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Abstract This paper proposes an integrated method for pro-
cess parameters optimization and objective analysis in the
fiber laser keyhole welding based on Taguchi and finite ele-
ment method (FEA). The Taguchi-FEA framework is
established and applied for the objective of increasing the ratio
of weld penetration to width (P/W) in the welded joints.
Numerical simulations are incorporated into identifying the
desired responses and the process parameters effects on the
objective without consuming time, materials, and labor effort.
To validate the effectiveness of the integration methodology,
the fiber laser keyhole welding of the hot-dip galvanized dual
phase sheet (GA-DP590) has been carried out in this paper.
The three process parameters, laser power (LP), welding
speed (WS), and focal position (FP), have been taken into
consideration during the optimization process. The optimized
results are confirmed, and trend of the objective variation near
the optimal process parameters is analyzed by the numerical
simulation. The corresponding microstructure, phase transfor-
mation and microhardness variation of the optimized weld
bead are also calculated. The results demonstrate that the pro-
posed method is reliable and effective for improving the qual-
ity of welded joints in the practical production level.
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Abbreviations

HAZ Heat-affected zone

LP Laser power

WS Welding speed

FP Focal position

DOE Design of experiments

P/W Weld penetration to width
GA Genetic algorithm

RSM Response surface methodology
FEA Finite element analysis
S/N Signal to noise
ANOVA  Analysis of variance
BM Base materials

Dof Degrees of freedom
PV Predicted value

F7Z Fusion zone

M Martensite

A Austenite

FAG Fine equiaxed grains

1 Introduction

Laser welding has been widely used in a variety of industrial
applications due to the offering advantages of high power
intensity, high productivity, high penetration, and narrow
heat-affected zone (HAZ). The irradiated materials will be
evaporated from the surface of molten pool when the laser
intensity is above the critical limit. The keyhole mode welding
is correspondingly achieved, and the vapor and plasma are
formed. The high dynamic welding process comprises com-
plex multidimensional mechanisms, which makes it difficult
to fully control the process and anticipate welded joints de-
fects. During the fiber laser keyhole welding process, the in-
complete fusion, porosity, humping, and other welding defects
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are easily generated with adopting the inappropriate process
parameters [1]. The quality of welded joints can be defined in
terms of properties such as weld bead geometry, mechanical
properties, and distortion [2, 3]. It is observed that the process
parameters like laser power (LP), welding speed (WS), and
focal position (FP) play a significant role in determining the
weld bead geometry and hence the welding quality. Casalino
et al. [4] discussed the influence of different welding condi-
tions on the weld bead morphology and mechanical proper-
ties. Zhang et al. [5] studied the effects of welding process
parameters on hot cracking and fusion ratio of welded joints.
Therefore, how to select the proper process parameters for
high quality welded joints has become a very important
challenge.

The relationship between the process parameters and
welding bead geometry is non-liner and complicated. The
extent of contribution of the actual process parameters to-
wards the results is particularly difficult to be identified. It is
always a puzzling problem which causes operators can only
select the welding process condition according to experience,
charts, and handbooks in the practical production [6—8]. The
process parameters determined by trial and error method may
yield fairly good results, but it is hard to ensure achieving the
optimal weld bead, especially not applicable for the new
welding process. To obtain the desired weld bead without
consuming time, materials, and labor effort, there are various
reports about the mathematical model used to optimize the
process parameters through correlating input variables with
output responses. The design of experiments (DOE) and sta-
tistical method are widely used in the welding field. Tarng
et al. [9] adopted the Taguchi method to obtain the setting of
optimal welding process parameters. The application of
Taguchi method in finding of the combination of the major
welding control factors to produce low level defects was in-
vestigated by Casalino et al. [10]. Datta et al. [11] used the
Taguchi philosophy for exploring the optimal parametric com-
binations to achieve desired weld bead geometry and dimen-
sions related to the HAZ. Taguchi addresses quality in two
main areas: off-line and online quality control [12].
Compared with the classical experimental design, the most
important difference is that the Taguchi method-based robust
design technique considers the minimization of the variance of
the characteristic of interest. Although, the Taguchi method
has drawn much criticism due to several major limitations like
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difficulties in modeling, time-consuming, and cumbersome, it
has been able to solve single response problems effectively
[13]. Therefore, it is very useful to model the fiber laser key-
hole welding process using Taguchi technique with the objec-
tive of the maximum of the ratio of weld penetration to width
(P/W).

