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Abstract: This paper presents the comparative studies between Resgaomface Methodology (RSM) and Genetic Algorithm (GA)
in parameter optimization of laser welding process. Beaglate weld was carried out on low carbon steel plate usiffgsibn
cooled CQ laser welding system. Weld bead geometry and heat affecteelwere modelled and optimized as function of three laser
welding process parameters namely laser power, weldingdsgid focal position using RSM based historic data desiga.€fects

of the various laser welding parameters on weld bead gegraatt Heat Affected Zone (HAZ) were studied using contoutspldhe
interaction effect of process parameters on the responses studied using analysis of variance. Optimum weldingupaters to
obtain desire quality of joint were determined by numeriatimization module in RSM. Thereafter, priori approachce was also
applied to determine the optimum welding parameter. Thdigtige ability of both the methodologies was compared. R8&t better
result than GA.

Keywords: Genetic Algorithm; Laser Beam Welding; Optimization; Resge Surface Methodology.

1 Introduction mechanical properties3]. Selection and controlling of
laser welding process parameters are the main challenges
Laser beam welding is recognized as an importanfor researchers and manufacturers. Conventionally,
advanced welding process by various manufacturingdetermination of welding parameters for a material with
industries for joining a wide range of materials. This the required quality is a time consuming process, requires
welding process is a radiant energy based process, iany trials involving error development effort and the
which laser beam with high energy is used for melting skill of the engineers.
and joining of metals in any type of applications. This In recent years, computational techniques have been
technique is widely used in various industries due to lowused to predict the welding parameters accurately with
heat input per unit volume, less HAZ, narrow and deepminimum number trials and also to develop mathematical
penetration, high aspect ratio, fine welding seam qualitymodel between welding process parameters and
defect-free and high speed weldirig.[ responses. Optimization of the welding process
Generally, weld quality is decided by the weld parameters is done using the mathematical model.
geometry like bead widths, height and depth of Thereafter optimization techniques can be applied to
penetration. The geometry of the weld bead depends upodetermine the optimum welding condition. A comparative
properties of materials and process variables such as lasstudy of various techniques like RSM, GA, Atrtificial
power, welding speed, fiber diameter, focal position,Neural Network (ANN), factorial technique and taguchi
shielding gas, etc. 2. The proper selection and method was carried out. The authors proposed that the
combination of laser welding process variables plays vitalcombination of two optimization techniques would reveal
role in formation of the best bead geometry andbetter result in determining the optimum welding
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Table 1: Variable input parameters

Laser power R) 1500, 2500 and 3500 W axposed to etchant to reveal the weld bead geometry and

Welding speed 9 0.75 to 14 m/min HAZ. The measured (average) responses for twenty one

Focal position £) —4,-2,0,2and4mm. g ccessful combinations of input parameters are
presented in Tabl2.

condition M]. Several studies conducted in laser welding
processes are reportef-p]. The review reveals a high
level of interest in the adaptation of various modelling
and optimization techniques like Kriging model, RSM,
ANNs, FEM and GA to optimize the laser welding
process.

In this research work the objectives are to minimize
the weld bead widths & HAZ and to maximize the depth

3 Mathematical modelling

Mathematical models represent the empirical relationship
between the input process parameters and output
responses. The mathematical models are universally used
to predict the output responses by conducting minimum
number of experiments and reduce the time for selecting

of penetration without compromising the quality of weld. g‘e right comfbmauonsthofd |Input process ”va{'lables.f
Laser power, welding speed and focal position being esponse  surfaceé methodology 1S a collection o

considered as input process parameters. RSM baser&athematical and statistical techniques that are useful fo
historic data design is used to develop the empiricaImOde”'ng and analysis of problems in which a response

relationship between input process parameters and outp _|ntt§3re§t tIS m{!umcegﬁ_ by several variables and the
responses. Numerical optimization is used to determiné® ]?C %g ISto op |T|ze leﬂI;GSpO?SE’:.I. h
the optimal welding condition. Then, GA is also used to n this present work, the output responses such as

