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Probing liquation cracking and solidification through modeling
of momentum, heat, and solute transport during welding
of aluminum alloys
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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. €005 American Institute of PhysidDOI: 10.1063/1.1886272

I. INTRODUCTION Both the partitioning of the solute and the mixing of the filler
Liquati King i bl i the fusi metal with the base metal need to be considered to under-
Iquation cracking IS & common probiem In the TUSION ooy the solidification process during welding. However,

welding of aluminum alloys. In recent decades, the appllca-rrany previous attempts to understand weld pool solidifica-

tion of numerical transport phenomena has provided usefL{ on considered thermal field aloRe® and ignored the con-

|r1tformat§|otrr1] ?bOUt thz thertmal Ig%‘ié é’md Wfl?j i)ool 9€0MYactive solute transport in the weld pool. Chakraborty and
etry in both finéar and spot welding. - Lomputed tlempera-  p, 431 gaveloped a solidification model for studying heat

tures h"’?‘(e E(leﬁen qsed to und%r.stand.the evolut|or71 of pha%l?’ld mass transfer in a single-pass laser surface alloying pro-
compositior>*® grain structuré;® inclusion structuré; and

d-metal ion o i1 16 both th cess. However, théy assumed equilibrium at the solid-
weld-metal composition change owing fo bo e evaporaﬁquid interface that may not be attained when the interface

'lt_i|on of allor)]/ing elemefntls and the o::ssolution %f gaigs. d peed is comparable with or faster than the diffusion speed.
owever, these poweriul transport phenomena-based mo Joth the velocity of solidification front and the undercooling

ing tools have not been used to understand weld solidificaz, ¢ pe considered to accurately represent solidification dur-

tion I_a}nd Ilguatlon Erackmlg mkalumlnum a(;lloys.f Id K ing welding. The complex coupling of momentum, heat, and
Iquation cracking, aiso kKnown as €dge-ol-weld crack-c ) iq trangport under nonequilibrium conditions during fu-

g, bgiez metalk_crackmg, hpttﬁraalf&;g, r?ndlheat-alrtfgcteéion welding has not been investigated. Such an approach is
zone( ) cracking, occurs in the when Iow melling - yeirable for accurate prediction of the evolution of the sol-

gO'F“ reglcl)g', "e"c parktlalfly meltﬁd Z?hd@lg/ll\?é IS forTEd.th ute concentration and improved understanding of the weld-
uring welding. Lracks tform when the cannot With- -, ent solidification structure.

stand the tensile stresses generated during solidificdtion. The goal of the research presented here is to understand
:)-he occu;_rencg t())f I|quat|9n Cr%fglggg n alun:jmlémgpzilloyz halsthe solute concentration field and the solidification process
thetirlﬁor;:\r/lngeb y €xperime ¢ ' i uatng an k(') ouhn th considering filler metal addition, fluid flow, and solute trans-
?‘d fe i .ect(r)]misMerer 0 |queI1 lon crtzc mt%]mt/ 'enth %ort in the weld pool and nonequilibrium solidification. The
sohd fraction in the ecomes lower than that in e, yq predictions of liquation cracking susceptibility in vari-

aluminum alloy weld metal. They argued that lower solid ous aluminum alloy weldments based on Huang and Kou

fraction in the PMZ makes this region weaker than the weldyjiqrion are compared with the results of independent ex-
metal, making the PMZ vulnerable to liquation cracking.

