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Thin Molten Pool Behaviors in Blue Laser
Microjoining

Marangoni stress determines the stability of the thin molten pool in
blue laser microjoining

BY D. WU, J. SUN, Z. LI, J. HUANG, AND K. FENG

Abstract Introduction

Thin copper materials are difficult to weld

L . With the increasing demand for electric vehicles (Ref. 1),
using infrared lasers (IR) due to their low energy & ( )

the usage of pure copper and copper alloys has also increased

absorption. A blue laser with a wavelength of 450 due to their high thermal and electric conductivity (Ref. 2).
nm strongly increases energy absorption and Therefore, microjoining of copper materials is required (Ref.
successfully realized the microjoining of a copper 3). Arc energy density is low, making the arc welding pro-
material with a thickness of 0.1 mm. The dynamic cesses difficult to realize the high efficient microjoining of
behaviors of a thin molten pool were investigated by ~ copper materials that have a small heat-affected zone (HAZ).
a numerical simulation using a new blue laser heat Laser welding processes have the advantages of high energy
source model. At both the top and bottom surfaces density, precision, efficiency, and flexibility (Ref. 4); however,

copper materials have very low absorptivity for commonly
used infrared (IR) lasers with near1000 nm wavelengths (Ref.
5). More than 90% of the laser power will be reflected if an
IR laser irradiates on a copper surface (Ref. 6). Even though
using laser power modulation (Ref. 7), awobbling laser (Ref.

of the thin molten pool, the liquid metal flowed
outward under the driving of Marangoni stress.
The stability of the thin molten pool was studied,
showing that Marangoni stress promoted the melt-

through of the thin molten pool, while the viscous 8), and the preheating method (Ref. 9) can improve the IR
resistant stress, buoyant force, and surface tension laser beam’s absorptivity in keyhole welding of thick copper
pressure had minor influences on it. The Peclet and plates, weld defects such as spatter and porosity can’t be
Marangoni numbers were adopted to predict the effectively eliminated. Microjoining of copper materials by
stability of the thin molten pool. an IR laser is impossible.

Instead of using an IR laser, a laser with a wavelength of 450
nm strongly increases the absorptivity of copper materials
(Ref.10). Fujio et al. (Ref. 11) showed that at a wavelength of

Keywords 450 nm, copper has an absorption rate about six times higher

than that of the IR’s region. Hummel et al. (Ref.12) measured
m Blue Laser the laser absorption in blue laser welding of copper alloys
® Microjoining with integrating spheres; the measurements indicated that
m Energy Absorption with blue laser absorptivity varies between 72.6 and 76.6%
= Thin Molten Pool on CuSn,alloy, and between 69.8 and 83.1% on Cu-ETP. Brit-
m Copper Material ten et al. (Ref. 13) proposed that the surface condition of a

copper sheet hasaminorinfluence on blue laser absorption,
and consistently high weld seam quality was achieved with
etched, oxidized, and polished surface conditions. Morimoto
etal. (Ref.14) suggested that for a blue laser, the absorption
rate of copper didn’t depend on temperature. Due to their
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Fig. 1 — Concept of power scaling with diode bars for LDMblue 1000-100.

high and stable absorptivity, copper plates can be joined
by a blue laser with low laser power and high efficiency and
quality. Spatter and porosity can be successfully eliminated
in blue laser keyhole welding (Ref. 15). Microjoining of copper
materials by a blue laseris also possible. Pelaprat et al. (Ref.
16) used a blue laser to join 70-pum thick copper materials with

alaser power of 130 W. Zediker et al. (Ref. 17) also adopted a
blue laser to join multilayer super-thin copper foils.

In a blue laser microjoining process, the copper mate-
rials are very thin. As a result, a molten pool with a large
length and a low height (thin molten pool) is formed. The
molten metal flow patterns inside a thin molten pool, and

Table 1 — Chemical Compositions (wt-%) of 304 Stainless Steel Used in the Experiment

0.043 0.95 0.41 0.031 0.005 8.03

Cr Cu Mo Co N Fe

18.09 0.023 0.004 0.237 0.054 Bal.

