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Probing liquation cracking and solidification through modeling
of momentum, heat, and solute transport during welding
of aluminum alloys

S. Mishra, S. Chakraborty,a! and T. DebRoyb!

Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16802-5005

sReceived 8 November 2004; accepted 11 February 2005; published online 21 April 2005d

A transport phenomena-based mathematical model is developed to understand liquation cracking in
weldments during fusion welding. Equations of conservation of mass, momentum, heat, and solute
transport are numerically solved considering nonequilibrium solidification and filler metal addition
to determine the solid and liquid phase fractions in the solidifying region and the solute distribution
in the weld pool. An effective partition coefficient that considers the local interface velocity and the
undercooling is used to simulate solidification during welding. The calculations show that
convection plays a dominant role in the solute transport inside the weld pool. The predicted
weld-metal solute content agreed well with the independent experimental observations. The
liquation cracking susceptibility in Al–Cu alloy weldments could be reliably predicted by the model
based on the computed solidifying weld-metal composition and solid fraction considering
nonequilibrium solidification. ©2005 American Institute of Physics. fDOI: 10.1063/1.1886272g
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I. INTRODUCTION

Liquation cracking is a common problem in the fus
welding of aluminum alloys. In recent decades, the app
tion of numerical transport phenomena has provided u
information about the thermal cycles and weld pool ge
etry in both linear and spot welding.1–19 Computed tempera
tures have been used to understand the evolution of p
composition,5,16 grain structure,7,8 inclusion structure,17 and
weld-metal composition change owing to both the evap
tion of alloying elements and the dissolution of gases9,14

However, these powerful transport phenomena-based m
ing tools have not been used to understand weld solid
tion and liquation cracking in aluminum alloys.

Liquation cracking, also known as edge-of-weld cra
ing, base metal cracking, hot cracking, and heat-affe
zonesHAZd cracking, occurs in the HAZ when low meltin
point region, i.e., partially melted zonesPMZd, is formed
during welding. Cracks form when the PMZ cannot w
stand the tensile stresses generated during solidificat20

The occurrence of liquation cracking in aluminum alloys
been confirmed by experiments.20–30Huang and Kou20 found
that the PMZ becomes prone to liquation cracking when
solid fraction in the PMZ becomes lower than that in
aluminum alloy weld metal. They argued that lower s
fraction in the PMZ makes this region weaker than the w
metal, making the PMZ vulnerable to liquation cracking

Composition of the weld metal results from the mix
of the base metal with the filler metal. Solutes are distrib
within the weld pool by convection and diffusion. Furth
more, both the thermodynamics and the kinetics of soli
cation affect the solute partitioning during solidificati
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Both the partitioning of the solute and the mixing of the fi
metal with the base metal need to be considered to u
stand the solidification process during welding. Howe
many previous attempts to understand weld pool solidi
tion considered thermal field alone13,15 and ignored the con
vective solute transport in the weld pool. Chakraborty
Dutta31 developed a solidification model for studying h
and mass transfer in a single-pass laser surface alloying
cess. However, they31 assumed equilibrium at the sol
liquid interface that may not be attained when the inter
speed is comparable with or faster than the diffusion sp
Both the velocity of solidification front and the undercool
must be considered to accurately represent solidification
ing welding. The complex coupling of momentum, heat,
solute transport under nonequilibrium conditions during
sion welding has not been investigated. Such an approa
desirable for accurate prediction of the evolution of the
ute concentration and improved understanding of the w
ment solidification structure.

