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Modeling of heat transfer and fluid flow during gas tungsten arc spot
welding of low carbon steel
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The evolution of temperature and velocity fields during gas tungsten arc spot welding of AISI 1005
steel was studied using a transient numerical model. The calculated geometry of the weld fusion
zone and heat affected zone and the weld thermal cycles were in good agreement with the
corresponding experimental results. Dimensional analysis was used to understand the importance of
heat transfer by conduction and convection at various stages of the evolution of the weld pool and
the role of various driving forces for convection in the liquid pool. The calculated cooling rates are
found to be almost independent of position between the 1073 and 773 K~800 and 500 °C)
temperature range, but vary significantly at the onset of solidification at different portions of the
weld pool. During solidification, the mushy zone grew significantly with time until the pure liquid
region vanished. The solidification rate of the mushy zone/solid interface was shown to increase
while the temperature gradient in the mushy zone at this interface was shown to decrease as
solidification of the weld pool progressed. Tracking these solidification parameters with time shows
that the weld pool solidifies with decreasing interface stability, i.e., with a higher tendency to form
dendrites towards the center of the weld. ©2003 American Institute of Physics.
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I. INTRODUCTION

Transient welding conditions are encountered in ma
everyday welding situations such as weld starts and st
tack-welding routines, stationary spot welds, and solidify
weld craters. These types of welds behave differently t
their moving weld counterparts because the thermal pro
never reach a steady state value. The heating and coo
rates for these welds are often much higher than tha
steady state welds, and can lead to solidification crack
and formation of nonequilibrium phases. Therefore it is i
portant to understand how the weld thermal profiles cha
as a function of time.

Because of the small size of the weld pool, the prese
of plasma in the vicinity of the weld pool and the rap
changes of temperature in arc spot welds, physical meas
ments of important parameters such as temperature and
locity fields, solidification rate, and thermal gradient in t
weld pool are extremely difficult. Therefore, in recent d
cades, numerical calculations of heat transfer and fluid fl
have been utilized to understand various weld characteris
that cannot be obtained otherwise.

In a first attempt to model the transient welding pr
cesses, Oreperet al.1 studied the evolution of temperatur
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and velocity fields, solidification rate, and thermal gradie
using a two-dimensional model. Due to the hardware limi
tion at that time, a rather crude grid system~typically 18
320) was used, but the calculations provided useful te
perature and velocity fields. Oreper and Szekely2 used di-
mensionless analysis and numerical modeling to unders
the role of conduction and convection in the weld pool h
transfer for materials with different thermal physical prope
ties. Zachariaet al.3,4 carried out computational and exper
mental study to investigate the effect of the surface ac
element~sulfur! on the weld pool geometry. Betram5 exam-
ined the role of the heat and liquid flows on the final solid
fication microstructure considering the mushy zone behav
Kim and Na6 investigated the heat transfer and fluid flow
the weld pool with deformable free surface during puls
current gas tungsten arc~GTA! welding. More recently,
Wang and Tsai7 investigated the weld pool convection an
weld penetration in gas metal arc~GMA! welding. Their
study was focused on the effect of surface active eleme
and the transport of filler droplets into the weld pool.

In summary, the transport phenomena based nume
models have been successful in revealing special feature
transient spot welding processes such as the transient n
of the solidification rate.1,5 However, a detailed analysis o
the transient heating and solidification behavior still rema
to be undertaken to investigate how the mushy zone reg
2 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



lid
d-
ir

ha
t

t
an
l.
in
el
in
-
fin
o
te

he
le
sf
ce
r
fo
r

-
r

m

lid
te
he
th
ifi

an
.

ity
e
e

-
o

m
fo

3D
e

w
id

in

t

n-
s
the
us

ro,
ol-

ely.
nd

-
ure

.,

e,
the
ed

cu-
ce
e 1

3023J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Zhang et al.
behaves during heating and solidification and how the so
fication front velocity changes with time during spot wel
ing. Such a computationally intensive investigation, requ
ing the use of very fine grids and very small time steps,
now become practical because of recent advances in
computational hardware and software.

In this study, a transient numerical model was used
provide detailed insight about the nature of heat transfer
fluid flow during GTA stationary spot welding of 1005 stee
Electromagnetic, surface tension, and buoyancy driv
forces were considered for the calculation of transient w
pool convection. The weld pool boundary was traced us
an enthalpy-porosity technique8 in a fixed Cartesian coordi
nate system. For the accuracy of the calculation, a very
grid system and small time step were used. Verification
the model was performed through comparing the calcula
results with metalographic weld cross sections and weld t
mal cycles measured by thermocouples. Dimension
analysis was carried out to understand the heat tran
mechanism and the significance of the various driving for
for the liquid pool convection. The calculated temperatu
distributions, and heating and cooling rates are useful
understanding phase transformation kinetics. The behavio
the mushy zone, i.e., the solid1 liquid two phase region, dur
ing heating and cooling was investigated. Results also
vealed information about the important solidification para
etersR, the solidification rate~m/s!, andG, the temperature
gradient~K/m! in the mushy zone at the mushy zone/so
front, as a function of time. These data are useful for de
mining the solidification morphology and the scale of t
solidification substructure. This work demonstrates that
application of numerical transport phenomena can sign
cantly add to the quantitative knowledge base in welding
help the welding community in solving practical problems

II. MATHEMATICAL FORMULATION

During spot welding, the weld temperature and veloc
fields are essentially axis-symmetric due to the nature of h
distribution.1–4 This allows the governing equations to b
solved in a two-dimensional~2D! system. However, the cal
culations presented here for GTA spot welds are carried
in a three-dimensional~3D! Cartesian coordinate syste
since our heat transfer and fluid flow model is also used
the calculation of moving heat source welding, which is a
problem. Therefore, in the following formulation, all th
governing equations are presented in their 3D form.