Table 2 — Thermophysical Properties of T2 Copper, Pure Titanium, and 304 Stainless Steel

Nomenclature Copper
Melting point (K) 1357.85
Latent(rjflztgg;‘ fusion 2.087 x 105
Coefficien’F of tht_armal 1.85 x 10-5
expansion (K™
Surf?lsl.er;c]igsion 1.304
Surface tension gradient _2.84 x 10~

(N-m~"-K-)
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Titanium 304
1941 1727
4.354 x10° 2.47 x10°
11 x10°® 1.42 x10°°
1.525 1.632
-2.8 %107 0.9 x10°*
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Fig. 2 — Thermophysical material properties of T2 copper, pure titanium, and SUS304 stainless steel.
A — Surface tension; B — viscosity; C — density; D — specific heat; E — thermal conductivity.

the stability mechanism of a thin molten pool have never
been investigated.

In this study, a blue laser was adopted to realize the micro-
joining of copper material with a thickness of 0.1 mm. A new
blue laser heat source model was developed in a numerical
simulation to investigate the dynamic behaviors of a thin
molten pool. The influences of material properties on the
thin molten pool behaviors will be discussed. The stability
mechanism of the thin molten pool will also be revealed.

Experiment Procedures

The blue diode laser system LDMblue 1000-100 with a
maximum power of 1000 W, a wavelength of 450 nm, and
a focus spot diameter of 1.0 mm was used. As shown in
Fig.1, this blue diode laser system used laser bars to mount
and electrically connect. The diode laser bars were supplied
with currentand water. The direct current applied excited the
semiconductor material of the diode laser chip to lase. The
cooling water absorbed the heat generated by the emitting
laser beam. To focus the diode laser beam that was emitted,
a microrod lens close to the diode laser component in the
fast axis (perpendicular to the emitting plane) was used first
to collimate the beam. As the beam continued its journey,
divergence was collimated in the slow axis direction (parallel
to the emitting plane) using a cylindrical lens. Subsequent
focusing optics then focused this twice-collimated laser beam
onto a small processing spot.

The microjoining experiments were performed under a
laser power of 180 W with a defocused distance of 0 mm
and a travel speed of 2 m.min~". Pure argon gas was used as

the shielding gas with a flow rate of 25 L'min~'. T2 copper foil
with a thickness of 0.1 mm was adopted as the base metal.
T2 copperisthe equivalent to electrolytic tough pitch (ETP)
copperandis 99.9 wt-% Cu with 0.02 to 0.04 wt-% oxygen.
The blue laser microjoining experiments of pure titanium and
304 stainless steel foils with thicknesses of 0.1 mm were also
carried out to investigate the influences of material proper-
ties on molten pool behaviors. The thermophysical material
properties of pure copper and titanium and 304 stainless
steel can be seen in Ref. 18. The surface tensions of pure
copper and titanium were only temperature dependant, while
the surface tension of 304 stainless steel was considered
as a function of the temperature and sulfur active element.
The chemical composition (wt-%) of the 304 stainless steel
used in the experiment can be seen in Table 1. The detailed
thermophysical material properties can be seenin Fig.2and
Table 2. Following the microjoining process, the beads were
cut, mounted, and polished. The copper sample was etched
using a reagent with 5-g ferric chloride, 50-mL hydrochloric
acid,and100-mL water, and the bead geometry was observed
using an optical microscope.

Numerical Model of Blue Laser
Welding

In numerical simulations of the molten pool in blue laser
welding, the liquid metal is considered incompressible New-
tonian fluid, and the flow is laminar (Ref.19). The simulation
is based on the numerical solution of mass, momentum, and
energy conservation equations, and the volume of fluid (VOF)
equation is adopted to track the free fluid surface (Ref. 20).
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Fig. 3 — A — Discretization of the laser beam; B — previous ray tracking method; C — new ray tracking method.
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Fig. 4 — Computation domain and mesh size.