The goal of the research presented here is to under
the solute concentration field and the solidification pro
considering filler metal addition, fluid flow, and solute tra
port in the weld pool and nonequilibrium solidification. T
model predictions of liquation cracking susceptibility in v
ous aluminum alloy weldments based on Huang and
criterion are compared with the results of independen
perimental studies to assess the capability of the mode

II. MATHEMATICAL MODEL

The gas metal arc weldingsGMAWd process considere
involves a heat source that moves along the negativex direc-
tion with a constant speed,U. The welding arc heats th
work piece surface and contributes to the formation
molten pool. The filler metal melts and mixes with the m
e

ten base metal by convection and diffusion. As the heat

© 2005 American Institute of Physics2-1
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source moves, solidification of the molten zone leads to
structure of the solidified metal. The following major
sumptions are made in the model:

sid The molten metal is considered to be Newtonian
incompressible.

sii d The density variation in the calculation domain is
nored except for the calculation of the buoyancy fo
following Boussinesq’s approximation.

siii d Momentum transfer into the molten pool due to fi
material addition is neglected for simplicity.

sivd Since the variation of surface tension with temp
ture is much larger than the variation of surface
sion with solute concentration, the compositional
pendence of the surface tension of the alloy
ignored.

svd For simplicity, a pseudobinary equivalent of the m
ticomponent alloy is considered for solidificati
modeling.

In a stationary coordinate system, the generalized
erning equation for the transport of various quantities in
molten pool and its surroundingssx8 ,y,zd can be written a

]

]t
srfd + ¹ srufd = ¹ sG ¹ fd + Sf, s1d

where t is time, r is the density,f is any dependent sca
variable per unit mass,u is the resultant velocity vector,G is
a generalized diffusion coefficient, andSf is a source term
However, the transport phenomena inside the molten
can be conveniently studied with respect to a coordinate
tem that moves along thex direction with the moving hea
source by considering the following coordinate transfor
tion:

x = x8 − s− Udt, s2d

whereU is the welding speed along the negativex direction
andx, y, z are coordinates in a frame moving with the we
ing torch. Henceforth, the following tensorial notation w
be followed for description of the conservation equation

x1 = x, x2 = y, x3 = z. s3d

Applying the above transformation and substitutingf by the
appropriate variables, the governing equations in the mo
coordinate system assume the following forms.

A. Conservation of mass „continuity equation …

The single-phase continuity equation for an incompr
ible fluid is given by

]ui

]xi
= 0. s4d

B. Conservation of linear momentum

The equivalent single-phase linear momentum cons
tion equation for thex direction, withi =1, 2, and 3 in inde

notation is given by
-

l
-

-

-

r
]ux

]t
+ r

]uiux

]xi
= −

]p

]x
+

]

]xi
Sm

]ux

]xi
D + rgbTsT − Trd

+ rgbcsC − Crd − rU
]ui

]xi
+ Sx, s5d

where g is the gravitational acceleration,Tr is a referenc
temperature taken as the melting point of the solvent,Tm, and
Cr is the concentration of the solute atTr. The termsbT and
bc represent the thermal and solutal volumetric expan
coefficients, respectively. The source termSx considers fric
tional resistance to flow experienced by the liquid meta
the two-phase solid-liquid region similar to flow in a por
medium. This resistance is calculated using Darcy’s m
and the Carman–Kozeny relationship.13,18,32The source term
also includes the Lorentz force as a consequence of the
tric current used in the welding. Combining these two
fects, the source term can be represented as

Sx = −
Kms1 − f ld2

f l
3 + b

ux + sJxBdx, s6d

where f l is the liquid fraction given asf l =DH /L, whereDH
is the latent heat content of a control volume,L is the laten
heat of fusion,J is the current density, andB is the magnetic
field intensity. In Eq.s6d, Km is a large number13 andb is a
small number to avoid division by zero. The above form
tion ensures that the velocity becomes zero in the soli
gion and increases continuously into the liquid region.
details of the formulation of the above term have been
ported by Brentet al.32 and the calculation of the Loren
force term is presented elsewhere,11 and these are not r
peated here.

