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Optimal laser welding process parameters and expected weld bead
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Abstract

P92 steel is classified as one of the creep strength enhanced ferritic steels, whose welding plays a crucial role in power
industries. The best choice for such materials is the laser welding in open atmosphere with an inert gas shield. Compared
to the frequently being used Taguchi based grey relational analysis, a simple and systematic approach known as the
modified Taguchi design of experiments is utilized for P92 steel to obtain the optimized laser welding process param-
eters and the expected range of output responses. The complicated non-linear relationship between the laser welding
process parameters (viz., laser power, welding speed and focal position) and the welding bead geometry (such as depth
of penetration, weld width and heat affected zone width) is developed through empirical relations, which are validated
by comparing with existing test results. Most of the test results are found to be within the expected range. From the
ANOVA analysis the process parameter, viz. the focal position is found to have negligible variation on the overall mean
value of the output responses and hence, the process designer can opt for any one the set levels of the focal position
during welding operations.

Keywords Depth of penetration - Focal position - Heat affected zone - Laser power - Laser welding - P92 steel - Taguchi
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1 Introduction

Development of high efficiency systems with low emis-
sion is a continuous process to address economical and
environmental issues of thermal power plants. Increasing
of thermal efficiency minimizes the fuel consumption and
emissions of environmentally damaging gases. In order to
enhance the thermal efficiency, there is a need for increas-
ing the operating temperatures and pressures, which
demands use of creep strength enhanced ferritic (CSEF)
steels for constructing parts of advanced power plants
[1-3]. The P91 and P92 martensitic steels are prominent
for high-temperature application. P92 steels are modified
version of P91 steels. They are obtained by adding tung-
sten (1.5-2.0 wt%) as well as boron (0.001-0.002 wt%) and

reducing molybdenum (to 0.5 wt%). Presence of tungsten
reduces coarsening rate of M,;C, precipitates and offers
solid solution strengthening. P92 steels have high thermal
conductivity, low coefficient of thermal expansion, resist-
ance to stress corrosion cracking and oxidation. P91 and
P92 steels can be welded by any fusion welding processes.
However, weldments of P92 steels are failed under creep
in the fine grain region of HAZ at elevated temperatures
[4-6]. Utilization of laser welding makes easy shielding of
molten pool and avoids hydrogen induced cracking. Also,
reduces formation of soft inter-critical zone and deleteri-
ous phase [7, 8]. Laser welding is thus a promising pro-
cess to perform in the open atmosphere with inert gas
shielding. For achieving the quality weld, there is a need
for tracing the optimized welding process parameters to
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have deep and narrow penetration, low weld bead width
and narrow heat effected zone (HAZ). One has to examine
the adequacy of existing simple theory or develop a suit-
able algorithm for obtaining a solution for such nonlinear
optimization problem.

Selection of an orthogonal array to conduct few experi-
ments, acquiring complete information and confirma-
tion of the identified optimum input process parameters
through additional testing (if necessary) is a standard prac-
tice in the Taguchi approach [9]. Taguchi method is a sys-
tematic statistical approach, which has been successfully
utilized in solving several engineering/industrial optimi-
zation problems such as minimization of drilling induced
delamination type damages in composite structures,
investigations on the significance of input parameters in
the stage and satellite separation processes during flight
of space launch vehicles, influence of parameters on the
performance of chevron type plate heat exchangers and
the selection of input process parameters for achieving
optimum output responses [10-21].

