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ABSTRACT

This paper presents the computational modelling of
welding phenomena within a versatile numerical
framework. The framework embraces models from both
the fields of Computational Fluid Dynamics (CFD)dan
Computational Solid Mechanics (CSM). With regard to
the CFD modelling of the weld pool fluid dynamiteat
transfer and phase change, cell-centred Finite rdelu
(FV) methods are employed. Alternatively, novelterf
based FV methods are employed with regard to thetcl
plastic deformation associated with the CSM. The FV
methods are included within an integrated modelling
framework, Riysica, which can be readily applied to
unstructured meshes.

The modelling techniques are validated against réetya

of reference solutions.

NOMENCLATURE
p pressure Ao Cauchy stress
u velocity Ag Infinitesimal strain

T temperature Ad Displacement
density

dynamic viscosity

conductivity

C, specific heat

~ R

INTRODUCTION

Essential to the concept of a welding process & th
application of a localised heat source in ordemtnimise
the size of the heat affected zone (HAZ) and headace
unwanted effects such as distortion and residuess{8].
Traditionally, when modelling welding phenomenaréhe
is a choice, firstly it is possible to focus on ttemplex
fluid and thermo- dynamics local to the weld pool
[12,17,20] and secondly it is possible to model dlabal
thermo-mechanical behaviour of the weld struct&ré&qQ].

In the former case only the local geometry of theldw
pool and HAZ is considered [12,17,20] and in thitela
case a simplified heat source model is employell hdat
transfer by conduction only [5,8,10]. Both choica®
reasonable as the length scales involved can differ
several orders of magnitude when application ase@h
as ship construction are considered [7,8].

A variety of simplified heat source models are now
frequently employed in the simulation of welding
processes, but they are totally reliant on the @ayuof
the model parameters which describe the weld pizel s

and shape [5,8]. The parameters are obtained from a
combination of experimental and calculated data.

The scientific and engineering softwareyBica [14] is a
three dimensional numerical modelling framework ahhi
can be employed in industrial and environmental
applications. The numerical framework consists ofhb
cell-centred and vertex-based FV methods [3,16]ickvh
are employed to model problems in CFD and CSM,
respectively. These procedures can be readily eghpb
problems involving complex interactions of physical
behaviour over arbitrarily unstructured domains and
detailed descriptions of their implementations are
available [3,16,19]. For these reasons, the congmsie
modelling of welding phenomena is ideal for
demonstrating the versatility of the modelling feamork

The ultimate aim of this research is the estimatonl
verification of the parameters associated with the
simplified heat source models in order to achieve
consistency between the predictions of the two tiode
approaches. It may then be possible to transfemtie
data between analyses of the weld pool and theedeld
structure via the model parameters.

In this paper we will briefly present the modellircd
physical phenomena using both approaches. Withrdega
to the thermo-dynamics of the weld pool, surfagesiten

will be accounted for via the inclusion of Marangon
effects [17] and with regard to the thermo-mechanic
behaviour of the welded structure, the thermo-elast
plastic distortion of a simple butt weld will bersidered

[5].

MODEL DESCRIPTIONS

The models available in H?sicA are organised in a
modular fashion as illustrated in Figure 1 andrédevant
models for the simulation of welding processes rawe/
described.

Fluid Dynamics and Heat Transfer

The governing equations for the incompressibladfilow
and heat transfer that can occur in the weld pael a
defined as follows;

Mass conservation,

Olu=0,

momentum conservation,

ou

po A0 fuu)=-Op+0u0u+s, (1)



and heat conservation,

T
pC, %+pC OT)=0.(kaT)+s, - (2
The Darcy and bouyancy source terms are included in
equation (1), respectively, as follows;

S, =-§U+poa9(T ~To):

whereK is calculated from the Karman-Kozeny equation
[12], @ is the reference densityg is the thermal
expansion coefficientg is the gravity andT, is the
reference temperature.

The latent heat source terms are included in enud#)

as follows [12];

__,olhL)
Sy = PT PD-(U fIL)’

wheref, is the liquid metal fraction andis the latent heat
of fusion.

The above models are included with the flow, heat a
solidification modules of Rysica as illustrated
schematically in Figure 1.

