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ABSTRACT

One of the benefits of fiber laser welding technology is that the amount of heat generated at the weld position is
very less. This method is said to offer a great advantage for today’s modern manufacturing needs. The input parameters
involved in the laser welding process play an important role in deciding the quality of the weld joint. The various
properties that can define the quality of the weld are mechanical aspects, the geometry of the weld bead and distortion. In
this research work, the geometry of the weld bead such as ultimate tensile strength, weld bead width, depth of penetration
of the laser welded butt joints of mild steel 2062 sheets are examined. With the help of design expert software, the
Response Surface Methodology [RSM] was used in developing the empirical relationships relating the process parameters
such as laser power, travelling speed and focal position with the output responses such as ultimate tensile strength, depth of
penetration and weld bead width. The acceptability of the developed mathematical models is validated with the help of
analysis of variance using design expert software. The investigation was further carried out using the desirability approach
in achieving an optimal welding combination, such that, it would maximize the ultimate tensile strength, depth of

penetration, and minimize the weld bead width.

Keywords: laser welding, response surface methodology, desirability approach, and optimization.

INTRODUCTION

The mathematical models for controlling the
quality of weld joint, weld properties and productivity in
arc welding processes have been studied [1]. The study

showed various practical situations where the
mathematical models can be developed and the
relationship and influences between the process

parameters and output responses can be found. These
relationships can only be developed based on the
experimental results, as the relationship between the
process parameters and the weld bead geometry in the
process are non-linear. It is rather difficult to develop a
mathematical model that can predict the response of the
welding process and determine the optimum welding
condition expressed in terms of typical constraints. In
general, all the welding processes are intended to obtain a
welded joint with the optimal weld bead parameters with
good mechanical properties and a low level of distortion.
In order to achieve such a result, people nowadays use the
application of design of experiment (DoE) to develop a
model which will lead to the optimal weld quality. The use
of Response Surface Methodology has a very high
optimization accuracy level and the computational time is
shorter. Also, the understanding of the technique is said to
be easier than the other techniques [2]. The weld bead
geometry is considered as an important aspect in finding
the mechanical properties of the welded joints. This shows
that the selection of proper welding process parameters is
more important for obtaining optimal weld bead geometry
[3-5]. The combination of the laser power, travelling
speed, focal position is more important for a correct
transverse cross-section shape [6]. These parameters must

be selected in a way that the deeper penetration is
achieved with smaller widths for fused zone [7].
Alexandra P Costaa et al. [8] worked on the laser beam
welding hard metals to steel and examined laser beam
weldability of hard metals to steel with high power CO,
laser and Nd: YAG laser. Balasubramian K R et al. [9]
worked on the mathematical and ANN modelling of Nd:
YAG laser welding of thin SS sheets and compared the
neural network model and multiple linear regression
model. Padmanabhan G et al. [10] worked on the
optimization of laser beam welding process parameters in
achieving maximum tensile strength of AZ31B
magnesium alloy and concluded that the welding speed
has the greatest influence on tensile strength, followed by
laser power and focal position. Dhavalkumar K Soni et al.
[11] conducted an experimental investigation and
prediction of the laser welding process for mild steel 2062
sheets of 1 mm using a fiber laser. They conducted the
experiment and designed the experimental work using
design expert software. They predicted the output
responses by Artificial Neural Network (ANN) using
MATLAB.

In the current research, an attempt has been made
to establish mathematical relationships by relating the
process parameters to the output responses and thereby
optimizing the process parameters using the desirability
approach in achieving an optimal welding combination
with the help of Response Surface Methodology. The
objective of the optimization is to maximize the ultimate
tensile strength, depth of penetration, and minimize the
weld bead width.
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RESPONSE SURFACE METHODOLOGY

The mathematical models are developed with the
help of this technique. This methodology is preferred as it
has a collection of statistical and mathematical techniques
which is mainly used in building a significant model. The
desirability approach is mainly used for its simplicity and
flexibility in giving preference level for individual
responses.

