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ANALYSIS OF THERMAL PHENOMENA IN LASER WELDED CONSTRUCTION
PARTS USING ABAQUS SOFTWARE

Computer modelling of welding using commercial computer software requires special
numerical procedures to determine chosen thermal phenomena or the implementation of
specific boundary conditions. Basic versions of commercial computer solvers used for the
analysis of stress and strain in constructions usually dont take into account the full complexity
of phenomena accompanying welding processes. Abaqus FEA allows to include special
procedures for such an analysis. Modelling of movable heat source in DFLUX subroutine is
presented in this study and the computer simulation of temperature field during laser welding
of various construction joints, performed in Abaqus/Standard solver. On the basis of obtained
results the shape and size of charasteristic zones of welded joints are estimated.
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Introduction

In recent years there has been a significant growth in the use of a laser beam in
different types of welded joints. Laser beam welding allows performing various joints at any
position, with or without additional material. Specific properties of laser radiation gives a very
rapid melting of the material which contributes to obtaining a very high welding speed with a
small amount of molten material and a small zone of thermal influence [1-4]. Lasers are being
increasingly used in many branches of industry, especially in automotive industry and ship
building. Involved in the production laser welding allows for new and innovative connections
of construction parts [2, 3] with high technological requirements taken into account for the
quality and reliability of welded joints.

Study concerning the influence of particular welding parameters on weld geometry is
necessary to understand and optimize the process [5-10]. Experimental determination of basic
process parameters is expensive. Therefore, the mathematical and numerical models of
physical phenomena in welding become a powerful tools supporting engineers. An important
stage of thermal modeling is the determination of suitable heat source power distribution. The
problem becomes even more complex in T-joints where welding heat source must take into
account the direction of laser beam. [10].

Abaqus finite element analysis (FEA) is a commercial software based on finite
element method used in numerical analysis of physical phenomena in wide range of industrial
processes. Using Abaqus/Standard solver for linear and nonlinear engineering simulations or
Abaqus/Explicit solver for brief transient dynamic events, engineering work groups are able
to consider phenomena in the field of continuum mechanic, electricity, acoustic, etc. This
commercial modelling tool leads the engineers through the entire computer aided design
process, starting from the creation of analyzed object geometry and definition of simulation
parameters (material definition, boundary conditions, loads, etc.) — preprocessing, to solution
of created task (processing). Finally, ending at graphical presentation of simulation results
(postprocessing).

Abaqus FEA used in simulations of welding processes requires an appropriate
modelling of movable welding heat source, which must be implemented into DFLUX
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subroutine [11, 12]. Algorithm for creation of computational welding model is presented in
Fig. 1.
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Fig. 1. Computational welding model in Abaqus FEA

This study contains mathematical and numerical models of thermal phenomena in laser
beam welding process. Numerical analysis of temperature field was performed for butt-joints,
lap-joints and T-joints. Computational model as well as numerical analysis was performed in
Abaqus FEA. Thermo-physical parameters varying on temperature and latent heat of fusion
were assumed in calculations. The distribution of movable heat source was implemented into
DFLUX subroutine. On the basis of obtained temperature field, the size and shape of fusion
zone and heat affected zone is estimated.

Mathematical models and numerical algorithms

In modelling of laser beam welding process, the intaraction of laser energy on the
material is usually considered as a volumetric heat source in the shape of a cylinder, cone or
truncated cone [6, 7, 9, 13] with gaussian distribution in radial direction. From analysis of this
welding process it is observed that power decreases with increasing depth of penetration. In
this study linear decrease of laser energy along material penetration depth is assumed.
Volumetric heat source model is defined as follows [6]:

_Q _r*rmoz
qv(r,z)—mozdexp% r:% d% 1)

where Q_ is laser beam power [W], d is a penetration depth [m], z is current depth [m], r, is
beam radius [m] and r =/x* +y? is current radius [m].
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Simulation of laser beam welding process performed in Abaqus FEA requires the
implementation of subroutines written in FORTRAN programming language. For the
implementation of movable heat source, a DFLUX subroutine is used where power
distribution is modeled as well as the motion of the heat source along welding direction (x-
direction) using constant welding speed v [m/s] and simulation time t [s] passing into the
subroutine from Abaqus solver.