A. Governing equations

An incompressible, laminar, and Newtonian liquid flo
is assumed in the weld pool. Thus the circulation of liqu
metal in the weld pool can be represented by the follow
momentum equation:9

r
]uj

]t
1r

]~uiuj !

]xi
5

]

]xi
S m

]uj

]xi
D1Sj , ~1!

wherer is the density,t is the time,xi is the distance along
the i ( i 51, 2, and 3! direction,uj is the velocity componen
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along thej direction,m is the viscosity, andSj is the source
term for thej th momentum equation and is given as

Sj52
]p

]xj
1

]

]xi
S m

]uj

]xj
D2CS ~12 f L!2

f L
31B Duj1Sej1Sbj ,

~2!

wherep represents pressure. In Eq.~2!, the first term on the
right-hand side~RHS! is the pressure gradient.9 The second
term is the viscosity term arising from casting the mome
tum equation into a general form.10 The third term represent
the frictional dissipation in the mushy zone according to
Carman–Kozeny equation for flow through a poro
media,11,12 where f L is the liquid fraction,B is a very small
computational constant introduced to avoid division by ze
andC is a constant accounting for the mushy zone morph
ogy ~a value of 1.63104 was used in the present study13!.
The fourth and fifth terms, Sej and Sbj , correspond to the
electromagnetic and buoyancy source terms, respectiv
Details about the calculation of the electromagnetic a
buoyancy source terms are available in the literature.13,14

The following continuity equation is solved in conjunc
tion with the momentum equation to obtain the press
field.

]~rui !

]xi
50. ~3!

In order to trace the weld pool liquid/solid interface, i.e
the phase change, the total enthalpyH is represented by a
sum of sensible heath and latent heat contentDH, i.e., H
5h1DH.11,12 The sensible heat h is expressed ash
5*CpdT, whereCp is the specific heat, andT is the tem-
perature. The latent heat contentDH is given asDH5 f LL,
whereL is the latent heat of fusion. The liquid fractionf L is
assumed to vary linearly with temperature:13

f L5H 1, T.TL

T2TS

TL2TS
, TS<T<TL

0, T,TS

, ~4!

whereTL and TS are the liquidus and solidus temperatur
respectively. Thus the thermal energy transportation in
weld workpiece can be expressed by the following modifi
energy equation:

r
]h

]t
1r

]~uih!

]xi
5

]

]xi
S k

Cp

]h

]xi
D1Sh , ~5!

wherek is the thermal conductivity. The source termSh is
due to the latent heat content and is given as

Sh52r
]~DH !

]t
2r

]~uiDH !

]xi
. ~6!

B. Boundary conditions

A 3D Cartesian coordinate system is used in the cal
lation, while only half of the workpiece is considered sin
the weld is symmetrical about the weld center line. Figur
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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is a schematic plot showing the boundary conditions. Th
boundary conditions are further discussed as follows.

1. Top surface

The weld top surface is assumed to be flat. The velo
boundary condition is given as13

m
]u

]z
5 f L

dg

dT

]T

]x
,

m
]v
]z

5 f L

dg

dT

]T

]y
, ~7!

w50,

whereu, v, andw are the velocity components along thex,
y, andz directions, respectively, anddg/dT is the tempera-
ture coefficient of surface tension. As shown in this equati
the u and v velocities are determined from the Marango
effect. Thew velocity is equal to zero since there is no ou
ward flow at the pool top surface.

The heat flux at the top surface is given as

k
]T

]z U
top

5
f Qh

r b
2 expS 2

f ~x21y2!

r b
2 D 2s«~T42Ta

4!

2hc~T2Ta!, ~8!

FIG. 1. A schematic plot of the weld cross section showing boundary c
ditions used in the calculation.
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where r b is the heat distribution parameter,f is the power
distribution factor,Q is the total arc power,h is the power
efficiency,s is the Stefan–Boltzmann constant,hc is the heat
transfer coefficient, andTa is the ambient temperature. In Eq
~8!, the first term on the RHS is the heat input from the h
source, defined by a Gaussian heat distribution. The sec
and third terms represent the heat loss by radiation and
vection, respectively.

2. Symmetric surface

The boundary conditions are defined as zero flux acr
the symmetric surface as

]u

]y
50, v50,

]w

]y
50, ~9!

]h

]y
50. ~10!

3. Other surfaces

At all other surfaces, temperatures are set at amb
temperature (Ta) and the velocities are set to be zero.