C. Conservation of energy

The thermal energy conservation equation is given

r
]h

]t
+ r

]suihd
]xi

=
]

]xi
SK

]T

]xi
D − r

]sDHd
]t

− r
]suiDHd

]xi
− Sd

− rU
]h

]xi
− rU

]DH

]xi
, s7d

where K is the thermal conductivity andDH is the laten
enthalpy content of the computational cell under cons
ation given by the following expression:

DH = L if T . Tl

= f lL if Ts ø T , Tl s8d

=0 if T , Ts,

whereTs and Tl are the solidus and liquidus temperatu
respectively. In Eq.s7d, the termSd represents a volumetr
heat source term due to the addition of hot metal dro
from the melting electrode. Calculation of this term is

2
scribed in detail in a recent paper.
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D. Species conservation and solidification

The general form of species conservation equatio
given by

]srCd
]t

+
]sruiCd

]xi
=

]

]xi
SrD

]C

]xi
D − rU

]C

]xi
, s9d

whereC is the solute concentration andD is the effective
mass diffusivity of the solute. The variableC embodies com
ponents from both solid and liquid phases. Volleret al.33

have shown that Eq.s9d may be rewritten in terms of liqu
phase concentration,Cl, and nonequilibrium partition coeffi
cient. Following their approach and neglecting diffusion
solid, Eq.s9d may be rewritten as33

]

]t
srCld +

]sruiCld
]xi

=
]

]xi
Srf lDl

]Cl

]xi
D +

]

]t
srfsCld

− kpCl
]

]t
srfsd − rU

]Cl

]xi
− Sm, s10d

where Kp is the partition coefficient. In Eq.s10d, Dl is an
effective diffusion coefficient to be described subsequenf
denotes the appropriate phase fraction with subscriptsl ands
referring to liquid and solid phases, respectively, andSm is a
time-averaged volumetric mass source term to incorp
the filler metal addition.

Since the solute partitioning at the solid-liquid interf
may not reach thermodynamic equilibrium, calculations ofs

and f l and the prescription of an appropriate partition co
cient in Eq.s10d require a rigorous nonequilibrium solidi
cation model. Equations10d also indicates a strong coupli
among the thermal, solutal, and velocity fields. A key fa
in this coupling is the appropriate modeling of the liq
fraction that affects the orientation and location of the p
boundaries. The iterative updating of liquid fractionsor,
equivalently, nodal enthalpyd is done in the entire concentr
tion field, since the enthalpy and concentration fields
coupled through the nonequilibrium solidification kinetics
the interface.

E. Filler metal addition

Filler metal addition to the weld pool is considered
incorporating time-averaged volumetric heat and m
sources in the enthalpy and solute conservation equa
The volumetric heat source is characterized by its ra
sRvd, height sdd, and power densitysSvd and considers th
interaction between metal droplets and weld pool for var
welding conditions.2,3 The radius of the volumetric he
source is assumed to be 2.7 times the droplet radius,19 and
the height sdd is calculated from the following equatio
based on energy balance:

d = hv − xv + Dd, s11d

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

from the metal droplets,Qt, is given as
e

s.

,

Qt = rprw
2wfHd, s12d

wherer is the density,rw is the radius of the wire,wf is the
wire feeding rate, andHd is the total enthalpy of the drople
It should be noted that a portion ofQt is used to heat th
additional metal from the droplets up to liquidus temp
ture. Therefore, the effective heat of dropletssQdd carried
into the weld pool is given as

Qd = rprw
2wfCplsTd − Tld, s13d

whereCpl is the specific heat of the liquid metal,Td is the
droplet temperature, andTl is the liquidus temperature.

The values ofhv andxv in Eq. s11d are calculated bas
on energy balance as

hv = S−
2g

Ddrg
+ÎFS 2g

Ddrg
D2

+
Ddvd

2

6g
GD , s14d

xv = Shv +
2g

Ddrg
DH1 − cosFS g

hv
D1/2

DtGJ , s15d

whereg is the surface tension of the molten metal,g is the
acceleration due to gravity,vd is the droplet impingeme
velocity, andDt is the interval between two successive dr
sDt=1/ f, where f is the droplet transfer frequencyd. As
shown in Eqs.s11d–s15d, the calculation of the dimensions
the volumetric heat source requires the knowledge o
droplet transfer frequency, radius, and impingement velo
These parameters are determined from the correlations
able in the literature.2 From the computed values ofQd, Dd,
andd, the time-averaged power density for grid points wi
the volumetric heat source,Sd, is calculated as