Governing Equations The energy conservation equation is

The mass conservation equation is

3(oh) .
% 9. (ow)= 0 @ —ar TV (pvh) = V- (kVT) ©)

where p is fluid density, tis time, and v is a velocity vector. where h is enthalpy, k is thermal conductivity, and T is

temperature.
The momentum conservation equation is

The VOF equation is
da(pv
%)t)+V-(pvv)=—VP+V-r+pg @

at+V-(p17F)=0 (4)

Whe'fte Pis pressure, Tis a viscosity stress tensor,and gis  \yhere Fis the volume fraction of the fluid in a cell. The TruVOF
gravity.

method (Ref. 21) isadopted in FLOW-3D® to reduce the cumu-
lative volume error.
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Fig. 5 — Temperature (K) and fluid flow fields in the y = O cross section in blue laser microjoining of T2 copper:
A —0.28s; B—0.286s; C— 0.5s; D— maximum molten temperature and velocity vs. time.

Blue Laser Heat Source Model

At the focus plane, bundles of rays with a Gaussian-like
axisymmetric distribution of energy were defined to approx-
imate a real blue laser beam. A square region with a length
of 1.0 mm at the focus plane was divided into uniform 50
X 50 sub-cells. The initial point of each ray is predefined as
the center of each sub-cell, and the direction vector is (O,
0, -1), as shown in Fig. 3A. The energy of each ray can be
expressed as follows:

Py x% +y?
€(xy,20) = TI_‘I‘OZ exp <_ roz X Agup )

where P, is blue laser power, r, is the laser beam radius at
the focus plane, z, is the coordinate of the focus plane in
the Z direction, x, y are the distances between the sub-cell
center and the laser beam center in the X, Y directions, and
A_. isthe sub-cell area.

sub

When a laser ray contacts with a cell containing a free
surface, 63, 44.8 (Ref. 22), and 54% (Ref. 23) values of the
ray energy are absorbed by the cell in blue laser microjoining
of copper, titanium, and stainless steel, respectively. In this
study, a new ray tracking method was adopted. For simplicity,
a 2D caseis used to describe the improvement of this new ray
tracking method. The contacting discriminant for a ray and
acell containing a free surface is that the distance between
the cell center and the ray is smaller than V3Al/2 (Al is the
cell size). As shown in Fig. 3B, a cell with minimal fluid meets
this contacting discriminant. In our previous ray tracking

method, this cell absorbed the ray energy (Ref. 24). In our
new ray tracking method, to improve calculation accuracy,
the cell containing a free surface was divided into 10 x 10
uniform sub-cellsin the horizontal and vertical directions, as
shown in Fig. 3C. Avoid sub-cell discriminant was developed:
acutting plane with surface normal vector N passed through
the left bottom node of a sub-cell. If the cutting volume was
smaller than the VOF value of the original cell, the sub-cell
contained fluid; otherwise, this sub-cell was void. Based on
the contacting discriminant and void sub-cell discriminant,
the ray (yellow arrows in Fig. 3B, C) without actual interac-
tions with the minimal fluid, which is inaccurately captured
in the original large cell, will not be captured by the refined
sub-cells. As shown in Fig. 3C, sub-cell C13 contained fluid,
but did not meet the contacting discriminant; sub-cell C18
met the contacting discriminant, but it was a void sub-cell;
therefore, the ray was not captured by these two sub-cells.

Computation Domain and Boundary
Conditions

The computation domain with a dimension of 30 x 20 x
0.22 mm was used in the simulation, as shown in Fig. 4. The
mesh sizes were 0.1 mm in the x direction and 0.02 mm in
the zdirection. A nonuniform mesh system was used in the y
direction: In the central region, a finer mesh with a size of 0.1
mm was used; from the central region to the outside region,
the mesh size gradually increased, and a coarser mesh with
a size of 0.7 mm was used in the outside region. The blue
laser beam traveled along the x direction, and its start point
was (5 mm, 0 mm).
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Fig. 6 — Blue laser microjoining of T2 copper: A — Numerical temperature field at the top view att = 0.5s; B —
temperature (K) and fluid flow fields in the x = 21.45 mm cross section at t = 0.5 s; C — experimental weld joint;
D — microstructure in Region 1; E — microstructure in Region 2.

