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Modeling of temperature field and solidified surface profile during
gas–metal arc fillet welding

C.-H. Kim, W. Zhang, and T. DebRoya)

Department of Materials Science and Engineering, Pennsylvania State University, University Park,
Pennsylvania 16802

~Received 24 March 2003; accepted 22 May 2003!

The temperature profiles, weld pool shape and size, and the nature of the solidified weld pool
reinforcement surface during gas–metal arc~GMA! welding of fillet joints were studied using a
three-dimensional numerical heat transfer model. The model solves the energy conservation
equation using a boundary fitted coordinate system. The weld pool surface profile was calculated by
minimizing the total surface energy. Apart from the direct transport of heat from the welding arc,
additional heat from the metal droplets was modeled considering a volumetric heat source. The
calculated shape and size of the fusion zone, finger penetration characteristic of the GMA welds, and
the solidified free surface profile were in fair agreement with the experimental results for various
welding conditions. In particular, the computed values of important geometric parameters of fillet
welds, i.e., the leg length, the penetration depth, and the actual throat, agreed well with those
measured experimentally for various heat inputs. The weld thermal cycles and the cooling rates were
also in good agreement with independent experimental data. ©2003 American Institute of Physics.
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I. INTRODUCTION

In recent years, numerical calculations of heat trans
fluid flow, and mass transfer have provided significant
sight about the fusion welding processes and welded ma
als that could not have been achieved otherwise.1–3 The abil-
ity to accurately calculate temperature and velocity fields
thermal cycles has enabled quantitative probing of the
and shape of the fusion zone and, in many cases, the
affected zone~HAZ!. Numerical models have been used
understand various weldment characteristics for a wide v
ety of welding conditions in materials with diverse therm
physical properties.4–17Examples include quantitative unde
standing of weld temperature and velocity fields,4–7 phase
composition,8–10 grain structure,10,11 inclusion structure,12–14

weld metal composition change owing to both evaporation
alloying elements15,16 and dissolution of gases.17

Previous computer simulation efforts to understa
welding processes and welded materials through nume
heat transfer calculations have focused mainly on simple
tems. Most of the studies considered butt welding of a re
angular workpiece and ignored any deformation of the w
pool top surface. During fusion welding, many physical p
cesses occur simultaneously. For example, in gas–meta
~GMA! welding, heat is transported from the arc to the wo
piece and the liquid metal droplets formed from the electro
wire also carry heat and mass into the weld pool. Depend
on the current and the voltage, the arc can exert signific
pressure on the surface of the weld pool. The deformatio
the weld pool surface can affect heat transfer and the e
tual solidified surface profile of the weld bead. The weldi
parameters affect droplet diameter, transfer frequency, ac

a!Electronic mail: debroy@psu.edu
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eration, impingement velocity, and the arc length. All
these parameters, in turn, affect the resulting tempera
field, thermal cycles, and the structure and properties of
weldment. In fillet welding, the complexity of the weldin
process is often augmented by the complicated joint ge
etry containing a curved weld pool surface. All of these co
plexities must be taken into account to accurately model h
transfer.

A fundamental understanding of heat transfer and fl
flow considering free surface deformation is still evolvin
Fusion welding of butt joints with free surface deformatio
has been studied by Wu and Dorn5 and Kim and Na.18 Fan
and Kovacevic19 studied the metal droplet transfer durin
GMA welding using a model based on the volume of flu
method for two-dimensional spot welding. Kumar an
Bhaduri20 used a finite element model with a volumetric he
source to simulate the heat transfer from metal droplets d
ing GMA welding assuming a flat weld pool surface. Jeo
and Cho21 analytically calculated transient temperature d
tribution in the fillet welds assuming a flat bead surface. C
and Kim22 studied the thermal history using a two
dimensional finite element analysis considering the b
shape for the horizontal fillet joints. Due to the complexity
GMA fillet welding processes, a three-dimensional~3D!
framework for weld bead shape control based on scien
principles still remains to be undertaken. With the advan
ment of computational hardware and software, it has n
become practical to relax some of the simplifying assum
tions of the previous research and address more realistic
ations.

Realistic simulation of GMA fillet welding needs to in
clude several special features. These include complex w
ment geometry, the significant deformation of the weld po
top surface, and filler metal addition that are difficult to re
7 © 2003 American Institute of Physics
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2668 J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 Kim, Zhang, and DebRoy
resent adequately by orthogonal rectangular grids. Bound
fitted deformable grids require special transformation of
governing equations and the boundary conditions. The tra
port of the metal drops into the weld pool is largely respo
sible for the finger penetration commonly observed in
fusion zone. Thus, the model must take into account the
tailed knowledge base of how the droplet size, accelerat
impingement velocity, and arc length affect heat transfer.

GMA fillet welding was studied using a boundary fitte
coordinate system to accurately calculate the tempera
field in the complex physical domain considering deform
tion of the weld pool surface. The energy conservation eq
tion and corresponding boundary conditions were tra
formed into the curvilinear coordinate system. The additio
heat from the metal droplets was modeled considering
available knowledge base of the interaction between m
droplets and the weld pool for various welding condition
The transformed equations were discretized and solved
simple rectangular computational domain. The free surf
profile was calculated by minimizing the total free surfa
energy considering the addition of filler metal. The mod
was used to quantitatively understand the effect of weld
parameters on the weld bead geometry and cooling rate
particular, the calculated fusion zone shape and size, fin
penetration, and cooling rates were compared with the
responding experimental results for various welding con
tions.