C. Discretization of governing equations

The detailed method of discretizing the governing eq
tions is available in the literature.13 A brief description is
presented here to highlight the salient features. The gov
ing equations are discretized using the control volu
method,10 where the computational domain is divided in
small rectangular control volumes. A scalar grid point is
cated at the center of each control volume, storing the va
of scalar variables such as pressure and enthalpy. Velo
components are stored at separate locations, staggered
respect to scalar locations, to ensure the stability of num
cal calculation. Thus the control volumes for scalars are
ferent from those for the vectors. Discretized equations fo
variable are formulated by integrating the correspond
governing equation over the control volumes. The final d
cretized equation takes the following form:10

aPfP5(
nb

~anbfnb!1aP
0fP

0 1SUDV, ~11!

where subscriptP represents a given grid point, while sub
script nb represents the neighbors of the given grid pointP,

-

TABLE I. Physical properties of 1005 steel used in the calculation.

Physical property Value

Liquidus temperature,TL ~K! 1802.0
Solidus temperature,TS ~K! 1779.0
Density of liquid metal,r (kg/m3) 7.23103

Effective viscosity of liquid,m ~kg/m s! 0.1
Thermal conductivity of solid,kS ~J/m s K! 36.4
Effective thermal conductivity of liquid,kL ~J/m s K! 109.2
Specific heat of solid,CPS ~J/kg K! 754.0
Specific heat of liquid,CPL ~J/kg K! 754.0
Temperature coefficient of surface tension,dg/dT ~N/m K! 20.4331023

Coefficient of thermal expansion,b (K21) 1.731026

Magnetic permeability,mm (N/A2) 1.2631026
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 2. Comparison between the calculated and measured weld pool geometry.~a! the top surface and~b! the cross section. Welding conditions: a
current5120 A, arc voltage517.5 V, and arc on time516 s. Symbols CGR, FGR, and PTR represent the coarse grained region, fine grained regio
partially transformed region, respectively. The HAZ consists of the CGR, FGR, and PTR regions.
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f is a general variable such as velocity or enthalpy,a is the
coefficient calculated based on the power law scheme,DV is
the volume of the control volume,aP

0 andfP
0 are the coeffi-

cient and value of the general variable at the previous t
step, respectively. The coefficientaP is defined as

aP5(
nb

anb1aP
0 2SPDV. ~12!

The termsSU andSP are used in the source term lineariz
tion as
Downloaded 11 Mar 2003 to 128.118.156.64. Redistribution subject to A
e

S5SU1SPfP . ~13!

D. Grid spacings and time steps

Accurate calculation of weld temperature and veloc
fields, solidification rates, and the temperature gradients
quires the use of a very fine grid system and small time ste
A typical grid system used in the present study contain
130365360 grid points, and the corresponding compu
tional domain had dimensions of 64 mm in length, 32 mm
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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width, and 22 mm in depth. Spatially nonuniform grids we
used for maximum resolution of variables. A finer grid spa
ing was used near the heat source. The minimum grid s
ings along thex andz directions were about 50 and 20mm,
respectively. The time step used in the cooling part was 1
to ensure the accurate calculation of solidification para
eters, while the time step used in the heating part was 20
to reduce the computational time.

E. Convergence criteria

At each time step, the discretized equations are sol
using the SIMPLE algorithm.10 The calculation proceeds t
the next time step if certain convergence criteria are met
the present study, two convergence criteria are used, i.e
siduals and heat balance.

The residuals for velocities and enthalpy are defined

R5

(
domain

U(
nb

~anbfnb!1aP
0fP

0 1SUDV

aP
2fP

U
(

domain
ufPu

. ~14!

The residual values should be usually very small whe
converged solution is obtained.

The following overall heat balance check provides a
other criterion for the convergence of the solution.

u5U net heat input

total heat out1heat accumulationU. ~15!

Upon convergence, heat balance ratiou should be very close
to 1.

In the present study, we define the convergence
reached whenR<1024 and 0.999<u<1.001. More restric-
tive convergence conditions do not change the final res
while increasing the computational time significantly.

FIG. 3. Comparison between the measured and calculated cooling cu
Welding conditions: arc current5108 A, arc voltage518 V, and arc on
time510 s. The time zero corresponds to the time when the arc is switc
off at t510 s. The measured cooling curve is represented by the solid
The superimposed cooling curves are calculated at several different
tions in the weld pool, as shown in the small figure.
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III. SPOT WELDING EXPERIMENTS

AISI 1005 carbon manganese steel in the form of a 1
cm diameter cylindrical bar was used for all of the expe
ments. The composition of the as-received bar was~by
wt %!: 0.05 C, 0.31 Mn, 0.18 Si, 0.11 Ni, 0.10 Cr, 0.009
0.008 Cu, 0.005 S,,0.005 Al, ,0.005 Nb, ,0.005 Mo,
,0.005 Ti, and,0.005 V. GTA spot welds were made o
steel bars using a 225 A direct constant current weld
power supply with electrode negative polarity. The weldi
electrode was made of W-2%Th measuring 4.7 mm in dia
eter. High purity ~99.999%! helium was used as both th
welding and shielding gases. In the welding experimen
both the arc current and voltage were maintained constan
about 110 A and 18 V, respectively. Additional details abo
the welding procedure are reported in the literature.15 The
physical properties for 1005 steel used in the calculations
listed in Table I.

IV. RESULTS AND DISCUSSION

A. Validation of the transient heat transfer and fluid
flow model

In the spot welding experiments, the arc on time was
to more than 10 s, which was long enough to ensure that
weld pool was fully developed. Figures 2~a! and 2~b! show
the comparison between the measured and calculated g
etry of the fusion zone~FZ! at the weld top surface an
vertical cross section, respectively. In these figures, the w
pool boundary, represented by the solidus isotherm~1779 K!,
was calculated just before the arc was extinguished at
516 s. The dashed line in Fig. 2~b! corresponds to the ex
perimentally measured fusion line at the weld cross sect
As shown in these figures, the calculated geometry of the
agrees well with the experimental result.

