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Computational Modeling of Laser Welding of Cu-Ni

Dissimilar Couple

GANDHAM PHANIKUMAR, PRADIP DUTTA, and KAMANIO CHATTOPADHYAY

A three-dimensional transient model to solve heat transfer, fluid flow, and species conservation during
laser welding of dissimilar metals is presented. The model is based on a control volume formulation
with an enthalpy-porosity technique to handle phase change and a mixturc model to simulate mixing
of molten metals. Weld pool development, solidified weld pool shape, and composition profiles are
presented for both stationary as well as continuous laser welding in conduction mode. Salient features
of a dissimilar Cu-Ni weld are summarized and thermal transport arguments are employed to successfully
explain the observations. It is found that the weld pool shape becomes asymmetric even when the

heat source is symmetrically applied on the two met

als forming the couple. It is also obscrved that

convection plays an important role in the development of weld pool shape and composition profiles.
As the weld pool develops, the side melting first (nickel) is found to experience more conveetion
and better mixing. Results from the case studies of computation are compared with corresponding

experimental observations, showing good qualitative

L. INTRODUCTION

FusioN welding is an important manufacturing tech-
nique that has attained a state of maturity in the past few
decades. The physical processes that take place during fusion
welding, namely, heat transfer, melting, Marangoni convec-
tion, electromagnetic and buoyancy forces, and solidification,
are well documented.!">3! Microstructure of the weldment,
which determines the mechanical propertics of the product,
ts understood in terms of grain structure and phase formation
as a function of processing parameters.'*! Several computa-
tional studies have also successfully shown insights into the
physical processes that occur during welding.”~!'T Convection
in the weld pool is now recognized as one of the important
processes that determine weld pool characteristics such as
size and shape.!"'%! Experimental verification of computa-
tional models and prediction of weld pool characteristics as
a function of processing conditions have also been relatively
successful.'7:18]

However, much of the work on numerical simulation of
welding is in the context of joining of similar metals and alloys.
Recent advances in manufacturing industry require dissimilar
metals and alloys to be joined. Studies on the extension of cur-
rent understanding of welding of similar metals/alloys to that
of dissimilar metals/alloys are limited.!"*! It is found that a
majority of the existing literature on the joining of dissimilar
metals and alloys is mainly concentrated on steels and the
problem should be analyzed in a case-by-case manner. The
quality of weld assessed for several metals is used to decide
if a combination is weldable.*'l It may be noted, however, that
microstructural features that emerge due to differences in the
physical properties of the two metals could be very different
from the features observed in welding of similar metals/alloys.??!
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agreement between the two.

The asymimetric shape of the weld, mixing patterns, and solid-
ification microstructure are not well understood. In view of
the preceding complications, existing computational models
of welding cannot be extended to dissimilar welding in a
straightforward manner. The main difficulty ariscs from the
sharp variation of physical properties within the weld pool
resulting from composition gradients. Hence, from a scientific
standpoint also, analysis of a dissimilar metal joint offers a
number of challenges.

The literature reveals that computational studies on welding
of dissimilar metals are limited."™ 2! To the best of our knowl-
edge, the only attempts on numerical modeling of dissimilar
welding, apart from those by the present authors,?22¥ gare by
Wei and co-workers.** %! Wei ¢r al.*! used a volume of
fluid approach along with the SIMPLE algorithm'®”! to solve
nondimensional temperature, velocity, and composition distri-
bution in the melt pool of a dissimilar Jjoint using a two-
dimensional transient formulation. A flat frec surface with
Gaussian heat source and constant average physical propertics
was considered. Asymmetry in the flow pattern, and thus,
the shape of the weld pool, was highlighted.

Dissimilar metals welding, however, is three-dimensional
in nature even in a spot welding mode because of the asym-
metry created by the difference in propertics of the two metals
being welded. In the present article, we demonstrate a three-
dimensional transient computational model of laser welding
of a dissimilar binary couple of copper and nickel. The asso-
ciated transport phenomenon and its role in the weld pool
development are discussed. The welding 1s assumed to be
in conduction mode and no keyhole formation is considered.
The primary objective is to obtain a good insight for under-
standing some of the physical processes that take place in
dissimilar welding. The binary system of copper and nickel
is suitable for the present study as it has a simple isomorphous
phase diagram (Figure 1) without any miscibility gap or inter-
metallic compound. Also, these two metals have significant
difference in thermophysical properties (Table 1), so that
the main issues are highlighted. Experimental validation in
terms of detailed compositional mapping and weld pool shape
is also presented.
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II. COMPUTATIONAL MODEL