Shanmugarajan et al. [22] have made an interesting
experimental study to optimize the laser welding process
for P92 steel by using the signal-to-noise (S/N) ratio trans-
formation and the Taguchi based grey relational analysis
(GRA). The concept of S/N ratio transformation introduced
by Taguchi is to account the scatter in the output response
of repeated tests for each test run in the orthogonal array
and provide a single value to perform analysis of vari-
ance (ANOVA) and examine the significance of the input
process variables. Many researchers have utilized the S/N
ratio transformation while obtaining the optimal solution
of several manufacturing processes such as machining
of a hardened steel cylindrical work-piece [23, 24] and
commercial mild steel [25]; Dry end milling operation of
Al-6063 [26]; AISI 1020 mild steel bar in turning opera-
tion [27]; high-speed cold rolling-beating processing
parameters [28]; electrochemical machining for Al/B,C
composites [29, 30]; EDM for Incoloy 600 [31]; WEDM for
AISI H13 steel [32], stainless steel [33] and titanium alloy
[34, 35]; MIG welding for AM-40 aluminium alloy [36]; and
friction stir welding process of aluminium alloy [37-39].
However, the additive law [9] estimates the deterministic
output response from the mean values of the ANOVA table
and unable to provide the expected range of the output
response. Taguchi method is adequate to identify the opti-
mum process parameters for a single response character-
istic. In the case of multiple responses having dissimilar
quality characteristics, multi-objective optimization using
grey relational analysis (GRA) is being utilized extensively
[40-45]. There is a possibility to represent functionally the
dissimilar quality characteristics of multiple responses into
a single response characteristic after non-dimensioning
them. This single response characteristic can be used easily
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to identify the optimum process parameters adopting the
Taguchi approach. There is a need to specify the expected
range of optimum output responses by identifying a set of
input process variables.

Industries expect simple, reliable and easy to implement
procedures for solving optimization problems. Several
researchers [46] are on use of many other algorithms (such
as grey relational analysis (GRA) [40-45], genetic algorithm
(GA) [47, 48], teacher learning base algorithm (TLBA) [49],
response surface methodology (RSM) [50], particle swarm
optimization (PSO) [51], etc.) without highlighting draw-
backs in existing theories. When no repetition of experi-
ments planned, the application of S/N ratio transformation
to the output responses will not provide any improvement
in optimal solutions. Many of the referred articles present
the % contribution of process parameters without discuss-
ing their significance on output responses as well as in the
obtained optimal solutions. In fact, multi-objective opti-
mization is not a straightforward approach and Taguchi
approach is well proven for single-objective optimization
problems. Being simple and reliable, extension of Tagu-
chi approach to multi-objective optimization problems is
desirable. This paper demonstrates the simplicity and the
adequacy of Taguchi approach to handle multi-objective
optimization problems related to laser welding process for
P92 steel. It follows the modified Taguchi method [19] in
finding the expected range of the output responses and
a simple multi-objective optimization technique [14, 15]
when compared to the Taguchi based grey relational anal-
ysis of [22]. Empirical relations for the output responses
are developed in terms of input process variables and vali-
dated with existing test results. The test results are found
to be within the expected range. This study recommends
the process designer to set any one of the set levels for
insignificant process parameters.

2 Test data acquisition

Laser welding process can be performed in the open
atmosphere with inert gas shielding. The quality weld can
be expected through optimum welding process param-
eters which yield deep and narrow penetration, low weld
bead width and narrow heat effected zone (HAZ). Shanmu-
garajan et al. [22] have performed experiments to specify
optimum laser welding process parameters for P92 steel
by using the signal-to-noise (S/N) ratio transformation and
the Taguchi based grey relational analysis (GRA). The P92
steel plates have rectangular geometric shape and the
dimensions are 200 mm of length, 150 mm of width and
8 mm of thickness. Table 1 gives the chemical composition
(Wt%) of the P92 steel.
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Table 1 The chemical

composition (wt%) of the P92 Elements Weight (%)
steel C 0.125
Si 0.244
Mn 0.42
0.02
<0.01
Cr 8.834
Mo 0.302
Ni 0.395
Vv 0.184
Nb 0.076
w 1.724
B 0.001
Fe Balance
Weld Width > ,'% <
H
2
= §
4 B
g WELD BEAD g
[
Q.
% HAZ E
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Fig. 1 Schematic representation of bead geometry

Taguchi’s Lyorthogonal array is adopted by assigning three
levels for the three laser welding process parameters (viz.,
laser power, welding speed and focal position). Bead on plate
(BOP) trials are made using a 3.5 kW diffusion cooled slab CO,
laser. Figure 1 shows the schematic representation of bead
geometry. The optimum laser welding process parameters
are identified for achieving maximum depth of penetration
and narrow weld bead width. To avoid the sequential error
the welding experimental tests are performed twice in a ran-
dom manner. To examine the microstructures, welds are cut
in the transverse direction. Later on, they are polished and
etched using Villella's reagent. Leica Stereo microscope hav-
ing built-in software is used for taking microstructures and
subsequently measured the bead geometry.