S e erimental studies to assess the capability of the model.
Composition of the weld metal results from the mixing P P y

of_ th_e base metal with the filler metal. Soluj[es are distributeql' MATHEMATICAL MODEL

within the weld pool by convection and diffusion. Further- . .

more, both the thermodynamics and the kinetics of solidifi- ~ The gas metal arc weldingGMAW) process considered

cation affect the solute partitioning during solidification. involves a heat source that moves along the negatilieec-
tion with a constant speed). The welding arc heats the

dpresent address: Department of Mechanical Engineering, Indian Institut\évork piece surfage and contributes to t.he for.matlon of a

of Technology Kharagpur, Kharagpur 721302 India. molten pool. The filler metal melts and mixes with the mol-

PElectronic mail: debroy@psu.edu ten base metal by convection and diffusion. As the heat
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source moves, solidification of the molten zone leads to the U, AUy mp I
structure of the solidified metal. The following major as- P TP, ~ =7 -+~
1 1

ou
M_X> +pgBr(T-T)
sumptions are made in the model:

125

Ju;
(i)  The molten metal is considered to be Newtonian and +pgB(C-C) - pU&_I +S, (5)
incompressible. !

(if) ~ The density variation in the calculation domain is ig- yhere g is the gravitational acceleratiof, is a reference
nored except for the calculation of the buoyancy forcetemperature taken as the melting point of the solvEgtand

__ following Boussinesq's approximation. _ C, is the concentration of the solute Bt The termsB; and
(iii)  Momentum transfer into the molten pool due to filler 5 represent the thermal and solutal volumetric expansion
material addition is neglected for simplicity. coefficients, respectively. The source teSnconsiders fric-

(iv)  Since the variation of surface tension with tempera-jong) resistance to flow experienced by the liquid metal in
ture is much larger than the variation of surface ten-ye two-phase solid-liquid region similar to flow in a porous
sion with solute concentration, the compositional de-megium. This resistance is calculated using Darcy’s model
pendence of the surface tension of the alloy iSang the Carman—Kozeny relationsii®*?The source term
ignored. _ _ also includes the Lorentz force as a consequence of the elec-

(v)  For simplicity, a pseudobinary equivalent of the mul- e cyrrent used in the welding. Combining these two ef-
ticomponent alloy is considered for solidification fects, the source term can be represented as
modeling.

Km(1 = 1EI)Z

e (9B ®)
|

In a stationary coordinate system, the generalized gov- S§=-
erning equation for the transport of various quantities in the

molten pool and its surroundingds’,y,z) can be written as wheref, is the liquid fraction given a§=AH/L, whereAH

d is the latent heat content of a control volunheis the latent
i(l"ﬁ) + Vipug)= V(I'V ¢)+S,, (1) heat of fusionJ is the current density, ari8lis the magnetic-
field intensity. In Eq.(6), K, is a large numbé? andb is a
wheret is time, p is the density is any dependent scalar small number to avoid division by zero. The above formula-
variable per unit massj is the resultant velocity vectol,is  tjon ensures that the velocity becomes zero in the solid re-
a generalized diffusion coefficient, ar®} is a source term. gion and increases continuously into the liquid region. The
However, the transport phenomena inside the molten Pocgetails of the formulation of the above term have been re-
can be conveniently studied with respect to a coordinate SYsrorted by Brentet al3? and the calculation of the Lorentz

tem that moves along the direction with the moving heat force term is presented elsewhéteand these are not re-
source by considering the following coordinate transformapeated here.

tion:
x=x" - (= U, (2

whereU is the welding speed along the negativeirection ~ C- Conservation of energy

andx, y, z are coordinates in a frame moving with the weld-  The thermal energy conservation equation is given by

ing torch. Henceforth, the following tensorial notation will

be followed for description of the conservation equations, o auh)y o[ T AAH)  d(yAH)

P P o T\ ) P P

X1=X, X=Y, X3=2Z. (3 i X\ X i

Applying the above transformation and substitutihdpy the - pua_h - pu(m_H, 7)

appropriate variables, the governing equations in the moving IXi 2

coordinate system assume the following forms. ) o )
where K is the thermal conductivity andH is the latent

enthalpy content of the computational cell under consider-
A. Conservation of mass (continuity equation ) ation given by the following expression:

The single-phase continuity equation for an incompress- AH=L if T>T,
ible fluid is given by
AU; =filL if To=T<T 8
MNi_o @ | s I (8)
(?Xi
=0 IfT<T,,

where T, and T, are the solidus and liquidus temperatures,
respectively. In Eq(7), the termS; represents a volumetric

The equivalent single-phase linear momentum conservaieat source term due to the addition of hot metal droplets
tion equation for the direction, withi=1, 2, and 3 in index from the melting electrode. Calculation of this term is de-
notation is given by scribed in detail in a recent pager.

