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Abstract

In this paper, a three-dimensional finite elemewidet has been developed to simulate the laser-
TIG hybrid welding (HLAW) of stainless steel 1.44Mith thickness of 4 mm. Transient
temperature profile and dimensions of the fusiomezand heat affected zone (HAZ) during welding
process are calculatedusing finite element methéd&EM) and were solved in the
ABAQUS/Standard software.The heat source modelkisnabination of Goldak distribution for the
arc heat flux, a body Gaussian distribution foefaseat flux and a surface heat flux model. The
DFLUX subroutine was used for implementation of thevable welding heat sources of the
models.To validate the model, several HLAWexperiteemere performed with a pulsed Nd:YAG
laser and TIGsources. Good agreement betweenrthdated and the experimental measurements
revealed that the model would be appropriate forMItAimericalsimulation. Among the material
properties, the material conductivity is the masportant term which influences on the weld bed
dimensions.

Keywords
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1. Introduction
Laser-arc hybrid welding, which combines laser wejdand arc welding techniques, was originally

invented for combined laser-TIG weldify]. Both laser welding and arc welding processeste
plasma, thus lead to a highly complex physicalasitun. Combination of a laser beam and an
electric arc has several advantages versus puee Vaslding or arc welding such as: higher
processing speeds, deeper penetration, greateariogeto fit-up, low distortion, welding process
stability and efficiency [2-4].

A general review and complete bibliography of ldsg@orid processes are prepared by Bagger and
Olsen [2]. Pulsed Nd:YA Glaser welding of AISI 38tainless steel plate was simulated using
commercial finite element software to determine dpémal welding conditions by Kim et al. [5].
Wang et al. [6] investigated the interaction betwéaser-induced plasma/vapor and arc plasma
during fiber laser-MIG hybrid welding. Hee et aF] [were studied and evaluated the effects of
welding process (COlaser-GMA hybrid welding and SAW) on the temperatdistribution and
welding residual stresses of welded joints. Optatian of bead geometry in CO2 laser welding of
Ti 6Al 4V using response surface method is invegéid by khorram et al. [8]. Moradi et al. [9]
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analyzed the stability of the resulting weld suefappearance and in turn of the welding process for
fiber laser-MAG hybrid welding of stainless stegl the aid of design of experiments and high
speed imaging. Javid et al. [10, 11] studied aettienensional heat transfer simulation of the laser
welding process by thermo-mechanical analysis u$imite element method. Thermal elastic—
plastic analysis by using finite element methodhigestigate the thermo mechanical behavior and
evaluate the residual stresses and welding digtodn the AZ31B magnesium alloy and 304L steel
butt joints in HLAW was described in the Zeng etrakearch [12] Cerit et al. [13] surveyed stress
concentration effects of undercut defects and oetgiment of metals in butt welded joints using the
finite element method. Cho et al. [14] studied pingsical assumptions and mathematical models
required to predict molten metal flow preciselyd@, laser—GMA hybrid welding. In hybrid laser-
TIG welding processes modeling, Chen et al. [15lymed the heat transfer mechanism, and
simulated the heat transfer and energy interactienhanism. Kong and Kovacevic [16] developed
a three dimensional (3D) finite element model teestigate thermally induced stress field during
hybrid fiber laser—gas tungsten arc welding (GTAWOcess. Deng [17] investigated the effects of
solid state phase transformation on welding resisinass and distortion in low carbon and medium
carbon steels based on finite element model. Tphécagions of lasers in industries are increasing
recently. Using laser energy for welding technoldgyjoin steel, Ti6-4 and other applicable
materials in aerospace industries are widely useesearches and industry [18, 19]. Hybrid arc-
laser welding is another new technology which isdufor joining thick materials when the laser
cannot penetrate completely [20]. Creating micrte®ion the sheet using laser beam is another
application of laser which is called laser drillif&{, 22].

