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Abstract-In the present study stainless steel material 304 
grade was chosen for joining using laser beam welding 
process. Tensile strength and bending strength are considered 
as output responses. Empirical modeling of output responses 
in terms of process parameters is established and the effect of 
process parameters on the output variables has been studied. 
The effect of each parameter has been studied. Analysis of 
Variance (ANOVA) has been used for finding the contribution 
of each factor on the output parameters. The main effects 
plots and the interaction effect plots have been plotted in 
order to understand the actual effect of input on the output. 
The responses have been predicted by regression analysis using 
MINITAB.. 
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1. INTRODUCTION 

The acronym “LASER” stands for Light Amplification 
by Simulated Emission of Radiation is a coherent and 
amplified beam of electromagnetic radiation. The key 
element in making a practical laser is the light amplification 
achieved by stimulated emission due to the incident photons 
of high energy. Laser comprises of three components namely 
lasing medium, lasing energy source and optical delivery or 
feedback system. The laser medium may be a solid, liquid or 
gas. Laser light differs from ordinary light because it has 
photons of same frequency, wavelength and phase, laser 
beams are highly directional, have high power density and 
better focusing characteristics. Among different types of 
lasers Nd:YAG and CO2 are most widely used now a day’s. In 
this process material is joined by focusing highly intense 
laser beam on the work piece. Welding is a process of joining 
the surfaces of two work-pieces (usually metals) through 
localized coalescence. It is a precise, reliable, cost-effective, 
and high-tech method for joining materials. No other 
technique is as widely used by manufacturers to join metals 
and alloys efficiently and to add value to their products. Most 
of the familiar objects in modern society, from buildings and 
bridges, to vehicles, computers, and medical devices, could 
not be produced without the use of welding. 

   Nowadays, welding goes well beyond the bounds of 
its simple description. This technique is applied to a wide 
variety of materials and products, using advanced 
technologies, such as lasers and plasma arcs. The future of 
welding holds even greater promise as methods are devised 

for joining dissimilar and non-metallic materials, and for 
creating products of innovative shapes and designs. Lot of 
researchers are investigation to deal with the estimation of 
weld bead geometry, Heat affected zone, hardness and 
microstructure. Balasubramaniam  (1) Investigated that 
beam power and weld speed are major process parameters 
influencing on depth of penetration and bead width. This 
thesis tries to clarify the various background issues 
concerning the laser beam welding of stainless steels.Codigo 
Do Tradalho (2) has carried out investigation to weld joint 
gap on 304L stainless steel using CO2 laser welded joints to 
characterize weld bead geometry. 

2. Literature Review 

Alexandra et.al (2003) has worked on laser beam welding 
hard metals to steel. They have examined Laser beam weld 
ability of hard metals to steel with high power (cw) CO2 
laser, (cw) Nd: YAG laser and (pw) Nd: YAG laser. 

They have deduced that the laser beam welding process has 
the overall advantage of producing small beads and HAZ and 
minimizing residual stresses. Continuous Nd: YAG laser was 
found to present the best results. 

Ribolla et.al (2005) has investigated the use of Nd: YAG laser 
weld for large scale volume assembly of automotive body in 
white. They have suggested some advantages in laser 
welding as a variety of benefits over other types of welding. 
Deep penetration of precise narrow welds, small heat 
affected zone, low heat input, fast weld times, minimum part 
distortion, no secondary processing and high repeatability 
can be mentioned as great advantages. 

Balasubramanian et.al (2006) has worked on Mathematical 
and ANN Modeling of Nd: YAG laser welding of thin SS 
Sheets. The effect of laser power (0.6-1.4 kW), welding speed 
(0.8-2 m/min) and shielding gas flow rate (5 - 15 l/min) on 
the weld-bead geometry i.e. depth of penetration (DOP), 
weld bead width (BW) was investigated. The experiment 
was designed on three levels Box-Behnken design with 
replication. Modeling was done using artificial neural 
network and multiple regression analysis. Comparison of 
neural network model and multiple linear regression model 
was made. 

