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Abstract- The objective of this research is to solve the multi-response parameter optimization problems of manual metal arc 
welding (MMAW) process assisted with nano hardfacing material. A combination of Taguchi’s robust design concept with 
principal component analysis (PCA) has been applied to optimize the process parameters. Experimentation was planned as 
per Taguchi’s orthogonal array. In this paper, experiments have been conducted using welding current, arc voltage, welding 
speed as input process parameters for evaluating multiple responses namely weld bead width and bead hardness. Finally, 
responses are ranked based on the GRG values using GRA method which transforms multi-response problem into single 
response problem. 
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I. INTRODUCTION 
 
Many Industries face the problem of wear on 
components in service. Due to wear the components 
need replacement, which costs money and causes 
downtime of the equipment. Continual improvements 
in the technological performance of the machining 
operations have been sought through research and 
development, including new and more wear resistant 
tool materials as well as new geometrical tool designs 
for high productivity and precision in metal 
machining. It is well known that, most typical modes 
of wear are abrasion of 40 percent of tool wear and 
others are Impact of 25 percent, Metallic (metal to 
metal) of 10 percent, Heat of 5 percent, Corrosion of 
5 percent, other 5 percent (Archard 1980). To 
overcome the problem, hardfacing has been into 
prominence in the last few decades. Hardfacing, also 
known as hard surfacing, is the application of buildup 
or wear-resistant weld metals to a part's surface by 
means of welding or joining (Menon 1996, Pradeep et 
al. 2010). A significant characteristic of an efficient 
hardfacing is that most of the desired properties are 
simultaneously maintained at a high level, such as, 
high hardness, resists abrasive wear, high chemical or 
thermal stability reduces dissolution wear and 
maintains physical properties at a high temperature, 
high toughness prevents local fracture at the cutting 
edge during cutting, low friction reduces the cutting 
force, and good adherence to the substrate ensures the 
protection of the tool surface under heavy cutting 
loads. The economic success of the hardfacing 
process depends on selective application of 
hardfacing material and the process to achieve the full 
advantage of hardfacing and also its chemical 
composition for a particular application (Bhushan and 
Gupta 1991, Chandel 2001, Kotecki 1992, Mayer 
1982). Welding is a key technology to apply 
hardfacing alloys. The common methods for 
improving the wear resistance of a softer material 

include ion implantation, laser cladding, thermal 
oxidation, heat treatment, chemical vapor deposition, 
and physical vapor deposition (Lin and Chen 2013). 
The welding hardfacing not only has a high wear and 
impact resistance, anticorrosive behavior of the 
deposited metal, but also can restore the dimensions 
of worn out components. Optimization of welding 
parameters is important for providing high precision 
and efficient joint and also for enhancing productivity 
and decreasing costs (Saha and Himadri 2016). The 
accurate selection of welding parameters is important 
to meet competitive market.  
Many researchers have studied the effects of optimal 
selection of welding parameters in manual metal arc 
welding. To the best of the knowledge of the authors 
of this work, there is not found any published work 
for MMAW assisted hardfacing with nano-
technology based electrode. A combination of 
Taguchi’s robust design concept with principal 
component analysis (PCA) has been applied to 
optimize the welding parameters. 
 
II. EXPERIMENTATION 
 
2.1. Materials and Procedures 
In this study, a nano-composite based hardfacing 
layer was deposited by the manual metal arc welding 
process on the surface of thick low carbon steel 
plates. Twenty-five hardfacing experiments were 
carried out by varying the welding current (A), arc 
voltage (V) and welding speed (S). The multi 
performance characteristics including bead width 
(W), reinforcement (R) and weld bead hardness (H) 
are the quality functions considered for the 
optimization.  
 
III. METHODOLOGY 
 
In this paper, a multi-criteria decision making model 
combining with Taguchi’s robust design experiment 
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and principal component analysis (PCA) has been 
applied for the optimization of multiple responses. 
The methodology consists of a number of steps as 
follows: 
Taguchi’s robust design is a simple, systematic and 
more efficient technique for optimizing the process 
parameters. In this method, main parameters which 
are assumed to have influence on process results are 
located at different rows in a designed orthogonal 
array (OA). With such arrangement, completely 
randomized experiments can be conducted .An 
advantage of the Taguchi method is that it 
emphasizes a mean performance characteristic value 
close to the target value rather than a value within 
certain specification limits, thus improving the 
product quality. In this present work, optimization of 
welding operations using Taguchi’s robust design 
methodology with multiple performance 
characteristics is proposed. In order to optimize the 
multiple performance characteristics, Taguchi 
parametric design approach was not applied directly. 
Since each performance characteristic may not have 
the same measurement unit and of the same category 
in the S/N ratio analysis. Therefore to solve problems 
of this kind, steps 1– 3 followed first then the 
traditional Taguchi technique for single response 
optimization has performed. 
Step 1: Categorically to study the quality 
characteristic of the experiment, the S/N ratios [ƞ 
(dB)] are calculated. In this paper lower the better 
(LB) principles are chosen to minimize weld bead 
width and higher the better (HB) principles are 
chosen to maximize the reinforcement and bead 
hardness.  
ƞ (dB) value for HB performance: 
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Step 2:  The following equation is considered for 
normalizing the quality loss function: 
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Where, ijy is normalized quality loss for i-th quality 
characteristic with j-th trial condition which varies 
from 0 to 1. Lij = Quality loss values and similarly Li* 
denotes maximum quality loss amongst all the trial 
runs.  
Step 3: Assessment of the response weights using 
PCA 
PCA initiated by Pearson was subsequently 
developed as a statistical tool by Hotelling. The major 
advantages of PCA are complexion of information 
and alleviating loading significantly by simplifying 
several correlated variables into fewer uncorrelated 

and independent principal components and preserve 
as much original information as possible using linear 
combination of the response variables which 
influence the gray relational grades. In recent times, 
PCA has gradually become an analytical tool for the 
optimization of a system with multiple performance 
characteristics. 
The contribution of all responses is not the same as it 
reflects its relative importance in the Taguchi’s 
analysis which is decided in this paper using PCA 
[13]. This method begins with multi-response 
selection with n experiments and m attributes. 
Subsequently, the evaluation of correlation 
coefficient from the normalized quality loss values 
uses the following expression: 

