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Abstract

Pulsed laser butt welding of miscible dissimilar couple has been studied numerically based on a three-dimensional heat
and mass transfer model. Driving forces of molten metal flow in the case of stainless steel and nickel are compared using
dimensional analysis. Thermo-capillary convection due to surface temperature gradient is recognized as the dominating
fluid flow. Temperature coefficients of surface tensions are varied to investigate the influences of the convection on heat
and mass transfer phenomena in weld pool. The temperature fields at stainless steel and nickel sides are found to be
asymmetric and are greatly affected by different Marangoni convections. Concentration of Ni increases as the tempera-
ture coefficient of surface tensions changes from negative to positive. The temperature coefficient of surface tension of
stainless steel has greater impact on the weld pool configuration and element concentration than that of nickel.

The obtained weld pool configurations are found to be dependent on Prandtl number and convection patterns.
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Introduction

Joining of dissimilar materials is often desired in various
industrial applications including aerospace, automo-
tive, marine, rail, and biomedical devices by providing
greater flexibility in material selection and structural
design, enhancing mechanical robustness and multi-
functionalities with integrated properties from individ-
ual components, and lowering manufacturing costs by
tailoring expensive materials use.' > However, it is typ-
ically accompanied with technical challenges, because
of chemical or physical property mismatch of the two
materials involved, resulting in difficulties in micro-
structure prediction, fusion zone control, and insuffi-
cient weld penetration. Intermetallic compounds
which are typically brittle would form at dissimilar
metal joints, resulting from excessive solute dilution
and inappropriate temperature evolution.” '® A deep
understanding of heat transfer in fusion welding of dis-
similar couples is thus of crucial importance to advance
the technology for future commercial use.

High power density lasers have attracted intense
research interest in various areas of advanced manu-
facturing'' ** due to their high efficient, precise, and
flexible material-processing features. The transport
phenomena during laser-matter interaction is the
key for their implementations. In the area of welding,
analytical modeling and numerical simulations on
same metal welding have been carried out to study
heat input, temperature profiles and cooling rates,

and gain insights of final microstructure, residual
stress, structural distortion, and mechanical strength
of the weldment. The first analytical model is by
Rosenthal who treats the heat source to be point,
line, and plane in predicting temperature. Since
then, analytical models have been developed to
incorporate more realistic heat input, specimen
dimensions, moving heat source, and material phase
change.”*?® However, the inherited limitations of this
approach due to its oversimplification of the real
fusion welding process make it difficult to use in dis-
similar welding. Numerical simulations by solving
heat conduction equations with hypothesized heat
source model are widely used recently. The physical
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soundness of the proposed heat source models is vali-
dated by matching calculations with measured tempera-
tures or fusion zone boundaries,?’ ** parameters which
are in fact difficult to measure, given that high tempera-
ture (several thousand Kevin), short process time
(~ms), and small welding spot (~pum) are present in
the case of laser welding. Furthermore, the hypothe-
sized models, even could provide consistent tempera-
ture predictions with experimental measurements at
limited locations, may in fact give inaccurate calcula-
tions inside laser spot. It is shown in Hu et al.*” that
temperature fields outside of weld pool by two different
models could be the same, but fields inside the weld pool
are quite different. Thus a more realistic approach with
weld pool fluid dynamics is essential for high-fidelity
study of transport phenomena during fusion welding.

Weld pool convections have been under increasing
research interest and mainly focused on couples with
similar material properties. The temperature and flow
field evolution during laser spot welding of stainless
steel (SS) have been studied by He et al.*® Variations
of surface tension of metals with temperature and sur-
face active elements, such as sulfur and oxygen, have
been investigated by Sahoo et al.*” Fluid-flow patterns
and weld penetrations under different sulfur concen-
trations in gas tungsten arc (GTA) welding of SS have
been theoretically studied by Wang et al.®® It was
found that the weld shape and depth/width ratio
depended to a large extent on the sulfur content of
weld metal and Marangoni convection patterns.
Similar results have also been obtained on oxygen in
shielding gas for laser spot welding and GTA welding
process.>* Progresses on welding of similar metals
keep blooming. Welding of dissimilar couple, how-
ever, is still restricted to analytical or heat conduc-
tion-based models**"* in predicting temperature
fields. When two distinct materials are present, phys-
ical and thermal properties change as mass transport,
making the aforementioned approaches significantly
deviate from reality. Studies on heat and mass trans-
fer during dissimilar metal welding have been quite
limited.***® There is an urgent need to study driving
forces for fluid flow and their influences on tempera-
ture field, mass distribution, and final fusion zone.