ANALYSIS OF VARIANCE USING RSM

In the Table-1, the model F-value of 378.86
shows that the model developed for the output response
ultimate tensile strength is significant. If the values of
“Prob>F" are less than 0.05, it is said to indicate that the
model terms are significant. From Table-1, it is clear that
the terms A, B, C, AB, AC, BC, A%, C? are all significant.
The "Pred R-Squared" of 0.9876 is found to be in
reasonable agreement with the "Adj R-Squared" of 0.9924.
"Adeq Precision" measures the signal to noise ratio,
greater than 4 is desirable. The ratio of 68.494 indicates an
adequate signal and thus the model can be used to navigate
the design space. In the Table-2, the model F-value of
64.01 shows that the model developed for the output
response depth of penetration is significant. From Table-2,
it is clear that the terms A, B, C, AC are all significant.
The "Pred R-Squared" of 0.9164 is in reasonable
agreement with the "Adj R-Squared" of 0.9562. The ratio
of 29.010 indicates an adequate signal and thus the model
can be used to navigate the design space. In the Table-3,
the model F-value of 11.56 shows that the model
developed for the output response weld bead width is
significant. From Table-3, it is clear that the terms A, B
are all significant. The "Pred R-Squared" of 0.6553 is in
reasonable agreement with the "Adj R-Squared" of 0.7852.
The ratio of 11.595 indicates an adequate signal and thus
the model can be used to navigate the design space.

DEVELOPMENT OF EMPIRICAL
RELATIONSHIPS

The mathematical relationships expressed in
relating the output responses and the process parameters
are given in the Equations. (1) — (3).

Ultimate tensile strength = 97.85185 + 277.11111 * Laser
power + 0.022389 * Travelling speed - 84.84127 * Focal
position - 0.010000 * Laser power * Travelling speed +
44.76190 * Laser power * Focal position + 7.61905 * 1073
* Travelling speed * Focal position - 59.55556 * Laser
power? + 1.77778 * 10 * Travelling speed? + 32.19955 *
Focal position? (1)

Depth of penetration = 0.84108 + 0.12333 * Laser power
+ 1.72222 * 10 * Travelling speed + 0.021349 * Focal
position + 6.66667 * 10° * Laser power * Travelling
speed - 0.026667 * Laser power * Focal position +
7.14286 * 10 * Travelling speed * Focal position -
0.026667 * Laser power? - 1.33333 * 10 * Travelling
speed? +0.016327 * Focal position? )

Weld bead width = 0.94611 + 0.082556 * Laser power -
1.13333 * 107 * Travelling speed - 6.42857 * 10 * Focal
position + 3.33333 * 10 * Laser power * Travelling
speed + 3.80952 * 10 * Laser power * Focal position +
3.33333 * 10 * Travelling speed * Focal position -
0.021333 * Laser power? - 5.42657 * 1022 * Travelling
speed? + 6.80272 * 1073 * Focal position’ (3)

OPTIMIZATION

The need of relating the ultimate tensile strength,
depth of penetration and weld bead width must be
addressed, in order to establish a model of optimized
values. The optimal welding conditions at which the
desirable responses can be achieved is noted based on the
optimization study carried out. Once we assign the criteria
for which the models are developed, the optimum welding
conditions can be obtained. The criteria implemented is
shown in Table-4. The criteria was set to reach the
maximum ultimate tensile strength, depth of penetration
and minimum weld bead width by using the input
parameters in the range. The optimal solutions obtained
through desirability approach are given in the Table-5 and
Table-6. The solutions obtained through the desirability
approach show that for an optimization criteria of
maximum ultimate tensile strength and depth of
penetration, and minimum weld bead width, the travelling
speed has to be around the limit of 1900 mm/min. The
optimal conditions provide an ultimate tensile strength of
428.12 MPa, depth of penetration of 1.023 mm and weld
bead width of 1.014 mm with a desirability of 0.820. The
optimized values and their responses are shown for each
parameter in the Figure-1.