    Rij=                                   (4) 

Where xi (j) = Normalized quality loss of each 
response, cov (xi (j), xi (l)) = covariance of response 
variables j and l; σxi (j) and σxi (l) = Standard 
deviation of response variables j and l. Later, Eigen 
values and consequent Eigen vectors are determined 
from Eq. (5) 
(R-λx Im) Vik = 0         (5) 

, Vik  = Eigen 

vectors corresponding to eigenvalues  
 
Hence, the principal components are obtained from 
Eq. (6) 
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Where, Ym1 and Ym2 are first and second principal 
component and so on.  
Step 4:  Yj is total normalized quality loss function 
for j-th experiment which is given below: 
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Where, Wi is weightage factor for i-th quality 
characteristic of the process parameters are taken 
from the Eq. (6), k is the total no. of quality 
characteristics. 
Step 5: Overall S/N ratio is more desirable then 
different S/N ratios for each of the quality attribute, 
which is defined as multiple S/N ratios (MSNR): 
            )(log10 10 jYMSNR                       (8) 
Following the above, the optimal factors 
combinations are determined as applied in the 
Taguchi method. Subsequently, the optimal process 
parameters are examined with the confirmation test.  
 
IV. RESULTS AND DISCUSSION 
 
In this paper, the effectiveness of various welding 
parameters on bead width, reinforcement and bead 
hardness of welded component has been highlighted. 
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For each experimental run quality loss values are 
found using Eq. 1 and 2, respectively at different 
quality attributes. For all quality characteristics, the 
normalized quality loss values are determined using 
Eq.3. In the next step, using principal component 
analysis method, the relative weights of each 
performance characteristics were evaluated according 
to Eq. (5). Finally, TNQL values and MSNR was 
computed using Eq. 7 and 8 (Table 1), respectively. 

 
Table 1 Total normalized quality loss values (TNQL) and 

Multiple S/N ratios (MSNR) 

 
 
The optimum levels of different control factors for 
higher weld bead hardness, reinforcement and lower 
bead width obtained are welding current A at level 5 
(160 A), arc voltage V at level 1 (17 V), welding 
speed S at level 5 (60 mm/min).  
4.1. Confirmation test 
In order to obtain the optimal level of the welding 
parameters, the subsequent step is to confirm the 
enhancement of the performance characteristics using 
this optimal combination. The confirmation trail is 

executed by directing a test with a specific 
combination of the factors and levels already 
evaluated. At the point the predicted value of overall 
assessment value ( iy ) at the optimum parameter 
levels was assessed by utilizing the accompanying 
mathematical statement: 

 (9) 

Where is mean overall assessment value ( iy ) of 
all experimental runs, and O is the no of welding 
parameters that extensively affects the multiple 
quality characteristics. 
As mentioned before, the optimum combination of 
welding parameters was A5V1S5 and the estimated 
MSNR was 0.512. As shown in Table 2, the results of 
confirmation experiment indicated that the weld bead 
width was decreased from 11.641 to 10.854, 
reinforcement was increased from 2.867 to 3.246 and 
similarly, bead hardness was improved from 67.6 to 
68.3. Hence, using the present approach, manual 
metal arc welding assisted hardfacing with Nano-
technology based electrode is successfully optimized 
for weld bead width, reinforcement and also for weld 
bead hardness respectively. 

 
Table 2 Results of the confirmation 

 
 
CONCLUSIONS 
 
In this work, an attempt was made to determine 
important welding process parameters for multiple 
performance characteristics weld bead width, 
reinforcement and bead hardness in the MMAW 
assisted hardfacing process using multi-objective 
Taguchi’s method coupled with principal component 
analysis. Careful attention is necessary to select the 
welding parameters to obtain a desirable weld quality, 
the major key process parameters affecting the bead 
geometry are arc voltage, welding current and 
welding speed. Based on the results of the present 
study, the following conclusions are drawn: 
 
1. The optimum levels of different control 
factors for higher weld bead hardness, reinforcement 
and lower bead width obtained are welding current at 
level 5 (160 A), arc voltage at level 1 (17 V), welding 
speed at level 5 (60 mm/min).  
2.       Confirmation test validates the application 
of multi-objective Taguchi’s approach coupled with 
PCA to enhance the welding performance and 
optimize the MMAW input parameters.  It confirms 
the efficiency of the approach which employed to 
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optimize the problem in the MMAW assisted 
hardfacing in this study. 
 
In future this study can be extended by developing 
and analyzing Response Surface Methodology and 
also various techniques like ANN, Genetic 
Algorithm, and Influence of flux density on weld 
bead geometry and HAZ. Study of HAZ, 
microstructure can be applied for optimization of 
process parameter. 
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