Sd =
Qd

pDd
2d

. s16d

Solute addition from the filler metal is considered
incorporating a time-averaged volumetric mass source
Sm, in the solute conservation equation, Eq.s10d. The dimen
sions of the volumetric mass source are assumed to b
same as the volumetric heat source. The net mass of
from the metal droplets,Qt, is given as

Qt = rprw
2wfsCf − Cd, s17d

wherer is the density,rw is the radius of the wire,wf is the
wire feeding rate,Cf is the concentration of solute in t
filler metal drops, andC is the local solute concentratio
The time-averaged volumetric mass source,Sm, for grid
points within the mass source region is given by

Sm =
Qt

pDd
2d

. s18d

F. Thermosolutal-flow coupling

1. Enthalpy updating

The following iterative enthalpy updating scheme p
posed by Brentet al.32 is chosen in the present study for

adaptability in a fixed-grid enthalpy based framework:
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fDHPgn+1 = fDHPgn +
aP

aP
0 lfhhPjn − F−1hDHPjng, s19d

whereaP andaP
0 are the coefficients of enthalpy for the no

point P in the discretized energy equation for the current
the previous time steps, respectively,34 DHP is the latent hea
content,hP is the sensible enthalpy associated with the n
point P, n is the number of iterations,l is a relaxation facto
andF−1 is a suitable function that relates local enthalpy w
temperature and liquid fraction. In order to include the
propriate thermosolutal effects35 in F−1, the interfacial tem
perature,T, is represented as a function of local liquid
composition,Cl, as36

T = Tm + mLCl − V/b0 − Gk, s20d

whereTm is the melting point of the solvent,mL is the non
equilibrium liquidus-line slope described by Eq.s21d, V is
the normal interface velocity,b0 is a kinetic coefficient o
interface motion,G is a capillary constant calculated asG
=Tmg /Lr, g is the surface tension,L is the latent heat o
freezing,r is the density, andk is the mean curvature of th
solid-liquid interface. Equations20d represents a deviation
the interfacial temperature from its local equilibrium va
due to motion of the interface, the local interfacial curvat
undercooling effect, and the nonequilibrium partitioning
the solute. The partitioning effect is considered by rela
the nonequilibrium liquidus-line slopesmLd in Eq. s20d with
its equilibrium valuesmL

* d as36,37

mL = mL
*S1 +

1

1 − kp
* hkp

* − kpf1 − ln skp/kp
* dgjD , s21d

where kp is the modified partition coefficient that can
expressed in terms of equilibrium partition coefficient,kp

* ,
as36

kp = Hkp
* f1 − sV/VD

L d2g + V/VD
L

1 − sV/VD
L d2 + V/VD

L J, . . . , for V , VD
L

= 1, . . . , forV ù VD
L . s22d

In Eq. s22d, VD
L is the diffusive speed in the liquid, which c

be calculated as36

VD
L = sDl

* /tD
L d0.5, s23d

wheretD
L refers to the time of diffusional relaxation of c

lective atomssmolecules, particlesd to their equilibrium stat
in a local volume of alloy.36 The diffusive speed at which
solute atom diffuses through the interfacial region can
approximated by the ratio of diffusivity of the solute atom
the interface and a length scale characterizing the inte
width. Furthermore, the interface velocitysVd in Eq. s22d can
be calculated in an iterative manner using the follow
equation:13

V =
kSGS− klGl

f lL
, s24d

whereGS andGl are the temperature gradients in solid
mushy zone at the mushy zone/solid interface, respect
kS and kl are thermal conductivities of the solid and liq

phases, respectively,f l is the liquid fraction, andL is the
l

e

,

latent heat of freezing. For a known interface velocity,
diffusion coefficient appearing in Eq.s10d can be prescribe
as36