L : .—depth of penetration, weld widths and HAZ were
?gstmlszﬁ t?‘rédbed;tﬁrerg'dngir:;?,s%ﬁg?nsd E;r;meter WhICt?nodelled via RSM based historical data design. The

output responses are expressed in terms of the process
variables such as laser powé?)(focal position F) and
. welding speed). The mathematical models in terms of
2 Experimental procedure coded factors and actual factors are shown in Hg8.
The output responses namely depth of penetration, weld
A diffusion cooled carbon dioxide laser welding system widths and HAZ can be arrived by substituting the input
with @ maximum power of 3.5 kW in Gaussian mode was process parameters (laser power, welding speed and focal

used for conducting whole experiment. All experimental position) in the equations shown in coded form.
trials were carried out in bead-on-plate configuration on 7

mm thick low carbon steel plates of chemical o
composition C-0.003, P-0.013, S-0.005, Si-0.001,Equations in coded form,
Mn-0.001, AI-0.04, N-0.01 and balance iron. Before

welding, the surfaces of the plates were brushed andPepth=1.71+ 1.44A—2.588+0.03C (1)
washed to get clean weld. The specimens were rigidiwidth-top= 0.94+ 0.73A— 1.53B+ 0.25C 2)
flxeql on to a fully automated tab_le. The Worklng_rqnges. OfWidth-middIe: 0.6409- 0.3104A — 0.6125B — 0.223&
the input parameters were decided based on initial trials 3)
and expert opinions. The experiments were conducted in

three stages using different values of laser power. At eactAZ = 0.39+ 0.29A—0.39B - 0.063C (4)

stage, the welding speed and focal position were varied.

During the experimental campaign helium at a flow rate Equations in actual form,

30 litres per minute was used as shielding gas. Laser

power, welding speed and focal position were varied inDepth= 0.9896+ 1.436P — 0.38945+ 7.60E — 0.3F (5)

accordance to Table Width-top= 0.8043+ 0.7346°— 0.23075+ 0.06 15 (6)

When laser power was too high and welding speed,, . .
was low, an excessive melting of material occurs due th|dth-m|ddIe: 0.5467+0.3104°— 0.09245— 0.055¢

the addition of heat. On the other hand, the depth of )
penetration was very shallow while using high welding HAZ = 0.1069+ 0.2866°— 0.05823&— 0.0163F (8)
speed and low laser power2][ So, twenty one
experimental trail with depth of penetration greater than
1mm thickness were considered for investigation. 4 Analysis of variance

Macroscopic investigation of bead geometry and heat
affected zone of the weld were carried out using sterecAnalysis of variance (ANOVA) test was executed to
microscope. Two metallurgical specimens were cut awayconfirm the accuracy of the mathematical models and
from each weldment. The metallurgical specimens weremodel terms. ANOVA test results for four response
refined with abrasive wheels till surfaces displays mirrormodels are presented in Tables (3—6). These tables also
like finish. Thereafter, metallurgical specimens weredisplay the other appropriate measures namBfy
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Table 2: Input parameters and responses.

Input parameters Responses
Std A: Power B: Speed C: Focus Depth Width-top Width-middle AZH
run (kW) (m/min) (mm) (mm) (mm) (mm)
1 1.5 6 0 1.171 0.813 0.596 0.187
2 1.5 4 0 1.781 0.78 0.615 0.234
3 1.5 2 0 2.336 1.25 0.747 0.456
4 1.5 1 0 2.8 2.025 1.197 0.621
5 25 6 0 2.417 0.999 0.582 0.343
6 2.5 4 0 2.429 1.3 0.754 0.487
7 2.5 2 0 2.607 1.647 0.939 0.589
8 25 1 0 4.655 3.134 1.2 0.902
9 3.5 14 0 2.028 0.869 0.455 0.413
10 35 12 0 2.017 0.827 0.6 0.543
11 3.5 10 0 1.966 0.941 0.65 0.559
12 3.5 8 0 1.689 1.117 0.869 0.568
13 35 6 0 2.12 1.531 1.066 0.624
14 3.5 4 0 2.038 1.728 1.2 0.687
15 35 2 0 3.786 2.255 1.282 0.807
16 3.5 1 0 6.183 3.372 1.882 0.951
17 35 0.75 0 7 4.138 1.676 1.219
18 3.5 1 2 6.763 2.25 1.171 0.926
19 3.5 1 4 6.286 4.344 1.49 1.203
20 35 1 -2 6.545 3.302 1.71 1.225
21 3.5 1 -4 6.319 3.203 1.78 1.217
Table 3: ANOVA analysis for Depth Table 4: ANOVA analysis for Top-width
Source Sum of df Mean F-Value p-value Remark Source Sumof df Mean F-Value p-value Remark
Squares Square ProbF Squares Square ProbF