Surface Tension Boundary Condition

This top surface of the weld pool is subjected he t
following flow boundary condition [19,12];

T.n=010 s-ﬁﬂ N
oT

wheret is the flow stress tensonm, is the unit normal of
the liquid metal surfaces is the temperature dependent
surface tension and i8 the surface gradient operator
[19]. In this research the surface tension as digna of
temperature is specified as a model parameter had t
curvature effects are neglected as a flat weld padhce

is assumed. The surface tension boundary conditon
included within RIYsICA via user access to the sources as
illustrated in Figure 1.

Solid Mechanics

In incremental
equilibrium is

form, the quasi-static equation of

LT (Ac)+b =0,
where L is the differential operator ank is the body
force. The incremental stress-strain relationshifdefined
as follows;
Ao =DAe,,
whereD is the elasticity matrix. For the deformation of
metals the von-Mises yield criterion is employedl dhe
elastic strain is given by
Ae, =Ae-Ag,, —Aey,

where Ag, Ag,,, and Aer are the total, visco-plastic and
thermal strain, respectively. The visco-plastiaistrate is
given by the Perzyna model [13]

dt w =V o 20
y eq

whereo o, gy, ¥ N, ands are the equivalent stress, yield
stress, fluidity, strain rate sensitivity parametand
deviatoric stress, respectively. The mathematigairator
is defined as follows;
(0 when x<0
(=0

EP< when x>0

The total infinitesimal strain idie = L Ad, whereAd is the
incremental displacement.

The above solid mechanics capabilities are included
within PHysica via the EVP module as illustrated in
Figure 1 and are coupled with the heat transferutesdn

a staggered incremental fashion [16].

Simplified Heat Source Models

The simplified heat source models that are emplayed
this paper are as follows;
Firstly, the Gaussian heat source over a surfgce [5

&g z+v(t0 -t)
q(x,zt)= ? g (3)

—e e
wheret, is a time lag factor an®, r andv are the heat
input, characteristic length and velocity weld pagters,
respectively.
Secondly, the double ellipsoidal heat source over a

volume [8]
- ote A1 R Sk}

X, Y,Z
Q( Y abcn\/;r

(4)
where f,, are weighting fractions associated with each
ellipsoid, a, b andc are the axes of the ellipses. In both
cases, y andz are fixed coordinates in the weld piece and
a constant weld velocity is assumed in ztuirection.
Both models are also included withim¥3ica via user

access to the sources, as illustrated in Figure 1.
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Figure 1: Abstract diagram oHPsICA.

RESULTS

A selection of results obtained from a variety aflaing
related problems is presented. The various problems
employ the models defined in the previous section.

Thermo-mechanical Analysis of a Butt Weld

The simple structural configuration of a butt walgli
process is illustrated in Figure 2. Assuming synmnet
along the weld line, only half the structure is relbed.
Additionally, if the heat source is moving at a stamt
velocity then the temperature distribution can bsuaned
stationary with respect to a moving coordinate eyst
whose origin coincides with the point of applicatiof the
heat source [5,8]. In this manner, it is possiblenbdel a
transverse section of the structure as illustrateeigure 2
using the simplified heat source model described in
equation (3).
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Figure 2: Schematic diagram of butt welding.

With regard to the solid mechanics, a generalisiih p
strain boundary condition is applied in thédirection and
an ideal elasto-plastic material behaviour is dssed
with the plate. The welding parameters are equitaie
those of Friedman [5]; heat inputQ=703W,

characteristic length of heat flux=5.08 mm and weld
velocity v=212mm/s. These values were originally

chosen to illustrate the thermo-mechanical respafise

full penetration weld. The thermo-mechanical analygas
performed in a staggered incremental fashion. Edent
spatial and temporal discretisation was employetiab of

the original analysis [5]. The temperature indegend
material properties associated with the heat teansf
analysis are described in Figure 3. The temperature
dependent material properties for the thermal and
mechanical analyses are equivalent to those useHbein
original analysis [5].

Iconel alloy 600 (NiCrFE)

Liquidus 1690 K
Solidus 1630 K
Latent heat of fusion 309 kJ/kg

Conductivity and specific heat are temp. dependent

10 15 20 25 30 35
Time Sec. —

Figure 3: Surface temperatures of welded plates.

The temperature profiles at locations on the upeface

of the plate are illustrated in Figure 3 and are in
reasonable agreement with the results obtained by
Friedman [5]. The results can differ on equivaleeishes
because a cell-centred FV method is employed within
PHvysica with regard to the heat transfer [3], where as a
vertex-based FE method was employed in the original
analysis [5]. Therefore, in order to perform a cangon

the temperatures have to be extrapolated from #ie c
centres to the vertices, which can lead to discreips.