3 Development of empirical relations based
on the Taguchi’s design of experiments

Taguchi method is a systematic statistical approach, which
demands few experiments and provides complete infor-
mation for the full factorial design of experiments. As per

the Taguchi design of experiments, the relation between
the number of experiments (Nraguchi)- and the factors or
input parameters (n,) with their assigned levels (n)) is

Nraguchi = 1+ (Number of factors) x (Number of Levels — 1)
:1+np><(n,—1) M
Forn, =4andn, =3, n7” = 3% = 81tests are to be con-
ducted for full factorial design of experiments, whereas
Eq. (1) indicates only Nr,g,,i=9 experiments and hence
Taguchi’s Ly orthogonal array will be more appropriate.

3.1 Analysis of variance (ANOVA)

The design of experiments in [22] involves 3 input pro-
cess variables such as laser power, welding speed and
focal position assigning 3 levels for each these independ-
ent variables in the selected L, orthogonal array. For easy
of reference, the 3 input process parameters (viz., laser
power, welding speed and focal position) are designated
by A, B and Crespectively. The recorded output responses,
viz., weld width, depth of penetration, and heat affected
zone (HAZ) width are designated by the symbols «, # and
y respectively. Levels of laser welding process parameters
and the performance output responses as per Ly orthogo-
nal array are presented in Table 2.

When Nr,guchi =9 and number of levels n; = 3, Eq. (1)
gives four number of factors that can be accommodated.
As in [14], a fictitious factor (fourth factor) D is also intro-
duced in Table 2. The sensitiveness of the change in the
level of setting is examined by determining the sum of the
squares (SOS) of deviation of each of the mean value from
the overall mean. Percentage contribution is obtained by
dividing the sum of the squares of each process param-
eter with the total sum of the squares. Analysis of variance
(ANOVA) is thus performed to identify the optimum laser
welding process parameters for obtaining maximum depth
of penetration and minimum weld width. Regarding the
individual contribution of input parameters on the output
responses, it is noted from the ANOVA results of Table 3 that
welding speed (B) has an immense effect on the depth of
penetration with 88.7% contribution and other parameters
like laser power (A) and focal position (C) on the depth of
penetration are 8.6 and 2.2% respectively. Welding speed
(B) has 85.8% contribution on the top bead width and other
parameters like laser power (A) and focal position (C) on the
top bead width are 12.8 and 0.6% respectively.

It should be noted that sum of the % Contributions
including the fictitious parameter (D) in the ANOVA results
of Table 3 for the three output responses is 100. Hence,
Error (%) with inclusion of the fictitious parameter (D) is
zero, whereas with exclusion of D, the Error (%) is equal
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Table 2 Performance output responses, viz,, top bead width («), depth of penetration (8) and heat affected zone (y) for the assigned laser
weld process parameters as per L, orthogonal array

Control factors (input parameters) Designated factor Level-1 Level-2 Level-3
Assignment levels of laser weld process parameters
Power (kW) A 25 3 35
Speed (m/min) B 1 3 5
Focus (mm) C 0 -2 -4
Fictitious D d, d, ds
Test run Levels of input parameters Output responses [22]
A B C D a (um) B (um) ¥ (um)
Output responses
1 1 1 1 1 2156 5310 1257.4
2 1 2 2 2 1480.9 3945.7 628.8
3 1 3 3 3 1310 2017.2 3824
4 2 1 2 3 2367.2 6089.5 1287
5 2 2 3 1 1493.2 4038.2 786.4
6 2 3 1 2 1290 3028.2 563.6
7 3 1 3 2 2730.3 5967.3 1466.4
8 3 2 1 3 1810.3 5046.8 780.4
9 3 3 2 1 1581.3 3085.3 735.8
Overall mean 1802.1 4280.9 876.5
Table3 Analysis of variance Parameters 1-Mean 2-Mean 3-Mean Sum of squares % Contribution
(ANOVA) on the output
responses of Table 2 Top bead width, a (um)
A 1649 1716.8 2040.6 262,872 12.8
B 2417.8 1594.8 1393.8 1,766,511 85.8
C 17521 1809.8 1844.5 13,071 0.6
D 17435 1833.7 1829.2 15,502 0.8
Depth of penetration, # (um)
A 3757.6 43853 4699.8 1,380,554 8.6
B 5788.9 4343.6 2710.2 14,235,256 88.7
C 4461.7 43735 4007.6 347,887 2.2
D 41445 4313.7 4384.5 91,248 0.5
Heat affected zone, y (um)
A 756.2 879 994.2 84,995 7.7
B 1336.9 731.9 560.6 998,131 90.6
C 867.1 883.9 878.4 437 0.0
D 926.5 886.3 816.6 18,560 1.7