Roberto Berrettaa  et.al (2007) have investigated the 
pulsed Nd: YAG laser welding of AISI 304 to AISI 420 
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stainless steels. They have studied the influence of the laser 
beam position, with respect to the joint, on weld 
characteristics. The joints were examined in an optical 
microscope for cracks, pores and to determine the weld 
geometry. The microstructure of the weld and the heat 
affected zones were observed in a scanning electron 
microscope. Vickers microhardness testing and tensile 
testing were carried out to determine the mechanical 
properties of the weld. 

Glowski et.al (2009) have studied the characteristics of Nd: 
YAG laser welded joints of dual phase steel. They have 
presented the examination results of microstructure, 
mechanical properties, fatigue strength and residual stresses 
of Nd: YAG laser welded joints in dual phase HDT580X steel. 
They have concluded that the laser welding parameters were 
appropriate to obtain sound welds. They have indicated that 
it was possible to achieve good quality welds by the 
application of proper welding parameters. 

Padmanaban et.al (2010) has worked on an optimization of 
laser beam welding process parameters to attain maximum 
tensile strength in AZ31B magnesium alloy. An empirical 
relationship was developed to predict tensile strength of the 
laser beam welded AZ31B magnesium alloy by incorporating 
process parameters such as laser power, welding speed and 
focal position. The experiments were conducted based on a 
three factor, three level, central composite face centered 
design matrix with full replications technique. The empirical 
relationship can be used to predict the tensile strength of 
laser beam welded AZ31B magnesium alloy joints at 95% 
confidence level. The results indicate that the welding speed 
has the greatest influence on tensile strength, followed by 
laser power and focal position. 

Ruggiero et.al (2011) have investigated weld-bead profile 
and costs optimization of the CO2 dissimilar laser welding 
process of low carbon steel and austenitic steel AISI316. The 
effect of laser power (1.1–1.43kW), welding speed (25– 75 
cm/min) and focal point position (- 0.8 to - 0.2 mm) on the 
weld-bead geometry (i.e. weld-bead area, A; upper width, 
Wu; lower width, Wl and middle width, Wm) and on the 
operating cost C was investigated  using response surface 
methodology (RSM). The results indicate that the proposed 
models predict the responses adequately within the limits of 
welding parameters being used. They have used regression 
equations to find optimum welding conditions for the 
desired geometric criteria. They have concluded that the 
welding speed is the parameter that most significantly 
influences the main weld bead dimensions. 

Sathiya et.al (2012) have worked on optimal design for laser 
beam butt welding process parameter using artificial neural 
networks and genetic algorithm for super austenitic 
stainless steel. In that study, the weld bead geometry such as 
depth of penetration (DP), bead width (BW) and tensile 
strength (TS) of the laser welded butt joints made of AISI 
904L super austenitic stainless steel were investigated. They 
have developed Artificial Neural networks (ANN) program in 

Matlab software to establish the relationships between the 
laser welding input parameters like beam power, travel 
speed and focal position and the three responses DP, BW and 
TS in three different shielding gases(Argon, Helium and 
Nitrogen). 

Yang dongxia et.al (2012) has worked on Optimization of 
weld bead geometry in laser welding with filler wire process 
using Taguchi’s approach. In their work, laser welding with 
filler wire was successfully applied to joining a new-type Al–
Mg alloy. Welding parameters of laser power, welding speed 
and wire feed rate were carefully selected with the objective 
of producing a weld joint with the minimum weld bead 
width and the fusion zone area. 

This paper aimed to examine the influence of weld 
speed, power and focusing distance on the welded joint 
performance. The effect of each parameter has been studied. 
Analysis of Variance (ANOVA) has been used for finding the 
contribution of each factor on the output parameters. The 
main effects plots and the interaction effect plots have been 
plotted in order to understand the actual effect of input on 
the output. The responses have been predicted by regression 
analysis using MINITAB. 