In this work, dimensional analysis and a transient
three-dimensional model are employed together to
study driving forces of fluid dynamics and transport
phenomena in conduction mode laser spot welding of
miscible dissimilar couple. Buoyancy effect, tempera-
ture, and concentration gradient-induced Marangoni
effects are analyzed and compared. The effect of
thermo-capillary convection on heat and mass trans-
fer inside weld pool is then studied with varied tem-
perature coefficient of surface tension. Experimentally
obtained weld pool configurations in laser welding of
Ni and SS are then compared with the corresponding
calculations from the model. This work can provide
in-depth knowledge to understand and harness fluid
dynamics in dissimilar fusion welding.

Mathematical modeling

Pulsed laser butt welding of 304SS and Ni sheets, both
sized 20 x 10 x 2mm?, is schematically shown in
Figure 1. The chemical composition of 304SS is
given in Table 1. A full description of all mechanisms
taken place during laser material interactions would
result in the problem inextricable and is beyond the
purpose of this work. For the sake of simplicity, laser
is modeled as a Gaussian heat source irradiating at
the center of the workpiece surface. Certain assump-
tions are made in order to simplify the calculations:
the liquid/air interface is assumed to be flat; the
molten metal is Newtonian and incompressible; the
flow is laminar.

Governing equations

The simulation is based on the numerical solution of
mass, momentum, energy, and species conservation
relationship.

Continuity equation

V=0 (1)

where V is the velocity vector.
Momentum equation

oo o -
§+(V~V)V:—;VP+UV2V—KV

+ gB1(T — Trp) + gBc(C — Crep)
)

where K= Ko(1 —f) */(fi*+ B)

Figure 1. Schematic of laser dissimilar butt welding.

Table 1. Chemical composition of 304SS (atomic fraction
(%))
Cr Ni Mn Si Fe

18.4 85 1.3 0.8 Bal
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In Equation (2), p is the fluid density, P is the
pressure, v is the kinematic viscosity of the liquid
phase, K is the drag coefficient for a porous media
model in the mushy zone. B and B¢ are volumetric
expansion coefficients due to temperature and con-
centration, respectively. K, is a constant representing
the mushy zone morphology; f; is the liquid mass
fraction; B is a small positive number used to
avoid the division by zero; g is gravitational acceler-
ation. The last two terms account for buoyancy
effects caused by temperature and concentration
variations, respectively. The mass fraction of liquid
is given by

. Tn - Ts
Ji= T,-T, 3)
T,, = min(T;, max(T, Ty)) 4)

where Ty and T are the solidus and liquidus tempera-
ture, respectively.
Energy conservation equation

ff+?vT:v<ivﬂ_ﬂé@
pc at

—v.(VA
o (VAH)

)

where T is the temperature; k is the thermal conduct-
ivity; ¢ is the specific heat. AH represents latent
enthalpy for phase change in the computational cell.
It is related to the liquid mass fraction according to
the following equation

AH = Lf (6)

where L is the latent heat.
Species transport equation

aC -
5 TV VC=V(DVO)+ V- (pDV(C, = C)

— V(= CP) (7)

where C is the species concentration; f; is the solid
mass fraction.

Boundary conditions

Laser irradiation is considered as a heat input at the
top surface

T 20, 2r
—kgz 71% exp(—%) — h(T—To) — 0pe(T* = T)
()

"y
where Q. is the absorbed laser power which
depends on nominal laser output and absorption
efficiency function of irradiated surface; r is the
distance from point of consideration to the center

of laser beam; r, is effective radius of laser beam;
h. is natural convection coefficient; o, is Stefan—
Boltzmann constant; ¢ is the emissivity; T is the
environmental temperature. Heat loss due to ther-
mal radiation and natural convection is considered.
Isothermal boundary conditions are applied to the
remaining surfaces.