to that of the % Contribution of D. This may be the reason
why the additive law (2) predicts the output responses
close to the test results with inclusion of the fictitious
parameter (D) with no additional experimentation by add-
ing additional column in the Taguchi’s Ly orthogonal array.

3.2 Expected range of the output response

The expected range of the output responses is preferable to
account the scatter in repeated experiments. It is possible
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to establish empirical relations for the output responses in
terms of input variables. From the ANOVA results of Table 3,
the estimated output responses viz., top bead width (@),
depth of penetration (#) and heat affected zone (y) for the
assigned levels of input parameters in Table 2 are presented
in Table 4. The additive law [9] in Eq. (2) is used for estima-
tion of the output response (¢) for each test run.

n

&' = d’mean + . (d)l - ¢mean) (2)

i=1
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Here ¢ is the estimated output response; Pmean 1S the
overall mean of ¢; ¢, is the mean of ¢ at the specified
level for the process parameters (i); and nyis the number
of process parameters. The estimated output responses
in Table 4 for the 9 test runs are found to be reasonably
in good agreement with test results. It should be noted
that n, = 3in Eq. (2) corresponds to the estimates of the
output response with exclusion of fictitious parameter
(D), whereas n,=4 corresponds to the estimates of the
output response with inclusion of fictitious parameter
(D). With inclusion of fictitious parameter (D), the esti-
mates of output responses in Table 4 are very close to the
test results. Considering the levels of lowest and high-
est mean values of ¢ for the fictitious parameter (D) the
expected range for the output responses is arrived. The
test results in Table 4 are found to be within the expected

range of the output responses. Taguchi design of experi-
ments suggests only nine experiments for the present
case study having three process parameters with three
levels. The additive law [9] of Taguchi approach given in
Eq. (2) provides the estimates of output responses for
all possible 27 combinations of input variables. Table 5
gives estimates of the output responses for the full facto-
rial design of experiments useful in examining the influ-
ence of insignificant process parameters on the variation
of output responses.

Since the percentage contribution of focal position (C)
is negligibly small, empirical relations are developed from
the mean values for top bead width (), depth of penetra-
tion () and heat affected zone (y) in terms of the input
parameters viz., laser power (A) and welding power (B) as