In the present study, numerical and experimentalysbf geometrical dimensions on low power
Nd:YAGHLAWof martens tic stainless steel 1.4418ihe thickness of 4mm was investigated.
Cross section of a typical experimental welding gli@mvas measured to investigate the geometrical
dimensions of weld-bead profile and to compare whth simulated results. Thermal elasto- plastic
analysis was performed using finite element tealsgto analyze the thermo mechanical behavior
of butt joint weld by commercial software named ABBSE.Good agreement between the
simulated and the experimental measurements relghbt the model would be appropriate
forLHAWnumerical simulation.

2. Experimental Procedure

In this study, stainless steel 1.4418 sheets (254188mm) with thickness of 4 mm were used as
the material work piece which is used in the corspoe shaft of the gas turbines. The chemical
composition of the material, which is the averafthee X-ray fluorescence (XRF) measurements,
is presented in Table 1.

Tablel. Chemical composition of Stainless steel 184wt %)

Fe Cr Ni Mo Mn Cu Si W Al \Y C Co P S

Bal 1591 489 086 072 022 021 015 010 0.11 0.037 0.035 0.023 0.005

In the experiments, a pulsed Nd:YAG laser model-I@with a maximum mean laser power of
400 W was used as a laser source combined witheatdiurrent electrode negative TIG (DCEN-
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TIG) which are with a maximum current of 250 amger8quare shape pulses are the standard
output of this laser machine. The available raraydlie laser parameters was 1-1000 Hz for pulse
frequency, 0.2—-20 ms for pulse duration, and 0—#0 pulse energy. Since the average laser power
could not be more than 400W, it is evident thatrtmtrary combination of pulse energy and pulse
frequency could be used. The focusing length ddrldeam was 75 mm with 250 um minimum
spot size. A 5000W-Lp Ophir power meter and LA30Q®/joule meter were used to measure
average power and pulse energy. Details of thererpatal setup can be found in [18, 19]. Figure
1 shows the principle of the HLAW process. As shawhis Figure, the arc is leading, no filler
metal is used and the laser is vertical to the bastal and the TIG torch is placed with a 35 degree
angle to the horizontal surface. The diameter tirgsten electrode was 1.2 mm. Fixed process
parameters, which are the results of author's pusvstudy [23, 24], are presented in Table 2.
Before welding, the grease and residue on the ®idathe base metal were removed with acetone;
beside of it, the oxidation film was removed witlaisless steel brush. In the previous author’'s
research [23], HLAW was conducted using RSM asatissical design of experiments. Welding
speed (S), TIG Current (I) and distance of heataasu(a) [25] were considered as input process
parameters while welding surface width (W), poaaafA), and penetration (P) were the three
process responses. Optimization of the HLAW paramsetvas carried out in order to access
minimum geometrical dimensions of weld-bead profiled full penetrated weld according to
achieved mathematical models. In the present wibek,optimum parameters of the experiment,
which obtained from the previous study [23] are tieered in Table 2.
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Figurel. Schematic drawing of laser-TIG hybrid viedd(arc leading)
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Table2. Optimum parameters of study

Parameter Value
Focal plane position +2 mm
Shielding gas pressure of laser 25 I/min
Shielding gas (Argon) pressure of TIG 15 I/min
Pulse duration 6 ms
Laser beam frequency 12 Hz
Pulse energy 16.6 J
Torch angle (from the surface) 35°
tungsten electrode stick out length 15 mm
Welding speed 2.5mm/s
Distance of heat sources 2mm
Voltage of ARC 20V
Current of TIG source 130 A

3. Finite Element Modeling

3.1 Governing Equations and Boundary Conditions

The welding process has high nonlinear transieatesin the heat transfer analysis, the transient
temperature field T of the laser welded sheetfisation of time t and the spatial coordinatesy(x,

z) and is determined by the non-linear heat transfpiation. The governing partial differential
eqguation for the transient heat conduction is givefi26]

> (kM) + 5 (ky (N ) + 52 (ke (D 52) + Q6 3,2,0) = p(De(D 5 (1)

where x y and z refer to the Cartesian coordinates anth€jnternal heat generatiop(T), the
temperature dependent density, c(T), the temperakependent specific heat, and'B, Ky(T) and
KAT), the temperature dependent thermal conductinity, y and z direction respectively. For an
isothermal material the equation will be

d ([, dT a (, oT d (, aT T
(k5 + a5 (k5) + 5 (k5) + @ =pe; 2)
Matrix form of equation (2) can be written as equa(3)

(L)T(DLLIT) +Q = pc 2 (3)

Where,

(4)
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And
k0O

D=|0koO (5)
00k

Let for any element E, the temperature is represeby equation 6

T = [N]Tg (6)

Te is nodal temperature and [N] is the matrix of edatshape function.