Dl = Dl
*f1 − sV/VD

L d2g, . . . , for V , VD
L

= 0, . . . , forV ù VD
L , s25d

whereDl
* is the diffusion coefficient in the liquid under t

conditions of interfacial equilibrium.
The impact of high solidification rate on local interfac

temperature, as indicated by Eqs.s21d and s22d, is worth
examining at this point. From Fig. 1, it can be observed
the difference between solidus and liquidus composi
progressively diminishes with an increase of interface ve
ity due to lack of time available for atomistic rearran
ments. Ultimately, as the interface velocity approaches
diffusive speed, the partition coefficient tends to unity.
resulting effect on solidus- and liquidus-line slopes is
picted in Fig. 2. It can be observed from this figure that w
an increase in the interface speed, the difference betwee
liquidus- and solidus-line slopes decreases rapidly. Thus
effective solidification range becomes progressively sm
at faster solidification rates. The solidus and liquidus t
peratures tend to coincide as the diffusive speed limit is

FIG. 1. Effect of interface speed on local interfacial partitioning.

FIG. 2. Effect of interface speed on solidus- and liquidus-line slopesan
equilibrium liquidus slope of −3.37 K/wt % and an equilibrium partit

coefficient of 0.16 were chosen for this specific demonstrationd.
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proached. The mushy zone virtually disappears and the
uid instantaneously freezes to form solid crystals with
passing through a freezing range. At high solidification ra
the solid fraction cannot be calculated based on equilib
considerations.

Equationss21d–s24d can be effectively used to comple
the iteration cycle involving updating of enthalpy using
s19d. The calculations require an appropriate functional r
tion between liquid composition,Cl, and liquid fraction,f l,
consistent with the local solute balance,

sCl − Csddfs = s1 − fsddCl , s26d

where fs is the mass fraction of the solid andCs is the solid
phase composition. Replacingfs by s1− f ld in Eq. s26d, where
f l is the mass fraction of the liquid, and integrating,f l is
obtained as

f l = expH−E
C0

Cl dCl

Cls1 − kpdJ , s27d

where kp, which replacesCs/Cl, is a convection-correcte
partition coefficient representing the nonequilibrium effe
fgiven by Eq.s22dg. Equations27d can be integrated if th
variation of kp with Cl is known. For the specific case o
composition-independent partition coefficient, integratio
Eq. s27d gives38

Cl = C0f l
kp−1, s28d

whereC0 is the initial composition of liquid. Although E
s28d appears similar in form to the well-known Sche
equation,38 a key difference lies in the fact that the partit
coefficient in Eq.s28d is a strong function of the interfa
growth rate governed by Eq.s24d and not a constant.

With the aid of Eqs.s20d and s28d, a final form of the
enthalpy updating function appearing in Eq.s19d can now be
obtained as

F−1sDHd = cpFTm + mLC0SDH

L
Dskp−1d

− V/b0 − GkG .

s29d

Finally, the liquid fraction is calculated by using Eq.s19d as

f l =
DH

L
. s30d

Possible unrealistic intermediate estimates predicted b
s30d during iterations can be avoided by imposing the
lowing constraints:

f l = 0 if f l , 0

= 1 if f l . 1. s31d

2. Steps of enthalpy updating

Step 1. Initialize the velocity, temperature, concen
tion, and liquid fraction field.

Step 2. Form coefficients of the discretization equat
for fluid flow, heat transfer, and mass transfer, and solve

resultant system of linear algebraic equations.
-

,

.

Step 3. Calculate the ratio of interface speed to diffu
speedfusing Eqs.s23d and s24dg.

Step 4. Calculate the nonequilibrium partition coeffic
at nodal pointsfusing Eq.s22dg.

Step 5. Calculate the nonequilibrium liquidus slopefus-
ing Eq. s21dg.

Step 6. Update nodal latent enthalpy, and hence l
fraction, as per Eqs.s19d and s30d, respectively. This ste
leads to a corrected weld pool geometry based on the
fraction evolution through appropriate nonequilibrium th
mosolutal coupling.