3. DESIGN OF EXPERIMENT, EXPERIMENT 
WORK AND MEASUREMENT 

This is a non- contact process that requires access to 
the weld zone from one side of the parts being welded. The 
weld is formed as the intense laser light rapidly heats the 
material typically calculated in milliseconds. Laser welding is 
a joining process where laser are used as a heating source 
for joining the two metal parts. Many advantages of laser 
welding technology such as high speed and noncontact 
welding make the use of the technology more attractive in 
the automotive industry. Quit a number of researchers work 
has been studied on CO2 laser welding. used 20 kW CO2 
laser for welding of mild steel to determine the plasma 
absorption in the keyhole based on photodiode 
measurements and spectroscopic measurements. They 
observed that the plasma absorption of the laser beam can’t 
neglect in certain welding conditions and plasma studied on 
the welding of low carbon steel by using the 4KW CO2 laser. 
The welding parameters were laser power 4KW, welding 
speed 1.2m/min, shielding gas Helium and Argon its flow 
rate 11L/min.  

A stainless steel sheet of dimension 
1050mm*1050mm*3mm was provided. The sheet was cut in 
to four small pieces of equal dimension of 
100mm*100mm*3mm using LASER cutting machine. The 
sheet was clamped in the table and then was cut. One of the 
smaller sheets of equal dimension was taken and the sheet 
was cut in to small strips of width 1050mm and length 1050 
mm.  Then these small strips are cut into small plates of 
dimension 100mm*100mm*3mm. these small sheet are to 
be welded. After cutting in LASER machine the edges of the 
small sheets not polished. The surface of the sheets to be 
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welded should be very smooth. So the surfaces are finished 
in grinding machine. To remove the bur filing was done. 

In finishing operation the stainless steel sheet should be 
continued with very slowly and steadily. So precaution was 
taken. After converting the big sheets of stainless steel in to 
small sheets of dimension the small sheets are aligned on the 
table of the welding machine. The machine used to weld the 
two sheets of metal. 

3.1 welding process 

Welding takes place by placing two 304L SS material 
of 100*100*3mm size are first placing both faces to ensure 
that the joint must in ZERO-gap. First operator place the 
specimen holder with the two specimens to be joined and 
then pass a low powered LASER beam up on the joint to 
check the position and direction .spot three high power 
beam on the joint to ensure that line of direction, after that 
specified parameters laser beam passed over the specimen 
for weld and then cool down the welded joint with the help 
compressed air. Repeat the 9 joints as per given parameter 
sheet shown in parameter table 1.Figure 1 consist of laser 
welded joint 

 

Figure1 Laser welded joint 

The above figure shows LASER beam welded joint 
specimen the dimension was 200*100*3mm total 9 
specimen are prepared  

3.2 sub specimen preparation  

          The welded samples are machined with water jet 
cutting to obtain the required sub sample because in this 
machining HAZ and lubricant are absent which effect on 
output parameters. 

      As per ASTM E8M standards sample dimensions are 
chosen for TENSILE test and BENDING test dimensions are 
given in below fig 2 

 

Figure 2 specimen dimension 

For bending 200*20*3mm sub-samples are machined by 
using water jet cutting to obtain specified design shape. 

 

Figure 3 Tensile test specimens 

  Tensile test the 200*100 mm laser weld blanks were 
machined into standard ASTM E8 sheet type sub size 
transverse weld tensile specimens are shown in fig 3. 