a = 512A% + 77.88% — 2680A — 723B + 6410 3)
Table 4 . Estimates of the top Test Run  Levels of input Test[22]  Estimate Eq. (2) Expected range
bead width, « (um), depth of parameters
penetration, # (um), and width -
of the heat affected zone, y A B C D n,=3 RE(%) n,=4 Lowerbound Upperbound
(um), and comparison with test
data [22] Top bead width, « (um)
1 1 1 1 1 2156 22146 =27 2156 2156 2246.2
2 1 2 2 2 1480.9 1449.3 2.1 14809 1390.7 1480.9
3 1 3 3 3 1310 1283 2.1 1310 1224.3 1314.6
4 2 1 2 3 2367.2 2340.2 1.1 2367.2 22815 23718
5 2 2 3 1 1493.2 1551.8 -39 1493.2 1493.2 1583.4
6 2 3 1 2 1290 1258.4 24 1290 1199.8 1290
7 3 1 3 2 27303 2698.7 1.2 27303  2640.1 2730.3
8 3 2 1 3 18103 17833 1.5 1810.3 1724.6 1814.9
9 3 3 2 1 1581.3 1639.9 -37 15813 15813 1671.5
Depth of penetration, # (um)
1 1 1 1 1 5310 5446.4 -26 5310 5310 5550
2 1 2 2 2 39457 39129 0.8 3945.7 3776.5 4016.5
3 1 3 3 3 20172 1913.6 5.1 2017.2 1777.2 2017.2
4 2 1 2 3 60895 5985.9 1.7 6089.5 5849.5 6089.5
5 2 2 3 1 4038.2 4174.6 -34 4038.2 4038.2 4278.2
6 2 3 1 2 30282 2995.4 1.1 3028.2 2859 3099
7 3 1 3 2 5973 5934.5 0.5 5967.3 5798.1 6038.1
8 3 2 1 3 50468 4943.2 2.1 5046.8 4806.8 5046.8
9 3 3 2 1 3085.3 3221.7 -44 3085.3 30853 33253
Heat affected zone, y (um)
1 1 1T 1 1 12574 1207.3 4.0 12574 11475 1257
2 1T 2 2 2 6288 619 1.6 628.8 559.1 669.1
3 1T 3 3 3 3824 442.3 -15.7 3824 3824 4923
4 2 1 2 3 1287 1346.9 -4.7 1287 1287 1397
5 2 2 3 1 786.4 736.33 6.4 786.4 676.5 786.4
6 2 3 1 2 5636 553.8 1.7 563.6 493.9 603.9
7 3 1 3 2 14664 1456.6 0.7 1466.4 1396.7 1507
8 3 2 1 3 7804 840.3 -7.7 780.4 780.4 890.3
9 3 3 2 1 735.8 685.73 6.8 735.8 625.9 735.8
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Table 5 Estimates of output responses for the full factorial design of experiments

S. No. Levels of input Top bead width, a (um) Depth of penetration, f (um) Heat affected zone, y (um)
parameters
A B C Lower bound Upper bound Lower bound Upper bound Lower bound Upper bound
1 1 1 1 2156 2246.2 5310 5550 1147.5 1257
2 1 1 2 2213.7 2303.9 5221.8 5461.8 1164.2 1274
3 1 1 3 22484 2338.6 4855.9 5095.9 1158.7 1269
4 1 2 1 1333 1423.2 3864.6 4104.6 542.4 652.3
5 1 2 2 1390.7 1480.9 3776.5 4016.5 559.13 669.1
6 1 2 3 14254 1515.6 3410.5 3650.5 553.67 663.6
7 1 3 1 1131.9 1222.2 22313 24713 37113 481.1
8 1 3 2 1189.6 1279.9 21431 2383.1 387.87 497.8
9 1 3 3 12243 1314.6 1777.2 2017.2 3824 492.3
10 2 1 1 22238 2314.1 5937.7 6177.7 1270.3 1380
11 2 1 2 2281.5 23718 5849.5 6089.5 1287 1397
12 2 1 3 2316.2 2406.5 5483.6 5723.6 1281.5 1391
13 2 2 1 1400.8 1491 44923 47323 665.2 775.1
14 2 2 2 1458.5 1548.7 4404.1 4644.1 681.93 791.9
15 2 2 3 1493.2 15834 4038.2 4278.2 676.47 786.4
16 2 3 1 1199.8 1290 2859 3099 493.93 603.9
17 2 3 2 1257.5 1347.7 2770.8 3010.8 510.67 620.6
18 2 3 3 1292.2 13824 2404.9 2644.9 505.2 615.1
19 3 1 1 2547.7 26379 6252.2 6492.2 1385.5 1495
20 3 1 2 2605.4 2695.6 6164 6404 1402.2 1512
21 3 1 3 2640.1 2730.3 5798.1 6038.1 1396.7 1507
22 3 2 1 1724.6 1814.9 4806.8 5046.8 780.4 890.3
23 3 2 2 1782.3 1872.6 4718.6 4958.6 797.13 907.1
24 3 2 3 1817 1907.3 4352.7 4592.7 791.67 901.6
25 3 3 1 1523.6 1613.8 31735 3413.5 609.13 719.1
26 3 3 2 1581.3 1671.5 3085.3 33253 625.87 735.8
27 3 3 3 1616 1706.2 27194 29594 620.4 730.3
§ = _624A% _ 23,682 + 4686A — 6288 — 1897 @ It should be noted that empirical relations (3)-(5) are
) developed from the three mean values and correspond-
y = —152A% + 54282 + 329A — 5198 + 954 ) ing level values of each input process parameter. Mean