Additionally heat source system is transformed by an angle a (Fig. 2) in T-joint
computer simulation. In Fig. 3 heat source power distribution (1) is presented at the top
surface and in cross-section of welded joint before and after transformation.
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Fig. 2. Transformation of heat source power distribution
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Fig. 3. Heat source power distribution a) at the top surface and in cross section of
welded sheets b) in cartesian and c) rotated coordinate system

Analysis of temperature field is performed using ,,Uncoupled heat transfer” [11] in
Abaqus/Standard solver. The model is based on the energy conservation equation and
Fourier’s law [12] taking into account thermo-physical parameters, such as thermal
conductivity, density and specific heat dependent on temperature. Temperature field in
variational formulation is expressed as follows:
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. 5T T _
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where U is a internal energy, q, is a heat flux toward element surface [W/m?], oT is
the variational (weight) function.
Equation (2) is completed by initial condition t =0: T =T, and boundary conditions

of Neumann and Newton type, with heat loss due to convection and radiation taken into
account, according to the following equation [14]:

. =-25-=a, (], =T) +20(T]. ' =T;) ~q(r0) @3)

where o is a convective coefficient, assumed as =50 W/m?K, ¢ is radiation coefficient
(e=0.5), and o is Stefan-Boltzmann constant and q(r,0) is the heat flux towards the top
surface of welded workpiece (z=0) in the source activity zone.

The body is approximated geometrically with finite elements. Temperature for every
finite element is described by shape functions ¢, (xa):

T ( [¢l (Dn]H- |:| gDJ j" (4)
Variational field is also interpolated by shape functions (The Galerkin approach):
e [oT, O
or (Xa):@‘rlE:éTi:¢i' )

Time integration of internal energy material derivative is performed using the backward
difference algorithm [12].

In equation (2) internal energy U takes into account the latent heat of fusion (H.), thus
assuming linear approximation of a solid fraction (fs) between solidus (Ts=1750K) and
liquidus (Ts=1800K) temperatures, specific heat c(T) =dU /dT (Fig. 4) is defined as:

H Cs for T<Tg
+C H
co(T)= %CS Ly L - for T,<T<T, (6)
O 2 (TL _Ts)
H C, for T>T,

where subscripts s and | stay for solid and liquid phase respectively (assumed as ¢cs=650 and
cL=840 J/kgK), Hy is a latent heat of fusion which was set to 270x10° J/kg.

Density is calculated from the ratio of density in solid and liquid state:
o= p;s s +pL(l—fS), where density of solid and liquid state was set respectively to
ps=7800 kg/m® and p, =6800 kg/m®.

Thermal conductivity varying with temperature is assumed in analysis. In the solid
state A=A(T) is defined according to data form the literature [15]. Much higher value of A(T)
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is assumed in high temperatures (Fig. 4), which corresponds to the motion of liquid material
in the welding pool [14].
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Fig. 4. Thermal conductivity, density and specific heat assumed in calculations

Results of calculations

Numerical analysis was performed for butt-joint, lap-joint and T-joints made of steel
welded by the laser beam without additional material. Welding parameters assumed in
calculations are described in table 1.