Additionally, most of these optimization methods are usu-
ally taken to obtain the near-optimal parameters in the welding
process. Correia et al. [14] studied the implementation possi-
bility of using genetic algorithm (GA) as a method to decide
near-optimal settings of GMAW process. Winiczenko [15]
investigated a hybrid response surface methodology (RSM)
and GA-based technique for determining the near-optimal set-
tings in the friction welding process parameters. However, the
optimal results were still required validation by costly and
time-consuming experimental approaches. Moreover, some
of the optimal solution validations are impossible due to the
limitation of current process conditions. Thus, the optimal pro-
cess parameters are not confirmed directly by the optimal solu-
tion which is often replaced by the near-optimal settings of the
process parameters. These approximate treatments are not accu-
rate and acceptable, because to some extent that the response is
frequently mutational near the optimal settings. Fortunately,
numerical simulations of welding process provide a promising
way for this regard. For several decades, finite element anal-
ysis (FEA) has become a powerful tool and been widely used
in simulating the temperature field behavior during laser
welding process. There are a large number of researchers used
FEA for welding simulation successfully, especially for weld
shape prediction. The initial welding simulations were simpli-
fied certainly base on moving line source and surface source
[16]. Although the line source and surface source could indi-
cate the ranges of temperature and welding conditions, the
results were different from those found experimentally.
Belhadia et al. [17] studied the combined heat source of
Gaussian surface source and cylindrical volume source to in-
vestigate the weld bead shape. It showed that the combined
heat source was essential in predicting weld bead. Wang et al.
[18] developed a combined volume heat source model
consisting of a rotary Gaussian heat source and a double el-
lipsoid heat source for the simulation of weld shape prediction
during laser keyhole welding process. Franco et al. [19] pro-
posed a double source of a semi-infinite solid and an infinite
one for predicting seam geometry in laser beam welding of
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stainless steel. It is evident that FEA is a very useful tool for
welding process simulation. However, FEA of welding simu-
lating has not been used to replace the expensive experiments
to validate the optimal results obtained from the mathematical
model optimization. Moreover, the objective variation trend
near the optimal settings and the microstructure, phase trans-
formation and microhardness profile has not been analyzed by
FEA, which causes that the optimal results are not validated
fully.

In this paper, a Taguchi-FEA integrated method is pro-
posed for process parameters optimization and objective trend
analysis in fiber laser keyhole welding. Firstly, Taguchi L,
orthogonal array is used for optimizing process parameters in
the fiber keyhole laser welding of hot-dip galvanized dual
phase sheet (GA-DP590). Three process parameters namely
LP, WS, and FP have been optimized to maximize the P/W
ratio. The optimum levels of process parameters have been
identified based on the signal to noise (S/N) ratio. The analysis
of variance (ANOVA) is used to compare the impact of pro-
cess parameters on the weld bead P/W ratio and determine the
most significant factors. Then, a 3D weld bead predicted mod-
el of FEA is established and validated by experimental results.
The near-optimal settings obtained from the statistical tech-
niques, Taguchi method, are confirmed by FEA and experi-
ments, respectively. Simultaneously, the objective variation
trend near the optimal settings and microstructure, phase
transformation and microhardness variation of the weld bead
from the optimal conditions are identified through the welding
numerical simulation.

The structure of this paper is organized as follows. In
section 2, the general framework of the proposed Taguchi-
FEA integrated optimization method is introduced. In section
3, DOE and process parameters optimization by Taguchi tech-
niques are discussed. In section 4, weld bead predicting model
of FEA based on hybrid heat source and welding simulation
validation have been described. In section 5, the optimized
results are confirmed by weld simulation and experiments,
and the trend analysis of the objective variation near the opti-
mal settings, microstructure, phase transformation, and micro-
hardness variation are conducted. Finally, the conclusions of
the current study are offered.

