëáë=çÑ=pLk=o~íáç=
=
According to the equation (1) and (2) above, the S/N ratio of hardening 
performance for each experiment of L8 can be calculated. Each measurement of 
the hardened depth and surface roughness were repeated three times and the S/N 
ratio were calculated as can be seen in Table 4 and 5, respectively. 
  In order to obtain the effects of processing parameters on the hardening 
performance for each different level, the S/N ratios of each fixed parameters and 
level for each processing parameters were summed up. From Table 4, taking 
scanning velocity (B) on hardened depth as an example, the S/N ratio of two levels 
can be summarized as follows: 
 
Level 1B = ¼ (η1+ η2+ η5+ η6) = ¼ (–14.1012–19.9518–13.5981–15.0178) = –15.6672 
 
 
Level 2B = ¼ (η3+ η4+ η7+ η8) = ¼ (–17.6950–21.9722–15.5713–16.7913) = –18.0074 
 
 
DifferenceB = |Level 1B – Level 2B| = 2.3402 
 
 

  Similarly, those S/N ratios of the other parameters and their interactions on 
hardened depth and surface roughness were evaluated and given in Table 6 and 7, 
respectively. The processing parameter with the strongest influence is determined 
by different values [18]. The higher the difference, the more influential is the 
processing parameter or an interaction of two processing parameters. 
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The influence of each processing parameter can be clearly presented with 
response graphs. A response graph shows the change of the S/N ratio when the 
setting of the processing parameter is changed from one level to the other. The 
slope of the line determines the power of the influence of a processing parameter. 
Response graphs for all processing parameters of the plasma arc surface hardening 
process on hardened depth is shown in Figure 5. The relative slope of the 
response graphs indicates that the arc current and carbon content are the most 
significant factors of hardened depth. It is followed by scanning velocity. This 
agrees to the S/N response table in Table 6. Figure 6 shows the response graphs of 
processing parameters on surface roughness. The relative slope of the graphs 
indicates significance of the parameters. Here, the slope of the graph showing the 
influence of arc current on surface roughness is greater compared to other graphs. 
Hence, arc current is the most significant parameter, followed by carbon content 
and scanning velocity. 
 

q~ÄäÉ=Q Experimental result for hardened depth with the calculated S/N ratios 

 
bñéÉêáãÉåí=
åìãÄÉê=

jÉ~ëìêÉÇ=Ü~êÇÉåÉÇ=ÇÉéíÜI=Ç EããF pLk=ê~íáç=

ÇN ÇO ÇP η=EÇ_F=

1 0.1975 0.2050 0.1900 -14.1012 
2 0.0950 0.1050 0.1025 -19.9518 
3 0.1350 0.1150 0.1475 -17.6950 
4 0.0750 0.0800 0.0850 -21.9722 
5 0.2100 0.2150 0.2025 -13.5981 
6 0.1800 0.1775 0.1750 -15.0178 
7 0.1650 0.1725 0.1625 -15.5713 
8 0.1475 0.1375 0.1500 -16.7913 

 
q~ÄäÉ=R Experimental result for surface roughness with the calculated S/N ratios 

=
bñéÉêáãÉåí=
åìãÄÉê=

jÉ~ëìêÉÇ=ëìêÑ~ÅÉ=êçìÖÜåÉëëI=o~ E”ãF pLk=ê~íáç=

o~N o~O= o~P η=EÇ_F=

1 0.416 0.481 0.448 6.9528 
2 0.286 0.236 0.257 11.6847 
3 0.348 0.299 0.316 9.8525 
4 0.254 0.234 0.249 12.1879 
5 0.774 0.729 0.740 2.5230 
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6 0.552 0.562 0.569 5.0201 
7 0.508 0.514 0.589 5.3801 
8 0.390 0.449 0.461 7.2413 

 
q~ÄäÉ=S S/N response table for hardened depth 

 
m~ê~ãÉíÉêë= iÉîÉä=N=EÇ_F= iÉîÉä=O=EÇ_F aáÑÑÉêÉåÅÉ=EÇ_F=
A -18.4300 -15.2446 3.1854 
B -15.6672 -18.0074 2.3402 
A x B -16.6039 -17.0708 0.4669 
C -15.2414 -18.4333 3.1919 
A x C -15.9013 -17.7733 1.8721 
B x C -16.6157 -17.0590 0.4433 