Weld centre-line Generalised plane strain approximation

120 TLH Elements . .
Temp. dependent mechanical properties
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—
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Figure 4: Distortion of a butt welded plate.

The distortion of the plate after 30 seconds (M€#f)) is
illustrated in Figure 4. The distortion differs finothat of
the original analysis. This was to be expected ras t
original analysis included plastic strain removaiedto
melting [5] and as a model for the removal of péast
strains is not available withinH?sica at present it was
not possible to perform identical analyses.

Contours of the residual effective plastic strairitie HAZ
are illustrated in Figure 5. As expected, the ptastrain
intensity increases close to the application of Heat
source and the change of intensity can be assdordth
the extent of the weld pool.

L

Extent of weld pool Contour range

A=0.6%toJ=18%

Figure 5: Residual plastic strains in the HAZ.

Comparison of Simplified Heat Source Models

Results obtained using the simple heat source raodel
described by equations (3) and (4) are illustratelgigure

6. When they were proposed, both these models were
originally compared against the experimental dafa o
Christensen et al. [2]. The temperature profilessitated

in Figure 6 are plotted perpendicular to the dicecbf the
weld line, 11.5 seconds after the heat source hasegl.
With regard to the heat sources, the same locablowate
system is employed as in the previous analysis.réfets
obtained from Rysica are in close agreement with the
original results obtained for both models and tlate
again the closer agreement of the ellipsoidal model
proposed by Goldak et al. [8] with regard to the
experimental results. The lack of accuracy of thdase
model employed by Krutz and Segerlind [11] has been
demonstrated with regard to certain welding apfibee,

ie. deep penetration electron or laser beam wegl{Bh,
where the digging action of the heat source is not
captured.

It is important to note that both models requiracdified
value of conductivity in the weld pool during thigquid
phase [11,8]. This is to account for the possitdadfer of
heat by convection. The accuracy of the numerical
analyses employing these models is very sensitiving
conductivity and therefore a thorough understandfg



the weld pool thermodynamics is required in order t
modify the conductivity values correctly.

The ultimate aims of this research are to deterrhieat
source model parameters and modified values of
conductivity that are consistent with the predicted
thermodynamics of particular weld pools.
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Figure 6: Temperature profiles after 11.5 seconds.
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Marangoni Convection in Weld Pools

Two problems will be considered. The first caseths
motion of a liquid resulting from a free surfaceéhere the
surface tension is quadratically dependent on teshpe
[9]. The second case is the inclusion of Marangdfacts
in the axisymmetric modelling of weld pools [17. hoth
cases reference solutions are available.

Case 1

The thermo-capillary motion of an idealised liquidgth
surface tension as a quadratic function of tempegais
considered. The boundary conditions required fag th
thermo-capillary analysis are illustrated in Figdrdn this
analysis a 10 by 0.4 aspect ratio is employed vétiard
to the geometry. Thus permitting the application eof
symmetry condition at a finite distance from thgioa of
interest. The region of interest is defined by ttress
section x-s, which is close to the boundary=T, as

illustrated in Figure 7.

oT du, _ 0s oT

—=0, =— =BT -T,)—

ay Y X B 0)ax
T=T, | X-S (X =.625m) | Symmetn
Y x=o X=10

I T=T,+aX, uy =u,=0
X

Figure 7: Thermo-capillary boundary conditions

The constantf anda, define the quadratic relationship of
surface tensios to temperaturd, and the linear variation
of temperature and spatial coordinXierespectively. The
resultant velocity component profiles are plotted i
Figures 8 and 9, along the cross section x-s it in
Figure 7.
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Figure 8: X component velocity profile
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Figure 9: Y component velocity profile

As illustrated the results are in good agreemett Wie
analytical solution [9].

Case 2

The stationary and steady state fusion of an alwmin
plate by a heat source defined over a surfacenisidered.
The model for the steady state heat source disimitbus

obtained from equation (3) as follows;

_Jx #f
q(x) = ﬁe .

An axisymmetric approximation is assumed, and
convective and radiative heat loss boundary caorti
applied on remainder of the surface>r . To enable a
localised analysis, it is assumed that the boundary
conditions away from the axis and surface can bivett
from the analytical solution for an equivalent goheat
source [15].