The boundary condition for convection at the top
surface is described by

oV oV
pV (— — A(ﬁ E)) = fixrVsT + fixcVsC )

where y7 and yxc are the temperature and compos-
ition coefficients of surface tension, respectively; 7 is
a unit vector normal to the surface; V, is the surface
gradient operator. The two terms at the right-hand
side in Equation (9) represent Marangoni convec-
tion, caused by Marangoni stress due to surface ten-
sion gradients by variation of temperature and
composition, respectively. For the sake of simplicity,
the surface tension (y) of the miscible metals is
assumed to be linear function of elemental
composition.

y=Cn+{1-0On (10)

With the above boundary conditions, a finite-volume
method based on SIMPLEC algorithm is used to itera-
tively solve the governing equations. The non-uniform
grid used for calculation is with 159 x 160 x 50
meshes. The parameters used in simulation are pre-
sented in Table 2.%°

Results and discussion
Driving forces for molten metal dynamics

The molten metal flow in the weld pool is mainly driven
by two kinds of forces, namely buoyancy and
Marangoni forces resulted from surface temperature
or concentration gradients. Grashof number is the
dimensionless number to describe the ratio of buoyancy
force to viscous force. In the case of temperature vari-
ation, it is given by

_ 8BrLRATP

Grr . (11)
"

For concentration gradients, the expression is similar

LyACY?
Gre = SPLrdCr A P (12)

Surface tension Reynolds number, Ma, is used to
describe the ratio of surface tension gradient force to
viscous force. Marangoni convection due to tempera-
ture gradient is
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Table 2. Material properties used in the simulation.

Property/parameter 304SS Ni

Density of liquid metal (kg-m~3) 7200 8880
Dynamic viscosity (kgm™' s™') 6.70 x 1073 3.68 x 1073
Solidus temperature (K) 1672 1730
Liquidus temperature (K) 1727 1735
Thermal conductivity of solid (W-m~' K™') 19.2 60.7
Effective thermal conductivity of liquid (W-m~' K™") 50 150
Specific heat of solid (J-kg~'-K™") 711.28 515
Specific heat of liquid (-kg™"-K™") 836.8 595
Surface tension (N-m~") 1.872 1.778
Coefficient of thermal expansion (K™") 1.96 x 10~° 450 x 10~°
Latent heat (J-kg™") 272 x 10° 29 % 10°
Effective mass diffusivity (m* s~") 7x 1077 7x 1077

_ pC,LrAT|dy/dT]|

M.
ar Mk

(13)

where Ly is the characteristic length and AT is the
temperature interval between the peak temperature
and melting point. Marangoni convection due to con-
centration gradient is

. LRAC|7/L‘1 — Ve

a
c D

(14)

In the present investigation, with Li taken to be
1 mm, AT taken to be 700 K, and AC taken to be 0.1,
these dimensionless numbers are on the order of

Grr = 0(10%) (15)
Gre = 0(10%) (16)
Mar = 0(10°) a7
Mac = 0(10%) (18)

It can be expected that the liquid flow is mainly
driven by Marangoni convection, and to a much less
extent, by buoyancy effect. Furthermore, the relative
value of surface tension Reynolds number (Mat and
Mac) indicates that temperature gradient plays a
more important role than concentration gradient in
driving the fluid flow.

In order to describe the effects of temperature and
concentration effects more clearly, the following stress
terms could be defined

or =V T- /o7 (19)

Oc = Vs‘urC' (Vcl - VCZ) fl (20)

which represent interfacial stress due to temperature
and concentration effects, respectively.

Figure 2 shows the calculated o¢ at various times.
It should be noted that the maximum stress at the
solid/liquid interface results from sharp discontinuity
of element concentration in the molten pool and the
substrate and is weak in driving the liquid metal flow
due to closeness to the solid substrate. The stress
inside the weld pool is on the order of 10*N/m? ini-
tially and decreases quickly as the elements become
mixed. This means Marangoni convection due to con-
centration gradient acts as a driving force for molten
metal flow mainly during the initial stage.