2 General framework of integration method

The proposed Taguchi-FEA method is based on three subse-
quently implemented stages as shown in Fig. 1. The first stage
includes DOE and experiments implementation. The DOE is
done by Taguchi in the statistical software, MINITAB16.
During the analysis, the LP, WS, and FP three welding process
parameters are considered as design variables. The P/W ratio
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Fig. 2 The flowchart of Taguchi-FEA
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Table 1 Chemical composition of the base material (Wt%)

Materials C Si Mn P S Al B Cr Mo Nb Ti Ni Fe
GA-DP590 0.051 0.015 1.51 0.012 0.005 0.033 0.00005 0.031 0.025 0.011 0.0008 0.02 Bal.

is as the optimal objective. The whole process is converted
into a three inputs and one output problem. Then, the Taguchi
matrix is generated. According to the designed matrix, the
experiments are carried out and the results are recorded. GA-
DP590 is selected as the experimental material, and the
welding system in this study is the fiber laser welding system.

The second stage is focused on the welding process param-
eters optimization. MINITABI16 is used as the optimization
tool. Based on the S/N ratio, the optimum levels of process
parameters are determined. The significant contributions of
parameters are identified by the ANOVA. The objective in-
vestigated in the current research is to maximize the P/W ratio
of the weld bead. During this stage, the larger the better S/N
ratio is calculated. The process parameters effects on the re-
sponse are identified in the ANOVA.

The third stage is experiment and FEA confirmation and
the identification of the response of process parameters near
the optimal settings. The whole process consists of the follow-
ing four steps:

* Hybrid heat source model establishment for the fiber laser
keyhole welding.

*  Welding simulation validation based on the proposed hy-
brid heat source model.

* The experimental validation of optimal process
parameters.

* The near-optimal settings confirmation and response iden-
tification by using FEA.

The hybrid heat source model of double ellipsoid heat
source model and 3D Gaussian heat source is used for the
fiber laser keyhole welding. Then, the numerical simulation
of welding process is implemented based on the proposed heat
source model, and the weld bead prediction is validated by the
experiments. After welding simulation, the optimized results
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Fig. 3 Schematic of welding process
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are confirmed by the experiments and FEA. To further con-
firm the optimal results, the trend analysis of the objective
variation is conducted through identifying the response of
process parameters near the optimal settings using FEA.
Therefore, the effectiveness of the integrated methodology
for welding process parameters optimization is verified fully.
The overall optimization process based on Taguchi-FEA inte-
grated method is illustrated in Fig. 2. Details of each stage are
described in the following sections of this paper.

3 Experimental procedure
3.1 Materials

In the experiments, GA-DP590 was used as the base
materials (BM) for the fiber laser keyhole welding.
The composition of the GA-DP590 is presented in
Table 1. They were cut into small plates as the welding
specimens and the dimensions were 150 x 75 x 2 mm?®
as shown in Fig. 3. To protect the weld bead from
disturbing with oil pollution and oxide film, the surface
of specimens were cleaned by acetone.

3.2 Fiber laser keyhole welding

The welding system in this study is fiber laser welding
system as shown in Fig. 4. The fiber laser, IPG YLR-
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Fig. 4 The fiber laser welding system
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Table 2 Welding parameters levels and response factor Table 4 Response table for means
Parameter Unit  Notation Factor levels Level LP(W) WS(m/min) FP(mm)
1 2 3 4 5 1 0.8546 1.2888 1.162

2 1.0086 1.2416 1.2868
Laser. power 4 . LP 1500 2000 2500 3000 3500 3 13878 11844 11736
Welding sp.eed m/min = WS 250 275 3.00 325 3.50 4 12706 L1272 12106
Focal position mm FP -3.0 -1.5 0.0 1.5 3.0 5 13362 1.0158 1.0248
Response factor Delta 0.5332 0.273 0.262
P/W ratio The ratio of weld penetration to width

Rank 1 2 3

4000, is with a wavelength of 1.06 um, and the diameter of
optical fiber core is 0.3 mm. In the whole welding process,
continuous wave fiber laser was used. The welding head was
equipped with coaxial air blow protection device and grasped
on the welding robot, ABB IRC5 M2004. The controlling sys-
tem was used to set the welding process parameters, LP, WS,
and FP included. During the welding process, the side blow
argon shielding gas was supplied at a flow rate of 30 L/min.