A schematic diagram of the computational domain used
for numerical simulation is shown in the Figure 2(a). Two
pieces of copper and nickel with equal dimensions are
kept in a butt joint arrangement. A laser heat input with a
Gaussian distribution is applied on the top at the centerline
of the butt joint such that the heat is distributed equally
on both pieces. For a continuous welding process, melting
and solidification take place simulatenously, as shown in
Figure 2(b). However, during spot welding, melting is a
distinct stage during the application of the laser, followed
by a solidification process after the laser is switched off
(assuming there is no remelting). It may be noted that any
mixing of metals duc to convection occurs only after the
material is molten. Melting and mixing processes at a
macroscopic level are modeled by considering both station-
ary and continuous welding situations of a copper-nickel
couple. A locally homogeneous mixture model is consid-
ered for the present study, where flow s characterized
by the properties assigned according to the relative propor-
tion of cach phase in the mixture. Although some informa-
tion regarding the interface related quantities will be lost,
the locally homogencous model study would still give
some insight into this complex problem with regard to
flow ficld, asymmetry of pool shape, temperature field,
and mixing.
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Fig. 1-—Phase diagram of copper nickel system, 12!

Table I. Temperature-Dependent Parameters Used in the Calculation

The following are the assumptions made in the model.

The weld pool surface is flat.

2 The fluid motion in the melt pool is assumed to be laminar
and incompressible and driven by buoyancy and surlace
tension gradient (Marangoni) forces.

3. Laser power is distributed in a Gaussian manner at the
top surface. The coupling coefficient (laser power effi-
ciency) remains uniform and constant.

4. Thermophysical properties are taken to be different for
solid and liquid metals, and variation with temperature
is taken into consideration using a smooth fit over the
data available in the literature.*® The expressions used
are given in Table 1. The physical properties also vary
according to the concentration of the mixture, and are
evaluated according to mixture theory.

5. Welding is in conduction mode.

The copper-nickel system chosen is very close to an ideal
binary system with complete miscibility in liquid and solid
states, and hence it justifies most of the assumptions made
with regard to the mixture model. One important property that
is difficult to estimate for the simulation is the efficiency of
heat absorption from the laser beam. While the surface fin-
ish and emissivity reduce the coupling efficiency, vapor and
plasma formation on the surface of the melt pool enhance the
same. It is difficult to determine the coupling cfficiency from
direct experiments, and published data on this issuc are not
adequate. An efficiency value close to what is generally found
in the literature of laser welding normally near the melting
point of the metals (~0.2) is used for the present study. It is
found that a variable cfficiency leads only to an additional
unknown quantity in the model but makes no significant dif-
ference (o the issucs being studicd in the present work. Phase
change is modeled using an enthalpy-porosity technique.*”!
For a given control volume, pure metal properties (including
latent heat of fusion) are used until melting takes place. Melt-
ing is followed by transport of material from one zone o
another and subsequent mixing of the two metals during which
the mixture rules for all propertics are applied. For continu-
ous welding, additional terms need to be taken into account
and are described subsequently in this section.

It is now well recognized that turbulence plays an important
role in transport phenomena during welding.**" In this study
on dissimilar welds, the scale of mixing ol the molten metals
is identified to be an important factor during solidification of
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Fig. 2—(a) Schematic of laser welding setup. (b) Schematic illustrating
simultaneous melting and solidification during continuous welding.

the weld, and turbulence can play a significant role in mixing
at a local scale. The locally homogeneous mixture model used
in the present study may take care of some of the turbulence
effects regarding enhanced mixing at a local scale. Also, it
may be noted that in this preliminary model, we are focusing
on some other important issues of dissimilar metal welding,
and the role of turbulence is intended to be studied in the future.
The conservation equations for mass, momentum, enthalpy,
and species for laminar flow are given subsequently. The source
terms () are presented in detail for spot and continuous weld-
ing in the corresponding subsections.