Blue laser heat flux, heat conduction, and radiation were
applied on the energy boundary condition of the top free
surface:

oT P, x% +y?
k% = O.63n—rozexp <— - —h (T—T,) —oe(T*=T¢) (6)

where n is a surface normal vector, h_is the heat trans-
fer coefficient, T_is the ambient temperature, o is the
Stefan-Boltzmann constant, and e is surface emissivity.

Only heat conduction and radiation were considered on
the energy boundary conditions of the left, right, front, and
back boundaries and the bottom free surface:

aT
ez = —he (T =Ty) —oe(T* = T3) @

The pressure balances of the top and bottom free surfaces
are expressed as follows:

=_r
Ptout=—p ®

where pis fluid viscosity, v, is a normal velocity vector, y is

WELDING JOURNAL

the surface tension of the fluid, and R is the radius of the
surface curvature.

Marangoni stress caused by temperature gradient was
applied on both the top and bottom free surfaces in the tan-
gential direction:

dv, dyar

“Han = aTas ©

where v, is a tangential velocity vector, Sis a tangential vector,
and dy/dT is the surface tension gradient.

In the simulation, the thermophysical material properties
of pure copper and titanium, and 304 stainless steel were
adopted, and the material compositions in the simulation
and experiment were consistent. The surface tension gradi-
ents of pure copper and titanium were negative. The sulfur
content of the 304 stainless steel was 50 ppm. The surface
tension and surface tension gradient of 304 stainless steel at
1973 Kwere calculated based on Equations 10 and 11 (Refs.
18, 25), and their values were 1.632 N.m~"and 0.9 x 10~*
N.m-1.K™, respectively.

Yio7s = 1.15 — 0.0909 In (%S) (10)
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Fig. 7 — Temperature (K) and fluid flow fields in the y = O cross section at t = 0.5 s in blue laser microjoining of
T2 copper: A — Case 1 with half viscosity; B — Case 2 with half surface tension; C — Case 3 with zero surface
tension gradient; D — Case 4 with double surface tension gradient; E — Case 5 with positive surface tension

gradient; F — Case 6 with half thermal conductivity.

9
(—y) = (1.51 +0.268 In (%S)) x 1073 (1)
1973

aT

where %S is the weight percentage of sulfur.

The temperature and sulfur content-dependant surface
tension of 304 stainless steel can be calculated as follows:

dy
Y =Y1973 + (_) (T —1973) (12)
0T /1973

Results

Thin Molten Pool Behaviors in Microjoining
of Copper

As shown in Fig. 5A, C, in the y = O cross section, at t =
0.28 s, the copper started to melt, and a small molten pool

was formed at the top part. The molten flow was very weak,
and the maximum velocity was only 0.0015 m/s. At t =
0.286 s, a penetrated molten pool was generated. As the
surface tension gradient was negative, at the top surface,
the molten metal flowed outward from the pool center to
the pool edge under the driving of Marangoni stress (Ref. 26)
and then flowed downward to the bottom surface. When the
molten pool reached the quasi-steady state,att = 0.5, at
both the top and bottom surfaces, the molten metal flowed
outward with a maximum velocity of 0.033 m/s. The convec-
tive patterns were not symmetric in the y = O cross section.
Both the top and bottom surfaces were slightly deformed.
The molten height was only about 0.1 mm while the length
was about 0.619 mm.

The maximum molten temperature and velocity are pre-
sented in Fig. 5D. The maximum molten temperature rapidly
increased to1544.2 Kwith an average increasing rate of 4700
K/s and then oscillated around a mean value of 1541 K. The
maximum molten velocity rapidly increased to 0.053 m/s
and then oscillated around a mean value of 0.028 m/s.