Step 7. Go back to step 2, and iterate until converge

G. Boundary conditions

The temperature and velocity boundary conditions
available in the literature13 and are not repeated here. T
boundary conditions for solute transport at the solidifica
interface need to consider nonequilibrium partitioning of
ute at the solidification front,

Cl = Cw/kp, s32d

whereCl is the local solute concentration in the liquid a
Cw is the solute concentration in the solidified weld me
Similarly, the boundary condition at the melting front can
written as

Cl = Cb, s33d

whereCb is the concentration of the solute in the base m

III. RESULTS AND DISCUSSION

GMA welding of 2219 aluminum–copper alloy conta
ing 6.3 wt % Cu was simulated. The filler metal comp
tions varied from 0.08 to 9.0 wt % Cu. The data used in
calculations are summarized in Table I. Figure 3 shows
computed velocity and temperature fields in the weld po
2219 alloy with the filler metal composition of 0.08 wt
Cu. The weld pool is wide and shallow because the al
num alloy has a negative temperature coefficient of su
tensionsdg /dTd which causes the liquid metal to move fr

TABLE I. Data used in the calculations.

Problem data/physical property Valuea

Arc currentsAd 140
Arc voltagesVd 22
Welding speedsm s−1d 4.2310−3

Density skg m−3d 2400
Viscosity of liquid skg m−1 s−1d 0.3310−3

Specific heatsJ kg−1 K−1d 1.063103

Mass diffusivity of copper in liquid aluminumsm2 s−1d
under
interfacial equilibrium conditions

3.0310−9

Thermal conductivitysW m−1 K−1d 192
Equilibrium partition coefficient 0.16
Equilibrium slope of liquidus linesK/wt %d −3.37
Solidus temperature of alloy 2219sKd 821
Liquidus temperature of alloy 2219sKd 911

aSee Ref. 39.
the middle to the periphery on the weld pool surface. The
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relative importance of convection and conduction in
overall transport of heat in the weld pool can be asse
from the value of the Peclet number, Peh, which is given by

Peh =
urCPL

k
, s34d

whereu is the velocity,r is the density,CP is the specific
heat at constant pressure,L is the characteristic length, andk
is the thermal conductivity of the melt. When Peh is large,
which in physical terms means large melt velocity, la
weld pool, and poor thermal conductivity, heat is transpo
primarily by convection. In the aluminum alloy welds, ty
cal velocity in the pool is 0.2 m/s, density is 2400 kg/3,
specific heat is 1060 J/kg K, characteristic length
0.0044 m, and thermal conductivity is 192 W/m K. The c
responding value of Peh is found to be 12, which is muc
larger than unity. This value of Peh indicates that heat
transported mainly by convection in the weld pool. The
fore, accurate calculations of temperature field can onl
done by considering convective heat transport.

The Peclet number for mass transfer, Pem, indicates the
relative importance of convection and conduction in
overall transport of solute in the weld pool.

Pem =
uL

D
, s35d

whereD is the mass diffusivity. The mass diffusivity of a
minum alloy is 3.0310−9 m2/s. The corresponding value
Pem is calculated to be 2.93105, which indicates that con
vection is the primary mode of mass transport in the w
pool. Therefore, it is necessary to consider convective
transport in order to accurately predict the solute conce
tion distribution in the weld pool.