II. MATHEMATICAL FORMULATION

A. Assumptions and salient features

Because of the complexity of the GMA fillet welding
the following simplifying assumptions were made to ma
the computational work tractable.~a! Two main thermo-
physical properties needed for the calculations, i.e., the t
mal diffusivity and the specific heat for the workpiece ma
rial A-36 steel, are not readily available for the temperat
range of interest. Therefore, constant values of these pa
eters were used in the calculations. The model is capabl
easily incorporating temperature dependent thermophys
properties.~b! The effect of fluid flow in the weld pool was
taken into account through the use of an enhanced the
conductivity which is widely used in numerical heat trans
in welding. ~c! The heat transported by the droplets w
taken into account using a time-averaged volumetric h
source which has been widely used in literature.~d! The heat
flux from the arc was assumed to have a Gaussian distr
tion. ~e! The available experimental data in literature23

showed that under the welding conditions considered in
research, the droplet temperature was roughly 2673 K.

The model takes into account the complex joint geo
etry of the fillet welds, the deformation of the weld po
surface, additions of the filler metal, and the detailed cal
lations of the heat transfer by the droplets. The output fr
the model includes temperature field, thermal cycles, fus
zone geometry, and the solidified geometry of the weld re
forcement.
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B. Equation of conservation of energy in the
curvilinear coordinate system

By using a coordinate system attached with the h
source, the following energy conservation equation can
written in the Cartesian coordinate system:4,24

¹•~a¹h!2rUw

]h

]x
2rUwL

] f l

]x
1Sv50, ~1!

wherer is the density,h is the sensible heat,a is the thermal
diffusion coefficient (a5k/Cp , wherek is the thermal con-
ductivity andCp is the specific heat!, L is the latent heat of
fusion, f l is the liquid fraction,Uw is the welding speed, and
Sv is the power density of a volumetric heat source th
represents the additional heat from the metal droplets.
calculation ofSv is discussed in Sec. II C. The sensible he
h is expressed ash5*CpdT, whereT is the temperature
The liquid fractionf l is assumed to vary linearly with tem
perature for simplicity:

f l5H 1 T>Tl

T2Ts

Tl2Ts
Ts,T,Tl

0 T<Ts

, ~2!

whereTl and Ts are the liquidus and solidus temperature
respectively. Accurate calculation of heat transfer with a
formable weld pool surface requires the use of a nonortho
nal deformable grid to fit the surface profile. Therefore, t
energy conservation equation was transformed from the C
tesian to curvilinear coordinate system, as discussed in
following section.

1. Coordinate transformation

In the following discussion, the physical space is d
noted by (x,y,z), and the computational domain is repr
sented by~j, h, z!. For clarity, subscriptsx, y, z, j, h, andz
are used to represent corresponding partial derivatives.
example, symbolsjx andhh represent the partial derivative
]j/]x and]h/]h , respectively. Figure 1 shows the transfo
mation from the L-shaped physical domain to a simple re
angular computational domain. Only thez direction in the
physical domain is transformed into thez direction in the
computational domain, while thej and h directions remain
the same as thex andy directions, respectively. As shown i
Appendix A, the transformed energy conservation equat
in the curvilinear coordinate system is given as

]

]j FaS 1

J

]h

]j
1q13

]h

]z D G1
]

]h FaS 1

J

]h

]h
1q23

]h

]z D G
1

]

]z FaS q31

]h

]j
1q32

]h

]h
1q33

]h

]z D G2rUwF ]

]j S h

JD
1

]~q13h!

]z G2rUwLF ]

]j S f l

J D1
]~q13f l !

]z G1
Sv

J
50, ~3!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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where J is the Jacobian of the transformation given asJ
5 1/zz 5 1/(]z/]z) , and the coefficientsq13 to q33 are de-
fined as

q135q3152zj52
]z

]j
,

q235q3252zh52
]z

]h
, ~4!

q335J~zj
21zh

211!5JS S ]z

]j D 2

1S ]z

]h D 2

11D .

FIG. 1. Schematic plot showing the coordinate transformation from
physical (x,y,z) to the computational domain~j, h, z!, where the trans-
formed energy conservation equation is numerically solved:~a! physical
domain and~b! computational domain. SymbolVt is a normal vector to the
top surface. The shadowed area,AFW , is equal to the amount of fed wire pe
unit length.
Downloaded 19 Aug 2003 to 128.118.156.64. Redistribution subject to A
2. Boundary conditions

As shown in Fig. 1~a!, the heat flux at the top surface
Ft , is given as10,24

a¹h•nt5Ft5
IVh

2pr b
2 expS 2

xh
21yh

2

2r b
2 D „k•nt)

2s«~T42Ta
4!2hc~T2Ta!, ~5!

wherek is a unit in the z direction,nt is a unit normal vector
to the top surface,I is the current,V is the voltage,h is the
arc efficiency~a value of 54% is used!, r b is the heat distri-
bution parameter,xh andyh are thex andy distances to the
arc axis, respectively,s is the Stefan–Boltzmann constant,«
is the emissivity,hc is the convective heat transfer coeffi
cient, andTa is the ambient temperature~a value of 298 K is
used!. In Eq. ~5!, the first term on the right-hand side is th
heat input from the arc defined by a Gaussian heat distr
tion. The second and third terms represent the heat los
radiation and convection, respectively. Since the radiat
heat loss represents only a very small fraction of the net h
flux at the top surface, the effect of geometry on radiation
neglected, i.e., the view factor for two perpendicular st
plates is assumed to be unity for simplicity. As shown in F
1~b!, the top surface is defined asz5constant. Therefore
Eq. ~5! is transformed into the following equation in th
curvilinear coordinate:

]h

]z U
t

5

FtiVti
Ja

1
]h

]j
zj1

]h

]h
zh

J~zj
21zh

211!
, ~6!

where Vt is a normal vector to the top surface defined
]z/]xi1 ]z/]yj1 ]z/]zk,25 and iVti is its norm. For the
bottom surface, the heat flux,FB , is given as

a¹h•nb5Fb5hc~T2Ta!, ~7!

wherenb is a unit normal vector to the bottom surface. Sim
lar to the heat flux equation at the top surface, Eq.~7! is
transformed to the following expression in the curviline
coordinate:

]h

]z U
b

5

FbiVbi
Ja

1
]h

]j
zj1

]h

]h
zh

J~zj
21zh

211!
, ~8!

where iVbi is the norm of a normal vector to the botto
surface. The temperatures at other surfaces, i.e., east,
south, and north surfaces are set to the ambient tempera

C. Droplet heat transfer

The hot molten metal droplets impinge into the we
pool with high velocity and carry heat into the liquid met
pool. The sensible heat of the metal droplets are largely
sponsible for the formation of finger penetration in the we
pool.20,24,26,27The heat transfer from the metal droplets w
simulated by considering a cylindrical heat source20,26with a
time-averaged uniform power density (Sv) in Eq. ~1!. It
should be recognized that the use of a cylindrical volume
heat source assumes the spray transfer mode, which is
sistent with the welding conditions used in the present stu

e
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Three parameters are required to calculateSv : The radius of
the heat source, its effective height, and the total sens
heat input by the droplets. The radius of the volumetric h
source is assumed to be twice as the droplet radius, and
effective height,d, is calculated from the following equatio
based on energy balance:20,26

d5hv2xv1Dd , ~9!

wherehv is the estimated height of cavity by the impact
metal droplets,xv is the distance traveled by the center of t
slug between the impingement of two successive dropl
andDd is the droplet diameter. The total sensible heat in
from the metal droplets,Qd , is given as6

Qd5rwpr w
2 wfCp~Td2Tl !, ~10!

whererw is the density of the electrode wire,r w is the radius
of the wire, wf is the wire feeding rate,Td is the droplet
temperature, andTl is the liquidus temperature.

The values ofhv andxv in Eq. ~9! are calculated base
on energy balance as20,26

hv5S 2
2g

Ddrg
1AF S 2g

DdrgD 2

1
Ddvd

2

6g G D , ~11!

xv5S hV1
2g

DdrgD H 12cosF S g

hv
D 1/2

Dt G J , ~12!

whereg is the surface tension of the molten metal (N m21),
r is the density,g is the gravitational constant,vd is the
droplet impingement velocity, andDt is the interval between
two successive drops (t51/f , wheref is the droplet transfer
frequency!. As shown in Eqs.~11! and ~12!, calculation of
the dimensions of the volumetric heat source requires
knowledge of the droplet transfer frequency, radius, and
pingement velocity. These parameters are determined f
the knowledge base available in literature for given weld
conditions. The calculation procedure is given in Appen
B. From the computed values ofQd , Dd , andd, the time-
averaged power density of the volumetric heat source,Sv , is
calculated as follows:

Sv5
Qd

pDd
2d

. ~13!

It should be noted that Eq.~13! is only valid for grid points
within the cylindrical heat source, and the power density
zero outside the cylinder.

D. Weld pool free surface profile

The weld pool free surface profile is determined
minimizing the total surface energy, which includes surfa
tension energy, the potential energy owing to gravity, and
work performed by the arc force displacing the weld po
surface. The governing equation for the free surface profil
given by5,18,24

gH ~11fy
2!fxx22fxfyfxy1~11fx

2!fyy

~11fx
21fy

2!3/2 J
5rgf1Pa1l, ~14!
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wherePa is the arc pressure andl is the Lagrange multiplier.
The free surface profile,f, is defined as the vertical (z di-
rection! elevation of the top surface with respect to an ar
trarily chosen horizontal plane. The subscriptsx and y rep-
resent partial derivatives overx andy, respectively. The arc
pressure is expressed as28,29

Pa5
F

2psp
2 expS 2

x21y2

2sp
2 D , ~15!

whereF is the total arc force andsp is the pressure distri-
bution parameter. The values ofF and sp were calculated
based on the extensive experimental work of Lin a
Eagar.28 As shown in Appendix C, the values of these tw
parameters could be described as

F520.040 1710.000 255 33I ~N!, ~16!

sp51.487510.001 233I ~mm!, ~17!

whereI is the welding current in Ampere.
The boundary conditions for the free surface equat

are given as

At the front pool boundary:f5z0 , ~18a!

At the rear pool boundary:
]f

]x
50. ~18b!

Here, the front and rear pool boundaries are defined so
the temperature gradient along thex direction (dT/dx) is
positive at the front pool boundary and negative at the r
boundary. As shown in Fig. 1~a!, the deposited area,AFW, at
a solidified cross section of the fillet weld is equal to t
amount of fed wire per unit length24

E ~fs2z0!dy2
pr w

2 wf

Uw
50, ~19!

wherefs is the solidified surface profile,z0 is thez location
of the workpiece top surface, andr w , wf , andUW are the
wire radius, wire feeding rate, and the welding speed, resp
tively.