The lower bound a, # and y are obtained by applying
corrections — 108.66, —409.75 and — 69.2 to the results
of Egs. (3)-(5). Similarly, the upper bound a, g and y are
obtained by applying corrections 73.97, 284.35 and
57.47 to the results of Egs. (3)-(5). The test results in
Table 6 are within the expected range using the devel-
oped empirical relations (3)-(5) for top bead width (a),
depth of penetration (#) and heat affected zone (y). Fig-
ures 2, 3 and 4 show the variation of top bead width (a),
depth of penetration (#) and heat affected zone (y) with
the laser power (A) for the welding speed, B=1 m/min.

In a truly quadratic model as being followed in the
RSM (response surface methodology), cross-terms can
be expected in the empirical relations while representing
the output response in terms of input process variables.
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value plots of the output responses confirm the above
quadratic relations. Equations (3)—(5) provide the results
same as those obtained from the additive law [39] given
in Eq. (2).

3.3 Multi-objective optimization

Multi-objective optimization can be performed easily to
identify a set of optimum laser welding process param-
eters. To specify a unique set of laser welding process
parameters, a simple and reliable multi-objective opti-
mization procedure following the Taguchi approach is
presented below. Since « and g are two different output
responses, they can be functionally represented after
non-dimensioning them. For this purpose, the maxi-
mum values of @ and p evaluated from the ANOVA table
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Table 6 Estimates of the top

Testrun  Input parameters Test [22] Estimate
bead width, @ (um), depth of putpe 221

penetration, # (um), and width A (kW) B (m/min) Empirical relation R.E.(%) Lower bound Upper bound
of the heat affected zone,
¥ (um) from the developed Top bead width, @ (um) using the empirical relation (3)
empirical relations (3)-(5), and 1 2.5 1 2156 2264.8 -50 2156.2 2338.8
comparison with test data [22] 2 25 3 14809 14412 27 13326 1515.2
3 25 5 1310 1240 53 11314 1314
4 3 1 2367.2 23328 1.5 22242 2406.8
5 3 3 1493.2 1509.2 -1.1 1400.6 1583.2
6 3 5 1290 1308 -1.4 11994 1382
7 35 1 2730.3 2656.8 2.7 25482 2730.8
8 3.5 3 1810.3 1833.2 -1.3 1724.6 1907.2
9 35 5 1581.3 1632 -3.2 15234 1706
Depth of penetration, # (um) using the empirical relation (4)
1 2.5 1 5310 5266.4 0.8 4856.6 5550.7
2 25 3 3945.7 3821.6 3.1 3411.8 4105.9
3 25 5 2017.2 2188 -85 1778.2 24723
4 3 1 6089.5 5893.4 3.2 54836 6177.7
5 3 3 4038.2 4448.6 -10.2 40388 47329
6 3 5 3028.2 2815 7.0  2405.2 3099.3
7 35 1 5967.3 6208.4 -40 5798.6 6492.7
8 35 3 5046.8 4763.6 56 43538 5047.9
9 35 5 3085.3 3130 -14  2720.2 34143
Heat affected zone, y (um) using the empirical relation (5)
1 2.5 1 1257.4 1216.7 3.2 1147.5 1274.2
2 25 3 628.8 612.3 26 5431 669.8
3 2.5 5 3824 441.5 -15.5 3723 499
4 3 1 1287 13394 -4.1 1270.2 1396.9
5 3 3 786.4 735 6.5 665.8 792.5
6 3 5 563.6 564.2 -0.1 495 621.7
7 3.5 1 1466.4 1454.5 0.8 1385.3 1512
8 35 3 780.4 850.1 -89 7809 907.6
9 35 5 735.8 679.3 7.7  610.1 736.8
6800 T
2850 U N S
i 6400 | —
E 2700 o Test - :
S o T2 Leweround | S 6000 —
£ 2550 -—— Equation (3) £ R 2 I s O e e
= - = :
= - 2 5600
7 2400 |- % 23 N SO W ol N T A
[11] £ b
€ 2250 i T e
Pt : "] — — Equation () [
o 4800 —— : T
2100 . : 2.5 2.7 2.9 3.1 3.3 3.5
2.5 2.7 2.9 3.1 3.3 3.5 Laser Power, A (kW)
Laser Power, A (kW)
Fig.3 Depth of penetration variation with laser power (welding
Fig.2 Top bead width variation with laser power (welding speed, speed, B=1 m/min) and comparison with test data along with
B=1 m/min) and comparison with test data [22] microstructures of laser BOP welds [22]
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1600
1500 A Test
—_ | — -- UpperBound [
£ - --. LowerBound
2 ——— Equation (5)
~ 1400
£
2
% 1300
N
<
I
1200
1100 -
2.5 2.7 2.9 3.1 3.3 3.5