Table 1 Parameter Sheet  

Input Parameters Output Parameters 

 

 Exp          
No. 

 power 

(W) 

 Weld 

 speed   
(m/min
) 

 Focal 

 
position 

 (mm) 

 Tensile 

 Strength 

 (MPa) 

 Bending 

 Strength 

 (MPa) 

 

    % of 

 Elongation 

1 1700 1.0 -2 720.6 638 49 

2 1700 1.5 0 605.2 633 42 

3 1700 2.0 +2 596.6 403 14 

4 2000 1.5 -2 727.8 643 50 

5 2000 2.0 0 725.4 640 50 

6 2000 1.0 +2 711.4 635 48 

7 2250 2.0 -2 741.4 658 53 

8 2250 1.0 0 731.9 646 51 

9 2250 1.5 +2 731.9 651 52 
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From the table 1, it is identified that the minimum ultimate 
tensile strength value 596 Mpa is obtained at the value of 1.7 
KW Power, 1.0 mm/min travelling speed and +2 mm focal 
position, zero position length is 200 mm. The maximum 
ultimate tensile strength value 741 Mpa is obtained at the 
value of 2.25 KW Power, 2000 mm/min travelling speed and 
-2 mm focal position.  

 Figure 4 and 5 shows specimen after testing is tensile tested 
specimen and bending tested specimen.  

 

Figure 4 Tensile specimens after testing ,  Figure 5 
Bending specimens after testing 

4 Results & Discussion 

Taguchi approach is an effective approach for optimization. 
There have been plenty of recent applications of Taguchi 
approach to various mechanical engineering fields for 
process optimization. Hence, in this work optimization of 
LBW process parameters and statistical analysis of the 
experimental data was carried out. Initially Taguchi 
technique was applied to the L9 orthogonal array 
experiments in order to identify the optimal values for 
strength characteristics such as Tensile Strength (TS) and 
Bending strength (BS) in LBW process. In addition to it 
linear regression analysis was performed in order to 
establish a relationship between process parameters and 
output responses using MINITAB software. Later, ANOVA 
was performed to observe the parameters which affect 
significantly the mechanical strength characteristics of LBW 
joints. 

4.1 Main Effects of Process Parameters on 
Output Responses 

4.1.1 Direct effect of process parameters on 
Tensile strength 

Figure 6 shows the main effects plots for the means of tensile 
strength values. It indicates the variation of tensile strength 
values with respect to various process parameters. As seen 
in Figure 6, tensile strength increases with the increase in 
Laser Power (LP). Increase in laser power increases the level 
of discharge energy and which subsequently causes more 
powerful explosion and results in more melting occurs from 
the work piece. Hence higher values of Laser power leads to 
greater amount of weld joint efficiency. On the contrary, 

from the same plot it was observed that tensile strength 
decreases with the increase in weld speed. This happens as 
the time for contact between laser beam and work piece 
decreases then less amount of time period gets to weld it 
lead poor weld. Tensile strength is decreased with the 
change in type of laser used.  Almost similar pattern was 
observed with change in weld speed, as depicted in Figure 6, 
Tensile strength is slightly decreased with increase in focal 

point. 
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Figure 6 Effect of process parameters on tensile strength 

4.1.2 Direct effect of process parameters on 
bending strength 

Figure 7 depicts the main effects plots for the means of 
bending strength values. It indicates the variation of bending 
strength values with respect to various process parameters. 
From the Figure 7 it was observed that bending strength 
increases with the increase in laser power. This indicates 
that the discharge energy becomes more intense with higher 
value of laser power. The higher beam discharge energy 
causes more powerful explosion and deeper welds are 
formed on the joint. This results in good weld. Hence to 
obtain good weld bead finish the laser power should be as 
kept low as possible. On the other hand, low beam power 
leads to longer welding time required. The individual effect 
of welding speed on bending strength can be observed from 
the same plot. The strength increased with the increase in 
weld speed for certain point after that strength decreased by 
increasing weld speed, as discharge energy decreases and 
subsequently deep craters are not formed. Hence, it leads to 
good weld quality. However, increasing weld speed leads to 
increasing bending strength for certain point further weld 
speed increasing cause’s low joining rate. The effect of focal 
point on bending strength, as seen in same figure, is that 
hardly any improvement in weld quality is achieved with any 
lower value of focal point. Similar pattern was observed for 
weld speed on bending strength. But in weld speed strength 
was increased for next point and then it decreased at next 
pint for that certain weld speed was required for good weld. 
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Figure 7 Effect of process parameters on bending strength 