Calculation of the free surface profile requires the sim
taneous solutions of both the free surface Eq.~14! and the
constraint Eq.~19!. Equation~14! is discretized using the
finite difference method and then solved using the Gau
Seidel point-by-point method30 for an assumedl. The result-
ing free surface profile is applied to the constraint Eq.~19!
and the residual@defined as the left-hand side of Eq.~19!# is
evaluated. The value ofl is determined iteratively until both
Eqs.~14! and ~19! are satisfied.

E. Discretization and solution of the governing
equations

Figures 2~a! and 2~b! show transformation of ayz plane
from the complex physical domain to the simple compu
tional domain. The computational domain is divided in
small rectangular control volumes as shown in Figs. 2~c! and
2~d!. A grid point is located at the center of each contr
volume, storing the values of variables such as the sens
heat.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The transformed energy conservation equation in
curvilinear coordinate, i.e., Eq.~3!, is discretized using the
control volume method.30 Discretized equations are formu
lated by integrating the energy conservation equation o
the control volumes. For example, for the grid point P sho
in Fig. 2~d!, the diffusion term]/]h (a/J]h/]h) in Eq. ~3!
is discretized by integrating this term over the control v
umeP

E E E
V

]

]h S a

J

]h

]h Ddjdhdz

5ASNS a

J

]h

]h D
s

n

5ASNF S a

J D
n
S hN2hP

dNP
D2S a

J D
s
S hP2hS

dPS
D G

5
anASN

JndNP
hN2ASNF an

JndNP
1

as

JsdPS
GhP1

asASN

JsdPS
hS ,

~20!

whereASN is the area of the south/north interface,dPS and
dNP are the distances from point P to S and point N to
respectively, and subscriptss, n, S, andN indicate the po-
sition where the value is evaluated in Fig. 2~d!. For example,
an andJs are the values of the thermal diffusion coefficie
at the north interface and the value of Jacobian at the s
interface, respectively. The final discretized equation ta
the following form:30

FIG. 2. Grid system in the physical and computational domains:~a! A yz
plane in the physical domain,~b! the correspondinghz plane in the compu-
tational domain,~c! a control volume and scalar grid points in 3D, and~d!
control volumes and grid points in ahz plane. The dashed lines represe
control interfaces of the volume, while the solid dots correspond to g
points. SymbolsW, E, S, N, B, and T are the east, west, south, nort
bottom, and top neighbors of the grid point P, respectively, while symbols,
n, b, and t are the south, north, bottom, and top interfaces of the con
volume P.
Downloaded 19 Aug 2003 to 128.118.156.64. Redistribution subject to A
e

er
n

-

,

th
s

aPhP5S (
nb

~anb!2SPDVDhP5(
nb

~anbhnb!1SCDV,

~21!

where subscriptP represents a given grid point, while sub
script nb represents the six neighbors of grid point P,a is the
coefficient calculated based on control volume integrati
DV is the volume of the given control volume, and termsSC

andSP come from the source term linearization:30

S5SC1SPhP . ~22!

The iterative solution procedure is described in a flo
chart shown in Fig. 3. The temperature field is solved fi
and is then used in the calculation of the free surface pro
After the free surface calculation, thez locations of grids are
adjusted to fit the surface profile, and the temperature fiel
recalculated in the grid system. The calculation procedur
repeated until a converged temperature field and free sur
profile are obtained.

The following convergence criteria are used for the c
culation of temperature field and free surface profile:

(domainu~(nb~anbhnb!1SCDV!/aP2hPu
(domainuhPu

,1025, ~23!

U l2lT0

l U,1026. ~24!

The left-hand side of Eq.~23! corresponds to the residual o
the discretized energy equation, which indicates the con
gence of the energy equation. The left-hand side of Eq.~24!
indicates the convergence of the solution of free surf
force balance equation. In Eq.~24!, the symbolsl and lT0

are the Lagrange multipliers calculated for the present
previous temperature fields, respectively.

A 72366347 grid system was used and the correspo
ing solution domain had dimensions of 450 mm in leng

d

l

FIG. 3. Schematic diagram showing the overall procedure for the calc
tion of temperature field and surface profile during GMA fillet welding.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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108 mm in width, and 18 mm in depth. Spatially nonunifor
grids with finer grids near the heat source were used for
maximum resolution of variables. The calculations norma
converged within 4000 iterations, which took about 6 min
a personal computer with 2.8 GHz Intel P4 central proce
ing unit and 512 Mb PC2700 DDR-SDRAM memory.

III. RESULTS AND DISCUSSION

The model was used for the calculation of the tempe
ture field and surface profile for the eight cases listed
Table I. The experimental conditions are also given in Ta
I. The material properties for the A-36 steel workpiece us
in the calculations are presented in Table II.

A. Droplet heat transfer

An important feature of the GMA welding is the finge
penetration which is mainly caused by the transfer of h
from the superheated metal droplets into the weld pool. P
vious work in butt welding has shown that the droplet h
transfer can be effectively simulated by incorporating a tim
averaged volumetric heat source term in the energy con
vation equation. This volumetric heat source is characteri
by its radius, height, and power density. The effects of c
rent, voltage, and contact tube-to-workpiece dista
~CTWD! on the computed height of the volumetric he
source are shown in Fig. 4~a!. As shown in Fig. 4~a!, it is
observed that the height of the heat source increases

TABLE I. Welding conditions used in the experiments. Polarity: direct c
rent electrode positive, Joint type: fillet joint, flat position, 90° joint ang
and no root gap, as shown in Fig. 1, Electrode type: AWS E70S-6, 1.32
~0.052 inch! diameter solid wire, Base metal: ASTM A-36 mild stee
Shielding gas: Ar–10% CO2 , and Metal droplet transfer mode: Spray tran
fer mode.