Overall mean = -16.8373 dB 

 
q~ÄäÉ=T S/N response table for surface roughness 

 
m~ê~ãÉíÉêë= iÉîÉä=N=EÇ_F= iÉîÉä=O=EÇ_F aáÑÑÉêÉåÅÉ=EÇ_F=
A 10.1695 5.0411 5.1283 
B 6.5451 8.6655 2.1203 
A x B 7.8147 7.3959 0.4189 
C 6.1771 9.0335 2.8564 
A x C 7.2667 7.9439 0.6772 
B x C 7.2263 7.9844 0.7581 
Overall mean = 7.6053 dB 

 
 
 
 
 
 
 
 
 
 

 
cáÖìêÉ=R= S/N response graphs for all processing parameters on hardened depth 

 



SU=============================================jlea=faofpI=w^e^of=C=jlea=e^jaf==

 

30 60
2

4

6

8

10

12

Arc current (A)

S/
N

0.1
2

4

6

8

10

12

Scanning velocity (m/s)
S/

N

0.38 0.90
2

4

6

8

10

12

Carbon content (wt.%)

S/
N

30 60

-22

-18

-14

-10

-26

Arc current (A)

S/
N

30 60
-26

-22

-18

-10

-14

Arc current (A)

S/
N

0.1 0.3
-26

-22

-18

-10

-14

Scanning velocity (m/s)

S/
N

C = 0.38 wt.%
C = 0.90 wt.%

C = 0.38 wt.%
C = 0.90 wt.%

B = 0.1 m/s
B = 0.3 m/s

Interaction AxB Interaction AxC Interaction BxC

 
 
 
 
 
 
 
 
 
 

cáÖìêÉ=S S/N response graphs for all processing parameters on surface roughness 

 
  The interaction graph between the processing parameters on hardened depth 
and surface roughness are presented in Figure 7 and Figure 8, respectively. The 
interpretation is determined by the parallelism of the plotted lines. If the lines are 
parallel or almost parallel, this indicates there is no meaningful interaction taking 
place between the plotted factors. The greater the skew between the lines, the 
greater the strength of the interaction between the factors. Figure 7 shows that the 
lines are almost parallel for interaction AxB and interaction BxC on hardened 
depth, which indicate that there is little connection between factors. Whilst, there 
is a slight angle between the two lines for interaction AxC, which indicates a strong 
connection is present between factor A and C. Furthermore, the interactions 
between processing parameters on surface roughness as given in Figure 8 shows 

that all interactions A×B, A×C and B×C have a weak influence between each 
other. However, the relative importance amongst the processing parameters for 
hardened depth and surface roughness still needs to be known so that optimal 
combinations of the processing parameter levels can be determined more 
accurately. This will be discussed in the next section using the analysis of variance. 
=
=
=
=
=
=
 
 
 
 

cáÖìêÉ=T= Interaction graphs for all processing parameters on hardened depth 
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cáÖìêÉ=U Interaction graphs for all processing parameters on surface roughness 

 
 

QKO= ^å~äóëáë=çÑ=s~êá~åÅÉ==
=
Using pooling up technique, the insignificant factors and interactions were pooled 
up with the error and the result of ANOVA for hardened depth is given in Table 
8. Statistically, F-test provides a decision at some confidence level as to whether 
these estimates are significantly different [16]. Larger F-value indicates that the 
variation of the process parameter makes a big change on the performance 
characteristics. F-values of the process parameters are compared with the 
appropriate confidence table. When the F-value of the process parameter is bigger 
than Fα,v1,v2-value of the confidence table, where α is risk, v1 and v2 are degrees of 
freedom associated with numerator (factor or interaction) and denominator 
(error).  
  The factor or interaction for hardened depth is significant with 99% confidence 
if F-value exceeds 34.1, and with 95% confidence for F-value higher than 10.1 
[16].Based on the F-value and percentage contribution, it is evident from the 
Table 8 that the significance of the processing parameters prevails in the following 
order of importance: (1) carbon content; (2) arc current; (3) scanning velocity. 
Therefore, based on the S/N and ANOVA analyzes, the optimal processing 
parameters for hardened depth are the arc current at level 2, the scanning velocity 
at level 1, and the carbon content at level 1. Among the interactions, arc current 
versus carbon content (AxC) shows significance. All other interactions have an 
insignificant effect on hardened depth. Since the interaction AxC is significant, 
Park [19] has recommended interaction AxC table to select their levels as shown 
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in Table 9. It shows the optimum combination for factors A and C is A2C1 which 
shows that the best level of the corresponding factors are same as the optimum 
levels obtained individually.  
  Table 10 shows the result of ANOVA for surface roughness. All interactions 
have an insignificant effect on surface roughness. The factor for surface roughness 
is significant with 99% confidence if F-value exceeds 21.2, and with 95% 
confidence for F-value higher than 7.71 [16]. The F-values in the ANOVA 
confirm that the arc current, scanning velocity and carbon content are the 
significant processing parameters for affecting surface roughness. However, the 
contribution order of the processing parameters for surface roughness is arc 
current, then carbon content, and then scanning velocity. This agrees to the plot in 
Figure 6. The optimal processing parameters for hardened depth are the arc 
current at level 1, the scanning velocity at level 2, and the carbon content at level 2.  
 