Laser Power. A (kW)

Fig.4 Heat affected zone (HAZ) width variation with laser power
(welding speed, B=1 m/min) and comparison with test data [22]

considering the fictitious parameter are: ay3x = 2730.3
and fmax = 6492.2.

For optimum laser welding processing, one should
expect minimum top bead width (@) and maximum depth
of penetration (f). It can be verified that {; = - z x and

&= (ﬂm% - 1>will show monotonically decreasing or

increasing trend. Defining the positive weighing factors w,
and w, (such that w; + w, = 1), one can define a single
function (&) for the optimization of both responses (viz., a
and p) as given by Eq. (6)

=w,{+w, 0, (6)

Minimization of { provides the minimum a and maximum
p for a set of welding input parameters on the specifica-
tion of w,and w,. It should be noted that for the specified
@, = 1(implies @, = 0), minimization of ¢ yields mimimum
a value. For the specified w, = 1(implies @, = 0), minimiza-
tion of ¢ yields the maximum g value. To achieve common
optimum process conditions, equal weighing are given
(i.e., ; = w, = 1/2). Table 7 gives the values of { gener-
ated from Eq. (6) for each test run. ANOVA is performed on
values of the multi-objective optimization function, { in
Table 7 to trace the optimum process parameters for the
minimum ¢ and selected the optimal process parameters
as A,B,C,. The expected range of output responses for the
optimum laser welding process parameters from Eq. (2) with
inclusion of fictitious parameter are a € [2223.8, 2314.1];
p € [5937.7, 6177.7]and y € [1270.2, 1380]. Table 8 pro-
vides laser welding process parameters for specific condi-
tions and estimates of output responses. For minimum a and
maximum g, the optimal process parameters are A,B,C,.

It should be noted that for two significant laser welding
process parameters (viz., laser power (A) and welding speed
(B)) in the present study, full factorial experiments demand
only 9 (=3?) test runs. The optimum process parameters
can be easily obtained from the minimum ¢ in Table 7.
Laser welding process parameters selected for minimum
value of ¢ from Table 7 are A,B, (Test Run-4). The opti-
mum laser welding process parameters for A,B, are: Laser

Table 7 Multi-objective optimization function, ¢ weighing equally (e, o, =w2=1§) for the output responses of Table 1

(@max = 2730.3 um; fax = 6492.2 um)

Test runs Levels of input parameters a (um) & - u B (um) 6= (M _ 1) ¢ Eq. (6)
max 2 5
A B C

1 1 1 1 2156 0.7897 5310 0.2226 0.5061
2 1 2 2 1480.9 0.5424 3945.7 0.6454 0.5939
3 1 3 3 1310 0.4798 2017.2 2.2184 1.3491
4 2 1 2 2367.2 0.867 6089.5 0.0661 0.4666
5 2 2 3 1493.2 0.5469 4038.2 0.6077 0.5773
6 2 3 1 1290 0.4725 3028.2 1.1439 0.8082
7 3 1 3 2730.3 1 5967.3 0.088 0.5440
8 3 2 1 1810.3 0.663 5046.8 0.2864 0.4747
9 3 3 2 1581.3 0.5792 3085.3 1.1042 0.8417
Parameters 1-Mean 2-Mean 3-Mean Sum of squares % Contribution
ANOVA on the multi-objective optimization function, ¢