Figures 4sad–4sdd show the computed solute concen
tion distributions within the weld pool for four filler met
compositions: 0.08, 2.0, 4.0, and 9.0 wt % Cu. It can be
served that convection plays a dominant role in solute d
bution in the weld pool causing efficient mixing of the b
metal with the filler metal. At the melting front, in front
the pool, the base metal melts and forms a liquid of the s

FIG. 3. Velocity and temperature fields in the weld pool for the wel
conditions indicated in Table I. The filler metal concentration was 0.08
copper. All the temperatures are in degree Kelvin.
composition. The filler metal then mixes with the liquid from
d

s
-

e

the base metal resulting in a weld-metal composition tha
between the filler metal and the base metal composition
the solidification front, the solute is rejected from the so
fied material into the molten pool. As a result, high so
concentration is observed at the solidification front in F
4sad–4sdd. Similarly, in the transverse sections ahead of
heat source, the composition near the melting front is
same as that of the base metal. However, in transverse
tions behind the heat source, segregation of the solu
observed near the solidification front. In the middle of
weld pool, a large amount of filler metal is added and
solute concentration is fairly close to the filler metal com
sition. The solute concentrations at the melting and the
lidification fronts have been further clarified in Fig. 5, wh
the computed solute concentration along the direction of
tion of the torch is shown. It is noteworthy that the h
solute content at the solidification front does not hav
much influence on the overall concentration distribution
the mixing of the filler metal with the base metal. This
havior can be attributed to a very low-mass diffusivity
copper in the alloy and very low liquid velocities in t
two-phase region adjacent to the solidification front. The
jected solute is confined to a very small region and the
velocities in the two-phase region prevent rapid mixing
the rejected solute into the weld pool.

Since the composition of a single-pass GMA alumin
weld is essentially uniform,20 the solidified weld-metal solu
concentration was assumed to be equal to the average
centration of the solute in the molten weld pool. As show
Figs. 4 and 5, the concentration of solute in the solid
weld metal depends on the filler metal composition. The
curacy of the calculated weld-metal composition can be
amined by comparing the computed weld-metal compos
for 0.08 wt % filler metal addition with the correspond
independent experimental result of Huang and Kou.20 For a
GMA weld of 2219 alloy using a filler metal containi
0.08 wt % copper, Huang and Kou20 measured the wel
metal composition to be 3.43 wt % copper. For the s
welding conditions, the computed weld-metal compos
was equal to 3.17 wt % copper, as shown in Figs. 4sad and 5
thus confirming the accuracy of the calculations. The re
also indicate the importance of solute transport by con
tion. Accurate solute concentration distribution canno
calculated by considering only the diffusive transport.

Gittos and Scott40 proposed that liquation cracking o
curs when the base metal solidus temperature is belo
weld-metal solidus temperature. In other words, if the
metal solute content is higher than that of the weld m
then the PMZ is susceptible to liquation cracking. Figure
a plot of the computed wt % Cu in the weld metal versus
wt % Cu in the filler metal. The concentration of Cu in
base metal was 6.3 wt %. Thus, based on the criterion
posed by Gittos and Scott,40 the PMZ becomes susceptible
liquation cracking when the weld-metal concentration
lower than 6.3 wt % Cu. However, Huang and Kou20 argued
that the cooling rate during welding may be too high
equilibrium solidification to occur, and solidification c
continue far below the equilibrium solidus temperat

20
They proposed the criterion that the PMZ becomes prone
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to liquation cracking when the solid fraction in the PM
becomes lower than that of the weld metal. A weaker P
with lower solid fraction makes this region vulnerable
liquation cracking. Calculation of the solid fraction in t
solidifying region requires the computed values of none
librium partition coefficient, which is shown in Fig. 7.
should be noted that the value of the nonequilibrium part

FIG. 4. Concentration fieldswt % Cud in the weld pool. The filler

FIG. 5. The concentration of copperswt %d in the weld along the directio

of motion of the torch. The base metal composition was 6.3 wt % copper.
coefficient is higher than that of the equilibrium value. T
higher value is consistent with the shrinking of the two-ph
region at high solidification rates. Oncekp

* and kp were ob-
tained for each temperature, Eq.s21d was used to get th
slope of the liquidus linesmld at these temperatures. Ne

al compositions weresad 0.08, sbd 2.0, scd 4.0, andsdd 9.0 wt % Cu.