Table 1.Welding parameters assumed in calculations

.. . T-joint
Parameters butt-joint lap-joint (a = 45%)
Welding speed v=0.7 m/min | v=0.6 m/min v=0.8 m/min

Laser beam power Q=3.8kW | Q. =2.2 kW QL=1.0kw

Beam (spot) radius ro=1 mm ro=1 mm ro=0.4 mm

Penetration depth s=7 mm s=4 mm s=1.4mm

Simulation of laser welded butt-joint

Computer simulation was made for sheets with dimensions L=250mm, a=30mm and
g=5mm (Fig. 5a). Created finite element mesh, consist of 16200 cubic elements (Fig. 5b), is
dense in the range of heat sources activity zone with linear increase of spatial step in x-y
plane. In order to reduce computational time, symmetry of the joint was used assuming only a
half of the mesh with thermal isolation constraint in the plane of symmetry.
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a)

Fig. 5. Laser beam welding of butt-joints: a) scheme of considered system, b) finite
element mesh

Fig. 6 presents temperature profile and temperature distribution in the cross-section of
the joint. Liquidus isotherm (T.) determines the shape and size of welding pool, whereas
temperature Tg=1000K determines heat affected zone boundary.
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Fig. 6. Temperature field in laser beam butt-welded joint: a) entire profile, b) in the
cross section of the joint

Simulation of laser welded lap-joint

Numerical analysis of temperature field in laser welded lap-joint was performed for
plates with dimensions L=50mm, h=20mm and g=1.5mm. It was assumed that plates overlap
in length L;=25mm with a perfect contact of joined surfaces (Fig. 7a). Joined sheets were
discretized using 22 187 cubic finite elements (Fig. 7b) with increasing spatial step in
direction perpendicular to the welding line (starting from 0.2 mm in the range of heat sources
activity zone).
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Fig. 7. Laser beam welding of lap-joints: a) scheme of considered system, b) finite
element mesh

Temperature distribution in the lap-joint is presented at the top surface (Fig 8a), in the
longitudinal section (Fig. 8b) and at the cross section (Fig. 9) in the heat source activity zone

(x=0).

aj b}

Step: Step-1
Increment  4356: Step Time = 1.600

Fig. 8. Temperature field a) from the face of the weld and b) in longitudinal section of
laser welded lap-joint
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Fig. 9. Temperature field in the cross section of the weld
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Simulation of laser welded T-joint

Schematic sketch of laser welded T-joint and finite element mesh consist of 80 000
cubic element is presented in Fig. 10. Dimensions of plates was set to L=60mm, h=20mm,
b=20mm and g=1.6mm.

Fig. 10. Laser beam welding of T-joints, a) scheme of considered system and b) finite
element mesh

Profile of temperature in welded T-joint and temperature field in the cross section of
the weld, in the centre of heat source activity zone is presented in Fig. 11, with marked fusion
zone boundary (liquidus isotherm) and heat affected zone boundary.
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Fig. 11. Temperature distribution in T-joint: a) temperature profile and b) in the cross
section of the joint

Conclusions

This study presents three dimensional computational model of thermal phenomena
accompanying laser beam welding of construction parts. Numerical analysis, performed in
Abaqus FEA commercial solver, required implementations of additional procedure DFLUX
written in FORTRAN programming language. The subroutine allowed the modeling of
movable heat source with the assumption of appropriate heat source power distribution.

367



ISSN 2073-3216  porpecviBHi TEeXHONOrIT i CUCTEMY MaLLHOBYLyBaHHS Bun. 1, 2 (43), 2012

Computational analysis was performed for laser welded butt-joints, lap-joints and
T-joints. On the basis of obtained temperature field the geometry of fusion zone and heat
affected zone in welded joint was estimated.

Presented models allows for the optimization of laser beam welding process in
construction parts design, having as input data laser welding process parameters and
dimensions of joined sheets.

