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Abstract

Numerical analysis of thermal phenomena occurrimgng laser beam heating is presented in this p&penerical models of surface and
volumetric heat sources were presented and theeimfe of different laser beam heat source powéritdiion on temperature field was
analyzed. Temperature field was obtained by a niealesolution the transient heat transfer equatih activity of inner heat sources using
finite element method. Temperature distributionlysia in welded joint was performed in the ABAQUS\&lard solver. The DFLUX

subroutine was used for implementation of the mtevelelding heat source model. Temperature-depethdechophysical properties for steel
were assumed in computer simulations. Temperatistebdtion in laser beam surface heated and bettled plates was numerically

estimated.
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1. Introduction

The laser beam is a concentrated heat source, wiasha
wide application in industry, furthermore its widgpectrum of
application still increasing. Laser material presieg is most
popular nowadays and laser welding is one of thetmmdern
and developing techniques of metal joining. Thisdivey method
allows joining materials previously regarded asoaweldable or
difficultly weldable. Because of technological adtzges of laser
welding and laser surface treatment these techiedogre
competing with previously used conventional meth@ise of the
important features of laser heating is forminghaf surface layer
without changing the volume of the workpiece. Rapader
melting in the welding process, allows obtainingryvéhigh
welding speed with a small melted zone and heatctftl zone
[1-8].

However, the laser beam heating creates new, watlypi
requirements and is a cause of occurring physib@npmena
untypical at conventional heating methods. Heatritigtion
proceeds in different conditions in comparison witkating by
traditional heat sources of low and medium powarrifyy laser
processing the material is heated to very high &ratpres, even
reaching the boiling point and thermal phenomenzuwing in
the laser welding process are also considered enb#sis of
metallurgy and foundry [9-15].

The movable high power density heat source, whiclthe
laser beam, differs from classical welding and ingasources.
Very important, in terms of formal modeling, is @per selection
of heat source shape and its energy distributised in numerical
calculations. The new mathematical models desgibthe
distribution of the energy flux taking into accoutite real
conditions are being constantly looked for [1, &, 16].
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The paper presents surface and volumetric heatcssur
distribution models and the results of the numésaaulation of
temperature field in the laser beam surface heatddoutt welded
plates, performed using different heat source nmdeumerical
analysis was performed in ABAQUS/Standard modulg [18].
Temperature-dependent thermophysical propertiedaadt heat
of fusion were taken into account in the numennatlel [10-12].

Numerical analysis of the temperature field in edats
heated by a movable heat source made in ABAQUSiStdn
requires the implementation of subroutines wriiteFORTRAN
programming language, where the heat source poisgibdition
used in the calculation can be modeled. For théementation of
movable heating sources, a DFLUX subroutine is ugsethis
study.

2. Heat sources

In the number of papers published in recent yetention is
paid to the numerical models of heat sources inaker heating
process. The papers mostly apply to a surfacedoeasite models,
but there are much less studies focused on the nzahenodels
of welding heat sources (taking into consideratiom laser beam
penetration depth) [1, 4].

Essentially the Gaussian distribution model is usedescribe
the laser beam heat source power distributionhé following
form

f r2
an=Dexp- £ 1)
Ao 0

whereQ is the laser beam power [W, is the beam radius [mi,
is the current radius [m] and coefficieht(usually assumed as
f=3) characterizes the beam distribution.

The shape of laser beam power distribution may ifferent
then given by equation (1). Changes in heat soume&ep
distribution shape can be obtained by acceptinfprdifit (even)
exponentsil andn2[8, 15]

nl n2

q(r) :%exp -3 rl -3 J (2)

0 0 I’O

wherex andy are the current coordinates, ful=n2=2 this model
is a typical Gaussian distribution.

In numerical modeling of the laser beam weldingwadl as
during laser beam heating, Gaussian model desgrithia laser
beam heat source is often accepted [1, 4, 5, 7,143, In
modeling of the of laser beam heat source interdigjribution
it's difficult to determine the size and shape loé theat source
along the thickness of the welded element with i§pec
accuracy, ensuring the similarity to real condisiom heat source
models, especially in analytical and analytical-edcal
considerations, shape of the source is adoptedénfdarm of
equivalent volume of a cylinder of given radigsand heightd,
assuming a constant beam power over the entire lsam
penetration deptt.
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4= e T &)
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where u(z)=1 for 0£ z£d and u(z) = Ofor other positions of

z, zis a current depth.