4.2 ANOVA for output responses 

4.2.1 ANOVA for Tensile Strength 

In order to investigate the significantly affecting parameters 
on tensile strength, ANOVA of experimental data was 
performed for analyzing the influence of laser power (LP); 
weld speed (WS) and focal point (FP) on the total variance of 
the results. In addition, the Fisher’s F-test can also be used to 
determine the parameters which have a significant effect on 
the response variable when F is large. The results of ANOVA 
for tensile strength are shown in Table 2. The last column of 
the tables indicates the percentage contribution of each 
factor on the total variation, thus indicating the degree of 
influence on the tested result. From the analysis of Table 2, it 
can be observed that the parameters laser power (61.38%) 
and focal distance   (17.14%) influence the tensile strength, 
whereas the weld speed (8.7%) had lesser then error so no 
influence on tensile strength. Especially the laser power has 
greater influence when compared to rest of the factors. 

The influence of each control parameter on tensile strength 
was represented in Figure 8 graphically. The factors present 
a physical significance when a percentage of contribution of 
LP and FP parameter is greater than error associated except 
weld speed. From the ANOVA results, it is clear that the error 
associated is approximately 12.76% for tensile strength.  

Table 2 Results of the ANOVA for tensile strength 

Predictor SS DF Variance Fcalculated 
Percentage 
contribution 

Laser 
power 
KW 

15587 2 7793.5 4.81 61.38 

Weld 
speed 
m/min 

2211 2 1105.5 0.68 8.7 

Focal 
distance 
mm 

4354 2 2177 1.34 17.14 

Error 3241 2 1620.5 
 

12.76 

Total 25393 8 
  

100.00 

 
Figure 8 Percentage contributions of process factors on 

tensile strength 

Hence in this study, it was found that laser power and focal 
distance had physical significant effect on the tensile 
strength. 

4.2.2 ANOVA for bending strength 

Table 3 shows the ANOVA results for bending strength. From 
this table it can be depicted that parameters laser power 
(30.06%) and focal distance (24.88%) influence the bending 
strength, whereas the parameter weld speed (21.20%) had no 
influence on the bending strength. Especially the laser power 
has greater influence on bending strength when compared to 
rest of the factors. The influence of each control parameter 
on bending strength was represented in Figure 9 graphically. 
From the ANOVA results, it is clear that the error associated 
is approximately 23.84% for bending strength. In this study, 
it was found that laser power have physical significant effect 
on bending strength.  

Table 3 Results of the ANOVA for bending strength 

Predictor SS DF Variance 
F-
calculated 

Percentage   
contribution 

Laser 
power 

KW 
15541 2 7770.5 1.26 30.06 

Weld 
speed 

m/min 
10963 2 5481.5 0.89 21.20 
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Focal 
distance 

mm 
12867 2 6433.5 1.04 24.88 

Error 12326 2 6163 
 

23.84 

Total 51696 8 
  

100 

 
 

Figure 9 Percentage contributions of process factors on 
bending strength 

4.3 Regression Analysis of Output Responses 

 Mathematical models for Tensile strength (TS) and bending 
strength (BS) responses in terms of control variables were 
developed in the preliminary stage with the regression 
technique. In the secondary stage Taguchi technique was 
applied to the L9 orthogonal array experiments in order to 
identify the optimal values for TS and BS. Using a Minitab 
version 9 analysis of the influence of each control factors on 
TS and BS has been performed with SNR response. 
Experimental layout and their results with calculated SNR 
for the TS and BS of the composite are furnished in Table 1.8. 
Considering the TS and BS as response variables and the 
control factors as inputs, it is possible to develop a 
mathematical model expressing the relationship between 
the output and input. The correlations between the main 
factors and their interactions with TS and BS of the LBW 
joints were obtained by performing regression analysis. The 
following Equations 1 and 2 were developed with an R-Sq 
83.9% and 80.9% for TS and BS response variables 
respectively using method of least squares.  