B. Conservation of linear momentum
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D. Species conservation and solidification Q.= par2wiHyg, (12
. The general form of species conservation equation i%vherep is the densityr,, is the radius of the wirew; is the
given by wire feeding rate, anHi, is the total enthalpy of the droplets.
a(pC)  dlpuC) 4 JC aC It should be noted that a portion @ is used to heat the
“a Tk Tox PD& ‘PU&v (9 additional metal from the droplets up to liquidus tempera-
1 1 1 1

ture. Therefore, the effective heat of droplé€,) carried
whereC is the solute concentration aridl is the effective- into the weld pool is given as
mass diffusivity of the solute. The variab@eembodies com- 2
ponents from both solid and liquid phases. Voltr al Qa= pmryWiCp(Ta—Ty), 13
have shown that Eq9) may be rewritten in terms of liquid whereC, is the specific heat of the liquid metdly is the
phase Concentratioﬁ;h and nonequilibrium partition coeffi- drop|et tempera‘[ure, an'ﬁ is the |iquidu5 tempera‘[ure_
cient. Following their approach and neglecting diffusion in The values oh, andx, in Eq. (11) are calculated based

solid, Eq.(9) may be rewritten &8 on energy balance as
P dpuC) ac\ @ > >
a(pQ) + T" = K(pf|D|§_l> + E(PfsCO h, = (— 27 + \/\‘< 27 ) + dedJ), (14)
i i i v Dapg Dapg 6g
F F'el
—-kCi—(pfd —pU— =S, (10 2 12
Pt % XU=<hv+ ? ) 1—coa{<g> At] : (15
deg hv

whereK, is the partition coefficient. In Eq(10), D, is an
effective diffusion coefficient to be described subsequehtly, wherey is the surface tension of the molten melis the
denotes the appropriate phase fraction with subsdrigtsls ~ acceleration due to gravityyy is the droplet impingement
referring to liquid and solid phases, respectively, &ds a  velocity, andAt is the interval between two successive drops
time-averaged volumetric mass source term to incorporatéAt=1/f, where f is the droplet transfer frequencyAs
the filler metal addition. shown in Eqs(11)—(15), the calculation of the dimensions of
Since the solute partitioning at the solid-liquid interfacethe volumetric heat source requires the knowledge of the
may not reach thermodynamic equilibrium, calculationg,of droplet transfer frequency, radius, and impingement velocity.
andf, and the prescription of an appropriate partition coeffi-These parameters are determined from the correlations avail-
cient in Eq.(10) require a rigorous nonequilibrium solidifi- able in the literaturé.From the computed values &y, Dy,
cation model. Equatiofl0) also indicates a strong coupling andd, the time-averaged power density for grid points within
among the thermal, solutal, and velocity fields. A key factorthe volumetric heat sourc&, is calculated as
in this coupling is the appropriate modeling of the liquid Q
fraction that affects the orientation and location of the pool  §;= ‘; .
boundaries. The iterative updating of liquid fractidar, mDyd

equivalently, nodal enthalpys done in the entire concentra- Solute addition from the filler metal is considered by

tion field, since the enthalpy and concentration fields argncorporating a time-averaged volumetric mass source term,

coupled through the nonequilibrium solidification kinetics ats  in the solute conservation equation, Et). The dimen-

the interface. sions of the volumetric mass source are assumed to be the
same as the volumetric heat source. The net mass of solute
from the metal droplet9Q,, is given as

E. Filler metal addition Q. = prr2wy(C; - C), (17)

Filler metal addition to the weld pool is considered by . , , . . .
. . . ) wherep is the densityr,, is the radius of the wirew; is the
incorporating time-averaged volumetric heat and mass

sources in the enthalpy and solute conservation e uationWire feeding rateCy is the concentration of solute in the
Py q filler metal drops, andC is the local solute concentration.