Three microstructural subregions, namely, the partia
transformed regi on~PTR!, the fine grained region~FGR!,
and the coarse grained region~CGR!,15,16 were observed in
the heat affected zone~HAZ! of the weld cross section, a
shown in Fig. 2~b!. The presence of these phase regions
pends on both local thermal cycles and kinetics of ph
transformations. In general, the PTR is the region wh
a-ferrite partially transforms intog-austenite, while the FGR
corresponds to the region wherea-ferrite to g-austenite
transformation completes15 but has not had enough time fo
g-austenite grain growth. The A3~1204 K! and A1 ~991 K!
temperatures for 1005 steel are normally used to repre
FGR/PTR and PTR/base metal boundaries, respective17

However, the calculated isotherms at 1320 and 1055
matched the size and location of the FGR/PTR and PTR/b
metal boundaries better that the A3 and A1 isotherms. Th
two temperatures, 1320 and 1055 K, are higher than the
and A1 temperatures for 1005 steel, indicating that sup
heating was required for thea-ferrite tog-austenite transfor-
mation under the rapid heating conditions in spot welding

Figure 3 shows the comparison between the measu
and calculated cooling curves. The cooling curve was m
sured by plunging a thermocouple into the weld pool a
switched off the arc at the same time. In this figure, t
measured cooling curve is plotted as solid dots, while

es.

d
ts.
a-
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 4. Evolution of temperature and velocity fields.~a! t54 s; ~b! t58 s; ~c! t512 s; ~d! t516 s; ~e! t516.06 s; and~f! t516.25 s. Welding conditions: arc
current5120 A, arc voltage517.5 V, and arc on time (th)516 s. ~a!–~d! are for heating while~e! and ~f! are for cooling of the weld. The velocities ar
represented by the arrows while the temperatures~K! are represented by the contours.
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calculated cooling curves at three different locations in
weld pool are represented by the lines. As shown in Fig
there is a plateau in the calculated cooling curves. In ot
words, the cooling rate is rather small in this region. This
due to the evolution of the latent heat of fusion, as discus
in the next section. Although the thermocouple data does
capture the temperature plateau, the otherwise good ag
ment between the computed and the experimental weld
geometry and cooling curves indicate the validity of the tra
sient heat transfer and fluid flow model.

B. Evolution of temperature and velocity fields

Figure 4 shows the evolution of temperature and veloc
fields in the workpiece. For clarity, only a half of the weld
Downloaded 11 Mar 2003 to 128.118.156.64. Redistribution subject to A
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shown. As depicted in this figure, when the arc starts, the
energy input leads to rapid heating, melting, and the form
tion of the weld pool. The liquid metal motion in the wel
pool is driven mainly by the surface tension and electrom
netic forces and, to a much lesser extent, by the buoya
force. The relative importance of these driving forces
quantitatively examined in a subsequent section. Because
temperature coefficient of surface tensiondg/dT has a nega-
tive value, the surface tension force drives the liquid me
from the center to the periphery at the top surface of the w
pool. As a result, the weld pool becomes wide and shall
When the arc is switched off, the weld pool shrinks ve
rapidly, as shown in Figs. 4~e! and 4~f!. The calculations
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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show that the entire weld pool solidifies in about 435
after the arc is turned off. Figures 4~e! and 4~f! show a dra-
matic drop in the liquid velocity as the pool solidifies. This
due to the fact that as the arc is turned off, the electrom
netic force is discontinued. The surface tension force a
decreases rapidly as the temperature gradient at the poo
surface drops significantly. Thus the liquid metal motion
maintained mainly by inertia. Furthermore, the rapid shrin
age of the weld pool restricts the flow. As a result, the fl
diminishes rapidly during solidification. However, althoug
the velocities decay quite rapidly, the average velocity at 3
ms after the starting of solidification is still about 1 mm
Therefore most of the weld pool solidification takes pla
from an essentially circulating melt. However, the mixing
the liquid diminishes as solidification proceeds.

In the present study, the mushy zone, i.e., the so
1 liquid two-phase region, is determined as the region h
ing temperatures between the solidus and liquidus isothe
As shown in Figs. 4~a!–4~d!, the size of the mushy zone i
very small during heating. This is due to the large tempe
ture gradient in the weld. Figure 5 shows the evolution of

FIG. 5. Evolution of the mushy zone size during solidification. The symb
dL anddS are the distances from the weld center to the liquid/mushy z
and mushy zone/solid interfaces at the pool top surface, respectively.
size of the mushy zone,Sm , is defined as the difference betweendS anddL ,
as shown in the small figure.