Figure 3 shows the calculated ot at various times.
If the sign of ot is negative, the fluid flows away the
center of the weld pool, transporting heat from the
center to the periphery of the weld pool. It could be
seen that the maximum stress is on the order of
10°N/m?, which is comparable with ¢ at the initial
stage. However, unlike 6., ot does not decrease with
time and tends to become steady as the weld pool
develops. Thus after a short time of weld pool devel-
opment, o prevails and serves as the major driving
force for heat and mass transport during laser welding
of dissimilar materials.

Thermo-capillary convection

In the previous section, interfacial stress ot has been
found to be the major driving force for fluid dynamics
and heat transport, and thus thermo-capillary convec-
tion dominates in the weld pool. In this section, tem-
perature coefficient of surface tension is varied, as
shown in Table 3, to investigate its influence on heat
and mass transfer in laser spot welding of SS-Ni dissimi-
lar couple. The absolute value of surface tension tem-
perature coefficent for SS and Niis 4.3x 10~*N/m-k and
3.4x107*N/m-k, respectively.

The temperature fields at top surface and cross sec-
tion at 500 ms, when laser is switched off, are shown in
Figures 4 and 5, respectively. The contour values are
in Kelvin. The temperature field is asymmetric due to
large difference of thermal conductivity of SS and Ni.
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Figure 2. Marangoni stress due to concentration gradient (o.) and liquid fraction at the time of (a) 10, (b) 30, (c) 60, and (d) 500 ms.
Laser power: 650 W; pulse duration: 500 ms; spot diameter: 1.0 mm.
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Figure 3. Marangoni stress due to temperature gradient (Gt) at various times.
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The weld pool dimension at the SS side is larger than
that at the Ni side. The highest temperature is located
near the center of the heat source (0,0,2mm), where
the zenith heat flux locates.

The temperature field and weld pool dimension
vary as the temperature coefficient of surface tension
changes and are found to mainly depend on the coef-
ficient of SS. For case 3, the temperature coefficients
of both metals are positive, thus the surface tension at
the center of the weld pool will be larger than that at

Table 3. Case study by varying the sign of tem-
perature coefficient of surface tension.

the periphery, driving the fluid flows from the periph-
ery of the weld pool to the interior. The fluid changes
its direction at the origin and goes downward, trans-
porting heat deep into the interior part of the work-
piece. Thus a deep and narrow weld pool is obtained
under this kind of convection. On the contrary, for
case 1, the temperature coefficients of surface tension
of both metals are negative. The molten metal flows
from the interior of the weld pool to the periphery.
The flow at the top surface enhances heat transport
there and results in a wide and shallow weld pool. The
calculated results also show that the temperature coef-
ficient of Ni has weaker influence on the temperature
fields. And results from cases 1 and 2 (cases 3 and 4)
are very similar.

Figure 6 compares the temperature distribution of
four cases for top surface and cross section. It is found
that the temperature gradient at the top surface for
cases 1 and 2 is lower than that for cases 3 and 4,
especially at SS side, while the temperature gradient
along cross section for cases 1 and 2 is higher than

304SS Ni
Case | - -
Case 2 - +
Case 3 + +
Case 4 + -
0.0015 =

0.001

0.0005 2400
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800
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Figure 4. Temperature field at top surface at 500 ms. (a) Case I,

(b) Case 2, (c) Case 3, (d) Case 4.
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Figure 5. Temperature field along cross section (x =0) at 500 ms. (a) Case

I, (b) Case 2, (c) Case 3, (d) Case 4.
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Figure 6. Temperature distribution at 500 ms (a) at top surface (b) along cross section.

that for cases 3 and 4. These could be explained by
different patterns of Marangoni convection. For cases
3 and 4, the downward fluid flow transports heat from
the center of heat source (high temperature area) to
the bottom of weld pool (low temperature area),
resulting in a low temperature gradient at the vertical
direction. On the contrary, the outward fluid flow for
cases 1 and 2 mainly transports heat in the horizontal
direction and results in smooth temperature change in
that direction. Heat convection becomes especially
important for SS because of its low thermal conduct-
ivity. This demonstrates the importance of Marangoni
convection on heat transport in the weld pool.

Figure 7(a) and (b) shows the calculated three-
dimensional temperature field and fluid flow for
negative (case 1) and positive (case 3) temperature
coefficient of surface tension, respectively. The half
domain could be taken because the calculated results
are symmetrical at x =0 under laser spot welding. The
weld pool and convections under different tempera-
ture coefficients are obviously different.