TS in MPa = 688+47.1 LP in KW -16.7   WS in m/min -25.0 FP 
in mm   (Eq. 1) 

(R-Sq = 83.9%   R-Sq (adj) = 78.2%) 

BS in MPa = 679+46.8 LP in KW – 36.3 WS in m/min -41.7 FP 
in mm    (Eq. 2) 

(R-Sq = 80.9%   R-Sq (adj) = 77.5% 

The adequacy of the models as represented by Equations 1 
and 1 are checked using the normal probability plot of 
residuals for TS and BS as shown in Figure 10 and Figure 11 
It can be observed that the points are close to the normal 
probability line and thus evidencing the model adequacy. 
Another way of ascertaining about the models adequacy is 
by plotting the residuals against fitted values of TS and BS. It 
can be observed that the points representing the residuals 
are randomly scattered. Thus, the mathematical models 
formulated for prediction of TS and BS as represented by 
Equations 1 and 2 are adequate. The values of the TS and BS 
can be predicted by. Substitute the coded values of the 
variables in the equation 1 and 2 respectively.  
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Figure 10 Residual Plots for Tensile strength 
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Figure 11 Residual Plots for bending strength 

4.4 SNR Analysis of Output Responses 

In order to evaluate optimal parameter settings, Taguchi 
method uses a statistical measure of performance called 
Signal-to-Noise Ratio (SNR). The SNR takes both the mean 
and the variability into account. The SNR is the ratio of the 
mean (signal) to the SD (noise). The ratio depends on the 
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quality characteristics of the product/process to be 
optimized. The standard SNRs generally used are as follows: 
nominal-is-best (NB), lower-the-better (LB), and higher-the-
better (HB). The optimal setting is the parameter 
combination, which has the highest SNR. In this investigation 
higher-the-better (HB) is used for TS and lower-the-better 
(LB) SNR ratio is employed for BS response functions. 

Figure 12 and Figure 13 shows the main effects plots for the 
TS and BS for SNR mean values. It can be observed form 
Figures that the greater the SNR, smaller is the variance of 
the TS around a desired value. It can also be observed that 
the optimal testing conditions of the control factors can 
easily be determined. The plot shows the change in SNR 
when the setting of the control factor was changed form one 
level to other. The best value is found to be at higher SNR 
value. From Figures it can also be seen for tested samples the 
optimum condition for tensile strength becomes LP1 WS1 and 
FP1 whereas for bending strength the optimum conditions 
observed are LP1 WS1 and FP1 for main control factors 
respectively. 

 

Figure 12 SNR Analyses for Tensile Strength 

 

Figure   13 SNR Analyses for Bending Strength 

 

5 Conclusions 

Experiments were conducted on LBW to evaluate the 
strength characteristics of 304 stainless steel welded joints 
.Laser power, welding speed and focal point distance were 
considered as process parameters while tensile strength and 
bending strength were considered as output responses. 
Conclusions derived by application of Regression and 
Taguchi analysis of experimental results are as follows: 

Empirical linear regression equations are developed for 
predicting the bending test errors and tensile test errors 
respectively within selected experimental conditions. 

The Taguchi method was applied in order to identify the 
optimized values of process parameters by taking maximum 
Tensile strength and maximum bending strength.  

Based on the ANOVA results for tensile strength, it was 
depicted that the process parameters, laser power, weld 
speed and focal point distance have more influence on the 
strength.  

In case of bending strength laser power, Focal point exert a 
significant effect, whereas the parameters weld speed and 
have less  significant effect on the bending strength. 
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