Table-1. ANOVA results for the response 1 (Ultimate
tensile strength).

SR Sum of Mean F 1133—\-‘3;113
Squares | Sguare | Value rti;. -
Wodel 29677 | 329746 | 3738 | <0.0001
Lser 16245 | 16245 | 18664 | < 00001
power
Traveling | oo | 256388 | 2951 | <0.0001
speed
S 654 5 6845 | 7364 | <00001
position
LB 13.75 1275 | 2154 | 00002
AC 12403 | 184083 | 2115 | =00001
BC 21333 | 213333 | 2451 | noool
X 83129 | 831296 | 9551 | <0.0001
BZ 11851 | 118518 | 1.361 | 0.2594
cz 93351 | 933518 | 107.25 | <0.0001
R- Pred R-
Sruared 0223 Souared L
Adf R- 0992 Adeq | g
Suared Precision
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Table-2. ANOVA results for the response 2 (Depth of Table-4. Optimization criteria for laser welding process.
penetration).
Lower | Upper
| — F p-value Name (zoal N o
Source Prob = Limit | Limit
Squares | Square | Value F —
- Laser power 15 1 range 1.5 2
Model 0.00457 | 0.0005 | 64.008 o oong Travelling speed 15 in range | 1000 2000
Lazer = a2 Py

pover 0.00273 0.0027 | 34443 | 4o U}qucal pusﬂ:m:ll imrange | -07 1

Trawellin < timate tensile .

e 0.000213 0.0002 26,864 0.0001 St:rength TAZITIEE 389 427

Focal = - —

Shemen | SOOI | WLODLE | STORY pang Depth of penetration | mazimize | 0.979 | 1.023
AB 3.3%106 | 8.3%106 | 1.043 | 0.3202 Weld bead width morgrraze | 1,005 | 1.021
AT 6.5%105 | a.5%103 a.218 n.oio7
BC 1E*10-% | L.a8*10% | 2.353 0.1430 Table-5. Optimized solutions showing the input
A2 La*105 | L6*10% | 2096 | 0.1658 parameters.

B2 6.6%107 | a.6*107 | 0.0833 07756
C 24%10% | 2.4%105 | 3.0191 | 0.1004 Laser Travelling | Focal
R- 08713 Pred R- 00164 power speed position

Souared Souared

Adj R- Adeq 1.935518 1993.9999 [ -0.49995

Ao 0.9561 Precizsio | 29.010

4 n 1.938384 19339997 | -0.49614
1.941178 1999 9824 [ -0.69241
Table-3. ANOVA results for the response 3 (Weld bead
width). 1.943552 19929975 [ -0.6858
)
1.947846 19999978 | -0.68357
Sum of Mean F p-value
Source Squares | Square | Value | Prob = F 1.951555 19999919 | -0.6787
4 145%] 1.955452 1998 9959 [ -0.47353
IModel 0.00037 05 11.562 | < 0.0001
o 1.960577 195989995 [ -0.46691
0.00015 0.00015 | 41.903 | < 0.0001
power
Travellin Table-6. Optimized solutions showing the output
gopeed | 00002 | 00002 | 55788 | <0.0001 responses.
pEgiEc:ianln S107 | S*I07 | 01394 | 0.713
2 03*10 Ultimnate Denth of Weld
AB 200 | S 0.5811 | 0.4563 tensile epii bead | Desirability
; strength | PEREANON | iith
AC 1.33%108 1'3_3:5 i 0.3719 0.5500
T 42812824 | 1.0230001 1.014221 | 0820216481
BC 408700 | 7 | 11390 | 03008 47800737 | 10230000 | 1.014225 | 0.32010474
a2 | vogaos | MOS0 aagsy | png 43789081 | 10229999 | 1014229 | 081999268
B2 0 0 0 1000 4X7FI05 | 1.0230001 1014233 | 081989174
*
2 4 16%106 4.i$§ PVt | o02een 42761805 | 1.0230001 1014238 | 081974206
Z e 42746974 | 10230009 [ 1.014243 | 081960151
squared | D87 | squared | %892 47731377 | 10229997 | 1014248 | 081945944
Adj R- Aded 42711636 | 10230004 | 1014254 | 081927344
0.78523 Precizio | 11.595
Sguared n
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A:Laser power = 1.94 B:Travelling speed =2000.00