Marangoni Affected Weld Pool ds/dT = -0.35E-3

_~ 4z ~

—>0.22m/s

Figure 10a: Negative: Temperature and flow fields
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Figure 10b: Negative: Temperature and flow fieltig] [

The results from the numerical analysis are ilatsl in
Figures 10a and 11a with regard to a negative asdiye
surface tension gradient, -.35€@nd +.1e18 kg/(sK)
respectively. The different gradient values repmesgpes

of alloy and illustrate the different alloy relatbthrangoni
effects on the velocity and temperature fields. The
temperature fields are contoured in degrees Cedsidsas
illustrated by Figure 10a the shape of the weldlpso
flatter for the negative gradient case. The changeeld
pool shape is related to the different flow patsethat
occur in each weld pool, as illustrated in Figutés and
1la. For the negative or positive gradient case the
predominant flow is away from or towards the heatrse,
respectively. In this way the convective heat tpamsis
directed towards or away from the axis, resultimgither

a deeper or flatter weld pool shape, respectively.

Marangoni Affected Weld Pool ds/dT = +0.1E-3

N )/

Figure 11a: Positive: Temperature and flow fields

Figure 11b: Positive: Temperature and flow fieltlg][

The results are in good agreement with those odxdaby
Tsai and Kou [17], which are represented in Figurés
and 11b. The results for the negative case areeirergl
agreement with regard to weld pool shape, temperatu
field and flow field as illustrated in Figures 18ad 10b.
Additionally, the results for the positive case aso
generally in good agreement as illustrated in Fgutla
and 11b. Although it should be noted that in thsitpee
case Rvsica predicts a slightly deeper weld pool shape.

FURTHER RESEARCH

Currently, there are a number of methods for madgll
welding processes depending upon the referenceefram
associated with the heat source. Essentially, ththoals
are Eulerian, where the heat source is stationBig],[or
Lagrangian, where the heat source is moving [18 4§
methods employed in this paper for welding processe
involving a moving heat source are a variation lo¢ t
Lagrangian approach, such that the heat source Inmde
transformed as a function of time. This approach is
reasonably accurate for simplified heat sources imgov
with a constant velocity [6], but it is not suitabivhen
modelling the fluid dynamics of a weld pool asstaia
with a moving heat source. Therefore, further regewill
involve the development of Eulerian techniques inith
PHysica, which will facilitate the localised modelling of
the fluid dynamics associated with a moving welalpo
Additional further research will involve the inclaa of
Lorentz effects, which are necessary for modellarg
welding processes, where electro-magnetic fielasesast
and interact with the fluid dynamics of the weldopo
With regard to global thermo-mechanical analysesaof
welded structure, further research will involve tteee
dimensional application of simplified heat sources
associated with a Lagrangian reference frame [4,1t8]
should be noted that thermo-mechanical analyseg hav
been performed using Eulerian and Lagrangian framfies
reference for the heat source and mechanical belnavi
respectively [7]. However, this approach is notayatly
suitable for the welding of large structures, padtrly
when welding sequences are involved. This is becthes
local mechanical constraints do not necessarilgaethe
global mechanical behaviour. For these reasonst mos
thermo-mechanical analyses of the welding of large
structures involve the former technique [4,18].

CONCLUSION

In this paper we have demonstrated the versatdity
PHYsIcA with regard to the comprehensive modelling of
welding phenomena and investigated the two standard
approaches to the modelling of welding.

Based on the results obtained, it is now possiblégraw a
number of conclusions with regard to our originehg&
Focussing on the modelling of the distortion than c
occur in the welding of large structures [18], whan
simplified heat source model is employed, a numifer
required parameters must be determined accurdtedse
parameters mainly depend upon the welding process
employed and the material that is being welded. |&®er

or electron beam welding a digging phenomena is
observed with regard to the weld pool [8,18]. Tdiizging
effect has been modelled successfully using simeglif
heat source models. This has been achieved either b
using a conical heat source model with a modified
isotropic conductivity for the liquid region [6] @r surface
model with a modified orthotropic conductivity iret
liquid region [18]. The accuracy of both methods is
therefore dependent upon the modifications to the
conductivity in the liquid region and this dependemas
observed for the simplified heat source modelsistlh

this paper. Indeed, it is possible to view the rficdiion

of the conductivity in the liquid region as an ddulial
data fitting exercise when using simplified heatirse
models [6]. However, it is important to note thatket
modifications to the liquid conductivity are inted to



account for the redistribution of heat by convettio
Therefore, a future aim of this research is to ldista
modified values of conductivity and associated nhode
parameters that are consistent with an analysiseofluid
dynamics of the weld pool.
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