Numerically estimated temperature field can be the basis for determining the
deformation of joined elements, as well as to analyze the kinetics of phase transformation in
solid state and the prediction of microstructure composition, which can be helpful for
engineers in prediction of mechanical properties of laser welded construction elements.
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B. Mekapcka, M. Ky6sk, 3. CaTepHyc
MNCMOJIb3OBAHUVE MPOIrPAMMbI ABAQUS
ONA AHANU3A TEMNOBbIX ABNEHUA
NNA3EPHOW CBAPKW 9/IEMEHTOB
KOHCTPYKLUMUN
KOMMboTEepHbIA NPOLECC CBapKW C UCMONb30BaHWEM
KOMMEPYECKMX KOMMbIOTEPHBIX MporpaMm TpebyeT
cneLmanbHbIX YNCNEHHBIX MPOLEeAYP ANS OnpefeneHus

HEKOTOPbLIX TEennoBbIX SABNEHWIA, UK BBeJeHne
KOHKPETHBIX TPaHUYHbIX yCI'IOBI/II\/'I. KommepquKme
nporpamMmmbl ansa aHa/insa Hal'lpFI)KEHI/II\/’I n

AethopmaLinil B CTPYKTYpE, B CBOE OCHOBHOI Bepcum
He yYMTbIBAIOT BCeli CIOXKHOCTW fABNEHMIA Npouecca
CBapKu. BkoueHne Takux crelmanbHbIX npouesyp K
06LLeli OCHOBHOI NporpammMe No3BoAseT MporpaMma
Abaqus FEA. B paboTe
npeacTaBneHo MofennpoBaHue JBV>KYLLerocs
NCTOYHMKa Tenna, ucnonb3ya npouegypy DFLUX, n
C nomouibto nporpammbl Abaqus FEA npueeaeHo
yncneHHoe MOJenMpoBaHue pacnpefenexns
TemnepaTypbl NpU Na3epHOi CBapke B pasiyHbIX
KOHCTPYKTMBHbIX ~ KOMOMHauusx.  PaccunTaHbl
opMbl M pasMepbl PasMuYHbIX 30H  CBAPHbIX
COeNHEHNIA.

Kntouesble cnosa: nasepHas cBapKa,
OBVDKYLLMIACA UCTOYHMK Tenna, TeMmnepaTypHoe
nose, Y4CNEHHOE MOZENNPOBAHNE.
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B. Miekapcka, M. Kyb6iak, 3. CaTepHyc
BUKOPUNCTAHHA MPOIMPAMI ABAQUS 1A
AHANI3Y TENNOBUX ABULL, JTIASEPHOIO
3BAPHOBAHHSA EJIEMEHTIB KOHCTPYKLIT
Komn'toTepHuit npovec 3BapoBaHHA 3
BUKOPUCTAHHSAM  KOMEpLIAHNX ~ KOMM'OTEpOoBMX
nporpam BuMarae cneLiaibHUX YMCenbHUX NpoLesyp
0N BM3HAYEHHS [esKWX TennoBux ssul, abo
BBEJEHHA KOHKPETHMX FpaHuyHmMX ymoB. KomepuiitHi
nporpaMmy A4ns aHanisy Hanpy>keHb i gechopmauiii y
CTPYKTYPI, y CBOIi OCHOBHIli BepCii He BPaxoBylTb
BCiei CKNAfHOCTIi ABUL, MpOUecy 3BaprOBaHHS.
BknloueHHA  Takux cneuianbHuX —mpouegyp 4o
3araibHOI OCHOBHOI MporpamMu [03BONISE Nporpama
Abaqus FEA. Y po60Ti npeacTasneHo MoAentoBaHHS
PYXOMOro  [>Kepena Tenna, BUKOPUCTOBYHOUM
npoueaypy DFLUX, i 3a [onoMorow nporpamm
Abaqus FEA HaBefleHO uuMCeNlbHe MOJENHOBAHHS
posnoginy TemnepaTypu Npu nasepHiin 3sapui B
Pi3HNX KOHCTPYKTUBHUX KOMGiHaLisix. Po3paxoBaHi
thopmMu i po3mipy pi3HUX 30H 3BAPIOBA/IBHUX 3'€flHAHb.

KntouoBi cnosa: nasepHe 3BapBaHHS, PyXOMe
JoKepeno Temna, TemnepaTypHe Mone, YMCENbHE
MOZE/NHOBaHHS.