FIG. 6. Distribution of temperature at the pool top surface at various so
fication times. Time equal to zero corresponds to the time when the a
switched off, i.e., start of the solidification.
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mushy zone size during solidification. As shown in this fi
ure, the mushy zone expands initially and the maximum s
of the mushy zone is reached when the pure liquid reg
diminishes. The size of the mushy zone then decrease
solidification proceeds further. The initial expansion of t
mushy zone size could be explained by considering the ef
of the latent heat of fusion. The energy conservation equa
for a unit cell in the liquid pool is expressed as

H loss52CP

dT

dt
2L

d fL

dt
, ~16!

whereH loss is the heat loss rate per unit mass, andCP , T, t,
L, and f L have been defined earlier. The first and seco
terms in the right-hand side of Eq.~16! account for the hea
loss due to the decrease of temperature and latent heat
tent, respectively. When the temperature is higher than
liquidus temperature, the heat loss is accompanied by
decrease in temperature. As the temperature drops betw
the liquidus and solidus temperatures, the heat loss n
originates primarily from the release of the latent heat
fusion, and the temperature decreases slowly in this temp
ture range. In other words, the cooling rate defined bydT/dt
is small between the liquidus and solidus temperature ran
as indicated by the plateau in the calculated cooling curve
Fig. 3. As a result of heat loss during the initial period
solidification, the pure liquid region vanishes at the ea
stage of solidification and leaves the weld pool occupied
the mushy region. The evolution of the mushy zone dur
solidification is demonstrated more clearly in Fig. 6. A
shown in this figure, the temperature gradient in the liqu
pool drops rapidly. The pure liquid region disappears
about 220 ms after the solidification starts, and the mu
zone exits for about another 215 ms before the weld p
solidifies completely. The existence of a mushy pool is
unique feature of the solidification during spot welding a
has a significant effect on the final solidified microstructur5
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FIG. 7. Peclet number as a function of two dimensionless times. W
conditions are the same as those in Fig. 3.
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Downloaded 11 M
TABLE II. Dimensionless numbers calculated in the weld pool just before the arc was extinguished.

Dimensionless number Description Value

Grashof number, Gr Ratio of buoyancy to viscous force 62.0
Magnetic Reynolds number, Rm Ratio of electromagnetic force to viscous force 7.43104

Surface tension Reynolds
number, Ma

Ratio of surface tension force to viscous force 1.33105
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C. Estimation of scaling and order of magnitude using
dimensionless numbers

1. Relative importance of heat transfer by conduction
and convection in the weld pool

The Peclet number, Pe, is defined by Eq.~17!. This num-
ber is used to evaluate the relative importance of heat tr
fer by conduction and convection in the weld pool.

Pe5
uRrCpLR

k
, ~17!

whereuR and LR are the typical velocity and characterist
length of the weld pool, respectively, and the symbolsr, Cp ,
and k have been defined earlier. As shown in Fig. 4, t
outward flow driven by the surface tension force is domin
in the liquid metal circulation and has significant effect
modifying the weld pool shape. Hence,uR is taken as the
averageu velocity andLR is taken as the pool radius at th
top surface of the weld pool.

For spot welding, the value of the Peclet number is
function of time since bothuR andLR depend on time. From
the dimensional analysis, two dimensionless times,t1* and
t2* , are defined as

t1* 5
t

th
, ~18!

t2* 5
at

RW
2 , ~19!

where th is the arc duration,a is the thermal diffusivity of
liquid metal (a5r/kCP), andRW is the weld pool radius a
steady state~a value of 4.5 mm used!. As shown in Eqs.~18!
and~19!, t1* represents the ratio between the actual time
the heating time, whilet2* defines the extent of heat transf
by conduction in the weld pool. Figure 7 shows the calc
lated Peclet number as a function of the two dimension
times. As shown in this figure, the Peclet number progr
sively increases during the growth of the weld pool and
creases dramatically during the solidification of the we
pool. This behavior indicates that at the early stage of h
ing, the heat transfer by conduction is comparable to tha
convection in the weld pool. As the weld pool grows, t
heat transfer by convection becomes increasingly impor
in the weld pool. Thus convection plays a dominant role
modifying the shape of the weld pool when the pool is fu
developed. After the arc is switched off, the heat transfer
conduction soon becomes more important than that by c
vection during solidification due to the rapidly diminishe
velocity.
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2. Relative importance of driving forces in the weld
pool

The driving forces for the flow in the weld pool consid
ered in the present study include surface tension, electrom
netic, and buoyancy forces. The relative importance of th
driving forces can be estimated using several dimension
numbers, as indicated in Eqs.~20a!–~20c!.2,18

The ratio of buoyancy force to viscous force is dete
mined by the Grashof number:

Gr5
gbLB

3DTr2

m2 , ~20a!

where g is the gravitational acceleration,b is the thermal
expansion coefficient,DT is the temperature difference be
tween the peak pool temperature and solidus temperatu~a
value of 350 K is used!, andLB is a characteristic length fo
the buoyancy force in the liquid pool, and is approximat
by one-eighth of the pool radius.18

The magnetic Reynolds number defines the ratio of e
tromagnetic force to viscous force, and is expressed as

Rm5
rmmI 2

4p2m2 , ~20b!

wheremm is magnetic permeability.
The surface tension Reynolds number is used to desc

the ratio of surface tension gradient force to viscous for
and is calculated as

FIG. 8. Weld thermal cycles at different locations. Distance from the w
center: 1: 0.0 mm; 2: 1.5 mm at 0°; 3: 1.5 mm at 45°; 4: 1.5 mm at 90°
3.0 mm at 0°; 6: 3.0 mm at 45°; and 7: 3.0 mm at 90°, as shown in
small figure. Welding conditions are the same as those in Fig. 3.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Ma5

rLRDTUdg

dTU
m2 . ~20c!