The concentration profiles of Ni at the top surface
are shown in Figure 8. Elements for four cases are
almost uniformly mixed in the weld pool. The concen-
tration of Ni in the weld pool is less than 0.5. Since the
surface tension in the weld pool is assumed to be
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Figure 7. Calculated temperature field with (a) negative and (b) positive temperature coefficient.
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Figure 8. Concentration profiles of Ni at top surface at 500 ms.

linearly dependent on the relative amounts of mater-
ials involved, the surface tension in the mixed weld
pool mainly depends on that of SS. Under this
assumption, although the temperature coefficients of
Ni are different for case 4 (negative) and case 3 (posi-
tive), the temperature fields for the two cases are quite
similar. It could be expected that the temperature field
and dimension of weld pool mainly depend on the
temperature coefficient of the metal which has lower
thermal diffusivity, in laser butt welding of dissimilar
couple. Relatively high concentration of these metals

would control the resultant surface tension in the weld
pool and then impose greater influence on heat trans-
port by weld pool convection.

From Figure 8, as the temperature coefficient of SS
changes from negative to positive, the concentration
of Ni increases from 0.28 to 0.42. Therefore, besides
previously known factors, such as specific heat, ther-
mal conductivity, and melting point, the temperature
coefficient of surface tension is another important
factor in determining the ratio of the molten part of
the dissimilar couple. It could be expected that the
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Figure 9. Various fusion boundary in similar welding under negative surface tension coefficient (a—c) and positive surface tension

coefficient (d).

composition of element could be controlled to a cer-
tain level by changing the temperature coefficient of
surface tension, so as to get the desirable microstruc-
ture of the weldment.

Weld pool configuration

The weld pool configuration could affect temperature
gradient (G), solidification growth rate (R), and prob-
ability of the occurrence of solidification cracking,
thus will have significant influence on the strength of
the weldment.*” The discussion of the formation of
weld pool boundary is given below.

The weld pool shape is different when the sign of
temperature coefficient of surface tension changes.
When the temperature coefficient of surface tension
is negative, the fluid flows from the center of the
weld pool to the periphery and greatly influences the
heat transport inside the weld pool. Three kinds of
weld pool shape are observed for welding of similar
materials under negative temperature coefficient
of surface tension, as schematically shown in
Figure 9(a) to (c). Marangoni number and Prandtl
number have been found to be the determining fac-
tors.’*>! The Marangoni number represents the ratio
of surface tension gradient force to viscous force. If
this number is small, convection is too weak to influ-
ence the weld pool shape and the fusion boundary will
be hemispheric. Thermal conduction will be the major
mechanism in heat transport. In the present investiga-
tion, Marangoni number is large enough to make con-
vection an essential factor in heat transport. The
Prandtl number, which represents the relative thick-
ness of momentum and thermal boundary layers, is
given by

pr="2 Q1)

Two types of fusion boundary could be observed
for different Prandtl numbers, as shown in Figure 9(b)
and (c). On the one hand, if the Prandtl number is

small, convection mainly takes place in the upper part
of the weld pool. The fusion boundary contains two
inflexions of the slope of the boundary,’* as shown in
Figure 9(b). The weld pool is enlarged by the outward
flow. Marangoni eddies are located at the periphery of
the weld pool. The inflexions of the slope of the
boundary could be considered to be the watershed
point of competing effects of thermal conduction
and convection. The influence of convection on
fusion boundary is limited to the upper part, and
the bottom of the weld pool is concave dominated
by heat conduction radially from the top surface.
On the other hand, if the Prandtl number is large
(e.g. Pr>1), the thickness of momentum layer is
larger than that of the thermal boundary, and the
heat transport inside the weld pool will be largely
influenced by the outward fluid flow. Marangoni
eddies are located near the center part of the weld
pool. The bottom of the weld pool will be convex,
as shown in Figure 9(c). Heat transport by convection
overweighs heat conduction and becomes the major
mechanism for heat transport.