Continuity:
P S0 S S Y
— + —(pu —(pv —(pw) =
dt r'?xp ayp Hzp

Momentum:

0 ad d d ad du
= (o) + ——(puu) + ——(pvu) + —(pwu) = | p—
a1 ax dy 0z dx ax

+i< ﬂ>+i< ﬂ) Vs 121
dy May 0\ az ax
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d a ad d 0 v
——(pv) + ——(puv) + —(pw) + —(pwv) = —| u
ot dx dy aJz

Ax\ dy
d av d v ap .
toAw e e S, [3]
dy\ dy az Jz ay :
d d d el af ow
—(pw) + —(puw) + —(pvw) + —(pww) = - - [T
dt dx dy 0z A\l dx
d aw d aw ap i
oA )T e ) - S (4]
dy dy Jz az Az
Energy:
d ad d 0 of aT
~pH) + == (put) + ——(pvH) + ——(pwH) = —{ k——
ar dx dy 0z dx\ Jdx
a( arT d aT ,
+ —| k- +—\k— ]+ S, [5]
dy\ dy adz aJz

Mass fraction:

aC 0 J J . J aC
-— + —wC) + —w(C) + —wC) = —\D—
dt ax dy az dy\ dx

) oC ) 0C
+ %(D (,—-) + = <1)f-;—> + S 6]
dy dy 0z daz

In the preceding equations, 7 is time; p is density: w, v,
and w are velocities along x, y, and z directions, respectively:
e is viscosity; p is pressure; & is thermal conductivity; H
is enthalpy; C is species concentration; and D is species
diffusivity.

A, Spot Welding

The source terms in Eqs. [1] through [6] according to the
enthalpy-porosity formulation are expressed as follows:

K(1 — &)
So= A\ ———Ju [7]
g+ b
K(l — g)* .
So= A3 It pglBT —T,) — Bo(C — ()]
e + b
(8]
K(l — &)
5. = —<%(x ) )w 19]
g+ b
S =0 [10]

where K is permeability; b is a small number to avoid divi-
sion by zero; g is acceleration due to gravity; 8, is compress-
ibility; B¢ is the fractional difference in the densitics of the
two metals; 7, and C, are reference temperature (7, ;) and
composition (0) for buoyancy, respectively; and & is liquid
fraction. The first terms in Eq. [7] through [9] represent the
porous mediumlike resistance in the mushy region at the
solid-liquid interface. In the fully liquid region, the value of
€ is |, making the porous medium resistance terms zero. On
the other hand, in the fully solid region, & = 0, thus forcing
the porous medium resistance terms in Eqs. |7] through [9]
to be very large. This large negative source term offers
high flow resistance, making the velocities in the entire solid
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region effectively zero. In the mushy region, however, € lies
between 0 and 1, and the porous medium resistance varies
smoothly from zero in the liquid region to a high value in
the solid region, thus making the velocitics vary accordingly.
Since the velocity in the weld pool is large, the mushy zone
is expected to be very thin:

J
Sy = —(pAH) (1]
ot

The enthalpy, H, of a material can be expressed as
H = h, + AH [12]
hy =T [13]
where A, is the scnsible heat, A is the latent heat content,
and ¢ is the specific heat. In order to simulate phase change,
the latent heat contribution is specified as a function of tem-
perature, 7, and the resulting expression Is

AH = [(T) [14]

Since latent heat is associated with the liquid fraction, &,
one can write

. for T>T,
AH=f(T)=qLe for T,=T=T [15]
0 for T<T,

where 77 is the liquidus temperature at which solid formation
begins, 7, is the solidus temperature at which full solidifica-
tion occurs, and L is the latent heat of fusion. During the
melting stage, L would be the latent heat of corresponding
pure metal, and during the solidification stage, a weighted
average of the latent heats of the two metals would be cal-
culated according to the composition at any location. Sub-
stituting the cxpression for A from Eq. [12] and Eq. [13] in
the energy Eq. 5], onc arrives at the following final form
of the cnergy equation:

J <
el + V- (peT) = ¥ (V) = f();(pAH) [16]
C )

where AH is the latent heat content of a control volume, and
¢ is the liquid fraction calculated as AH/L, with L being the
latent heat of melting for the corresponding metal.

During solidification of a spot weld, the enthalpy, H, used
in Eq. | 15] is defined in the liquid state at any location using
mixture theory as given in the following equation:

A= He,C + Hyg(l — C) [17]

where He, and Hy; are the enthalpy values ol copper and
nickel, respectively, at a given temperature. The melting
point of any alloy is approximated as follows:

1 melt — Tmcll‘(‘,n(; + Tmc]l,Ni(l - C) [18]
Equation | 18] gives a weighted average of the melting points
of copper (Tyenca) and nickel (Tyenni) as it closely follows
the liquidus in the phase diagram. Since the solidification
speed during spot welding is high, the mushy zone could be
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neglected. This assumption is justifiable since we are inter-
ested only in the composition profile at a macroscopic level.