q~ÄäÉ=U Results of the ANOVA for hardened depth 

 
c~Åíçêë=~åÇ=
áåíÉê~Åíáçåë=

pp= ÇKÑK= jp= c=
`çåíêáÄìíáçå=

EBF=

A 20.2939 1 20.2939   57.1815 b 34.40 
B 10.9535 1 10.9535   30.8634 a 18.57 
C 20.3760 1 20.3760   57.4129 b 34.54 
AxC 7.0092 1 7.0092   19.7497 a 11.88 
Pooled error 1.0647 3 0.3549  0.60 
      
Total 59.6973 7   100 
a At least 95% confidence (F.05;1;3 = 10.1) 
b At least 99% confidence (F.01;1;3 = 34.1) 

 
q~ÄäÉ=V Interaction breakup of interaction AxC for hardened depth 

 
 ===============`N ===============`O qçí~ä=

A1 η1+η3 = -15.8981 η2+η4 = -20.9620 -36.8601 
A2 η5+η7 = -14.5847 η6+η8 = -15.9045 -30.4892 
    
Total -30.4828 -36.8665 -67.3493 
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q~ÄäÉ=NM Results of the ANOVA for surface roughness 

 
c~Åíçêë=~åÇ=
áåíÉê~Åíáçåë=

pp= ÇKÑK= jp= c=
`çåíêáÄìíáçå=

EBF=

A 52.5999 1 52.5999   75.0052 b 66.91 
B 8.9916 1 8.9916   12.8217 a 11.44 
C 16.3179 1 16.3179   23.2687 b 20.76 
Pooled error 2.8051 4 0.7013  0.89 
      
Total 80.7146 7   100 
a At least 95% confidence (F.05;1;4 = 7.71) 
b At least 99% confidence (F.01;1;4 = 21.2) 

 
 
QKP= `çåÑáêã~íáçå=bñéÉêáãÉåí=
=
Once the optimal level of the design parameters has been determined, the final 
step is to predict and verify the improvement of the quality characteristics using the 
optimal level of the design parameters. The estimated S/N ratio η̂  using the 

optimal level of the design parameters can be calculated as: 

∑
=

−+=
o

i
i

1
mm )(ˆ ηηηη                                             (6) 

where mη  is the total mean S/N ratio at the optimal level, and o is the number of 

the main design parameters that affect the quality characteristics.  
  The determination of the processing performance at optimal settings of 
processing parameters from equation (6) can be written with equation (7) and (8). 
It can derive the expression for hardened depth (equation (9)) and surface 
roughness (equation (10)) from equation (1) and (2), respectively, and the 

calculated hardened depth ( d̂ ) is 0.2134 mm, and surface roughness ( aR̂ ) is 
0.2329 μm at optimal hardening conditions. 
 