Model 62.11 3 207 16.24 < 0.0001 significant Model 20.12 3 6.71 18.08 < 0.0001 significant

A-Power  26.29 1 26.29 20.63 0.0003 A-Power 6.88 1 6.88 18.54 0.0005

B-Speed  46.03 1 46.03 36.11 < 0.0001 B-Speed 16.15 1 16.15 4354 < 0.0001

C-Focus  2.31E-03 1  2.31E-03 181E-03 0.9665 C-Focus  0.15 1 015 041 0.5316

Residual  21.67 17 1.27 Residual 6.31 17 0.37

Cor Total 83.78 20
R? = 0.74; AdjustedR? = 0.69;
Predicted?? = 0.60; Adequate Precision 10.47

Cor Total  26.43 20
R?=0.76; Adjusted’? = 0.71;
Predicted?2 = 0.54; Adequate Precisioa 12.2

Table 5: ANOVA analysis for Middle-width

adjustedr?, predicted®? and desirability ratio. When the ~S°urce  Sumof df MeanF-Value p-value ~ Remark
calculated value oF is greater than 4, the model terms Squares __ Square ProbF
are substantial. The model terms are statistically ,,;\A-(I)Ddfvlver ‘f,idézz ?i 11122 :ﬁ'ggg < pboggéls'gn'f'cam
substantial, if the obtained probability value (p-valug) i B-Speed 559 1 259 8784 ! 0.0001

smaller amount than 0.051(]. In this case 95% - - "= 045 1 012 4924 (')0'551
confidence level was considered. It can be observed thakciqual 050 17 0.029 '

the models are substantial as the p-values are less thaf,, total 3.93 20
0.05. The value of adequate precision ratio over 4 showsgz —5a7- AdjustedZ — 0.84;

the model is substantial. The models are substantial when, ¢ gictedR2 —0.79: Adequaté Precision = 19.11
the other adequacy measur@s and adjusted?? are in '
fair agreement with each other.

5 Effect of process parameters

5.1 Depth

increases and decreases significantly with increase in
laser power and decrease in welding speed respectively,
whereas a slight decrease in depth of penetration is
observed with increase in focal position. The increase in
laser power leads to increase the energy density input

The combined effects of input process parameters ortausing more metal to melt and consequently, more depth
depth of penetration is shown in perturbation plotof penetration is achieved. However, the reverse
(Fig. 1(a)), it is very clear that depth of penetration occurrence is witnessed for welding speed, as increased
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Fig. 1: (a) Perturbation graph represents the effect of variousifaon depth of penetration (A: laser power, B: welding
speed, C: focal position), ( b) Contours plot illustrateseffects of laser power and welding speed on depth of peioetra
for focal position = 0 mm, (c) Contours plot illustrates thiéeets of welding speed and focal position on depth of
penetration, for laser power = 2500 W, and (d) Contours filadtrates the effects of laser power and focal position on
depth of penetration, for welding speed = 7.38 m/min

welding speed reduces the interaction duration and hencatmost significant. Moreover, it is obvious that various

less time is available for the heat energy to flow deep intocombinations of the input process parameters are possible

the specimen. to obtain the desired depth of penetration. It can be

concluded that a combination of greater laser power,

The contour graphs are presented in Figh)—(d), lesser welding speed and medium focal position needs to

show the combined effects between the processhe chosen within the specified range to obtain deeper

parameters on penetration depth obtained from thepenetration.

experimental results. Of the three two-factor interactjon

the combined effect of laser power-welding speed is
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Table 6: ANOVA analysis for HAZ