Since no mass is added and mass transfer across all faccs
is assumed to be zcro, there arc no source terms for the
species conservation equation.

Boundary and initial conditions

At time ¢ = 0, the entire domain is in the solid state at
room temperature. At time 7> 0, the following boundary
conditions are applied.

At the top surface of the work piece, a heat flux with a
Gaussian distribution is applied, as given by

vy~ 12 r
q"(r) = 3 ¢xp <*‘ 2> [19]
ar r

q o
where 7 is efficiency of absorption of laser, ( is laser power,
and r,, is radius of the laser beam. No mass transfer is consid-
ered at the top surface. All the sides are subjected to convee-
tive and radiative heat losses. At the [lat free surface of the
liquid, shear force due to surface tension (Marangoni force)
is expressed as

du da

M = . [20]
Y ly=p ox vl
ow do

Ko = - [21]
Y Ly 020y

B. Continuous Welding

The reference frame used for the simulation of contin-
uous welding is a moving frame fixed to the laser. The
laser moves along the z-axis with a speed Wy If (x, v, 2)
is the stationary coordinate system and (x, y, z) is the sys-
tem in reference to the laser, then z' = z + wy,,f. The
governing equations in the moving reference frame would
remain the same as in Eqs. [2] through [6], except for
additional source terms corresponding to the coordinate
transformation.**!

K(l — &) a
S\ = VT u - T (Puwsc;m) [22]

0z

K(l — &)
S, = —(——- X ->v + pglBy (T = T) = Be(C = C)

e+ b
0 o) 123]
82 [)\ M/\Ldl]
K(1 — &)’ 9
S.= 5w = — (pwWy) [24]
g + b dz

9 b B
Slz = 7.*<PAH) o 7(p(.r""‘sum) - fii(/JW.wunAli) [251
df Jz dz

}
Se= o (O 126]
0z

Initial and boundary conditions

The initial and boundary conditions remain the same as
in spot welding except for the additional species mass flux
conditions at the phase change interface.
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Melting front:

dC, .
V”C/ = _D,i 1271
dy
Solidification front:
aC, .
(I —= k/))vnc/ = —D—— [28]
ay

Here, v, is the projection of the traverse speed onto the
normal to the solid-liquid boundary, C; is the species concen-
tration in the liquid, and D is the diffusivity. The flux of
species due to partitioning at the solidification interface is
given by Eq. [28]. The partition coefficient, k,, is taken to
be an averaged value for the range of compositions of liquid
near the solidification interface observed in the computation.

C. Numerical Procedure

The three-dimensional coupled continuity, momentum,
energy, and mass fraction equations along with the boundary
conditions are solved numerically using a finite volume tech-
nique. The general framework of the numerical solution rests
on the SIMPLER algorithm,"*’! modified appropriately to
accommodate phase change processes and mixing of dissimi-
lar metals. The set of linear equations obtained were solved
using a tridiagonal matrix algorithm (TDMA). The values
of thermophysical data used are listed in Table I, and the
process parameters used for the case study are given in
Table I1. A nonuniform grid of 64 X 48 X 64 is used to dis-
cretize the computational domain, with a high concentration
of grids inside the weld pool.

The time-steps for computations are varied according to the
stages of the melting process. The large temperature gradients
in the melt pool set up a strong Marangoni convection, lead-
ing to high fluid velocities, typically of the order of I m/s.
During the initial phase during which the weld pool shape
develops, the time-steps used are small (about 0.05 ms). The
descretized conservation equations are solved at each time-step
and convergence is declared when the maximum of residuals
in two consecutive time-steps falls below a small number, say,
5X 1077,

II. RESULTS AND DISCUSSION
A. Spot Welding

For the dissimilar couple used in the present study, cop-
per has a higher thermal diffusivity compared to nickel.
Hence, the nickel side will experience a quicker tempera-
ture rise than copper during initial stages ol the heating
process. As a result, the location of maximum temperature
will be shifted toward the nickel side. Depending on the
rate of heating of the two metals and their respective melt-
ing points, one can expect cither of the two metals to melt
first. In the present case, nickel melts first, as its lower ther-
mal diffusivity more than compensates for its higher melt-
ing point. Figure 3 shows the evolution of the weld pool
as the laser heating takes place. The velocity profile is super-
imposed on the temperature contours to show the flow pat-
tern and the role that it plays in the transport of heat and
further evolution of the weld pool. Since the temperature
coefficient of surface tension, o, is negative, the value of
surface tension at the location of maximum temperature is
lower than that at the edges of the weld pool. Hence, on
the pool surface, the fluid near the center is pulled radially