The temperature fields in thermal analysis fielda e obtained from equation 6. Those results
further can be used for structural response (stregsain fields) in mechanical (structural) anays

A system of equations is obtained by assemblingritividual elemental equation, and is solved
for the unknown nodal temperatures T

From the theory of basic solid mechanieBe® ande=c® + ¢ where ¢ is total Straing® is Elastic
Strain,e™is thermal strain and D is the material stiffness.

The thermal strain vector for an isotropic mediurnthwtemperature dependent coefficient of
thermal expansion is given as

eth = ATa(T) (7)

WhereAT is the difference between the reference temperatod actual temperature.

A part of absorbed energy is transferred from tle¢aihto the environment by convection (cooling).

A film or convection coefficient, h, is introduced the numerical model as a thermal material

property, in addition to conductivity, specific heamd enthalpy. The associated boundary condition
can be stated as

—kn o = 0e(T* = T4) + h(T — T.,) (8)

Where K, refers to thermal conductivity normal to surfabbeande depict surface heat transfer co-
efficient and emissivity respectively is stefan- boltzmann constant, and i$ the ambient
temperature, Jis the bulk temperature of the surrounding aire Tritial condition for the transient
analysis is

T(x,y,2,0) =T, (9)
Where T is the initial temperature.

3.2 Heat Source Model

In the present model, the arc heat flux is GoldeskriBution and laser heat flux is regarded as a

body Gaussian distribution and a surface heatrhaxlel that Plaser affects the effective radius of
25
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the arc which is 10mm.The Gaussian distribution @ehasl used to describe the laser beam body
heat flux distribution, in the following form

Plaser (x=x0)%+(z-vt+h)?\ [y
Qviaser = 3Mw 1lr_RlZexp <_3 : R? ) (Z) (10)

Wheren,, is the efficiency of laser energy absorbed intdemal volume, Rser IS the nominal
power of the laser beamyix the location of the laser head along the x-coateé and in this study

Xo = 127mm, L is the thickness of the material whkgdmm, Ris the effective radius of the laser
beam, Ris set at 0.6mm, h is the stand-off distance betwbe center of laser beam and the center
of the electric arc and h=2mm. v is welding speedi tas the time of welding.

The TIG arc energy was described by a volume héathadistributes in the form of the Gaussian
function along the x, y and z directions, which wiagen by following equation that was proposed
by Goldak et al. [27]

_ Gﬁnaparcff _ ﬁ y_z i
ar = nvmagbc exp( 3 <a}2c + b2 + cz)>

6V3naParcfr 2oyt 2z
Gr = T imarne €XP (‘3 (x_+y_+z_2)> (11)

Wheren, is the efficiency of arc energy absorption inte thaterial, B.is the nominal power of
the arc. The geometric parameters of Goldak digioh are illustrated in Figure 2.

Figure2. Goldak heat source model

The Gaussian distribution model is used to desdhbeT|G surface heat flux distribution, in the
following form

Plaser (x=x0)%+(z-vt+h)?\ [y
Qviaser = 3N ;_zzfexp (_3 : R? ) (Z) (12)
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3.3 Smulation Procedure

A 3D FE simulation of the butt joint welding hasebeperformed on a stainless steel 1.4418 in
dimensions of 127x 38x 4mm. Due to the symmetryty @me half of the plate is modeled.
Accordingly, the energy meets the adiabatic coodittn the symmetry surface. Geometry of the
specimen was modeled at first and then the meshgemsrated. Then the heat source model was
simulated as described in section 3-2. Temperdigiceof the plate heated by the laser and tig was
determined using “uncoupled heat transfer” finiteneent analysis in ABAQUS/Standard. The
boundary and the initial conditions were appliedhe form of heat loss and temperature of the
environment respectively. The thermo-physical malgroperties incorporated in the research are
presented in Table 3.