Case
No. ~CTWD! ~mm!

Wire feeding
rate ~mm/s!

Travel speed
~mm/s!

Voltage
~V!

Estimated
current~A!

1 22.2 169.3 4.2 31 312.0
2 22.2 211.7 6.4 31 362.0
3 22.2 169.3 6.4 33 312.0
4 22.2 211.7 4.2 33 362.0
5 28.6 169.3 6.4 31 286.8
6 28.6 169.3 4.2 33 286.8
7 28.6 211.7 4.2 31 331.4
8 28.6 211.7 6.4 33 331.4

TABLE II. Physical properties of the mild steel workpiece used in t
calculation.a

Physical property Value

Liquidus temperature,TL ~K! 1785.0
Solidus temperature,TS ~K! 1745.0
Density of metal,r-(kg m-3) 7200
Thermal conductivity of solid,kS (J m-1

•s21 K21) 21.0
Enhanced thermal conductivity of liquid,

kL (Jm21 s21 K21)
420.0

Specific heat of solid,CPS (J kg-1K-1) 703.4
Specific heat of liquid,CPL (J kg-1K-1) 808.1
Surface tension of liquid metal,g (N m-1) 1.2

aSee Ref. 4.
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both welding current and voltage, while it decreases with
increase in CTWD. The effect of current can be understo
from its effect on the droplet impingement velocity whic
increases with current. The higher velocity, in turn increa
the height of the heat source as can be observed from
~11!. When the voltage is increased keeping the current c
stant, both the arc length and the droplet impingement ve
ity increase. As a result, the height of the volumetric h
source also increases with voltage. With the increase
CTWD, the impingement velocity decreases which leads t
reduction of the height of the heat source. This is because
increase in CTWD is accompanied by an increase in the w
feeding rate to maintain a target current. As a conseque
the droplet radius increases and the impingement velo
decreases. It will be shown in the next paragraph that
droplets carry a significant amount of energy into the w
pool for the welding conditions investigated. Under the

-

m

FIG. 4. Calculated parameters of the cylindrical volumetric heat source
various welding conditions:~a! Height of the volumetric heat source and~b!
efficiency of droplet heat transfer. The efficiency of the droplet heat tran
is defined as the ratio of the total sensible heat input from metal drop
over the total heat input.
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conditions, the height of the volumetric heat source sign
cantly affects finger penetration which is a characteristic
the GMA welding.

Figure 4~b! shows the efficiency of droplet heat transf
(hd), defined as the ratio of the total sensible heat in
owing to metal droplets (Qd) over the total heat input (IV),
i.e., hd5Qd /(IV). Since the droplet temperature does n
change significantly for the welding conditions used in th
study,23 the droplet heat transfer rate is determined by
wire feeding rate. Therefore, at a given wire feeding rate,
efficiency of droplet heat transfer is inversely proportional
the total heat input, as shown in Fig. 4~b!. The computed
values of the efficiency of the droplet heat transfer are fou
to vary between 10% and 12% for all of the cases stud
here. The entire sensible heat of the droplets is distribute
a small cylindrical volume directly under the arc and th
distribution of heat is the main reason for the finger pene
tion observed in the fusion zone of the fillet welds.

B. Temperature distribution in the weldment

The calculated temperature field for case No. 1~Table I!
is shown in Figs. 5 to 7, where the weld pool boundary
represented by the 1745 K solidus isotherm of A-36 steel.
shown in Figs. 5–7, the weld top surface is severely
formed due to the effect of the arc force. The compu
results show that the molten metal is pushed to the rear
of the weld pool by the arc force. As a result of the fill
metal addition, the solidified weld metal forms pronounc
weld reinforcement. Figure 5 shows that the isotherms
front of the weld pool are compressed while those behind
weld pool are expanded because of the motion of the h
source. Figure 5 also indicates that the grid is depressed m
pronouncedly under the arc while elevated in the rear par
the weld pool. The effect of the welding speed is appar

FIG. 5. Calculated temperature field at the weld top surface. The temp
tures are given in Kelvin. The thin solid lines represent the deformable
system used in the calculation. For clarity, only a portion of the workpiec
shown.
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from Fig. 6, where the expansion of the isotherms behind
heat source is clearly visible. Figure 6 also shows that
free surface depressed in the weld pool due to the arc fo
while the solidified region is elevated owing to the fille
metal addition. The size of the two-phase mushy zone,
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FIG. 6. Calculated temperature fields along various longitudinal secti
parallel to the welding direction. The temperatures are given in Kelvin.

FIG. 7. Calculated temperature field at different cross sections perpendic
to the welding direction. The temperatures are given in Kelvin.
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fined by the solidus~1745 K! and the liquidus~1785 K!
isotherms is maximum~about 12 mm! at the center plane
shown in Fig. 6~a!. The mushy zones in planes b and c whi
are further from the central plane are smaller in size. T
temperature profiles in Figs. 6~a! and 7~b! clearly show the
finger penetration characteristic of the GMA welding. Figu
7 shows the evolution of the surface profile during weldin
As shown in Fig. 7~a!, this plane is located 5 mm ahead
the arc, and this region has not yet melted. The region
rectly under the arc is shown in Fig. 7~b!. The depression o
the weld pool surface is clearly visible and the temperat
profile shows the characteristic shape of finger penetrat
As the monitoring location moves away from the arc, t
weld pool surface shows considerably less depression
would be expected from the reduction in arc pressure. F
thermore, the accumulation of the liquid metal in the rear
the weld pool is clearly visible in Figs. 7~c! and 7~d!. This
accumulated metal forms the weld reinforcement after sol
fication.