Table II.  Parameters Used in the Computation

Laser power (kW) 3.5
Effective Absorptivily 0 0.22
Radius of laser beam distribution (mm) 0.5

[2X 10X 12
64 X 48 X 64

Box dimensions (mm X mm X mm)
Number of grids

Weean (laser scan speed, ms ') 0.008
peu (density of copper, kgm 4 8900
pni (density of nickel, kgm ™) 7900
AH¢, (latent heat of copper, Jkg ) 1.88 X 10°
AHy; (latent heat of nickel, Jkg™") 29 % 10°

g (acceleration due to gravity, ms ) 9.81

By (compressibility) 0.45 3 10
B (fractional difference in
densities of two metals) 0.11
T, (reference temperature, K) 1358
C, (reference composition) 0
K (permeability) 1.0 % 10°
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Fig. 3—Temperature contours and velocity profile of the top view of weld pool after («) | ms, (b) 1.8 ms, (¢) 2.6 ms, and (d) 3.4 ms, (¢) 11 ms, and (/) 25 ms.
Values shown on the contours are in degrees Kelvin and the bold contours refer to the melting points of copper and nickel.
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outward. Nickel, which melts first, is convected toward the by the flow of metal from the nickel side, in addition to
copper side by this surface-tension driven (Marangoni) flow. direct heating by the laser. The transient formulation used
Hence, the initiation of melting on the copper side is aided in the present work allows one to follow the development
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of the weld pool in this manner. This information is not
easily obtainable from experiments alone.

At later times also, the {low pattern is dominated by the
strong Marangoni convection originating from the nickel
side. The fully developed pool shown in Figure 3(f) depicts
an asymmetric shape. The evolution of the pool shape in a
transverse section is shown in Figure 4. Because of asym-
metric heating and convection, the isotherms bend and
become noncircular. On the free surface, convection brings
the hot liquid from the maximum temperaturc location to
the edges of the weld pool, thus increasing its width.
Because of continuity, the cold fluid is lifted from the bottom
of the pool to the surface. The amount of heat transported
in the vertical direction is therefore relatively small. As a
result, the melt pool tends to be shallow and wide. As the
flow is dominated by surface tension forces, the maximum
velocity occurs on the free surface. The radially outward
flow leads to the formation of two loops, the larger one
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being on the nickel side and the smaller one on the copper
side. The composition distribution of copper near the top
surface at three different time-steps during heating shows
increased mixing as heating progresses (Figure 5). It may
be noticed that the nickel side is well mixed and the com-
position gradients at the molten copper/substrate interface
are large.

Next, we switch off the laser heat in our numerical simu-
lation in order to study the solidification phenomena during
the cooling stage. Because of the small size of the weld
pool and a large base metal acting as a heal sink, cooling
takes place rapidly and the weld pool shrinks, eventually
leading to a completely solidified spot weld. It may be
noted here that once the laser is switched off, we no longer
have high-temperature gradients on the pool surface, and
hence, the fluid flow in the weld pool is primarily driven
by thermal buoyancy effects. The pool shapes at different
time intervals during the cooling process are shown in
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Fig. 5—Composition contours and velocity profile of the top view of weld pool after (¢) 3.4 ms, (b)) Il ms, and (¢) 25 ms. Contour labels are in Cu

weight fraction.
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Figurc 6. Copper begins to solidify first, as its thermal
diffusivity is higher than that of nickel. The cooling cycle
is analyzed using the transverse section also, as shown in
Figure 7. The composition of the solidified spot weld is
shown in Figure 8. [t may be noted that the composition
is nearly uniform on the nickel side and has sharp gra-
dients on the copper side. Not much mixing takes place
during the solidification stage as the process is rapid and
convection is much weaker. Hence, the solidification stage
docs not alter the composition profile significantly on a
macroscopic scale. The solidified weld composition con-
tours are compared with thosc of the experimentally deter-
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mined ones, as shown in Figure 9. The asymmetry of the
weld pool is clearly noticeable. The experimental and
numerical plots are superimposed on Figure 9(b), and the
agreement is found to be good. The asymmetric [eatures
presented here are qualitatively similar to those observed
in other dissimilar couples such as Ti-Ni,*"l Ti-AL!*"!
Fe-AL!”! and Fe-Cu. 204!