FIG. 6. The concentration of copper in the weld metal for different
metal compositions. The concentration of copper in the base meta
6.3 wt %. The safe and susceptible regions are indicated for equili

solidification.
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the modified liquidus compositionsCld at each temperatu
was calculated usingkp, ml, and the melting point of pur
aluminum, 933 K. The corresponding values of the mod
solidus compositions,Cs, at each temperature could be
tained from the values ofkp and Cl at these temperature
The modifiedCs andCl were then used to calculate the n
equilibrium solid fractions. The computed solid fraction
the 2219 alloy, having 6.3 wt % Cu taking into account
nonequilibrium solidification, is shown in Fig. 8. The so
line curve in Fig. 8 was calculated from the equilibri
phase diagram using the equilibriumCs and Cl values. The
nonequilibrium solid fraction is lower than the correspond
equilibrium value because of undercooling which prev
solidification to occur at equilibrium temperature at high
lidification rates.

FIG. 7. Variation of equilibrium partition coefficientskp
* d and nonequilib

rium partition coefficientskpd with temperature.

FIG. 8. Solid fraction vs temperature for alloy composition of 6.3 w
copper. The solid line curve was obtained from the equilibrium phase
gram and the dotted line curve was obtained using the modified noneq

rium solidus and liquidus lines.
The variation of nonequilibrium solid fraction with te
perature for three cases has been plotted in Fig. 9. One p
for the base metal or the PMZ composition, i.e., 6.3 w
Cu, and the other two are for the solidifying weld-me
compositions in the mushy region computed from the so
transport model for two welding conditions. The lower p
represents welding of 2219 alloy using a filler metal w
9.0 wt % Cu that leads to a mushy zone compositio
8.91 wt % Cu for the wire feed rates and other param
indicated in Table I. Similarly, the upper plot indicates
use of a filler metal of 2.0 wt % Cu, for the same weld
conditions, that leads to a mushy zone composition
2.16 wt % Cu. The solid fraction in the PMZ can be co
pared with that in the solidifying region, i.e., the mu
zone. The lower graph representing 9.0 wt % Cu-conta
filler metal has a lower solid fraction in the mushy zone t
in the PMZ. Therefore, the solidifying weld metal ha
lower strength than the PMZ and the PMZ is not suscep
to liquation cracking. In contrast, when the 2.0 wt %
containing filler metal is used, the solid fraction in the so
fying metal is higher than that in the PMZ. Consequently
solidifying weld metal is stronger than the PMZ, making
PMZ susceptible to liquation cracking. Thus, the present
culations considering convective solute transport, none
librium solidification, and filler metal addition can be used
predict liquation cracking susceptibility in aluminum al
welds.

IV. CONCLUSIONS

A numerical model that considers momentum, heat,
solute transport has been developed to understand no
librium solidification in welds. The model uses an effec-

FIG. 9. Solid fraction vs temperature calculated using modified noneq
rium solidus and liquidus lines for different alloy compositions. The P
composition was 6.3 wt % Cu. The calculated mushy zone compositio
the solidifying weld-metal compositions, of 2.16 and 8.91 wt % Cu co
spond to the filler metal compositions of 2.0 and 9.0 wt % Cu, respect
partition coefficient that considers both the local interface
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velocity and the undercooling to simulate solidification d
ing welding. The computed concentration profiles reflec
dissolution of the base metal at the melting front, the st
convection in the weld pool, mixing of the filler metal w
the base metal, and solute rejection at the solidifying in
face. The calculations showed that convection plays a d
nant role in solute transport in the weld pool and diffus
calculations alone are insufficient. The predicted weld-m
solute content agreed well with the independent experim
observations. Using the computed average compositio
the two-phase mushy region, the solid fraction in the so
fying weld metal was compared with that in the PMZ
various filler metal compositions. In each case, the susc
bility of liquation cracking was determined by Huang a
Kou’s criteria, i.e., by comparing the solid fraction in
solidifying weld metal with the corresponding value in
PMZ. The model predictions of liquation cracking susce
bility in Al–Cu alloy weldments were confirmed by indepe
dent experiments for various filler metal compositions.
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