Source  Sumof df MeanF-Value p-value ~ Remark on middle-width. The interaction effect of laser power
Squares __Square ProbF and welding speed is shown in Fig(b); it is observed
"X'?Dde' 11'2?_) i 2’%% 35%%2 < 8'8881 significant  tpat higher laser power with lower welding speed results
B:Sg‘é":é 108 1 108 toar i0.0001 in wider middle-width. Large amount of material is
C-Focus 0011 1 0011 055 0.4704 melléet:)d adt this stage, results in wider middle-width of
Residual 0.33 17 0.02 weldbead. o
This is because of the fact that more heat input is
Cor Total 2.11 20 : .

— TAd — ; obtained at greater laser power and smaller welding
R® = 0.84; AdjustedR? = 0.81; d Fiu3 h ot for i .
Predicted?? = 0.70; Adequate Precisioa 15.21 speed. Fig (C.) presents the contour p.c.)t or '.meracn.on

between welding speed and focal position. Middle-width

increases with decrease in welding speed and while focal

position is kept below the surface of the specimen as
5.2 Top-width stated early. Similarly the ppmpmaﬂon eff'ect between

laser power and focal position is shown in Fig(d),
middle-width increases with laser power and while focal
position is kept below the surface of the specimen. When
the focal position is kept under the surface of specimen,
power density in metal inside is more than that on the
outer side of the specimen.

Fig. 2(a) shows the perturbation graph illustrating the
effects of individual laser welding parameters on
top-width, whereas Figs2(b)—(d) are the contour plots
presenting the combined effects of two-factor on
top-width. From perturbation graph, it is witnessed that
welding speed is the utmost significant parameter
affecting the top-width; also the result shows that Iaser5 4 HAZ
power contributes a secondary effect on top-width. An*~"
Irgcsﬁal?ssa I\/r\]/ilia:asretgg?v\(/\i/gtrhagfeiodi?lil;izssicline\évtaerlgyl/nge?gislgig' 4(a) represents the interaction 'e'ffect of the I.as.er
input. Because, heat input is directly proportionated with power, welding spee_d and focal_posmo_n on HAZ.; Itis

o ; . .~ observed that HAZ increases with an increase in laser
laser power and inversely proportionated with welding

e . : ower and a decrease in welding speed, similar trend was
speed, similar result was obtained from an experimenta

. L bserved from an experimental study reported 16].[
study reported mf[O]. Large amount of material is melted Whereas a slight increase in HAZ is observed when focal
at this stage, which results wider width at the top.

Fig. 2(c) illustrates the effect of welding speed and position_kept below the surface of the specjmen. Contour
focal position on top-width; it is observed that top-width graph Fig.4(b) shows the two-factor combination effect

increases with decrease in welding speed. Again this iof laser power and welding speed on HAZ. It is clear that
e g speed. Ag 'S Raser power and welding speed are the utmost significant
due to the addition of more heat input at slow welding

" ; : input process parameters affecting HAZ.
speed. The focal position hag Iitile effect on top-W|dth. pAnpincreasg in laser power an% a decrease in welding
The optimum value of top-width can be obtained by

apbropriate combination of iNbUt Brocess parameters Thspeed results in wider HAZ, due to the addition of more
pprop . nputp P - NReat input. Because, heat input is directly proportional to
contour graph for interaction of laser power and focal

SRS A . . laser power and inversely proportional to welding speed.
position s |Ilustrat_ed in F'g'z.(d)' It is evident that_ The interaction effect of welding speed and focal position
top-width tends to increase with laser power and while

focal position kept above the surface of specimen. Also,On HAZ is shown in Fig4(c). The HAZ increases with

when the focal position is kept above the surface 0flaser power whereas focal position has little effect.
. ) P ; pt. . Similarly, the interaction effect between laser power and
specimen; the area of interaction increases due t

. o Qocal position is shown Fig4(d); HAZ increases while
defocused beam. Wide area of the material is melted du ecreasing the welding speed and the focal position has

to wide spread of _defocuseo! laser beam at the wel ery little effect.
interface, results a wider top-width.