However, analysis of the welding process shows that
power of the beam decreases with increasing depthhe
penetration, which should be taken into accountimerical
modeling. Often it is assumed a linear decreaseeradrgy,
assuming a heat source in the shape of a coneireated cone

[5].

Q re z
rz) = exp 1- — 1-— 4
q,(r,2) pred p z 5 4

whered is a penetration depth, amd= /x> + y? .

Other heat source model, which takes into consibera
changes in power density with penetration depth, the
cylindrical-involution-normal (C-I-N) [16] heat sece power
distribution, described by the following equation

kK,Q

K,s,

a(r2) = e bty (- o) ()

where K, =3/sis the heat source power exponent m

k=3/r is the beam focus coefficient Thands is heat source
beam penetration depth [mm(z - s) is the Heaviside'a function.

The laser beam heat source energy intensity expiahen
change along penetration depth of welded elemetdkisn into
account in the Goldak’s volumetric heat source rhfgleusually
used for numerical modeling of the electric arcttssairce power
distribution. The shape of this source is a comtimnaof two
half-ellipses connected to each other with one sedis. . Power
distribution of this ‘double ellipsoidal’ heat saearis described as
follows

q(xv2)= ;ﬁ—f/% expt 3:—2) expt 3;’—2)’
" expt 3—)
(6)
a2(x ¥, 2) = i\fﬁ exp¢ 3:—2) expt 3;’—2)'
, Z2
expt 3C2—2)

wherea, b, c;and ¢ are set of axes that define front ellipsoid and
rear ellipsoidf, andf, (f, +f,=2) represent distribution of the heat
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source energy at the front and the rear sectioms tiesultant
distribution of the source energy is total sum desd as
av(X,Y,2)=a(x,y,2)+&(x,y,z) Qs the heat source power [W].

3. Temperature field. Mathematical and
numerical model

Temperature field of the plate heated by the ldsam was
determined using ,Uncoupled heat transfer” finitéengent
analysis in ABAQUS/Standard [17]. Temperature-depend
thermophysical properties, such as thermal condtictidensity
and specific heat were taken into account in catowis.
ABAQUS thermal analysis is based on the law of gyer
conservation and Fourier's law [18]. Temperatureeldfi
T= T(xa ,t) is expressed as

rugtav+ 0, I gy = grqdv+ oTgds  (7)
\% \% Xa a \% S

wherel is a thermal conductivity [W/mK]J is a internal energy,
g, is a laser beam heat source power [\7]/,/nqS is a heat flux

toward element surface [WfindT is a variational function.
Initial condition t =0:T =Ty, boundary conditions of Dirichlet
and Newton type, which takes into account the cotime heat

loss and radiation emission heat loss completeduation (7)

Tq =T 8)

0s= -/% = 2, (T|g - To) +es(T|e* - Té) ©)

wherea is convective coefficient, assumed as50 W/nfK, eis
radiation coefficient€=0.5), ands is Stefan-Boltzmann constant.

Considering volumetric heat source distributiontla¢ top
surface of the elemen(r,0), boundary condition of Newton type
(9) has the following form

ds= '/:]IT_

=00 +a(Te- T +esTc’-T¢)  (10)

The numerical analysis of the temperature fieldesaknto
account temperature dependent thermal conductiviéggented in
figure 1. It was assumed much higher value of &ffecthermal
conductivity in the liquid zone than in the solidne, because of
the motion of liquid material in the melted zone $414].