The time-averaged volumetric mass sour&, for grid

(16)

(Rv), height(d), and power densityS,) and considers the . o AR
interaction between metal droplets and weld pool for variou?omtS within the mass source region is given by
welding conditiong:® The radius of the volumetric heat _

source is assumed to be 2.7 times the droplet rddiasd Sin= mD3d’

the height(d) is calculated from the following equation

based on energy balance:

d:hv_xu+Dd! (11) .
F. Thermosolutal-flow coupling

whereh, is the estimated height of cavity by the impact of 1. Enthalpy updating

metal dropletsy, is the distance traveled by the center of the
slug between the impingement of two successive droplets, The following iterative enthalpy updating scheme pro-
andDy is the droplet diameter. The total sensible heat inpuposed by Brenet al®?is chosen in the present study for its
from the metal droplet9Q,, is given as adaptability in a fixed-grid enthalpy based framework:
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[AHplys =[AHpl + "Nl ~FH8Hp)), (19 o *9F
P 2 14}
whereap andag are the coefficients of enthalpy for the nodal k‘:" i
point P in the discretized energy equation for the current and § 12 "
the previous time steps, respectivélyAHp is the latent heat c 1f
contenth, is the sensible enthalpy associated with the nodal & | Equilibrium partition coefficient = 1
point P, n is the number of iterationa, is a relaxation factor, = 0.8
andFis a suitable function that relates local enthalpy with ﬁ 0.6 fanest
temperature and liquid fraction. In order to include the ap- % ] :Egﬁ::::::m value = 0.3
propriate thermosolutal effeétsin F2, the interfacial tem- £ 0.4p —s— Equilibrium value = 1.3
perature,T, is represented as a function of local liquidus W goF. . ' 1, T~ Equilibrium vajue = 1.6
Composition,CI, a§6 0 0.2 0.4 0.6 0.8 1
T=T,+m.C Vigo-Tx, (20) Ratio of interface speed to diffusion speed

whereT,, is the melting point of the solveniy, is the non-
equilibrium liquidus-line slope described by E@1), V is
the normal interface velocity3, is a kinetic coefficient of . . .
interface motionI" is a capillary constant calculated &s :ﬁ:nt. heat offf.fr.eezmg. FOT a known mterfal;:e Veloc'.tg’ éhe
=Tny/L,, v is the surface tensior, is the latent heat of : éjsmn coefficient appearing in E4L0) can be prescribe
freezing,p is the density, ana is the mean curvature of the a

solid-liquid interface. Equatiof20) represents a deviation of D, =D,[1-(VIV)?], ..., forV <V}

the interfacial temperature from its local equilibrium value
due to motion of the interface, the local interfacial curvature- =0,..., forv= VE’ (25)

undercooling effect, and the nonequilibrium partitioning of whereD; is the diffusion coefficient in the liquid under the
the solute. The partitioning effect is considered by relatingconditions of interfacial equilibrium.

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

the nonequilibrium liquidus-line slop@n,) in Eq. (20) with The impact of high solidification rate on local interfacial
its equilibrium value(m;) ag’®*’ temperature, as indicated by Eq&1) and (22), is worth
. 1. . examining at this point. From Fig. 1, it can be observed that
m, = mL(l + m{kp —k[1-1In (kp/kp)]}> , (21) the difference between solidus and liquidus compositions
P progressively diminishes with an increase of interface veloc-

where k, is the modified partition coefficient that can be ity due to lack of time available for atomistic rearrange-
expressed in terms of equilibrium partition coefficiekj, ~ ments. Ultimately, as the interface velocity approaches the
6

as diffusive speed, the partition coefficient tends to unity. The
. Lo L resulting effect on solidus- and liquidus-line slopes is de-
k=] LT VVEIEVIVG Ly picted in Fig. 2. It can be observed from this figure that with