N . timizati
5.3 Middle-width 6 Numerical Optimization

Determination of optimized process parameters is very
The combination effects of input parameters onessential elements in all type welding processes. RSM
middle-width is shown in perturbation graph (F&fa)), it ~ was used to analyze the effect of each parameter on the
is obvious that middle-width increases and decreasebead geometry and HAZ, and also to predict the optimal
significantly with increase in laser power and decrease irchoice for each welding parameter such as laser power,
welding speed respectively, whereas a slight increase invelding speed and focal position. Optimization aims at
middle-width is observed when focal position kept below obtaining the best combination of the laser power,
the surface of specimen. The contour graphswelding speed and focal position that has the maximum
Figs. 3(b)—(d) show the effects of two-factor interactions influence on the bead geometry and HAZ.
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Fig. 2: (a) Perturbation graph represents the effect of variousfaon top-width (A: laser power, B: welding speed, C:
focal position), (b) Contours plot illustrates the effeatdaser power and welding speed on top -width, for focal fasi
=0 mm, (c) Contours plot illustrates the effects of weldipged and focal position on top-width, for laser power = 2.5
kw, and (d) Contours plot illustrates the effects of focasiion and laser power on top-width for welding speed = 7.38
mm/min

Numerical optimization module provided in illustrates the goals, limits and importance of each factor
design-expert software v7 is used to find the righton the responses. The optimal solution of the criteria is
combination of laser power, welding speed and focalpresented in Tabl& According to the criteria, optimal
position that instantaneously satisfy the minimum weld parameters were determined as laser power 3.5 kW,
widths and HAZ and maximum depth of penetration. Thewelding speed 0.75 m/min. and focal position-4 mm
goal was to obtain maximum depth with no limitations on (below the surface of the specimen).
either process parameters or responses, by giving

different importance to all the responses. Talle The solution with highest desirability value is

considered as optimum and the corresponding parametric
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Fig. 3: (a) Perturbation graph represents the effect of variousfaon middle- width (A: laser power, B: welding speed,
C: focal position), (b) Contours plot illustrates the etfeof laser power and welding speed on middle- width, for foca
position = 0 mm, (c) Contours plot illustrates the effectsvelding speed and focal position on middle-width, for laser
power = 2.5 kW, and (d) Contours plotillustrates the effe¢f®cal position and laser power on middle-width for welglin
speed = 7.38mm/min

values are considered as optimal welding conditidds[ 7 Genetic Algorithm

In this study the highest desirability value 0.851 is
obtained. y g y Genetic Algorithm (GA) was introduced by Professor

John Holland, University of Michigan in 1976. GA is a

computerized search and optimization algorithm based on
the mechanics of natural genetics and natural selection,
works well in both continuous and discrete search space.
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Fig. 4: (a) Perturbation graph showing the effect of various factor HAZ (A: laser power, B: welding speed, C: focal
position), (b) Contours plot illustrates the effects oflapower and welding speed on HAZ, for focal position = 0 mm,
(c Contours plot illustrates the effects of welding speed farcal position on HAZ, for laser power = 2.5 kW, and (d)
Contours plot illustrates the effects of focal position éamkr power on HAZ for welding speed = 7.38 mm/min

Operation of GA starts with a population of random population is further assessed and tested for termination
strings representing design variable. The fitness functioreriteria. The operators are iteratively operated to mest th
of string is defined; then strings are evaluated, comparedermination criteria. In GA terminology one cycle of
with the best value, and modified according to theoperation is referred as a generation. The laser beam
requirement. In this technique the population is operatedvelding input parameters namely laser power, welding
by three operators namely selection, crossover andpeed and focal position has very strong influence on
mutation to develop a new population. Then, the newdepth of penetration, weld widths and HAZ. Objectives of
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Table 7: Criteria for numerical optimization Table 9: Comparison of results
Parameters Goal Lower Upper Import- Optimal Numerical Genetic Deviation
limit limit ance solution optimization  algorithm
Laser power (kW) Range 1.5 3.5 3 Laser power (kW) 3.50 3.50 0
Welding speed (m/min) Range 0.75 14 3 Welding speed 0.75 0.75 0
Focal position (mm) Range —4 0 3 (m/min)
Depth (mm) max. 1171 7 5 Focal position —4 —3.94 0.06
Top width (mm) Range 0.78 4344 3 (mm)
Middle width (mm) Range 0455 1882 3 Depth (mm) 5.694 5.431 0.53
HAZ (mm) Range 0.134 0548 5 Top width (mm) 2.956 3.255 0.29
Middle width (mm)  1.787 1.508 0.279
Table 8: Optimal solutions of the criteria HAZ (mm) 1131 1.244 0.069
No Power Speed Focal Depth Width HAZ Desi-
position top middle rability
(kW) (m/min) (mm) (mm) (mm) (mm) power 3.5 kW, welding speed 0.75 m/min and focal