The thermal cycles were calculated by converting thx
distance into time using the welding speed. Figure 8~a!
shows the thermal cycles in the HAZ at the top surface
case No. 1. The heating rate is much steeper than the co
rate due to the following two reasons. First, the isotherms
front of the arc are compressed while those behind the
are largely expanded due to the high welding speed. Furt
more, the existence of the volumetric heat source also c
tributes to the high heating rates. As expected, the peak
peratures are higher at locations close to the weld fus
plane and decrease with distance from this location in
HAZ. The same trend is also observed in the heating
cooling rates.

The average cooling rate,Ṫ8/5, from 1073 K to 773 K
(800 °C to 500 °C), which affects the final microstructure
the weld metal,31 is calculated as

Ṫ8/55
T8002T500

t8/5
5

300UW

Dd
K s21, ~25!

wheret8/5 is the cooling time from 1073 K to 773 K,UW is
the welding speed, andDd is the distance between bot
points where a line parallel to thex direction intercepts the
1073 K and 773 K isothermal contours. Figure 8~b! shows
the calculated average cooling rates at two monitoring lo
tions, i.e., fusion boundary at the top surface and the jo
root, for various heat inputs. As shown in Fig. 8~b!, the cal-
culated average cooling rate decreases as the heat inpu
unit length~defined as the total power input/welding spee!
increases. Let us consider the changes in cooling rate re
ing form an increase in welding speed. As theUW increases,
Dd does not change significantly. As a result, the cooling r
increases. The increase in the welding speed is accompa
by a reduction in the heat input per unit length. Therefore
reduction in heat input is accompanied by an increase in
cooling rate as observed in Fig. 8~b!. On the other hand
when the welding speed is kept constant and the energy i
is increased, the isotherms are expanded and the cooling
will decrease because of higherDd. Figure 8~b! also shows
that the average cooling rates at the joint root are sma
than those at the fusion boundary at the top surface. Th
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because the heat is conducted more easily at the top sur
than at the central plane. Figure 8~b! also indicates that both
the calculated average cooling rate and its inverse dep
dence on the heat input agree reasonably well with th
estimated using a cooling rate nomograph available in lite
ture for fillet welds.31

C. Fusion zone geometry and the solidified surface
profile

The calculated bead shape and temperature fields fo
the cases given in Table I are shown in Fig. 9. The calcula
fusion zone geometry for all cases agrees reasonably
with the corresponding experimental results. Furthermo
the solidified weld bead shape and the finger penetra
could be reasonably predicted by the model. Some disc
ancy between the experimental surface profile and the c
puted results are observed in Figs. 9~c!, 9~e!, 9~g!, and 9~h!.

FIG. 8. Calculated temperature distribution in the weldment:~a! Thermal
cycles in the HAZ and~b! cooling rates. In~a!, symbol d represents the
distance from the joint root to a monitoring location at the top surface. T
first monitoring point, i.e.,d510 mm, is located at the fusion boundary
Time zero is arbitrarily set to be correspondent tox50 mm. In ~b!, the
average cooling rate was calculated using the cooling time from 1073 K
773 K (800 °C to 500 °C). The two dashed lines are plotted by fitting t
calculated cooling rate data at monitoring locations I and II.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Part of this discrepancy is contributed by thermal stre
induced distortion as can be evidenced by the gap betw
the two plates.

Both the experimental data and the computed res
show that three important geometrical parameters of
weld bead, i.e., the leg length, penetration, and the ac
throat all increase with the current as can be observed in
10. Furthermore, the computed results and the experime
data show a reduction in all these dimensions with an
crease in the welding speed. It is worth noting that the eff
of welding speed is pronounced on the leg length and
actual throat. However, the penetration is not significan
affected by the welding speed. The changes in these geo
ric parameters, shown in Fig. 10, result from the heat in
as well as the dimensions and the power density of the vo
metric heat source.

In Fig. 11, these three geometric parameters are a
plotted as a function of heat input per unit length. It is o
served that only the leg length increases continuously w
the increase in heat input. The data for the penetration
actual throat are segregated into clusters with identifia
welding speed. Figures 10 and 11 indicate that the leg len
depends strongly on the heat input per unit length while

FIG. 9. Comparison between the calculated and experimental weld ge
etry for different cases given in Table I. Temperatures are given in Kelv
The 1745 K solidus isotherm corresponds to the calculated weld p
boundary.
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penetration is affected largely by the welding current. T
dependence of the leg length on heat input can be expla
from the fact that the heat input per unit length determin
the bead cross section and the leg length. On the other h
the penetration is determined by the dimensions and
power density of the volumetric heat source. Since the ac
throat can be approximately determined from a combinat
of the leg length and penetration based on geometric con
eration, the dimensions of the throat cannot be determi
solely from the heat input per unit length. The average d
ference between the calculated and the measured value
the leg length, the actual throat, and penetration were fo
to be 6%, 6%, and 15%, respectively. These numerical v
ues are to be interpreted with caution because of the lim
volume of experimental data and lack of any statistica
significant index of the quality of the experimental data.
summary, the trends and values of the geometric variable
the fillet weld could be satisfactorily predicted by the n
merical heat transfer model within the range of values of
welding variables investigated.

IV. SUMMARY AND CONCLUSIONS

A 3D numerical heat transfer model was developed
calculate the temperature profiles, weld pool shape and s

m-
.

ol

FIG. 10. Weld bead geometric parameters as a function of the current
welding speed:~a! Leg length,~b! penetration, and~c! actual throat. The
dashed lines are plotted by fitting the computed data.
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and the nature of the solidified weld pool reinforcement s
face during GMA welding of fillet joints. The numerica
model solves the energy conservation equation in a boun
fitted coordinate system, considering the free surface de
mation, filler metal addition, and sensible heat input from
metal droplets. The energy conservation equation and
corresponding boundary conditions were transformed
the curvilinear coordinate system and then solved in a sim
rectangular computational domain. This coordinate trans
mation approach allowed calculation of the temperature fi
in a complex physical domain containing a deformable f
surface.

The numerically computed fusion zone geometry, fing
penetration characteristic of the GMA welds, and the sol
fied surface profile of the weld reinforcement were in f
agreement with the experimental results for various weld
conditions. The leg length, penetration, and actual thr
were found to increase with the increase in welding curre
All of these parameters decreased with the increase in w
ing speed. The predicted values of these three geometric
rameters agreed well with those measured experiment
Both the experimental results and the model predictions
dicated that the average cooling rate between 1073 and
K decreased with an increase in heat input per unit len
The weld thermal cycles and the cooling rates were also
good agreement with independent experimental data.

FIG. 11. Weld bead geometric parameters as a function of the heat inpu
unit length and welding speed:~a! Leg length,~b! penetration, and~c! actual
throat. The dashed lines are plotted by fitting the computed results.
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APPENDIX

A. Derivation of energy conservation equation in the
curvilinear coordinate

The following chain rule25,32 is applied for the coordi-
nate transformation from the Cartesian (x,y,z) to the curvi-
linear coordinate~j, h, z!:

]

]x
5

]

]j

]j

]x
1

]

]h

]h

]x
1

]

]z

]z

]x
5jx

]

]j
1hx

]

]h
1zx

]

]z
,

]

]y
5

]

]j

]j

]y
1

]

]h

]h

]y
1

]

]z

]z

]y
5jy

]

]j
1hy

]

]h
1zy

]

]z
,

~A1!

]

]z
5

]

]j

]j

]z
1

]

]h

]h

]z
1

]

]z

]z

]z
5jz

]

]j
1hz

]

]h
1zz

]

]z
,

where the coefficients such asjx and hy are numerically
computed using the following relationship:25,32

F jx jy jz

hx hy hz

zx zy zz

G
5JF yhzz2yzzh xzzh2xhzz xhyz2xzyh

yzzj2yjzz xjzz2xzzj xzyj2xjyz

yjzh2yhzj xhzj2xjzh xjyh2xhyj

G , ~A2!

where J is the Jacobian of the coordinate transformati
given as

J5
]~j,h,z!

]~x,y,z!

5
1

xj~yhzz2yzzh!2xh~yjzz2yzzj!1xz~yjzh2yhzj!
.

~A3!

Let us first consider transformation of]f/]xi, wheref
is a general variable such ash, andxi is the distance along
the i th direction (xi5x, y, andz when i 51, 2, and 3, re-
spectively!. Applying the chain rule, i.e., Eq.~A1!, we have

]f

]xi
5jxi

]f

]j
1hxi

]f

]h
1zxi

]f

]z
. ~A4!

It should be noted that this equation is no longer a c
servative form. To recast the equation into a conserva

er
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form, Eq.~A4! is first divided byJ, and then a combination
of terms which sums up to zero is added, as follows:32

1

J

]f

]xi
5

jxi

J

]f

]j
1

hxi

J

]f

]h
1

zxi

J

]f

]z
1Ff ]

]j S jxi

J D
2f

]

]j S jxi

J D G1Ff ]

]h S hxi

J D2f
]

]h S hxi

J D G
1Ff ]

]z S zxi

J D2f
]

]z S zxi

J D G . ~A5!

Rearranging Eq.~A5!, we have

1

J

]f

]xi
5

]

]j S fjxi

J D1
]

]h S fhxi

J D1
]

]z S fzxi

J D
2fF ]

]j S jxi

J D1
]

]h S hxi

J D1
]

]z S zxi

J D G . ~A6!

Substituting the relationships shown in Eq.~A2!, the
term within the square bracket is found to be zero. Theref
the conservative form of]f/]xi is given as

]f

]xi
5JF ]

]j S fjxi

J D1
]

]h S fhxi

J D1
]

]z S fzxi

J D G . ~A7!

Compared with the nonconservative form shown in E
~A4!, the conservative form is a better numerical represe
tion of the net flux through the volume element25,32 and,
therefore, is normally used.

Applying Eq. ~A7!, the energy conservation equation
the curvilinear system is formulated as

]

]j FaJ S Q11

]h

]j
1Q12

]h

]h
1Q13

]h

]z D G1
]

]h FaJ S Q21

]h

]j

1Q22

]h

]h
1Q23

]h

]z D G1
]

]z FaJ S Q31

]h

]j
1Q32

]h

]h

1Q33

]h

]z D G2rUwF ]

]j S hjx

J D1
]

]h S hhx

J D1
]

]z S hzx

J D G
2rUwLF ]

]j S f ljx

J D1
]

]h S f lhx

J D1
]

]z S f lzx

J D G1
Sv

J
50,

~A8!

where coefficientsQ11 to Q33 are defined as

Q115jx
21jy

21jz
2,

Q125Q215jxhx1jyhy1jzhz ,

Q135Q315jxzx1jyzy1jzzz ,
~A9!