P 1-(VIVp)?+VIVp an increase in the interface speed, the difference between the

=1, ... forv= VIB_ 22) liquidus- and solidus-line slopes decreases rapidly. Thus, the

effective solidification range becomes progressively smaller
In Eq.(22), V'E) is the diffusive speed in the liquid, which can at faster solidification rates. The solidus and liquidus tem-

be calculated &8 peratures tend to coincide as the diffusive speed limit is ap-
Vg = (D /75)°5, (23) »

where 75 refers to the time of diffusional relaxation of col- 203

lective atomgmolecules, particlégo their equilibrium state 18t —*— Liquidus

in a local volume of alloy® The diffusive speed at which a I —&— Solidus

solute atom diffuses through the interfacial region can be
approximated by the ratio of diffusivity of the solute atoms at
the interface and a length scale characterizing the interface

- -
[

Magnitude of slope (Kiwt%)

width. Furthermore, the interface velocity) in Eq.(22) can 10
be calculated in an iterative manner using the following 3E
equation*® 6f
of
ksGs— kG
V:M, (24) 3] S P TP E P T
L 0 0.2 0.4 0.6 0.8 1
whereGg and G, are the temperature gradients in solid and Ratio of interface speed to diffusion speed

mUShy zone at the mUShy zone_/_solld mterfac?' respe_cm{el)ﬁlG. 2. Effect of interface speed on solidus- and liquidus-line sldpes
ks andk are the_rma| QondUCt_'Wt'_eS of t_he solid ar‘d liquid equilibrium liquidus slope of -3.37 K/wt% and an equilibrium partition
phases, respectively, is the liquid fraction, and. is the  coefficient of 0.16 were chosen for this specific demonstration
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proached. The mushy zone virtually disappears and the ligIABLE I. Data used in the calculations.
uid instantaneously freezes to form solid crystals without

passing through a freezing range. At high solidification rates” °P'em data/physical property vafue
the solid fraction cannot be calculated based on equilibriunirc current(A) 140
considerations. Arc voltage (V) 22

Equations(21)—(24) can be effectively used to complete Welding speedm s?) 4.2x1073
the iteration cycle involving updating of enthalpy using Eq. Density (kg m™) 2400
(19). The calculations require an appropriate functional rela-iscosity of liquid (kg m™s™) 0.3x10°°
tion between liquid compositiorG,, and liquid fraction,f,, ~ Specific heatokg*K™) _ 1.06x 10°
consistent with the local solute balance, ll:/lnadsesrdlffuswlty of copper in liquid aluminurim?s™) 3.0x107°

(Cl - Cs)de: (1- fs)dCh (26) interfacial equilibrium conditions

Thermal conductivitf W m™* K™2) 192
wheref is the mass fraction of the solid ai@ is the solid  Equilibrium partition coefficient 0.16
phase composition. Replacifighy (1-f)) in Eq.(26), where  Equilibrium slope of liquidus linéK/wt %) -3.37
f; is the mass fraction of the liquid, and integratirfg,is  Solidus temperature of alloy 221%) 821
obtained as Liquidus temperature of alloy 221%) 911
G dG See Ref. 39.
f exp{ Lo 1k } @0

Step 3. Calculate the ratio of interface speed to diffusive
where k,, which replacesC,/C;, is a convection-corrected speedusing Eqs(23) and(24)].
partition coefficient representing the nonequilibrium effects  Step 4. Calculate the nonequilibrium partition coefficient
[given by Eq.(22)]. Equation(27) can be integrated if the at nodal point§using Eq.(22)].
variation ofk, with C; is known. For the specific case of a Step 5. Calculate the nonequilibrium liquidus sldps-
composition-independent partition coefficient, integration ofing Eq. (21)].
Eq. (27) gives® Step 6. Update nodal latent enthalpy, and hence liquid
C = C ot (28) fraction, as per Eqs(19) and (30), respectively. This step
=200 leads to a corrected weld pool geometry based on the phase
where C, is the initial composition of liquid. Although Eq. fraction evolution through appropriate nonequilibrium ther-
(28) appears similar in form to the well-known Scheil’s mosolutal coupling.
equation:® a key difference lies in the fact that the partition Step 7. Go back to step 2, and iterate until convergence.
coefficient in Eq.(28) is a strong function of the interface
growth rate governed by E¢24) and not a constant. G. Boundary conditions
With the aid of Eqs.(20) and (28), a final form of the

The temperature and velocity boundary conditions are
enthalpy updating function appearing in Efj9) can now be P y Y

available in the literaturg and are not repeated here. The

obtained as boundary conditions for solute transport at the solidification
. B (kp=D) interface need to consider nonequilibrium partitioning of sol-
F(AH) = cp| T+ m.Co e ~VIBo—T«|. ute at the solidification front,

(29) Ci=Culk,, (32

Finally, the liquid fraction is calculated by using Eq9) as  WhereC; is the local solute concentration in the liquid and
C,, is the solute concentration in the solidified weld metal.

f= A—H (30)  Similarly, the boundary condition at the melting front can be
L written as
Possible unrealistic intermediate estimates predicted by Eq. C,=C,, (33

(30) during iterations can be avoided by imposing the fol-

lowing constraints: whereC,, is the concentration of the solute in the base metal.

fi=0if ;<0 lIl. RESULTS AND DISCUSSION

=1if f;>1. (31) GMA welding of 2219 aluminum—copper alloy contain-
ing 6.3 wt% Cu was simulated. The filler metal composi-
tions varied from 0.08 to 9.0 wt % Cu. The data used in the
calculations are summarized in Table I. Figure 3 shows the
computed velocity and temperature fields in the weld pool of
Step 1. Initialize the velocity, temperature, concentra-2219 alloy with the filler metal composition of 0.08 wt %
tion, and liquid fraction field. Cu. The weld pool is wide and shallow because the alumi-
Step 2. Form coefficients of the discretization equationsium alloy has a negative temperature coefficient of surface
for fluid flow, heat transfer, and mass transfer, and solve théension(dy/dT) which causes the liquid metal to move from
resultant system of linear algebraic equations. the middle to the periphery on the weld pool surface. The

2. Steps of enthalpy updating
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the base metal resulting in a weld-metal composition that lies
between the filler metal and the base metal compositions. At
the solidification front, the solute is rejected from the solidi-
fied material into the molten pool. As a result, high solute
concentration is observed at the solidification front in Figs.
4(a)—-4(d). Similarly, in the transverse sections ahead of the
heat source, the composition near the melting front is the
same as that of the base metal. However, in transverse sec-
tions behind the heat source, segregation of the solute is
observed near the solidification front. In the middle of the
weld pool, a large amount of filler metal is added and the
solute concentration is fairly close to the filler metal compo-
sition. The solute concentrations at the melting and the so-
FIG. 3. Velocity and temperature fields in the weld pool for the welding lidification fronts have been further clarified in Flg' .5’ where
conditions indicated in Table I. The filler metal concentration was 0.08 wt %the computed solute concentration along the direction of mo-
copper. All the temperatures are in degree Kelvin. tion of the torch is shown. It is noteworthy that the high
solute content at the solidification front does not have as
relative importance of convection and conduction in themuch influence on the overall concentration distribution as

overall transport of heat in the weld pool can be assessell€ MiXing of the filler metal with the base metal. This be-

from the value of the Peclet number,P&hich is given by havior can be attributed to a very !ow-mass Qiffusiyity of
copper in the alloy and very low liquid velocities in the

two-phase region adjacent to the solidification front. The re-
jected solute is confined to a very small region and the low
velocities in the two-phase region prevent rapid mixing of
whereu is the velocity,p is the densityCp, is the specific  he rejected solute into the weld pool.