The optimal parameters based on mean are LP;WSFP,

3.3 Design of experiments

The P/W ratio affected by the main process parameter factors,
LP, WS, and FP, were considered in this investigation. Every
factor was divided into five levels with equal interval. The
present problem was converted into three factors and five level
problem. The welding parameters levels and response factor
were listed in Table 2. The total degrees of freedom (Dof) was

Table 3 Taguchi L5 design

matrix and experimental results No. LP(W) WS FP P/W ratio S/N ratio Soundness of the bead
(m/min) (mm)
1 1500 2.5 -3 1.164 1.31906 Incomplete-penetration weld
2 1500 2.75 -1.5 1.058 0.48971 Incomplete-penetration weld
3 1500 3 0 0.673 —3.43970 Incomplete-penetration weld
4 1500 3.25 1.5 0.852 —1.39121 Incomplete-penetration weld
5 1500 3.5 3 0.526 —5.58029 Incomplete-penetration weld
6 2000 2.5 -1.5 1.489 3.45789 Penetration weld
7 2000 2.75 0 1.229 1.79104 Incomplete-penetration weld
8 2000 3 1.5 1.172 1.37855 Incomplete-penetration weld
9 2000 325 3 0.579 —4.74643 Incomplete-penetration weld
10 2000 35 -3 0.574 —4.82176 Incomplete-penetration weld
11 2500 2.5 0 1.274 2.10339 Penetration weld
12 2500 2.75 1.5 1.337 2.52263 Penetration weld
13 2500 3 3 1.493 3.48120 Penetration weld
14 2500 3.25 -3 1.560 3.86249 Penetration weld
15 2500 35 -1.5 1.275 2.11020 Incomplete-penetration weld
16 3000 2.5 1.5 1.286 2.18482 Penetration weld
17 3000 2.75 3 1.295 2.24540 Penetration weld
18 3000 3 -3 1.223 1.74853 Penetration weld
19 3000 3.25 -1.5 1.251 1.94515 Penetration weld
20 3000 35 0 1.298 2.26549 Penetration weld
21 3500 2.5 3 1.231 1.80516 Penetration weld
22 3500 2.75 -3 1.289 2.20506 Penetration weld
23 3500 3 -1.5 1.361 2.67716 Penetration weld
24 3500 3.25 0 1.394 2.88526 Penetration weld
25 3500 35 1.5 1.406 2.95971 Penetration weld
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Table 5 Response table for signal to noise ratios

Level LP(W) WS(m/min) FP(mm)
1 —1.7205 2.1741 0.8627
2 —-0.5881 1.8508 2.136

3 2.816 1.1691 1.1211
4 2.0779 0.5111 1.5309
5 2.5065 -0.6133 -0.559
Delta 4.5365 2.7874 2.695
Rank 1 2 3

The optimal parameters based on S/N ratios are LP;WS;FP,

12. The designed Taguchi orthogonal array was L5 as shown
in Table 3. It is suitable for the study because the Dof of the
orthogonal array is greater than the total Dof of the factors.

3.4 The results of experiments

The experiments were conducted according to the designed
L,s. To obtain the clear metallographic figures under the
optical microscope, the small patches (15 x 15 x 2 mm®) were
cut from the welding area, polished, and corroded as the me-
tallographic specimens. The weld penetration and width were
measured by optical microscope. The measured results of the
weld bead were presented in Table 3. From the Table 3, it is
seen that more than half of the welding experiments are the
penetration welding.

4 Process parameter optimization
4.1 Signal to noise ratio

The calculation of the S/N ratio is based on the quality of
intended characteristics. From the calculated corresponding
responses, the optimal level settings can be obtained. There
are three calculating formulas given below [20-24].

Larger the better:

where 7 is the number of replications. y; is the response value,

andi= 1, 2,..., n. The larger the better is used for the problem

where the quality characteristic of interest is to be maximized.

This type of problem is regarded as the larger the better.
Smaller the better:

. 1 n
S/N ratio(n) = —10log,, (ZZ yf) (2)
i1

This is defined as the smaller the better problem which is to
obtain the minimization of the characteristic.

Nominal the best:
12
S/N ratio(n) = —10log,, (—2) (3)
o
where
2= T Ay 2 0~y )
n ’ n—1

This is the nominal the best type of problem which intends to
minimize the mean squared error around a specific target
value.

The maximization of the P/W ratio is set as the objective in
the current study. Therefore, the larger the better for S/N ratio
is calculated, as shown in Table 3. The influences of the fiber
laser keyhole welding parameters, LP, WS, and FP, are studied
on the weld bead P/W ratio. The average mean and S/N ratio
values of all levels are given in Tables 4 and 5. As the larger
S/N ratio to the better quality characteristics, the optimal level
of the process parameters is set as LPsWS,FP,.