A 0.81638 0.61735 0.62013 0.07813 121

B 0.50556 0.54863 0.99966 0.44942 69.7

C 0.59635 0.63405 0.82346 0.08888 13.8

Bold indicates optimum value (i.e., the minimum value in the present case) of the multi-objective function corresponding to the identified

levels of the input parameters
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Table 8 Laser welding process parameters for specific conditions and estimates of output responses

Specific conditions  Laser welding input process parameters

Expected range of output responses (um)

Power, A (kW) Speed,B Focus, C(mm) Top bead width (a) Depth of penetration (8) Heat affected zone (y)
(m/min)
Single objective optimization
®max A3B:1C3 35 1 -4 2640-2730(2730.3)° 5798-6038 (5967.3) 1398-1507 (1466.4)
®min A1BsC, 2.5 5 0 1131-1222 2231-2471 371-481
Pmax AsBC; 35 1 0 2548-2638 6252-6492 1386-1495
PminAiB3Cs 2.5 5 -4 1224-1315(1310) 1777-2017 (2017.2) 382-492 (382.4)
Ymax A3B:C, 35 1 -2 2605-2696 6164-6404 1402-1512
Ymin A1B3C 2.5 5 0 1132-1222 2231-2471 371-481
Multi-objective optimization: @i and fmax
A,B,C, 3 1 0 2224-2314 5938-6178 1270-1380
A3B,C, 35 1 0 2548-2638 6252-6492 1386-1495

aTest data [22]

power =3 kW and welding speed =1 m/min. The expected
range of output responses for the optimum laser welding
process parameters from Table 6 are: a € [2224.2, 2406.8];
p € [5483.6, 6177.7] and y € [1270.2, 1396.9]. Confir-
mation experiments performed in [22] for laser power,
A=3 kW, welding speed, B=1 m/min and focal position,
C=-4 mm yield the output responses: top bead width,
a = 2314.1um; depth of penetration, g = 6107.3 um; and
heat affected zone (HAZ) width, y = 1132.4 um. Test results
of a and p values are within the expected range, whereas
test result of y value is close to the expected range.

The dissimilar quality characteristics of multiple
responses in the present study are the top bead width
and the depth of penetration, which are converted into
a single response characteristic [see Eq. (6)] after non-
dimensioning them. This single response characteristic is
used to trace the optimum process parameters adopting
the Taguchi approach. The expected range of optimum
output responses are validated with confirmation tests
[22] for the identified set of input process variables.

The results of microstructure and micro-hardness tests
[22], which confirm the optimum input process parameters
(i.e. power 3 kW and speed 1 m/min) for the weld joint are
as follows. The microstructure is uniform with the average
grain size of 25 uym in the base metal, 18 um in the weld and
15 um in the HAZ, whereas the micro-hardness reported
values are 270-320HV0.2 in welds and 240-265HV0.2 in
HAZ against 220-240HV0.2 in the base metal.

4 Concluding remarks

High strength as well as structural stability and good
corrosion/oxidation resistance of materials are suitable
for the most exposed parts of steam power plants such

as turbines, boilers and steam piping. P92 steel having
such material characteristics is being used in power plant
systems for high temperature applications. Present work
deals with the identification of laser welding process
parameters to achieve maximum depth of penetration
and minimum weld width of P92 steel adopting the mod-
ified Taguchi approach. ANOVA analysis is performed to
determine the significance of the laser welding process-
ing parameters, viz. Laser power, welding speed and focal
position on the output responses (viz., weld width, depth
of penetration and width of heat affected zone (HAZ)).
One of the process parameters, viz. the focal position is
found to negligible variation on the overall mean value
of the output responses. Following the concepts of the
Taguchi method, the process designer can opt for any one
of the set levels of the focal position during laser welding
operation. Estimates of output responses with inclusion
of fictitious parameter (D) are close to test results. From
the ANOVA analysis results, the developed empirical rela-
tions for the output responses in terms of significant laser
welding process parameters are reasonably in good agree-
ment with test results. In tracing the optimal input process
parameters, the dissimilar quality characteristics of multi-
ple responses are represented by a single response char-
acteristic (after non-dimensioning them) and utilized the
Taguchi approach. This approach is quite simple, straight
forward and reliable.
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