heat at constant pressuteis the characteristic length, akd Since the composition of a single-pass GMA aluminum
is the thermal conductivity of the melt. When P large, \ye|q is essentially uniforr® the solidified weld-metal solute
which in physical terms means large melt velocity, largeconcentration was assumed to be equal to the average con-
weld pool, and poor thermal conductivity, heat is transportettenration of the solute in the molten weld pool. As shown in
primarily by convection. In the aluminum alloy welds, typi- rigs 4 and 5, the concentration of solute in the solidified
cal velocity in the pool is 0.2 m/s, density is 2400 kg3/,m. weld metal depends on the filler metal composition. The ac-
specific heat is 1060 J/kgK, characteristic length iS¢,racy of the calculated weld-metal composition can be ex-
0.0044 m, and thermal conductivity is 192 W/m K. The cor- 3 mined by comparing the computed weld-metal composition
responding value of Res found to be 12, which is much ¢, g 0g wt % filler metal addition with the corresponding
larger than unity. This value of Rendicates that heat is independent experimental result of Huang and RbEor a
transported mainly by convection in the weld pool. There-GNIA weld of 2219 alloy using a filler metal containing

fore, accurate calculations of temperature field can only b% 08 wt % copper, Huang and K&umeasured the weld-

done by considering convective heat transport. metal composition to be 3.43 wt % copper. For the same

The Peclet number for mass transfery,Pimdicates the welding conditions, the computed weld-metal composition

relative importance of co_nvectlon and conduction in thewas equal to 3.17 wt % copper, as shown in Fids) and 5,
overall transport of solute in the weld pool.

thus confirming the accuracy of the calculations. The results

20 cm/s
_—

_ UpCpL

K (34)

Pe,

uL also indicate the importance of solute transport by convec-
Pen="15" (35 tion. Accurate solute concentration distribution cannot be
calculated by considering only the diffusive transport.
whereD is the mass diffusivity. The mass diffusivity of alu- Gittos and Scoff proposed that liquation cracking oc-

minum alloy is 3.0< 10°° m?/s. The corresponding value of curs when the base metal solidus temperature is below the
Pe, is calculated to be 2.9 10°, which indicates that con- weld-metal solidus temperature. In other words, if the base
vection is the primary mode of mass transport in the weldmetal solute content is higher than that of the weld metal,
pool. Therefore, it is necessary to consider convective mashen the PMZ is susceptible to liquation cracking. Figure 6 is
transport in order to accurately predict the solute concentraa plot of the computed wt % Cu in the weld metal versus the
tion distribution in the weld pool. wt % Cu in the filler metal. The concentration of Cu in the
Figures 4a)-4(d) show the computed solute concentra- base metal was 6.3 wt %. Thus, based on the criterion pro-
tion distributions within the weld pool for four filler metal posed by Gittos and Scdftthe PMZ becomes susceptible to
compositions: 0.08, 2.0, 4.0, and 9.0 wt % Cu. It can be obliquation cracking when the weld-metal concentration is
served that convection plays a dominant role in solute distrilower than 6.3 wt % Cu. However, Huang and P%%argued
bution in the weld pool causing efficient mixing of the basethat the cooling rate during welding may be too high for
metal with the filler metal. At the melting front, in front of equilibrium solidification to occur, and solidification can
the pool, the base metal melts and forms a liquid of the sameontinue far below the equilibrium solidus temperature.
composition. The filler metal then mixes with the liquid from They?® proposed the criterion that the PMZ becomes prone
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FIG. 4. Concentration fiel¢wt % Cu) in the weld pool. The filler metal compositions weg@ 0.08, (b) 2.0, (c) 4.0, and(d) 9.0 wt % Cu.