4.2 Analysis of variance

The main purpose of ANOVA is to adopt the statistical meth-
od to identify the significant factors for the objective, the P/W
ratio. The analysis results from the ANOVA can reveal clearly
how far the welding process parameter affects the response
and the significant level of the considered factors. The results
of the ANOVA for mean and S/N ratio are tabulated in
Tables 6 and 7. The main effects for mean and S/N ratio are

n
1 1 o S
S/N ratio(n) = —10log,, (— Z —2> (1)  plotted in Figs. 5 and 6. The F and P tests are used to identify
Vi the significance of the welding process parameters. The high
Table 6 Analysis of variance for
means of P/W ratio Source Dof Seq SS Adj SS Adj MS F P % contribution
LP(W) 4 1.0535 1.0535 0.26337 4.9 0.014 50.0142
WS(m/min) 4 0.2252 0.2252 0.05631 1.05 0.424 10.6912
FP(mm) 4 0.1822 0.1822 0.04555 0.85 0.522 8.6498
Residual error 12 0.6455 0.6455 0.05379 30.6447
Total 24 2.1064 100
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Table 7 Analysis of variance for

signal to noise ratios of P/W ratio Source Dof Seq SS Adj SS Adj MS F P % contribution
LP(W) 4 83.25 83.25 20.813 4.81 0.015 46.1884
WS(m/min) 4 24.86 24.86 6.214 1.44 0.282 13.7927
FP(mm) 4 20.17 20.17 5.043 1.16 0.374 11.1906
Residual error 12 51.96 51.96 433 28.8282
Total 24 180.24 100

Dof degrees of freedom, Seq SS sequential sum of squares, Adj SS adjusted sum of square, Adj MS adjusted mean
square, F' Fisher ratio, P probability

F value and the low P value demonstrate that the correspond-
ing factor is the significant factor which plays an important
role in affecting the response. From Tables 6 and 7 and Figs. 5
and 6, it is clearly seen that the LP is the most significant
affecting factor for the P/W ratio. The WS and FP are the
second and third affecting factors, respectively.

4.3 Predicted value of P/W ratio

According to the experiments, the optimal level of the process
parameters is LP3sWS;FP, which is evaluated from the litera-
tures [13, 20]. The factor average values are taken from
Table 4. The corresponding predicted value (PV) of P/W ratio
is formulated as follows.

PV = LP; + WS;+FP,—2Ry
1.388 +1.289 4 1.287-2 x 1.172

=1.62

(4)

where LP; is the average mean value of LP at the third level.
WS, is the average mean value of WS at the first level. FP; is
the average mean value of FP at the second level. Ry, is the
overall mean.

Fig. 5 Main effects plot for

5 Welding simulation confirmation and discussion
5.1 Heat source model

During the fiber laser keyhole welding, the complex energy
distribution is hard to be simulated by a single heat source
model. Ducharmer et al. [25] reported that total absorption
of the laser energy is determined from detailed consideration
of the inverse Bremsstrahlung absorption in the plasma and
Fresnel absorption at the keyhole walls. However, the plasma
is mainly distributed over the keyhole. Thus, the laser energy
absorption is calculated as the inverse Bremsstrahlung absorp-
tion over the keyhole and Fresnel absorption in the inside of
the keyhole, which requires a combined heat source model to
describe the whole laser energy absorption [26]. In this paper,
the popular double ellipsoid heat source model [27, 28] is
adopted to simulate the inverse Bremsstrahlung absorption.
It is a non-axisymmetric heat source which consists of two
different ellipses, i.e., the quadrant of one ellipsoid as the front
half source and the quadrant of another ellipsoid as the rear
half, as shown in Fig. 7.