Using the physical properties listed in Table I, the calc
lated dimensionless numbers att516 s ~i.e., just before the
arc is switched off! are summarized in Table II. The relativ
importance of the primary driving forces, i.e., surface te
sion, electromagnetic and buoyancy force, can thus
judged by the combination of these dimensionless numb
For example, the ratio of surface tension force to buoya
force is expressed as

RS/B5
Ma

Gr
, ~21a!

while the ratio of electromagnetic force to buoyancy force
given by

RM /B5
Rm

Gr
. ~21b!

FIG. 9. Schematic plot showing the calculation of average temperature
dient in the weld pool. The symbolsd0 , d45 , andd90 are the distances from
the weld center to the pool boundary along 0°, 45°, and 90° planes, res
tively.

FIG. 10. Distance between the mushy zone/solid front and weld center
function of solidification time. The distancesd0 andd90 are measured along
the 0° and 90° planes, respectively, as shown in the small figure. The
zero corresponds to the time when the arc is switched off att516 s.
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Based on the values listed in Table II,RS/B is equal to 2.1
3103, andRM /B is equal to 1.23103. Therefore we expec
that the liquid flow is mainly driven by the surface tensio
and electromagnetic forces, and to a much less extent, by
buoyancy force.

3. Order of magnitude of maximum velocity in the
weld pool

Since the surface tension force is the dominant driv
force for convection in the weld pool, the order of magnitu
the maximum velocity can be approximated by19

um
3/2'

dg

dT

dT

dRW

RW
1/2

0.664r1/2m1/2, ~22!

where dT/dRW is the average temperature gradient in t
weld pool (8.53103 K/m). Using Eq. ~22!, the maximum
velocity is estimated to be of the order of 80 mm/s. Th
value is in good agreement with that calculated using the
transient heat transfer and fluid flow model, where the ma
mum velocity att516 s was found to be about 100 mm/s

The foregoing dimensional analysis provided insigh
about the weld pool development during spot welding. T
role of conduction and convection on heat transfer in
weld pool, the relative importance of driving forces for liq
uid metal convection, the order of magnitude of the veloc

a-

c-

a

e

FIG. 11. Solidification rate,R, as a function of time. The growth ratesR0

andR90 are calculated along the 0° and 90° planes, respectively, as sh
in the small figure. The superimposed dashed curve indicates the peak
perature at the weld pool center versus time data.

FIG. 12. Schematic plot showing the solidification of a thin liquid shel
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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driven by the surface tension force, and the weld pool sh
could be estimated using several dimensionless numbe
should be noted that these order of magnitude analyses
not provide accurate and detailed information on the s
welding processes, which requires numerical calculat
with a very fine grid system and small time step.

D. Weld thermal cycles during spot welding

Figure 8 shows the calculated thermal cycles at differ
locations in the weldment. As shown in this figure, the mo
toring locations 2, 3, and 4 are of the same 1.5 mm dista
from the weld center but at 0°, 45°, and 90° planes, resp
tively. Similarly, monitoring locations 5, 6, and 7 are locat
along 0°, 45°, and 90° planes, respectively, with a dista
of 3 mm from the weld center. For locations of the sam
distance from the weld center, the temperatures at the
plane, such as curve 2, are the highest, while those at the
plane, such as curve 4 are the lowest. This variation
mainly due to the effect of the wide and shallow pool geo
etry resulting from the surface tension driven flow, whi
increases the temperature gradient along the 90° plane
respect to the 0° plane. As shown in Fig. 9, the aver
temperature gradient,Ḡa , of the weld pool along a given
plane is defined as

Ḡa5
TP2TS

d
, ~23!

whereTp is the peak temperature,TS is the solidus tempera
ture, andd is the distance between the weld center and p
boundary at the given plane. Sinced is maximum at the 0°
plane and minimum at the 90° plane, the value ofḠa at the
90° location is the highest while that at the 0° plane is
lowest. For locations of the same distance to the weld cen
the higher the average temperature gradient, the lower
temperature. Therefore the temperatures at the 0° plane
the highest and those at the 90° plane are the lowest.

Figure 8 also indicates that the peak temperatures
heating rates at different locations vary significantly. Sim
larly, the cooling rates vary with position at high temper
tures above the melting point. However, as the weld m

FIG. 13. Evolution of the temperature gradient,G, calculated in the mushy
zone at the mushy zone/solid interface at the 0° and 90° planes du
solidification.
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cools, the spatial variation of cooling rates decreases. In
1073–773 K (800– 500 °C) range, the cooling rate is alm
independent of position, as shown in Figs. 3 and 8. This
due to the nearly constant outward heat loss from all lo
tions of the weld. Thus in steels, where much of the fin
microstructure is determined by the cooling rate through t
temperature range, the spatial variation of microstructure
expected to be small. However, there are certain alloys wh
a small change in the cooling rate may result in signific
difference in the final microstructure.20 In such cases, the
spatial variation of cooling rates should be considered ca
fully.