to liquation cracking when the solid fraction in the PMZ coefficient is higher than that of the equilibrium value. The
becomes lower than that of the weld metal. A weaker PMzhigher value is consistent with the shrinking of the two-phase
with lower solid fraction makes this region vulnerable to region at high solidification rates. Onég and k, were ob-
liquation cracking. Calculation of the solid fraction in the tained for each temperature, E@1) was used to get the
solidifying region requires the computed values of nonequislope of the liquidus lindm,) at these temperatures. Next,

librium partition coefficient, which is shown in Fig. 7. It

should be noted that the value of the nonequilibrium partition

FIG. 5. The concentration of coppéwt %) in the weld along the direction
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FIG. 6. The concentration of copper in the weld metal for different filler
metal compositions. The concentration of copper in the base metal was
6.3 wt%. The safe and susceptible regions are indicated for equilibrium

of motion of the torch. The base metal composition was 6.3 wt % copper. solidification.
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rium partition coefficientk,) with temperature.
P ko) P Temperature (K)

the modified liquidus compositiofC,) at each temperature FIG. 9. Solid fraction vs temperature calculated using modified nonequilib-
was calculated usingp, m;, and the melting point of pure rium solidus and liquidus lines for different alloy compositions. The PMZ
aluminum. 933 K. The Corresponding values of the modiﬁecfomposition was 6.3 wt % Cu. The calculated mushy zone compositions, or
. ’ . the solidifying weld-metal compositions, of 2.16 and 8.91 wt% Cu corre-
SQ|IdUS compositionsCs, at each temperature could be ob- spond to the filler metal compositions of 2.0 and 9.0 wt % Cu, respectively.
tained from the values of, and C; at these temperatures.
The modifiedC; andC, were then used to calculate the non-
equilibrium solid fractions. The computed solid fraction for
the 2219 alloy, having 6.3 wt % Cu taking into account the
nonequilibrium solidification, is shown in Fig. 8. The solid
line curve in Fig. 8 was calculated from the equilibrium
phase diagram using the equilibriu@ and C; values. The

The variation of nonequilibrium solid fraction with tem-
perature for three cases has been plotted in Fig. 9. One plot is
for the base metal or the PMZ composition, i.e., 6.3 wt %
Cu, and the other two are for the solidifying weld-metal
compositions in the mushy region computed from the solute

. ) oA . __transport model for two welding conditions. The lower plot
nonequilibrium solid fraction is lower than the correspondlngrepresents welding of 2219 alloy using a filler metal with

equilibrium value because of undercooling which prevents9 OWwt% Cu that leads to a mushy zone composition of

ﬁg:;%ggiﬁorr;ttgsoccur at equilibrium temperature at high 978,91 wt % Cu for the wire feed rates and other parameters
' indicated in Table I. Similarly, the upper plot indicates the
use of a filler metal of 2.0 wt % Cu, for the same welding

1 conditions, that leads to a mushy zone composition of
2.16 wt % Cu. The solid fraction in the PMZ can be com-
pared with that in the solidifying region, i.e., the mushy

09 zone. The lower graph representing 9.0 wt % Cu-containing
filler metal has a lower solid fraction in the mushy zone than

,30-3 in the PMZ. Therefore, the solidifying weld metal has a
- | lower strength than the PMZ and the PMZ is not susceptible
5 0.7: to liquation cracking. In contrast, when the 2.0 wt % Cu-

B containing filler metal is used, the solid fraction in the solidi-
g o6l —— Equilibrium s fying metal is higher than that in the PMZ. Consequently, the
% ..... Non-Equilibrium N, solidifying weld metal is stronger than the PMZ, making the
N , PMZ susceptible to liquation cracking. Thus, the present cal-
05 5 culations considering convective solute transport, nonequi-

“ librium solidification, and filler metal addition can be used to

04 kS predict liquation cracking susceptibility in aluminum alloy

k welds.

0.3 e | 1 1 U PR B | e 1 n
823 833 843 853 863 873 883 893 903
Temperature (K) IV. CONCLUSIONS

A numerical model that considers momentum, heat, and

. . . 0 )
FIG. 8. Solid fraction vs temperature for alloy composition of 6.3 Wt% g4 ta transport has been developed to understand nonequi-
copper. The solid line curve was obtained from the equilibrium phase dia-

gram and the dotted line curve was obtained using the modified nonequilibl-ibril_”_n Solidifi(_:a_tion in welds. _The model uses an ?ﬁeCtive
rium solidus and liquidus lines. partition coefficient that considers both the local interface
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