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Abstract—Three dimensional anaysis of thermal model in laser
full penetration welding, Nd:Y AG, by transparent mode DP600 alloy
steel 1.25mm of thickness and gap of 0.1mm. Three models studied
the influence of thermal dependent temperature properties, thermal
independent temperature and the effect of peak value of specific heat
a phase transformation temperature, AC1, on the transient
temperature. Another seven models studied the influence of
discretization, meshes on the temperature distribution in weld plate.
It is shown that for the effects of thermal properties, the errors less
4% of maximum temperature in FZ and HAZ have identified. The
minimum value of discretization are at least one third increment per
radius for tempora discretization and the spatial discretization
requires two elements per radius and four elements through thickness
of the assembled plate, which therefore represent the minimum
requirements of modeling for the laser welding in order to get
minimum errors less than 5% compared to the fine mesh.

Keywords—FEA, welding, discretization, ABAQUS user
subroutine DFLUX

|. INTRODUCTION

NE of the problems in numerical simulation is how to

choose suitable parameters for accurate results and gain
in time of preparation and resolution of those models. Facing
some constraints in welding simulation laser Nd:YAG in
which the laser seam is quite small, high speed welding many
simulators used refined mesh at the seam and rather coarse
meshes far away at the specimen edge [6], [2], [5], [3]. The
mesh density has been study in the work of Schenk, it show
that the mesh density plays a very important role in
determining the accuracy of distortion amplitude, the buckling
shape as well as the critica bucking load and the stress
required in material in order to produce the expected buckling
mode [6]. Relation between mesh dimensions and circular disc
source model in the work of ZHANG [8] show a notable
solution for surface treatment but not complete for full
penetration welding model which used a tiny dimension.
Minimum value in [8] imposes constraint on time consuming
of full penetration welding simulation of transparent mode
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because of high DOFs. Base on this idea the relation between
mesh density and dimension of conical heat source model has
been conducted. The quadratic interpolation function gives
more accurate results close to the weld seam [6] and is used in
this simulation.

The materia properties functions of temperature are playing
an important factor in the iteration of the numerical analysis.
ZHU observed the influence of temperature dependent
material properties on the welding simulation of 5052-H32
aluminum aloy. The thermal conductivity has some effect on
the distribution of transient temperature field during welding;
the material density and specific heat have negligible effect on
the temperature field [9]. Regarding the material-dependent
properties of steel that have a peak-point of specific heat at the
phase transformation and lot of variations compared to
aluminum. Another study for steel is necessary in order to
understand those variations.

This paper concentrates on 2 studies, the influence of the
material- dependent temperature properties and the materia
independent temperature and second is the hexagonal meshing
parameter compared to the dimension of heat source model by
using quadratic element, with fine mesh on weld pool and
coarse meshes on the edge, for thermal simulation of full
penetration welding of dua phase steel DP600 (1.25mm x
50mm x 110mm), within transparent mode include 0.1mm

gap.
1. MODEL

A. Thermal Model

The hesat transfer from the volumetric heat source and the
meta by conducting mode which is expressed by the
following equation:

p% —div(AgradT) —Q =0 Q)

The convection limits condition on the surrounding surface
is:

A(T)gradT(xi, t)surface + H(T(xi: t) - To) = 0) (2)

The radiation limits condition on the weld pool surfaceis:

A(T)gradT(xl-, t)surface + SJ(T(xii t)4 - Toc4) =0 (3)

Aninitiad condition is defined by the temperature of metal,
T equal to the surrounding temperature 25°C and no boundary
condition, such as prescribed heat fluxes or prescribed
temperatures, was applied for thermal model.
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TABLE |

UNITS FOR THERMAL PROPERTIES
Symbol Quantity S
p density kg/m?
H enthalpy J/(kg.°C)
2 Thermal conductivity W/(m.°C)
Q Internal heat Wim?
0 emissivity 0.25
o Stefan Boltzmann 5.6704 10° W/(m.K*
. absolute zero -273.15°C
t time s
Xi spatial coordinate m

A'm = meter, J = joule, kg = kilogram, W = Watt, ®egree Celsius,
K = Kelvin, s = second.

Heat transfer in weld pool simulation, Metal Inébas
(MIG) model, is transferred quickly first in theitkness
direction and then in the width direction to reaahiform
distributions. The heat conduction plays an impartale in
heat flow but surface convection and radiation hétte
effect on FZ and HAZ boundaries [4]. Applied to MAG the
convection and radiation have less influence ingineulation
because of the fast speed welding and tiny heatsouodel.

B. Parameter of Heat Source

The conical heat source with Gaussian distribufifis
used in modeling represented by the following eiquat

-5
0t 2) 9nPed e ¢ @
r z) = )
(e’ — 1) (Ze-zo) (& + 11y + Tiz)
With
re=r;+ (re—ri)(z=2j) (5)

Ze~Zj

The dimension of heat source model is recommenaléx t
10% less than the real weld pool dimension [11} lBecause
of the high speed welding process and small weld, dd%
less than the real value lead to a small valueffadfiency in
order to maintain the maximum temperature in weldlpThe
number of element in this section must be incréasén order

Fig. 1 cross section FEA & experimental

The welding speed, MIG, energy input and heat sourc
distributions have important effects on the shape a
boundaries of FZ and HAZ; they also influence peak
temperature in FZ, which consequently affect trangient
temperature distributions in the welded plate. Fid &AZ
boundaries are sensitive to the variation of heatrce
parameters [4].

TABLE Il
PARAMETER OF HEAT SOURCEMODEL
Symbol Quantity Value
ro radius superior 0.65n°
r; radius inferior 0.5 m?®
I, distribution parameter ni®
Ze position in Z axis of, 2 m°
Z; position in Z axis of’; 0o m°
P laser power 4000 W
n efficiency 34%
\% welding speed 0.05m/s

C. Material Data

The influence of temperature dependent materigbgates
on the welding simulation of 5052-H32 aluminum wllo
observed in the work of ZHU and assumed that tleenthl
conductivity has some effects on the distributidrtransient
temperature field during welding; the material dgnsnd
specific heat have negligible effect on the tempeeafield
[9]. This is maybe the small change of density apédcific
heat in function of temperature. Regarding the niztr
properties of DP600 steel [6], the density is lelsange with

to suite with the dimension of the model. So thal rethe variation of temperature, the density assunoe§594

dimension from transversal section of weld poalded in this
work.
[7] used the efficiency 37% for laser Nd:YAG simtibn

Kg/m® at room temperature. The convection coefficien673
W/m?.K and emissivity of 0.25 is constant base on #=ult
of [4]. On the other hand, the specific heat redcthe peak

of aluminum AA 6056-T4 of the plate joint. SCHENK value at the phase change temperature, 750°C.eSspttific

simulated with 64% for gas metal arc welding of liowerlap
joint of DP600 steel [6].The same value of efficgr64.3%
for Gas Metal Arc (GMA) welding simulation of 505232
aluminum alloy [9]. In the Nd: YAG simulation of ZBA
magnesium alloy show that the increasing of weldipged
from 4 to 7m.min-1, the coupling efficiency incredsfrom
25% to 42% [1].

According to the [1, 7] , the efficiency of 34% hhsen
adopted for laser Nd:YAG with success as show inlFiThis
value is also varies base on the dimension of #s Bource
model predefine by the measurement of the trans\astion
of the weld part.

heat dependent of temperature is reconsideredsinvibrk.

TABLE IlI
PARAMETER OF MESHDIMENSION (MM)

Fz HAZ NHAZ®

Model
DX DY Dz DY BIASE
M4 1.25 0.6 0.625 1.88 10:12
M2 1 0.6 0.625 0.94 10:25
M7 0.5 0.6 0.625 0.94 10:25
M6 0.5 0.6 0.625 0.47 20:25
M8 0.5 0.3 0.3125 0.313 20:25
M9 0.25 0.3 0.3125 0.313 20:25
M10 0.125 0.3 0.3125 0.313 20:25

#0:12 means 12 elements with biases factor ofdifi the small and the bigger one.
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Fig. 2 Thermal properties DP600

The therma simulation by using Gaussian distribution
conical heat source model in solid phase leads to higher
maximum temperature, more than 3000°C, in the center of the
fusion pool. That is much more difference from reality.

The effect of fluid flow and solidification of materid has
significant effects on the temperature distribution and on the
shape of weld pool. Deng proposed an artificialy increased
thermal conductivity to be approximately twice of the value at
room temperature when the temperature is higher than the
melting point [2]. The thermd effects due to solidification of
the weld pool by the influence of latent heat for fusion is
suppose to be less influence for the results of the simulation
[10], and it is not counted in these simulations.

D. Preparation

Three models base on the properties of materia was

selected for studying the influence of materias properties.

- Model 1. density at room temperature, conductivity and
specific heat are function of temperature.

- Model 2: density at room temperature, conductivity and
specific heat are function of temperature but the specific

heat of phase transformation (T=600°C-800°C) is
overlooked.

- Model 3: density, conductivity and specific heat are at room
temperature.

The dimensions of those models are the same as model 2
describein Tablelll.

Another 7 models are simulated for studying the influence
of meshing dimension. Three zones of model are considered,
Fusion Zone (FZ), Heat Affect Zone (HAZ) and Non Heat
Affect Zone (NHAZ) located at 10mm from welded centerline
in transversa direction. The meshes dimensions are different
in each zone for better understanding the influence of
discretization indicated in Table lll.

Fig. 3 meshing model

The computation time, on the Intel i7 3GHz 4-Cores 8GB-
RAM, is presented in the Fig. 4 is in function of number of
elements.
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Fig. 4 Computation time & number of elements
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1. RESULTS

A. Effects of Materials Properties

Three points situated at the transversa line counted from
center of the weld pool point A (25, 0, 1.25), B (25, 0.6, 1.25)
a the interface of solid and liquid phase and finaly point C
(25, 5.3, 1.25) at NHAZ are chosen to evaluate the evolution
of temperature transient.

Fig. 5 indicate that the simulation A2Q with simplified
material properties give a high value of maximum temperature
at the centra of the weld pool compared to A1 and A2 from
simulationl and 2 seem to give the same value. The
percentage of different is about 5.5% from model 1 and 3 and
drop to 1.2% between model 1 and 2. In the cooling phase,
the temperature drop on the same curve until 1500°C, below
this temperature the difference between the curve A2Q and A1
or A2 appear clearly with 150°C of the gap between them. So
the material dependent temperature properties with or without
peak-point at the phase change has no influence on the
evolution of temperature in the weld pool, but the simplified
parameter have signification influence on the temperature
include the maximal value and cooling speed even the thermal
properties at the fusion zone are set to the same values for all
simulations.
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Fig. 5 Temperature at point A
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Fig. 7 Temperature at point C

The maximum temperature at the interface of solid and
liquid of the weld pool, Fig. 5, is not quite different from the
center of the welded pool, point A, and the percentage of B2
compared to Bl is 1.5% and 3.75% for simulation 3.
Otherwise the cooling curve trandate, around 800°C-500°C,
an in-depth different between the curve B1 and B2, this is
because of influence of the peak-point value of specific heat at
ACL. The curve A2Q still indicates the difference from the
curve B1 from the 1500°C asin the weld poal.

This gap indicates clearly the zone where maximum
temperature reach 1800°C, don't have influence from the
maximum value of the weld pool. The value of specific heat at
the phase change, AC1, plays an important role in cooling
phase between 800°C and 500°C. The accurate temperature
about 600°C to 800°C is the most important for distortion and
residua stress [11]. Without this value the process seems to
have great value of cooling speed that is an important
parameter in the metallurgical transformation.

The point C represent the position far from the heat source
so the values indicate is Fig. 7 seem to be acceptable for all
simulation include the value of maximum temperature and
also cooling speed after welding. This is because of the
parameters of thermal simulation in this interval of
temperature are less change compared to the value at room
temperature.

So the phase change dependent material properties have
influence on the zone between FZ and HAZ. Beside this zone
no influence has been identified.

The material constant properties at constant temperature
include the double values of conductivity at the fusion
temperature give a signification different of maximum
temperature, 3.75% to 5%, in HAZ and the FZ.

The material dependent temperature with and without peak
point at phase change transformation have less effects on the
results, on 1.2% to 1.5% of maximum temperature in HAZ
and FZ. So the peak value can be overlooked without
influence on the results.

The results have compromised with [9] which proved that
the error percentage is less than 10% compared to the results
getting from experimental for aluminum alloys.

B. Effects of Meshing Dimensions

Six points ES(25,0,1.25), EI(25,0,-1.26), FS$(25,0.6,1.25),
FI(25,0.6,-1.26), GS(25,10,1.25) and GI(25,10,-1.26), three
situated on top surface ES, FS, GS and another three points on
the bottom surface El,Fl, Gl are used for examine the
different values of temperature distributed on top and bottom
surface. Seven simulations with different values of meshes
dimension of hexagonal element shape DX, DZ and DZ.
The temperature on the longitudina line through the weld line
on the top and bottom surface at instance 0.5s are aso
considered in these studies, Fig. 15-16.
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Fig. 8 Temperature at the center of weld pool on top surface
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Fig. 9 Temperature at the center of weld pool on bottom surface
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The temperatures at different points of these simulations
follow the same evolution from heating to cooling as showing
in Fig. 7-12. The difference can be seen only at the maximum
temperature. So the different values of meshing are not
important in determination of cooling speed but in finding the
maximum value of temperature in welding pool. The Fig. 13
represented the different values of maximum temperature in
each simulation.
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Fig. 11 Temperature at point F on bottom surface
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The peak temperature change with different number of
meshing in the FZ only, nonlinear of curve ES & El, and less
influence on the HAZ, curve FS & FI, but no influence on the
zone outside represented by curve GS &Gl as reported in Fig.
14.
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Fig. 15 Temperature a ong welding line on top surface at instant 0.5s
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Maximum temperature, Fig. 14, on top surface of the fusion
zone (FZ) decreases to a stabilized value in model M7, M6
and M8. Same phenomena for peak temperature in FZ on the
bottom surface represent by curve El in Fig. 14. This is
because of the same value of DX is used but difference value
of DY and DZ. So the variations of DY and DZ in those
analyses, double eements in Y and Z direction for M8
compared to M6, have less influence on the maximum
temperature, less than 1.5%, in weld pool.

The curves FS and FI of the models M7, M6, M8 indicate
the same meaning as the curve ES and El. So the difference of
DX, DY and DZ has less influence on temperature at ZAT and
furthermore no effects on the non heat affect zone, GS and GI.

The model M4 over evaluate the results, 19%, compared to
M8, for El and 11% for ES, because of the biggest mesh
dimension in ZAT and FZ and aso the ratio of DX/R is not
the same for upper and bottom of the model that should be the
cause of difference in percent of El and ES. Passing from M4
to M2 by increasing element in DX, the error has been
reduced twice. For M6 or M7 the error dropsto 1.5%. So it is
clear that the element dong the welding direction is very
important in precision of thermal analysis.

The modd M9, 1608s of analysis, with small mesh give
higher value of temperature on the upper surface and slice
difference on the bottom surface. This is because of the very
small dimension mesh especialy DX that let to overlap of heat
flux in the same position on top surface than on bottom in the
simulation.

The model M10 with reducing DX from M9 by factor of 2,
using minimum value defined in [8], show higher computing
time compared to model and M9 around 3113s of andysis.
maximum temperature in FZ increase less than 5% in FZ and
less than 3% in HAZ compared to model M8 and less than 1%
compared to M9.

In general, the maximum temperature increases when the
time increments reduce. Model M6, M7, M8, M9, M10 give
the difference on temperature less than 5% in FZ and less than
3% inHAZ.

The best value of DX must be less than 2R, model M4, and
bigger than R, for a better results with suitable time
consuming. DY and DZ have less influence and can be choose

to be bigger than R for reducing the number of element used.
But DY and DZ must be less than R for better visualizes
different values of resultsin this zone.

Two Fig.15&16 represent the distribution of maximum
temperature along the welding line on upper and bottom
surface at instant t=0.5s.

The maximum temperature distribute a ong the welding line
at instance 0.5s aso indicate the distinction by two curves for
seven simulations with the gap of 100°C when the temperature
at cooling stage less than 700°C this is because of the different
mesh inside the FZ and HAZ. The over preheat in front of the
heat source by larger value of DX has been notified, but this
error is overlooked by rapid welding speed.

The ratio of DX/R must be less than two in order to get
accurate precision of thermal simulation. This have been used
in the work of [6], [7] with success and verified with
experimental and can reduce numbers of discretization in the
direction of welding. The others dimensions DY and DZ have
less influence in the results but DY defined the different
temperature in the weld pool. The value of DY, two elements
per radius, and DZ,4 elements per thickness, valid by the
minimum valuein [8].

IV. CONCLUSION

Two objectives of this observation have been reached.

The effects of materia properties on the thermal result has
been classified by percent of errors with the materia
dependent temperature properties from 1.5% to 5% in the
model that overlooked the peak specific heat a phase
transformation to the material independent of temperature. All
those model s can be used with error less that 10% compared to
values gets from experimental as[9].

The meshes dimensions have been evaluated for laser
Nd:YAG full penetration welding.

The further works should be specified on their effects on the
residua stress, deformation and metallurgical transformation.
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