The double ellipsoid heat source model can be expressed as
follows:

Main Effects Plot for Means

means of P/W ratio Data Means
LP(W) WS(m/min)

1.4

N /\/ 0\\
« 1.0 \\
£
B
s 1500 2000 2500 3000 3500 2.50 2.75 3.00 3.25 3.50
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S 14 e
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Fig. 6 Main effects plot for S/N

Main Effects Plot for S/N Ratios

ratios of P/W ratio Data Means
LP(W) WS(im/min)
g /\/‘ .\\
P b \\
b=
2
Z 21— T T T T T T T T T
2 1500 2000 2500 3000 3500 250 275 300 325 3.0
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63 x2 2 Z2 2 _ 2 2 9
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agbem\/T af b ¢ Foti
\/_ 2 ) ) rO(Z) =T~ 2 (Ze_z) (10)
V31 1S+ z e Zi
q:(x,y,2) = MeXp(3 (—+y—+—)) (6) , . :
arbem\/m a b < where QOg(x,y,z) is the power density of the 3D Gaussian
Q=nP (7) heat source. f; and f, are the fractional factors of the heat

where ¢(x,y,7) and g.(x,y,z) are the power densities of the
double ellipsoid heat source in the inside of the front and rear
quadrants of the heat source. Q is the effectively absorbed
power. fr and f, are the fractional factors of the heat source
deposited in the front and rear quadrant, which can be deter-
mined by fr+f,=2. The constants, ag, a,, b, and ¢ are heat
source parameters that define the size and shape of the ellipses
and hence the heat source distribution. 7 is the absorption
coefficient, and P is the laser power.

The 3D Gaussian heat source model [29] is applied along
the longitudinal axis of the heat source model to describe the
Fresnel absorption, as shown in Fig. 8.

The 3D Gaussian heat source model can be expressed as
follows:

72

Oc(x..3) = Of exp | 2] ®)
AZ
LY
—— o
] R

Fig. 7 Double ellipsoid heat source model
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deposited in double ellipsoid heat source and 3D Gaussian
heat source, respectively. r is the distance away from the
heat source center, the radius. 7. and z. are the radius and
height of the laser heat source in the upper plane. 7; and z;
are the radius and height of laser heat source in the lower
plane.

5.2 Simulation model validation

The weld shape prediction of the fiber laser keyhole
welding was carried out using the commercial FEA
Software, SYSWELD. During the simulation process,
the local refinement mesh model is used to improve

ZA

Fig. 8 3D Gaussian heat source model
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Welding Zone

Fig. 9 Experimental model (/eff) and 3D FEA model (right) of fiber laser keyhole welding specimen

simulation accuracy while not considerably increasing the
computational time. Actually, the welding zone around
the heat source model is the focused area. The mesh in
the welding zone is refined as the bell curve criterion and
the scaling factor is equal to 25. The refined mesh model
used in the welding simulation process is illustrated in
Fig. 9.

The describing thermal source loading to the material
represented by the Fortran time-space function fits the
laser energy density distribution the best [29]. Heat losses
caused by the convection, radiation, and contact are taken
into considered by the corresponding thermal coefficients.
The predictions of weld bead shape of fiber laser keyhole
welding have been validated by experimental results. The
temperature contour corresponds to the weld bead cross-
section dimensions. The temperature of fusion zone (FZ)

is higher than melting point (1420 °C). The predicted
results were compared with the weld macrograph of ex-
perimental weld cross sections, and both of the weld bead
boundary shape and size were found to be in good agree-
ment, as shown in Fig. 10. The experimental weld bead is
depicted in Fig. 10a with red line, and the corresponding
predicted result of weld bead is shown in Fig. 10b by
white line.

5.3 Results and discussion
5.3.1 Weld bead comparison

To verify the optimal results, the confirmation experiments
were carried out. The process parameters were adopted as
the optimum levels. The optimal process parameters are

SECTIONS

Temp
Time 0.0857192
Comput. Ref Global

Min = 20

Max = 3210.06
-
780
860
840
1020
1100
1180

=,
= 1340
]
=

]

—

one

1420

]
LT T

Fig. 10 Weld bead shape comparison: a experimental result; b simulation result (P = 2000 W, WS = 3.5 m/min, /"= 0 mm)
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Table 8 Confirmation test results

Algorithm P/Wratio LP(W) WS(m/min) FP(mm)
Taguchi optimal solution  1.620 2500  2.50 -1.50
Feasible solution 1.589 2500 2.50 -1.50
Feasible solution 1.591 2500 2.50 -1.50
Feasible solution 1.596 2500 2.50 —-1.50
Average value 1.592 2500 2.50 -1.50
Error (%) 1.728 - - -

LP3;WSFP,, LP 2500 W, WS 2.50 m/min, and FP
—1.5 mm, respectively. During the optimized result confir-
mation, three groups of testing experiments were imple-
mented. The average value of the P/W ratio from the three
measured metallographic specimens in the fiber laser key-
hole welded joints was 1.592, as shown in Table 8.
Therefore, the optimized result is in good agreement with
the experimental result, and the error is negligible.