Internal energyJ in equation (7) takes into account the latent
heat of fusion Kl,) in the mushy zone with assumption of linear
approximation of solid fraction. Specific hea(T): du/dT is
described as follows
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Cs for T<Tg
CS + CL HL
oT)= - for T,ETET, (11)
2 T -T
C for T>T,
In the computations, thermo-physical properties ewer
assumed as: solidus temperaturels=1750K and liquidus

temperaturel =1800K, specific heat in solid statg=650 and in
liquid state =840 J/kgK, H=270 10° J/kg (latent heat of
fusion). Density in the mushy zone was calculatéth Wnear
approximation of solid fraction betwedy and T, temperatures:
Cifis =Co fs+cr (- f;), where rs=7800 kg/ml and
r,=6800 kg/m. Solid fraction fg in the mushy zone [10-12] is
described by the following equation

1 for T <T;
f= T for TLETET, (12)
T-Ts
0 for T>T,
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Fig. 1. Thermal conductivity assumed in calculasi¢f)

4. Results

Numerical simulations of temperature field in ladsam
surface heating and welding processes were pertbrime the
rectangular elements of dimensions 150x30x5mm. Mievaeat
source speed, the same for every simulation, wasnzed as
v=0.7m/min. Using the symmetry of the analyzed elanélat)
for numerical calculations of surface heating adl &g welding
processes, half of the element was consideredassglimption of
thermal isolation in the plane of symmetry (fig- ®) figure 2
finite element mesh used in simulations of lasefase heating as
well as laser welding processes is also presented.

In numerical calculations of laser beam surfacdihgaf the
flat, heat source model (1) was used with coefficfe3 as well
as (2) model withn;=2 and n,=8, thus assuming a different
(circular and rectangular) cross-section of theddm®am. In both
cases heat source parameters were assume@®=38kW and
ro=1mm.
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Temperature distribution in cross-section of eletmesated
by the laser beam heat source with power distobutiescribed
by equations (1) and (2) is presented in figuresar®l 4
respectively. In these figures, characteristic terafure isolines
(T=1000K) were pointed out, which determine the reftgcted
zone (HAZ), that is zones of structural transfoiora. From
comparison of temperature distribution it can baesbed that
different cross-sections of the laser beam (circuknd
rectangular) contribute to the formation of differdeating zones
(fig. 3 and 4)
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Fig. 3. Temperature distribution in cross-sectibthe element
heated by heat source (1)
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Fig. 4. Temperature distribution in cross-sectibthe element
heated by heat source (2)
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In numerical calculations of laser beam welding cpss
(fig. 5) the same finite element mesh (fig. 2) waed as in the
case of surface heating. Heat source models 1an& (6) were
used in temperature field simulations. Table 1 dieses the heat
sources parameters used in calculations.

welding line

Welding
pool

zZ
Fig. 5. Scheme of laser beam welding

Table 1
Welding sources parameters
Heat source Parameters
models
Q=3kW, =1 mm, v=0.7 m/min,
Gauss model (4) d=7mm
C-I-N model (5) S :_3.2 KW, §=1 mm, v=0.7 m/min,
S =7 mm
Goldak’s Q=32kW,e=1mm,g=1mm,a=1mm,
model (6) b=7mm, {=0.6,$=1.4,v=0.7 m/min

Temperature field in welded elements calculatedigushree
sources models is presented in figures 6, 7 aed@rctively.

Step: Step-1
Increment 3840: Step Time = 8.000

Primary Var: N

Deformed Var: not set Deformation Scale Factor: not set

Fig. 6. Temperature field in welded joint — heatree model (4)
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Fig. 7. Temperature field in welded joint — heatre® model (5)

Fig. 8. Temperature field in welded joint — heatre® model (6)

In figure 9 temperature field is presented in thass-section
of welded joint obtained using (4), (5) and (6) te@urce models.
Marked temperatures isolines determine the fusiamez
(T=1800K) and heat affected zore=(000K).
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Fig. 9. Numerically estimated welded joints, a)ttemurce
model (4); b) heat source model (5); ¢) heat somradel (6)

A comparison of numerically estimated zones of wdlgbint
(fig. 9) shows that using different heat source ei®din
simulation of laser beam welding forms a very ddéfg shapes
and sizes of characteristic weld zones.

5. Conclusions

Calculations of the temperature distribution aresiesal for
the proper understanding and optimizing the lasgfiase heating
and welding processes. On the basis of numerigatiitained
temperature distribution depending on used heatceomodel,
the shape and the size of the melted zone as wethe heat
affected zone can be estimated.

Using DFLUX subroutine in ABAQUS, temperature field
with specification of movable heat source takew imtcount can
be analyzed.

Numerically calculated temperature distributiohie base for
determining the kinetics of phase transformatiomsalid state
and estimating of the structure composition in @ets heated by
the laser beam.
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