As shown in Fig. 6A, the values of the molten width and
length were close and much larger than the molten height
(about 0.1 mm), so a thin molten pool formed in the quasi-
steady state. As shown in Fig. 6B and C, in the x=21.45 mm
cross section at t= 0.5 s, the molten metal flowed outward
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Fig. 8 — Comparisons of different cases: A — Average velocity; B — average temperature.

at both the top and bottom surfaces, and the convective
patterns were almost symmetric. The calculated weld widths
at the top and bottom surfaces were 0.608 and 0.537 mm,
respectively. The experimental weld widths at the top and
bottom surfaces were 0.651 and 0.588 mm, respectively;
the weld depth appeared to be similar to the original foil
thickness, and the weld apparently sagged due to joining.

The calculated weld interface did not agree well with the
experimental result, which may have been caused by the
deformation of the copper foil during the experiment. It can
be clearly seen from Fig. 6D and E that the fusion zone (FZ)
of the copper joint had grains larger than those in the HAZ.

Table 3 — Condition, Maximum Temperature, and Velocity in Different Cases

Case

Normal case

Case1

Case 2

Case 3

Case 4

Case 5

Case 6

276-s | WELDING JOURNAL

Condition

Pure copper

Pure copper with half
viscosity

Pure copper with half
surface tension

Pure copper with zero
surface tension gradient

Pure copper with double
surface tension gradient

Pure copper with a positive
surface tension gradient

Pure copper with half
thermal conductivity

Maximum Velocity Maximum Temperature
(m-s) ()
0.028 1541
0.030 1544
0.023 1567
0.0046 1553
0.031 1511
0.052 1555
0.10 1952
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Fig. 9 — Temperature (K) and fluid flow fields in the y = O cross section in blue laser microjoining of pure
titanium: A — 0.0125 s; B — 0.0175 s; C — 0.018 s; D — experiment result.

Influence of Material Properties on Heat
and Mass Transfer in the Thin Molten Pool

As shown in Table 3, different cases were carried out to
investigate the influence of material properties on heat and
mass transfer in the thin molten pool. The blue laser micro-
joining of T2 copper with actual material properties was
defined as “normal case” (Figs. 5 and 6). A new simulation
with half viscosity was restarted from the normal case at
t=0.3s(Case1and Fig. 7A). In the y = O cross section, the
maximum molten temperature was 1553 K, and the maxi-
mum velocity was 0.033 m/s at t = 0.5 s. The molten metal
flowed outward at both the top and bottom surfaces. A new
simulation with half surface tension was restarted from the
normal case at t = 0.3 s (Case 2 and Fig. 7B). Inthe y =0
cross section, the maximum molten temperature was 1572
K, and the maximum velocity was 0.025 m/satt=0.5s. In
keyhole laser welding, the surface tension is the main resis-
tant force for keyhole formation (Ref. 27), and a keyhole is
easy to form in keyhole laser welding of a material with low
surface tension (Ref. 28). However, in blue laser microjoining
of athin copper material with half surface tension, the con-
vective patterns inside the molten pool are unchanged and
the surface deformation is still small at t = 0.5 s. The convec-
tive patterns inside the molten pool are unchanged. A new
simulation with zero surface tension gradient was restarted
from the normal case at t = 0.3 s (Case 3 and Fig. 7C). In the
y =0 cross section, the maximum molten temperature was
1572 K, and the maximum velocity was only 0.0024 m/s at
t=0.5s.The molten metal flowed downward in the left part
and flowed upward in the right part under the driving of the
buoyant force. Anew simulation with double surface tension
gradient was restarted from the normal case att=0.3 s
(Case 4 and Fig.7D). In the y = O cross section, the maximum
molten temperature was 1515 K, and the maximum velocity
was 0.033 m/s at t = 0.5 s. The convective patterns inside
the molten pool were unchanged. A new simulation with a
positive surface tension gradient was restarted from the
normal case att=0.3 s (Case 5and Fig. 7E). Inthe y = 0O cross