5.3.2 Simulation confirmation and trend analysis
of the objective variation

The optimal result was also confirmed by the FEA simu-
lation in this study. From the simulation result, the predict-
ed P/W ratio was 1.594 at the optimal level settings of
process parameters. The results between the simulated
and optimal keep almost consistent, as shown in Table 9.
To further confirm the optimized value and improve the
implementation possibility in the practical, trend analysis
of the objective variation near-optimal settings of process
parameters based on FEA simulation was carried out in
this section. According to the ANOVA, the LP and WS
are identified as the most significant affecting factors for
the response, P/W ratio. In practical production, the LP and
WS often fluctuate in a certain range, which is difficult to
be controlled. Moreover, some optimal solution valida-
tions through experiments are impossible since the current
process conditions are hard to meet the precision require-
ment. It is widely adopted that optimal process parameters
are not confirmed directly and replaced by the near-
optimal settings of the process parameters. Thus, the trend
analysis of the objective near-optimal settings by FEA
simulation is essential for improving the theoretical

Table 9 FEA validation on LP

significance and engineering value of the optimization pro-
cess. In the current research, the objective trend analysis
on the LP and WS variation near the optimal settings of the
process parameters was conducted, as presented in
Tables 9 and 10. From the tables, it is obvious that the
P/W ratio values with the near-optimal process parameters
are all smaller than that in the optimal settings. It is clearly
seen that the optimal results are found to be agreed with
the simulation confirmation, which approves that the ob-
tained results are the global optimized values other than
the local optimized results.

Through the FEA simulation, the trend of the objective
variation affected by individual process parameters has
been illustrated in Fig. 11. To identify the effects of two
significant process parameters in a single plot, the vari-
ables values are represented by the FEA number in the
figures. From the Fig. 11, it is clear seen that the P/W ratio
increases with the LP increase before 2500 W and then
decreases. This is due to the fact that firstly with the in-
crease of LP, the heat input also increases which leads to
weld penetration increasing greatly, while the weld width
only has slight increase. When the LP achieves the critical
limit, the welding mode is converted to penetration weld,
and the increased heat input mainly used to enlarge the
weld width, which causes the P/W ratio gradually de-
creases. Furthermore, it is obvious that an increase in WS
decreases the P/W ratio due to the heat input decreasing at
a certain time. High WS often causes poor weld penetra-
tion resulting in the negative effect on weld bead geometry
and mechanical properties. The analyzed result is kept in
consistent with the practical welding process [30-32].
From the above discussion, FEA simulation is essential
for objective variation analysis without consuming time,
materials, and labor effort.

5.3.3 Microstructure evolution

The weld bead microstructures of GA-DP590 will be trans-
formed when subjected to the thermal cycle of fiber laser
keyhole welding. The thermal cycle curve of the optimal
weld bead along the welding path in the quasi steady state
during the welding process is shown in Fig. 12. It is clear
that the peak temperature of the detecting node is 2400 °C
when quasi steady state is achieved. The thermal cycle

FEA 1 2 3 4 5 6 7 8 9 10 11
LP(W) 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000
P/W ratio 1.210 1.361 1.494 1.574 1.585 1.594 1.545 1.500 1.476 1.442 1.423

When the WS is 2.5 m/min and the FP is —1.5 mm
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Table 10  FEA validation on WS

FEA 1 2 3 4 5 6 7 8 9 10 11
WS(m/min) 2.5 2.6 2.7 2.8 2.9 3 3.1 32 33 34 35
P/W ratio 1.594 1.593 1.590 1.587 1.582 1.573 1.556 1.540 1.478 1.445 1.368

When the LP is 2500 W and the FP is —1.5 mm

curve illustrates the high heating rate and slow cooling
rate. A relative slow cooling rate observed is duo to the
heat supplied to the trailing side nodes from the advancing
heat source [33, 34], which leads to a long melt pool.