Table3. Thermo-physical properties of stainlesslstet418
Temperatur€K) Specific heat (J/kg°C Conductivity (W/mK)

293 430 15
373 460 20
673 520 25
1073 580 35
1473 640 45

It was necessary to use a very fine mesh near ¢he lime in order to simulate the heat flux on the
top surface and have precise results. However seomesh was adopted for the region far from
the weld line so that reduces the simulation tifilee 8-node hexahedral elements, DC3D8 were
used for these two regions. These two parts wemnextied with 4-node tetrahedral element,
DC3D4. Comparison between computing time and acguesads to the final mesh size. Mesh of
the model is shown in Figure 3.

Figure3. Mesh of the model

All material properties were introduced to modeltemperature dependent. The movement of the
laser and TIG along the weld line was defined Inyetincrement of step. The load of the step,
which is described in the section 3.2, was prograthin FORTRAN as DFLUX subroutine. The

load of former step is deleted when the heat flaves from one time step to another. Heat transfer
during this analysis is type of conduction, conigettand radiation. The predefined temperature of
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the work piece was 298 (°K) (the ambient tempeggtand the work piece was proposed to have
free convection by the air.

4. Results and discussion

Finite element simulations were carried out by FEdle ABAQUS for each condition using the
geometry, mesh and the heat flux distribution deedrabove, to determine the weld pool geometry
i.e. bead width and depth of penetration. The ABAQprogram is capable of calculating the
temperature at any nodal point in the material.

Figure 4 shows the temperature distribution corstonrthe laser—TIG hybrid welding process at
instant of t = 6.81s. Figure5 shows the thermalyamaresults (right side) and micrographs (left
side) across the cross-section of the weld beaairadat by laser—TIGhybrid welding process. The
process parameters are mentioned in Table 2. Tieteoof melting point (1773°K) defines the
weld pool geometry and the fusion zone. This Figlrews good accordance between numerical
and experimental results.

MNT11

+7.331e+03
+6.745e+03
+6.15%e +03
+5.572e+03
+4.087e+03
+d.401le+03
+3.815e +03
+3.228e+03
+2.642e+03
+2.056e +03
+L.470e +03
+8.841e+02
+2.080e +02

Step: Step-122
Increment 31: Step Time = 6.0547E-03

Z X Primary ¥ar: NT11
Deformed ¥ar: not set Deformation Scale Factor: not set

Figure4.Temperature distribution during laser-tyiptid welding
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Figure5.Comparison between simulated and experaheggults (Temperature unit is centigrade)

Figure 6 shows time-temperature diagram of the HLAWcess at t=6.81sat four points. The
coordinates of these four points are; P1(127,4,P2(126,4,15), P3(125,4,15), P4(124,4,15),
P5(123,4,15). In point number 1, the first peakeshperature is observed in 6s and it means that
the arc of TIG affected there. The welding speed.5%nm/s and distance between laser and arc is
2mm, so the laser beam influences in this poingraft8s,(2(mm)/2.5(mm/s)=0.8s). Therefore
another temperature peak is observed in point iht Pomber 2, 3 and 4are located in the fusion
zone because the maximum temperature in thesespw@ininore than the melting point of the
material. In point 5 the maximum temperature is kb&n the melting point of the material.
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Figure6.Time-temperature diagram of the process

5. Conclusions
From finite element simulation of HLAW, the follomg conclusions can be drawn:
(1) Developed FEM model, due to low cost, rapidhoeses and high capabilities, is a suitable
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method for simulating laser-TIG hybrid welding.

(2) The new developed model using the mentionedatemu for temperature distribution can
produce precise results for butt joint HLAW of slass steel 1.4418.

(3) From the material properties, the conductiatymaterial has the most important effect on the
weld bed dimensions.
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