section, the maximum molten temperature was 1559 K, and
the maximum velocity was 0.053 m/satt=0.5s. At the top
surface, the molten metal flowed inward from the pool edge
to pool center under the driving of Marangoni stress (Ref.
26) and then flowed downward to the bottom surface. A new
simulation with half thermal conductivity was restarted from
the normal case at t = 0.3 s (Case 6 and Fig. 7F).Inthey=0
cross section, the maximum molten temperature was 2331
K, and the maximum velocity was 0116 m/s at t = 0.3105 s.
The molten pool melts through.

As shown in Fig. 8 and Table 3, with smaller viscous resis-
tant stress, the average maximum molten velocity increased
t0 0.030 m/s while the average maximum molten tempera-
ture (1544 K) was almost unchanged. With half surface
tension, the average maximum molten velocity decreased to
0.023 m/s while the average maximum molten temperature
increased to 1567 K. With zero surface tension gradient, the
average maximum molten velocity decreased to 0.0046 m/s,
while the average maximum molten temperature increased
to 1553 K. With double surface tension gradient, the aver-
age maximum molten velocity increased to 0.031m/s, while
the average maximum molten temperature decreased to
1511 K. With a positive surface tension gradient, the average
maximum molten velocity increased to 0.052 m/s and the
average maximum molten temperature increased to 1555 K.
With half thermal conductivity, the average maximum molten
velocity increased to 0.10 m/s and the average maximum
molten temperature increased to 1952 K.

In blue laser microjoining of pure titanium, as shown in
Fig.9,inthe y= 0 cross section, at t = 0.0125 s, the molten
metal flowed outward at both the top and bottom surfaces. At
t=0.0175s, both the top and bottom surfaces were seriously
deformed with a maximum molten temperature of 2517 Kand
amaximum velocity of 0.213 m/s. The molten metal flowed-
backward from the pool center to the pool edge under the
driving of Marangoni stress; at the pool center, the molten
pool became very thin, and melted through at t = 0.018 s.

As the sulfur content was 50 ppm, the surface tension
gradient of 304 stainless steel was positive. In blue laser
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Fig. 10 — Temperature (K) and fluid flow fields in the y = O cross section in blue laser microjoining of SUS304
stainless steel: A— 0.018 s; B — 0.048 s; C — 0.0635 s; D — experiment result.
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Fig. 11 — Molten pool convection in blue laser
microjoining: A — T2 copper; B — pure titanium;
C — SUS304 stainless steel.

microjoining of 304 stainless steel, as shown in Fig. 10, in
the y = O cross section at t = 0.018 s, the molten metal
flowed inward from the pool edge to the pool center under
the driving of Marangoni stress at both the top and bottom
surfaces with a maximum molten temperature of 2495 K
and a maximum velocity of 0.0535 m/s. At t = 0.048 s, the
molten metal flowed strongly backward with a maximum
velocity of 0.0833 m/s, and the molten pool was seriously
deformed. At t=0.0635 s, the molten pool melted through.
With the same laser energy input, the total energy absorbed
by the molten pool was slightly lower, while the melt-through
more easily occurred in blue laser microjoining of pure tita-
nium or 304 stainless steel in comparison with blue laser
microjoining of T2 copper.
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Discussion