B. Computational Results for Continuous Welding

The weld pool evolution during continuous welding is
similar to that during spot welding. The difference, how-
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Fig. 6—Temperature contours and velocity profile in the top view during the cooling cycle: (w) 0 ms, (h) 0.3 ms, (¢) 0.5, and () 1.1 ms after the laser is

switched off.
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ever, is that the continuous weld pool becomes fully devel-
oped after the initial stage of development is over. Hence,
in a reference frame moving with the laser (as used in our
computational model), the pool reaches a quasi-steady
state once it is fully developed. The fully developed weld
pool is analyzed using temperature and velocity profiles
at a particular instance. Figure 10 shows the top view and

METALLURGICAL AND MATERIALS TRANSACTIONS B

cross-sectional view of the temperature and velocity dis-
tributions. As in the case of spot welding, the weld pool
is asymmetric with the nickel side being larger. It can be
noted that the temperature contours are more closely
spaced on the nickel side than on the copper side, indi-
cating a higher temperature gradicnt on the nickel side.
The velocity profile extends to the temperature contour
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at 1358 K on the copper side and to the contour at 1723 K
on the nickel side, showing the extent of melt pool on
cach side. The velocity profile shows a strong vortex on
the nickel side, indicating that the weld pool shape is
significantly influenced by convection on that side. The
maximum velocity in the weld pool is nearly 2 m/s, which
is much larger than the laser scan speed. The three-
dimensional pool shape and laser scan speed can give us
information regarding the time spent by a region in the
molten state. The larger pool size on the nickel side indi-
cates good mixing because of strong convection and longer
duration in the molten state before solidification. On the
other hand, the copper side experiences incomplete mixing,
leading to sharp composition gradients. The composition
contours shown in Figure 11 indicate the mixing patterns.
An experimental postweld section produced from a con-
tinuous weld using the same process parameters as in the
computations is shown in Figure 12(a). The asymmetry
of the weld pool is clear. Also, we notice a microstruc-
tural banding (with a vortexlike appearance) on the nickel
side, indicating significant convection just before solidi-
fication. A detailed composition map of the weld cross
section is shown in Figure 12(b). The iso-concentration
contours being parallel to the weld interface with more
spacing on the nickel side indicate good mixing. Simi-
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Fig. 9-—(a) Top view of the spot weld pool processed with the same
conditions as those of computation. (b) Composition of the solidified
spot weld along a line across the weld near the top. The asterisks super-
imposed arc the experimental compositions of nickel taken from a similar
spot weld.
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¥

larly, the closely spaced contours on the copper side indi-
cate high composition gradients. These obscrvations cor-
roborate the findings of our computational analysis in a
qualitative manner.

IV. SUMMARY

A three-dimensional computational model of the trans-
port phenomena that take place during laser welding of
dissimilar metals is developed using a finite volume for-
mulation. The model is able to capture some of the key
features of the process such as differential heating of the
two metals, asymmetric weld pool development, mixing
of the molten metals, and the final composition after solid-
ification. Nicke! is observed to melt first and the heat is
transported to the copper side by convection in the molten
nickel. The convection is primarily driven by Marangoni
forces. The copper side spends less time in the liquid state
and cxperiences insufficient mixing, whercas the nickel
side is well mixed. This indicates that thermal transport
controls the features of welding at a macroscopic scale.
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The predicted weld pool shape and composition profile
across the weld pool show good qualitative agreement with
experiments.
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Fig. 10—Temperature contours and velocity profile in («) top view and
() transverse section of continuous weld at a snapshot after 7 ms.

Fig. 12—(«) Cross-sectional view of the continuous laser weld processed with the same conditions
the whole of the weld pool with copper on the left
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The present work lays a foundation for future studies on
some of the complex issues in dissimilar welding. Predic-
tions about microstructure, microsegregation, and issues such
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Fig. 11—Composition contours in (a) top view and (h) transverse view at
a snapshot after 7 ms. Contour labels are in Cu weight fraction.
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as those of the computation. (h) Composition map in
and nickel on the right for the weld pool shown in (a). Contour labels are in Cu wetght fraction.
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as porosity, keyholing, and solidification cracking in dissim-
ilar welding would require additional physical phenomena
to be incorporated into the model. These aspects form some
of the challenges for future studies.
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