)()()(ˆ m1m1m2m ηηηηη −+−+−+= CBAd  

     )]()()[( m1m2m12 ηηη −−−−−+ CACA        

  4141.13121m −=++−= CABη                                                    (7) 
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)()()(ˆ m2m2m1m ηηηηη −+−+−+= CBARa  

        6579.122 221m =+++−= CBAη                                        (8) 

 

mm 0.21341010ˆ 13.4141/20 20/ˆ === −ηd                         (9) 

μm 0.23291010ˆ /206579.12 20/ˆ === −−ηaR                                 (10) 

 
 

  Table 11 shows the comparison of the predicted hardened depth with the 
actual hardened depth using the optimal processing parameters, good agreement 
was obtained between the predicted and actual hardened depth. The increase of 
the S/N ratio from the initial processing parameters to the optimal processing 
parameters is 2.54 dB, which means that the hardened depth was increased 
approximately 1.34 times. Table 12 shows the comparison of the predicted surface 
roughness with the actual surface roughness using the optimal processing 
parameters, where a predicted surface roughness consistent with the actual surface 
roughness. The increase of the S/N ratio from the initial processing parameters to 
the optimal processing parameters is 4.95 dB and therefore the surface roughness 
value was improved approximately 1.77 times. In other words, the experiment 
results confirmed the prior design and analysis for enhancing the hardening 
performance and optimizing the processing parameters. The hardened depth and 
surface roughness in plasma arc surface hardening processes could be greatly 
improved through this approach. 
 

q~ÄäÉ=NN Results of the confirmation experiment for hardened depth 

 
 fåáíá~ä=

Ü~êÇÉåáåÖ=
é~ê~ãÉíÉê=

léíáã~ä=Ü~êÇÉåáåÖ=é~ê~ãÉíÉê=

 
mêÉÇáÅíáçå bñéÉêáãÉåí=

Parameter A = 30A 
B = 0.2 m/s 
C = 0.38 wt.% 

A = 60A 
B = 0.1 m/s 
C = 0.38 wt.% 

A = 60A 
B = 0.1 m/s 
C = 0.38 wt.% 

Level – A2 B1 C1 A2 B1 C1 
Hardened depth (mm) 0.1475 0.2134 0.1975 
S/N ratio (dB) -16.6242 - 13.4141 - 14.0887 
Improvement of S/N ratio =  2.54 dB 
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q~ÄäÉ=NO Results of the confirmation experiment for surface roughness 

 
= fåáíá~ä=

Ü~êÇÉåáåÖ=
é~ê~ãÉíÉê=

léíáã~ä=Ü~êÇÉåáåÖ=é~ê~ãÉíÉê=

=
mêÉÇáÅíáçå bñéÉêáãÉåí=

Parameter A = 60A 
B = 0.2 m/s 
C = 0.90 wt.% 

A = 30A 
B = 0.3 m/s 
C = 0.90 wt.% 

A = 30A 
B = 0.3 m/s 
C = 0.90 wt.% 

Level – A1 B2 C2 A1 B2 C2 
Surface roughness (μm) 0.4793 0.2329 0.2710 
S/N ratio (dB) 6.3879 12.6579 11.3406 
Improvement of S/N ratio =  4.95 dB 

 
 
RKM= `lk`irpflkp=
=
In this study, an attempt has been made to investigate the significance of 
processing parameters and their interactions over the hardening performance, and 
to determine the optimum level by using Taguchi’s design of experiment 
technique and ANOVA.  
  All the processing parameters are important parameters affecting the hardening 
performance. It found that the carbon content and arc current were recognized as 
the most significant factors affecting the hardened depth with contribution rate of 
34.54% and 34.30%, respectively. The results showed that scanning velocity 
(18.57%) was about two times less important than the other parameters for 
controlling hardened depth. The interaction between arc current and carbon 
content (AxC) also produces better hardened depth. An optimum parameter 
combination with the settings of high arc current (60A), low scanning velocity (0.1 
m/s) and low carbon content (0.38 wt.%) of tool steel, i.e. A2B1C1 was 
recommended for the maximum hardened depth. 
  Regarding the effective parameters for surface roughness in plasma arc surface 
hardening, the arc current was the most influential factor, which shows a 
contribution rate of 66.91%. The second was the carbon content at 20.76%, and 
followed by the scanning velocity at 11.44%. The interactions between processing 
parameters have shown a very low contribution rate, which can be neglected. For 
surface roughness case, the optimum condition was obtained with the settings of 
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low arc current (30A), high scanning velocity (0.3 m/s) and high carbon content 
(0.90 wt.%) of tool steel.  
  Based on the result of the confirmation experiment, the hardened depth was 
increased by 1.34 times while the surface roughness was improved by 1.77 times. 
The experimental results have shown that the hardened depth and surface 
roughness in plasma arc surface hardening could be greatly improved by using this 
approach. 
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