In blue laser microjoining of thin materials, the viscous
resistant stress, buoyant force, and surface tension pressure
had a minor influence on the thin molten pools convection
and stability. Marangoni stress affected the convective pat-
terns and promoted melt-through of the thin molten pool.
As shown in Fig. 11, in blue laser microjoining of copper, the
molten temperature gradient was low and the surface tension
gradient was negative; Marangoni stress was low and the
molten metal flowed outward at both the top and bottom
surfaces; inside the molten pool, the molten metal flowed
from the pool edge to the pool center (return flow). As a
result, the molten pool surface deformed slightly, and the
molten pool was stable. In blue laser microjoining of pure
titanium, the molten temperature gradient was high and
the surface tension gradient was negative; Marangoni stress
was high, and the molten metal flowed backward strongly
from the pool center to the pool edge while the return flow
in the trailing part of the molten pool was weak. As a result,
the molten pool became thinner and melt-through occurred.
In blue laser microjoining of 304 stainless steel, the molten
temperature gradient was high and the surface tension gra-
dient was positive; the molten metal flowed inward at both
the top and bottom surfaces at the beginning. With time, the
molten pool size increased, and the molten metal flowed
backward strongly from the pool center to the pool edge,
causing serious deformation of the molten pool. The return
flow in the trailing part of the molten pool was weak, and
melt-through occurred.

The Peclet number (Pe) and Marangoni number (Ma) of
the thin molten pool are calculated (Ref. 29):

_ pULcy,
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Fig. 12 — Peclet and Marangoni numbers in different cases: A — Peclet number; B — Marangoni number.

(14)

where U is maximum molten velocity, L is the radius of the
molten pool surface, c, is the specific heat, and AT is the
temperature difference between the center and edge of the
pool surface.

The density, specific heat, and thermal conductivity were
calculated at the average value of the maximum molten tem-
perature. In blue laser microjoining of T2 copper, the average
values of the maximum molten velocity and surface tension
gradient were used. The Peclet and Marangoni numbers in
seven cases are shown in Fig. 12. As the Peclet number is a
dimensionless number showing the ratio between convection
and conduction (Ref. 29), heat transfer is seen to be domi-
nated by conduction at low values of the Peclet number. The
Marangoni number is a measure of the extent of Marangoni
convection. In the normal case, the Peclet number was only
0.22,so heat conduction dominated; the Marangoni number
was 96.7. With half viscosity (Case 1), half surface tension
(Case 2), zero surface tension gradient (Case 3), double sur-
face tension gradient (Case 4), or positive surface tension
gradient (Case 5), the Peclet number and Marangoni number
of the molten pool did not change significantly. With half ther-
mal conductivity (Case 6), the maximum molten temperature
and temperature gradientincreased, as did the molten pool
size and molten velocity; the Peclet and Marangoni numbers
of the molten pool increased to1.63 and 630.2, respectively;
the Marangoni convection became strong and melt-through
of the thin molten pool occurred.

Compared with T2 copper, pure titanium has lower viscosity
and thermal conductivity and higher surface tension. In blue
laser microjoining of pure titanium, the Peclet and Marangoni
numbers of the molten pool before the melt-through are
1416 and 4943.9, respectively. The 304 stainless steel has
lower thermal conductivity and higher viscosity and surface
tension. In blue laser microjoining of 304 stainless steel,
the Peclet and Marangoni numbers of the molten pool are
21.05 and 3896.7, respectively. The Marangoni convection

dominates and Marangoni stress is the main driving force
for the instability of the thin molten pool.

During the manufacturing of electric vehicles, the micro-
joining of thin materials, such as copper, stainless steel, and
aluminum, is necessary. The material properties have great
influences on the stability of the thin molten pool. Based
on the numerical simulation and experiment, it can be con-
cluded that the thin molten pool is stable with low Peclet
and Marangoni numbers.

Conclusion

A blue laser was adopted to realize the microjoining of a
copper material with a thickness of 0.1 mm, and the dynamic
behaviors of the molten pool were studied. The following
conclusions were drawn:

Athin molten pool with avery low molten height-to-length
ratio was formed. At both the top and bottom surfaces, the
liquid metal flowed outward from the pool center to the pool
edge under the driving of Marangoni stress.

Marangoni stress promoted melt-through of the thin
molten pool, while the viscous resistant stress, buoyant force,
and surface tension pressure had minor influences on it.

The Peclet and Marangoni numbers can be used to predict
the stability of the thin molten pool. With low Peclet and
Marangoni numbers, heat conduction dominates and the
thin molten pool is stable.
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