L

optimization of the welding process in which the yellow
shaded regions are the portions that come under the
desired response criteria. Figure-4(a), Figure-4(b),
Figure-4(c) shows the cube plot that has the ability to
show the influence of all the three input parameters for a
particular output response and predict the optimal
conditions for obtaining the desired responses.

—

-0.70 0.00 389 427
C:Focal position = -0.70 Ultimate tensile strength = 428.129 ’E‘
B
:‘n;,'
2
€
2
O
0979 1.023 1.005 1.021
Depth of penetration = 1.023 Weld bead width = 1.01422
Desirability = 0.820
Figure-1. Optimized result for each parameter. P
DESIRABILITY
The values of the desirable level of all the input o O
parameters and output responses are shown individually in %
the Figure-2. The combined desirability of the optimized £
model is said to be 0.820. 3
% 1500.00
e
]
Laser power E
=
Travelling &g 1250.00
speed
Focal position
Tensile 1000.00
strength
Depth of
penetration
0.00
Weld bead
width e
Combined 0.820217
=-0.20
0.000 0.250 0.500 0.750 1.000 E,
. . o1 . .« . E -0.30
Figure-2. Desirability aspect for individual parameters Z
and combined level. =
S 040
L
CONTOUR AND OVERLAY PLOTS © os0
The graphical plots of the optimal solution show
the influence of each parameter level with the desirability .60
of the optimization process. The desirability and the
optimal values of the input parameters are shown in 070

Figure-3(a), Figure-3(b) and Figure-3(c). The overlay plot

shown in Figure-3(d) is the result of the graphical
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7981



VOL. 11, NO. 12, JUNE 2016

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

==
©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved. @

www.arpnjournals.com

Overlay Plot

2000.00

Ultimate tensile st 428.128
Depth of penetratio 1.023
Weld bead width: 1.01422

e X1 1.94 2t
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Weld bead width: 1.021
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A Laser power (KW)
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Figure-3. Desirability plots (a) Contour plot showing laser
power and focal position (b) Contour plot showing laser
power and travelling speed (c) Contour plot showing
travelling speed and focal position (d) Overlay plot
showing the optimized weld zone.
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Figure-4. Cube plots (a) Ultimate tensile strength (b)
Depth of penetration (c) Weld bead width (d) Desirability.

CONCLUSIONS

From the results
conclusions were listed.

Investigation on the laser welding process is
carried out and the relationship between the input
parameters such as laser power, travelling speed and focal
position with the output responses such as ultimate tensile
strength, depth of penetration and weld bead width is
modelled through RSM. The developed RSM model is
used to optimize the welding parameters with the help of
desirability approach using design expert software.

A travelling speed between 1980 and 2000 rpm is
an optimum input for obtaining an excellent laser welded
result. The travelling speed is the most influencing
parameter of the output response, weld bead width.

During the laser welding process, the optimized
laser power between 1.93 and 1.94 is said to have a higher
influence on the output response, depth of penetration. In
this case, the travelling speed does not influence the depth
of penetration much.

The travelling speed has less influence on the
output response, ultimate tensile strength, which means the

obtained, the following
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input parameters laser power and focal position are the
most influencing aspects of the output response
considered.

Thus, it is clear that the optimized results show
that the maximum tensile strength of 428.12 MPa, depth of
penetration of 1.023 mm/min and weld bead width of
1.014 mm for the input parameters (Laser power = 1.94
KW, Travelling speed = 1999.99 mm/min & Focal
position = -0.699 mm) obtained though desirability
approach.
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