For positive temperature coefficients, the heat
transport is different. A different wavy fusion bound-
ary would be observed,**>* as shown in Figure 9 (d).
Fluid flows from the periphery of the weld pool to the
center (“inward”’) and goes downward, increasing the
weld pool depth and decreasing the weld pool width.
The aspect ratio which defines the ratio of the depth
of the weld pool to its width increases. Thus the weld-
ing depth could be increased by changing the sign of
temperature coefficient of surface tension to be
positive.

The wavy weld pool boundaries at both SS side and
Ni side under negative (Figure 10(a) and (b)) and posi-
tive surface tension coefficients (Figure 10(c) and (d))
are quite similar to that shown in Figure 9(b) and (d),
respectively, since the Prandtl number for 304 SS and
Ni in the present investigation is about 0.25 and 0.028,
respectively. Typical fusion zones for laser spot weld-
ing of dissimilar metals (Ni and SS) under Ar shielding
and Air shielding are shown in Figure 11. Under Ar
shielding, temperature coefficient of surface tension of
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Figure 10. Calculated fusion boundaries for dissimilar welding (a) Case |, (b) Case 2, (c) Case 3, (d) Case 4.

Figure 11. Optical images of typical fusion zone for laser spot
welding of Ni (left) and SS (right) in Ar shielding (a) and in air
shielding (b). Laser power: 650 W; pulse duration: 500 ms; spot
diameter: 1.0 mm. Scale bar: | mm.

SS is negative. While under Air shielding, with oxygen
serving as an surface active element, temperature coef-
ficients would change to positive.* It is shown under
air shielding, the fusion zone has deeper penetration
and smaller width than that under Ar shielding. The
experimental results shown in Figure 11 (a) and (b)
agree well with those calculated in Figure 10 (a) to
(d) respectively. Sharp changes of curvatures of the
fusion zone boundaries are due to competing effect

of Marangoni flow and heat conduction. This feature
would not be present if only heat conduction is con-
sidered and fusion zone would be hemisphere. The two
distinct fusion zones during laser welding of dissimilar
metals are due to different patterns of Marangoni flow
which is governed by the temperature coefficients of
the metals.

The weld pool configurations in dissimilar welding
of SS and Ni in the present study could be understood
through discussions of weld pool in welding of similar
metals. However, in welding of other dissimilar
metals, the elements mix up and properties of the
liquid metal change as the weld pool develops.
Further research of laser dissimilar welding under
detailed control of temperature coefficients of surface
tension to obtain desirable temperature field, element
distribution, and fusion zone boundary will be taken
out in the future.

Summary

Transport phenomena during pulsed laser butt weld-
ing of dissimilar couples have been studied by three-
dimensional transient numerical modeling of SS-Ni
joining. According to the simulated results, the main
conclusions can be summarized as follows:

1. Thermo-capillary convection due to temperature
gradient is recognized as the dominating fluid
flow. Marangoni stress due to concentration gra-
dient (o.) acts as a driving force during the initial
stage and its magnitude decreases quickly as the
elements become uniformly mixed. After that, the
influence of 6. on heat and mass transport is rela-
tively weak, and ot prevails and serves as the
major driving force.
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2. The heat and mass transport in the weld pool is

dramatically changed as the temperature coeffi-
cient of surface tension varies from negative to
positive. Negative temperature coefficient of sur-
face tension introduces low temperature gradient
in the horizontal direction, while positive tempera-
ture coefficient of surface tension results in low
temperature gradient at the vertical direction.
The concentration of Ni increases from 0.28 to
0.42 as the temperature coefficient of SS changes
from negative to positive. The influence of tem-
perature coefficient of surface tension for two
metals is different. The one with less thermal dif-
fusivity has greater impact on transport phenom-
ena in the weld pool.

The wavy weld pool boundary obtained in dissimi-
lar welding is analyzed to be dependent on the
Marangoni number, Prandtl number, and sign of
temperature coefficient of surface tension. For
negative temperature coefficient of surface tension,
the bottom of the fusion zone boundary is concave
because of small Prandtl numbers; and for positive
temperature coefficient of surface tension, penetra-
tion depth increases and high aspect ratio weld
pool is achieved under inward fluid flow.
Experimental fusion zones agree well with that
calculated from the model which considers differ-
ent fluid flow patterns in the weld pool.
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