A significant change in microstructure of the optimized
weld bead can be seen from the cross section of the
welded joints. The formation of FZ and HAZ which co-
existed with the unaffected BM at both sides of the weld
as indicated in Fig. 13a. The phase transformation curve
of FZ is shown in Fig. 12. In the FZ, austenite (A) starts
to form since the temperature rises quickly above Ac, line
of the steel, and the weld pool is fully austenized when
the temperature is above Acjz line. Due to the high WS
(2.5 m/min), the temperature above Acs is only lasted a
short time and then starts to decrease. The rapid cooling
austenite is subsequently transformed to form martensite
(M) and the volume fraction of which increased as the
temperature moved away from the Acs line towards the
Ac line as can be seen in Fig. 12, only a small amount of
A existing in the FZ. The simulated results are in good
match with the experimental results, as shown in Fig. 13.
Metallographic examination of weld bead denotes that the
FZ is dominantly martensitic structure with a lathy mor-
phology in conjunction with a small amount of A The
equiaxed dendrites with variable direction distribution is
observed in the region closing to the FZ/HAZ interface, as
shown in Fig. 13b and d. There is a zone characterized by
fine equiaxed grains (FAG) occurring at the HAZ, which

Ratio of weld penetration to width

—e— Effect of laser power
=&~ Effect of welding speed

1 2 3 4 5 6 7 8 9 10 11
Process parameters

Fig. 11 Effects of LP and WS on the welding P/W ratio

is formed due to the constitutional undercooling. In the
HAZ closing to the FZ, the undercooling is little, and
epitaxial growth occurs from many nuclei as the same
lattice structure of the BM grains. The HAZ microstruc-
ture contains ferrite, martensite, and bainite which formed
as solid state transformation products of A From the mi-
crostructures of the welded joint from the optimal process
parameters, there are no porosity, solidification cracks,
and other micro defects. Therefore, this type of micro-
structure of the optimized weld bead is beneficial for
quality improvement.

5.3.4 Microhardness profile

Numerical predictions of the microhardness profile were val-
idated at the transverse cross section of the optimized welded
specimens using a hardness tester (Qness) to obtain
microshardness variations among the various welding regions.
The Vickers microhardness values were measured (mid-sec-
tion, 0.1 mm intervals in FZ and 0.2 mm intervals in other
regions) under a 50 g load and 8 s dwell time. Figure 14 shows
the simulated microhardness values taken at the central por-
tion nodes of transverse cross section of the weld bead and
plotted as a function of distance from the weld center line and
compared with the measured values. The microhardness pro-
file exhibited a symmetric characteristic with a lower BM
hardness (~225 HV) followed by a sharp increase through
the HAZ up into the FZ (~480 HV). The influencing factors
of hardness increase in the FZ may result from the finer grains
formation, formation of A structures, and other factors.
However, the finer grains formation is negligible according
to the above microstructure discussion (Figs. 12 and 13).
The thermal cycle and phase transformation curves (Fig. 12)
show that the high heating and cooling rate are associated with
fiber laser keyhole welding, and it is very beneficial for the
Mgrowth, which leads to highly increasing hardness values.
Thus, the primary factor of the hardness changing in FZ region
is the M formation. From hardness value changes, it also re-
veals that the width of weld bead is approximately 1.200 mm.
It can be clearly seen a good agreement between the simulated
and measured values. The small difference in the values may
be due to experimental errors and assumptions made during
numerical simulation.
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Fig. 12 The thermal cycle and
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L v v - . .
20 v v v 2500 W, 2.5 m/min, and —1.5 mm, respectively, and the cor-
200 VUYIYTY TR w v A responding maximal P/W ratio is 1.620. Based on ANOVA,
the LP and WS are identified as the most significant affecting
150g % I 2 0 3 J 3 s factors for the response, P/W ratio. The optimized results are

Distance from weld centreline, mm

Fig. 14 Microhardness profile of the weld cross section
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validated by experiments and FEA simulation. The results of
optimal solution, experiments, and simulation were achieved
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good agreement. Simultaneously, the trend of the objective
variation near the optimal process parameters (LP and WS)
and the microstructure, phase transformation and microhard-
ness variation of the optimized weld bead are also analyzed by
numerical simulation without consuming time, materials, and
labor effort. The analyzed results keep consistent with the
practical welding process. From the above discussion, the
proposed method is acceptable and beneficial for guiding the
practical production.
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