E. Solidification

During rapid solidification of the weld pool, the unde
cooling of liquid metal is a critical parameter that contro
the solidification microstructure and segregation effec
Since weld solidification proceeds from the preexisting so
substrate, only undercooling associated with growth is of
portance, which is comprised of contributions from therm
constitutional, kinetic, and solid curvature effects.19 An ac-
curate modeling of the weld pool solidification requires co
pling of a sophisticated solidification model with the he
transfer and fluid model. In the present study, in order
simplify the calculations, no undercooling is considered.
other words, the equilibrium liquidus isotherm is assumed

ng
FIG. 14. Calculated solidification parameterG/R at the 0° and 90° planes

FIG. 15. Calculated solidification parameterGR at the 0° and 90° planes.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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represent the liquid/mushy zone boundary, while the equi
rium solidus isotherm corresponds to the mushy zone/s
boundary. The solidification parameters presented in
work were calculated by considering only the heat trans
and fluid flow in the weld pool.

Figure 10 shows distances of the mushy zone/solid
terface to the weld center,d0 and d90, as a function of the
solidification time. The subscripts 0 and 90 are used to r
resent the value measured at the 0° and 90° planes, res
tively, as shown in the figure. With the knowledge of t
distance versus time data, the solidification rates,R0 and
R90, are calculated as

R05
d

dt
~d0!, R905

d

dt
~d90!. ~24!

Figure 11 shows the calculated solidification rates as a fu
tion of the solidification time at the 0° and 90° planes, whe
the peak temperature of the weld pool is superimposed
shown in this figure, the solidification rates at both plan
increase with time while the peak temperature decreases.
maximum solidification rate is reached when the peak te
perature drops below the solidus temperature, i.e., the w
pool solidifies completely. The increasing solidification ra
which has been experimentally observed,21 is reasonable on
physical grounds. As shown in Fig. 12, a thin liquid sh
with thickness ofdr solidifies in a short time stepdt. As dt
approaches zero, we have lim(AS)

dt→0
5 lim(AL)

dt→0
5A. Thus the

heat balance equation is given as

A~kSGS2kLGL!dt5 f LLAdr, ~25!

whereA is the surface area of the thin shell,kS andkL are
the thermal conductivity of solid and liquid, respectively,GS

andGL are the temperature gradient in solid and mushy z
at the mushy zone/solid interface, respectively, andf L is the
average liquid fraction of the thin shell. It should be not
that the convective heat flux in the liquid is neglected
order to simply the discussion. Equation~25! can be rewrit-
ten as

R5
dr

dt
5

kSGS2kLGL

f LL
, ~26!

whereR is the solidification rate. As shown in Fig. 6,GL

drops more rapidly thanGS during solidification. Further-
more, f L decreases with time due to the release of the la
heat of fusion. As a result, the solidification rate increa
with time.

The temperature gradients,G0 andG90, are evaluated in
the mushy zone at the mushy/solid interface along the 0°
90° planes, respectively. Figure 13 shows the plot of te
perature gradients as a function of the solidification time.
shown in this figure,G0 andG90 decrease with time.

The solidification rate,R, and temperature gradient,G,
are important in the combined formsG/R andGR ~cooling
rate! as they can be related to the solidification morpholo
and the scale of the solidification substructure, respectiv
Figure 14 depicts the solidification parameterG/R at the 0°
and 90° planes. As shown in this figure, the solidificati
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parameterG/R decreases, sinceG decreases whileR in-
creases with the solidification time. The maximum value
G/R is of the order of 102 K s/mm2 at the 90° plane.

Using the solidification parameterG/R, the solidifica-
tion front stability could be determined. The criterion fo
constitutional supercooling for plane front instability is give
as19

G/R,DTE /DL , ~27!

where DTE is the equilibrium solidification temperatur
range at a given composition, andDL is the solute diffusion
coefficient in liquid. For 1005 steel,DT is equal to 23 K and
DL is taken as the carbon diffusion coefficient22 in pure liq-
uid iron, 231022 mm2/s. Thus DT/DL is equal to 1.25
3103 K s/mm2 for 1005 steel. Therefore the plane front
unstable and the weld metal solidification microstructure w
be of cellular or dendritic form.

The temporal variation of the solidification paramet
G/R shown in Fig. 14 may result in changes in the solidi
cation structures, since the interface morphology gener
changes from cellular, cellular-dendritic to equiaxe
dendritic as the value ofG/R decreases.23 Thus we may
expect a cellular type of microstructure close to the fus
line, an equiaxed-dendritic microstructure at the pool cen
and a cellular-dendritic microstructure in between, during
solidification of the spot weld pool. It should be noted th
the calculations presented here indicate aspects of solidi
tion in a qualitative manner. Quantitative determination
the solidification microstructure requires not only the para
eter G/R, but also the thermodynamics and kinetics of s
lidification.

The solidification parameterGR is useful to estimate the
scale of the solidified substructure. Figure 15 shows the c
puted value ofGR as a function of time at the two plane
SinceG decreases andR increases with time, the paramet
GR does not always change monotonically with time. D
pending on how the rates ofG andR change with time, the
parameterGR can either increase or decrease with time. T
average values ofGR are 2500 and 900 K/s at the 0° an
90° planes, respectively.