Q225hx
21hy

21hz
2,

Q235Q325hxzx1hyzy1hzzz ,

Q335zx
21zy

21zz
2.

Since thex andy directions in the physical domain ar
identical to thej and h directions in the computational do
main, respectively, the following relationships are obtaine
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xj5
]x

]j
51; xh5

]x

]h
50; xz5

]x

]z
50,

~A10!

yh5
]y

]h
51; yj5

]y

]j
50; yz5

]y

]z
50.

Using Eq.~A10!, Eqs.~A2! and ~A3! are simplified as

F jx jy jz

hx hy hz

zx zy zz

G5F 1 0 0

0 1 0

2Jzj 2Jzh J
G , ~A11!

J5
1

zz
. ~A12!

Using Eqs.~A11! and ~A12!, the simplified version of
the energy conservation equation in the curvilinear coo
nate system, i.e., Eq.~3!, is obtained.

B. Droplet characteristics during gas–metal arc
welding

1. Droplet transfer frequency and radius

Rhee33 and Jones34 found that the droplet frequency wa
strongly affected by the welding current under the conditio
of this investigation. In this study, the droplet transfer fr
quency is calculated by fitting their experimental results in
a sigmoid function combined with a quadratic function,
shown in Fig. 12~a!. The resulting equation is given as

f 5
2243.44

11expS I 2291.086

6.064 37 D 1323.50620.8743I 10.0025

3I 2 ~Hz!, ~B1!

whereI is the weld current in Ampere.
With the knowledge of the droplet transfer frequenc

assuming that the droplets are spherical, the droplet radiur d

is given by

r d5A3 3

4
r w

2 wf Y f . ~B2!

2. Droplet impingement velocity

The molten droplets detached from electrode wire
accelerated in the arc column mainly by gravity and plas
drag force. If a constant acceleration is assumed, the velo
of droplets impinging the weld pool is given as

vd5Av0
212adLa, ~B3!

where v0 is the initial droplet velocity,ad is the droplet
acceleration, andLa is the arc length. As shown in Eq.~B3!,
the knowledge ofv0 , ad , andLa is required to calculate the
droplet impingement velocity. The initial velocity of th
droplets is estimated by fitting the experimental results
Lin et al.35 in the following equation:

v05A20.336 9210.00 854~ I /Dd!. ~B4!

The droplet acceleration,ad , due to the plasma drag
force and gravity is expressed as
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ad5
3

8

vg
2rg

r drm
Cd1g, ~B5!

where vg and rg are the velocity and density of argo
plasma, respectively,r d is the radius of droplet,Cd is the
drag coefficient,rm is the density of droplet, andg is the
gravitational constant. The velocity of argon plasma is c
culated using the following equation:26

vg5k13I , ~B6!

wherek1 is a constant and a value of 1/4 is used in this stu
The other parameters in Eq.~B5! were calculated using th
relationship and data available in Ref. 26. As shown in F
12~b!, the acceleration calculated using Eq.~B5! is in a good
agreement with the corresponding experimental data.34

The arc length was estimated using the equivalent cir
of GMA welding system. In a steady state, the arc length
given by the following circuit equation:36

VOC5Va01~RS1RP1Re1Ra!I 1~Eal1EaiI !La ,
~B7!

whereVOC is the open-circuit voltage,RS1RP are the elec-
trical resistance of the welding power source and cable,Re is
the electrical resistance over the electrode extension,Va0 ,

FIG. 12. Calculated droplet characteristics:~a! Comparison between the
fitted and measured droplet transfer frequency and~b! comparison between
calculated and measured droplet acceleration in the arc column.
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Ra , Eal , and Eai are coefficients used in Ayrton’s
equation.36 These parameters were determined from the d
available in literature.36

In summary, the impingement velocity is calculated u
ing Eq. ~B3! with the estimated droplet initial velocity, ac
celeration, and arc length. The droplet impingement veloc
transfer frequency, and radius are then used to calculate
dimensions of the cylindrical volumetric heat source, as d
cussed in Sec. II C of the text.

C. Arc pressure distribution

The arc pressurePa is normally approximated by a
Gaussian distribution as28,29

Pa5
F

2psp
2 expS 2

r 2

2sp
2D , ~C1!

whereF is the total arc force,sP is the arc pressure distri
bution parameter, andr is the distance from the axis of arc
In this study, the relationship ofF and sP as a function of
current was extracted from the experimental data of Lin a
Eagar.28 In their experiments, the arc pressure distributi
was measured for tungsten electrodes with three differen

FIG. 13. Arc pressure distribution for three different tip angles:~a! calcu-
lated total arc force and~b! calculated pressure distribution parameter usi
a Gaussian function fitting.
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angles (30°, 60°, and 90°). The total arc force is calcula
by integrating the measured arc pressure distribution (Pa8):

F5E 2prPa8dr. ~C2!

Once the total arc force is obtained, the pressure distribu
parameter is determined by fitting the experimental distri
tion into Eq.~C1!. Both the total force,F, and the distribu-
tion parameter,sP , are strongly affected by the weldin
current.28 The calculated results for the total arc force and
pressure distribution parameter as a function of current
shown in Figs. 13~a! and 13~b!, respectively. The fitted re
sults for 60° tip angle are used in the present calculation
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