350 0.75 —4.00 5.694 2.956 1.787 1.131 0.851 position—3.94 mm.

350 0.75 —3.99 5694 2.957 1.787 1.131 0.851

350 0.75 —3.97 5.694 2.958 1.786 1.131 0.851

3.50 0.75 —4.00 5.690 2.954 1.786 1.130 0.851 8 Re&“ts and Discuaﬁon
350 0.77 —4.00 5687 2.952 1.786 1.130 0.850

abh wN Rk

The optimum welding conditions were determined using
different optimization techniques. TabR presents the

ptimum welding parameters predicted by RSM that

this study are to maximize the depth of penetration ancﬁlould result to maximum de ;
. 4 Lo . pth of penetration of about
middle-width and to minimize the top-width and HAZ by g g4 mm, which is superior to that attained with priori

changing the combination of input process parametersapproach of GA. According to the RSM, the optimum

The objectives are .Combimd 1o single objective funCtionvalue of the laser power has to be 3.5 kW, welding speed
(COF) by assigning Qn‘ferent \(ve|ghtag¢ 0 every has to be 0.75 m/min and focal positiertt ﬁ1m. On the
response3]. The normalized COF is shown in E8. other hand, while putting the priori approach of GA, the

. : ; laser power is has to be kept at 3.5 kW, welding speed has
COF = (0.4/7x Depth) +(0.2/1.882x Middle width) to reach a value of 0.75 m/min, when the focal position is

(0.2/4.344x Top width) — (0.2/1.225x HAZ)  (9)  set around the-3.94 mm. Using GA, the maximum depth
of penetration achieved is 5.431 mm and the minimum

Steps in GA attainable top-width is 3.255 mm, as can be seen in
(i) Evaluate the fitness of every individual in the Table 9. Both the methods are equally good, the
population. parameter combinations with RSM is best according to
(i) Select the best and fittest parents from the givenobjectives of investigation, which can be selected as the
population. optimum laser welding conditions.

(iii) Perform crossover operation by recombining the
individuals from parents to form children (new
generation). 9 Conclusions

(iv) Mutate the new generation.

(v) If termination condition is not reached, go back to A comparative study between RSM and GA for parameter
step 2, else terminate the operation, and return theyptimization of laser welding process was carried out.
best individual in the current population. Bead-on-plate configuration was adopted for welding of

In the present investigation, GA coding is done using'OW carbon steel plates. The influence of the various laser

Microsoft Visual Studio 2008 as Front end, MS ACCESS Welding parameters such as laser power, welding speed
2007 as the back end and is run on Intel (R) Core@nd focal position on weld bead geometry and heat

i3-2350M [14]. The following are the GA-parameters, affected zone was investigated.. Response surface
Population size = 100, Probability of mutation = 0.8, methodology was used for developing the mathematical
Maximum number of generation = 200, Selection moqiel_s bgtween laser welding parameters gr}d responses.
operator = Tournament method, Crossover operator Optimization problem was Qeveloped to minimize weld
Single point operator, Crossover probability = 0.8 andWidths & HAZ and to maximize depth of penetration. The
fitness parameter depth, top-width, middle-width and©Ptimum welding parameters were determined by RSM
HAZ. A test of 20 runs was conducted for the selecteq@nNd GA. The parameters combination obtained by RSM is

population size. GA was run for 200 generations as theP€tter than GA.
result remained stagnant after 30 generations. The
optimum input process parameters are predicted as laser
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