It should be noted that the validation of the numeric
model was limited to the weld pool geometry and cooli
rates. The calculated solidification parameters have not b
validated against the corresponding experimental result
1005 steel spot welds, since the focus here was the exam
tion of the results of the transient heat transfer and fluid fl
model. However, the solidification parameters calculated
ing the transient model have been successfully used to
dict the solidification structure in other alloy systems.24 Fur-
thermore, the solidification process investigated in
present model is governed only by the transfer of heat.
accurate prediction of the weld pool solidification will re
quire consideration of both the thermodynamics and kine
of solidification. In the future, a solidification model will b
coupled with the transient thermofluid model to better und
stand the physics of solidification quantitatively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ng
ee

a
a
ng

g
u
in
un
an

m
hu
n
an
o

a-
fe

n.
t
ca

f t
lid
r

an

e
ivi

2-
f a
rs
er

t A

sity

y,

3033J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Zhang et al.
V. CONCLUSIONS

The evolution of temperature and velocity fields duri
spot welding of 1005 steel was studied using a thr
dimensional transient numerical model. The weld therm
cycles, weld pool geometry, and various solidification p
rameters could be quantitatively calculated. The followi
conclusions can be made from the investigation.

~1! The geometry of the FZ and HAZ and weld coolin
curves predicted from the 3D transient heat transfer and fl
flow model were in good agreement with the correspond
experimental results. The calculated cooling rates are fo
to be almost independent of position between the 1073
773 K ~800 and 500 °C) temperature range.

~2! Liquid metal convection is the dominant mechanis
of heat transfer as the weld pool is fully developed, and t
determines the temperature distribution in the liquid pool a
the pool shape. Heat transfer by conduction is import
when the liquid velocity is small at the beginning stage
melting and during pool solidification.

~3! The size of the mushy zone, i.e., liquid1solid two
phase region, grows significantly with time during solidific
tion. This behavior can be explained from the heat trans
consideration taking into account the latent heat of fusio

~4! The temperature gradients (G) in the mushy zone a
the mushy zone/solid interface decrease with the solidifi
tion time. The solidification rate (R) of the mushy zone/solid
interface increases with time as a result of the decrease o
temperature gradient and latent heat content in the unso
fied weld pool. The combination of solidification paramete
G andR, i.e., G/R andGR, were quantitatively calculated
and then used to estimate the solidification morphology
substructure in 1005 steel spot welds.

ACKNOWLEDGMENTS

The work was supported by a grant from the U.S. D
partment of Energy, Office of Basic Energy Sciences, D
Downloaded 11 Mar 2003 to 128.118.156.64. Redistribution subject to A
-
l
-

id
g
d
d

s
d
t

f

r

-

he
i-

s

d

-
-

sion of Materials Sciences, under Grant No. DE-FGO
01ER45900. W. Z. gratefully acknowledges the award o
Fellowship from the American Welding Society. The autho
would like to express their gratitude to Dr. Todd A. Palm
for performing the spot welding experiments.

1G. M. Oreper, J. Szekely, and T. W. Eager, Metall. Trans. B17B, 735
~1986!.

2G. M. Oreper and J. Szekely, Metall. Trans. A18A, 1325~1987!.
3T. Zacharia, S. A. David, J. M. Vitek, and T. DebRoy, Weld. J.~Miami! 68,
499s~1989!.

4T. Zacharia, S. A. David, J. M. Vitek, and T. DebRoy, Weld. J.~Miami! 68,
510s~1989!.

5L. A. Betram, J. Eng. Mater. Technol.115, 24 ~1993!.
6W. H. Kim and S. J. Na, Int. J. Heat Mass Transf.41, 3213~1998!.
7Y. Wang and H. L. Tsai, Metall. Mater. Trans. B32B, 501 ~2001!.
8V. R. Voller and C. Prakash, Int. J. Heat Mass Transf.30, 2690~1987!.
9W. Pitscheneder, T. DebRoy, K. Mundra, and R. Ebner, Weld. J.~Miami!
75, 71s~1996!.

10S. V. Patankar,Numerical Heat Transfer and Fluid Flow~Hemisphere,
New York, 1982!.

11V. R. Voller and C. Prakash, Int. J. Heat Mass Transf.30, 1709~1987!.
12A. D. Brent, V. R. Voller, and K. J. Reid, Numer. Heat Transfer13, 297

~1988!.
13K. Mundra, T. DebRoy, and K. M. Kelkar, Numer. Heat Transfer, Par

29, 115 ~1996!.
14S. Kou and D. K. Sun, Metall. Trans. A16A, 203 ~1985!.
15J. W. Elmer, J. Wong, and T. Ressler, Metall. Mater. Trans. A32A, 1175

~2001!.
16W. Zhang, J. W. Elmer, and T. DebRoy, Mater. Sci. Eng., A333, 320

~2002!.
17L. E. Samuels,Light Microscopy of Carbon Steels~ASM International,

Materials Park, OH, 1999!, p. 309.
18Z. Yang, Ph. D. thesis, The Pennsylvania State University, Univer

Park, PA, 2000.
19T. DebRoy and S. A. David, Rev. Mod. Phys.67, 85 ~1995!.
20K. Mundra, T. DebRoy, S. S. Babu, and S. A. David, Weld. J.~Miami! 76,

163s~1997!.
21J. W. Elmer~private communication!.
22W. Kurz and D. J. Fisher,Fundamentals of Solidification~Trans Tech,

Switzerland, 1986!.
23Ø. Grong,Metallurgical Modeling of Welding, 2nd ed.~The Institute of

Materials, London, 1997!, p. 256.
24S. S. Babu~private communication, Oak Ridge National Laborator

2002!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp


