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Abstract

The evolution of temperature and velocity fields during laser spot welding of
304 stainless steel was studied using a transient, heat transfer and fluid flow
model based on the solution of the equations of conservation of mass,
momentum and energy in the weld pool. The weld pool geometry, weld
thermal cycles and various solidification parameters were calculated. The
fusion zone geometry, calculated from the transient heat transfer and fluid
flow model, was in good agreement with the corresponding experimentally
measured values for various welding conditions. Dimensional analysis was
used to understand the importance of heat transfer by conduction and
convection and the roles of various driving forces for convection in the weld
pool. During solidification, the mushy zone grew at a rapid rate and the
maximum size of the mushy zone was reached when the pure liquid region
vanished. The solidification rate of the mushy zone/liquid interface was
shown to increase while the temperature gradient in the liquid zone at this
interface decreased as solidification of the weld pool progressed. The
heating and cooling rates, temperature gradient and the solidification rate at
the mushy zone/liquid interface for laser spot welding were much higher
than those for the moving and spot gas tungsten arc welding.

1. Introduction

Pulse Nd : YAG spot welds are widely used for assembly and
closure of high reliability electrical and electronic packages
for the telecommunications, defence, aerospace, and medical
industries. Laser spot welding has an important advantage for
these applications because it can deliver a minimum amount
of energy to very small components with high precision.
Laser spot welds behave very differently from their moving
weld counterparts because the temperature profiles never
reach a steady state and the heating and cooling rates for
these welds are much higher than those of linear welds.
Laser spot welds are characterized by small weld pool size,
rapid changes of temperature and very short duration of the
process. These characteristics make physical measurements of
important parameters such as temperature and velocity fields,
solidification rate and thermal cycles during laser spot welding
very difficult. These parameters are important because the
weld pool convection patterns and the heating and cooling
rates determine the geometry, composition, structure and the
resulting properties of the spot welds.
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In recent decades, numerical calculations of heat transfer
and fluid flow have been utilized to understand the evolution
of temperature and velocity fields, and weld geometry that
cannot be obtained otherwise. However, most of these studies
were concerned with arc welds where the timescale is of the
order of several seconds. The timescale is much shorter for
laser spot welding. The heat transfer and fluid flow during
laser spot welding still remain to be investigated to understand
how the velocity and temperature fields evolve during heating
and cooling and how the mushy zone region behaves. Such a
computationally intensive investigation, requiring use of fine
grids and very small time steps has now become practical
because of recent advances in the computational hardware and
software.

Several models have been developed to predict the
temperature and velocity fields in the weld pool during laser
welding. Cline and Anthony [1] studied the effects of laser spot
size, velocity and power level on the temperature distribution,
cooling rate and depth of melting of 304 stainless steel.
However, the convection in the weld pool was not considered
in the model. Mazumder and Steen [2] developed a numerical
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model of the continuous laser welding process considering heat
conduction. The finite difference technique was used. Frewin
and Scott [3] used a finite element model of the heat flow
during pulsed laser beam welding. The transient temperature
profiles and the dimensions of fusion zone and HAZ were
calculated. Katayama and Mizutani [4] developed a heat
conduction and solidification model considering the effects of
microsegregation and latent heat. Recently, Chang and Na [5]
applied the finite element method and neural network to study
laser spot welding of 304 stainless steel. This combined model
could be effectively applied for the prediction of bead shapes
of laser spot welding. In summary, transport phenomena
based numerical models have been successful in revealing
special features in transient spot welding processes such as
the transient nature of the solidification rate [6, 7].

A numerical model to simulate heat transfer and fluid flow
during steady and transient fusion welding has been developed
and refined during the past 20 years at Penn State. The model
has been used to calculate weld pool geometry, temperature
and velocity fields during welding of pure iron [8, 9], stainless
steel [10-13], low alloy steel [14, 15], aluminium alloy [16]
and titanium alloy [17] under different welding conditions.
Calculations were done for both moving and stationary heat
sources and for laser beam as well as arc welding. The
computed temperature fields were useful for the calculation
of vaporization rates of alloying elements [8-11, 16], weld
metal microstructure [9, 15], inclusion characteristics [14],
grain growth [17], phase transformation kinetics [18] and
concentrations of dissolved gases in the weld metal [19, 20].

In this study, a transient numerical model was used to
understand heat transfer and fluid flow during laser spot
welding of 304 stainless steel. Surface tension and buoyancy
forces were considered for the calculation of transient weld
pool convection. Very fine grids and small time steps were
used to achieve accuracy in the calculations. The calculated
weld pool dimensions were compared with the corresponding
measured values to validate the model. Dimensional analysis
was carried out to understand the significance of the various
driving forces for the liquid pool convection. The behaviour of
the mushy zone, i.e. the solid-liquid two phase region, during
heating and cooling was investigated. Results also revealed
information about the important solidification parameters R,
the solidification rate, and G, the temperature gradient in
the liquid at the mushy zone/liquid front as a function of
time. These data are useful for determining the solidification
morphology and the scale of the solidification substructure.
This work demonstrates that the application of numerical
transport phenomena can significantly add to the quantitative
knowledge base in fusion welding.

2. Experimental procedure

Multiple 304 stainless steel pulse Nd : YAG laser spot welds
were produced at Sandia National Laboratories. The steel
had the following composition: 1wt% Mn, 18.1 wt% Cr,
8.6 wt% Ni, 0.012wt% P, 0.003 wt% S, and balance Fe. A
Raytheon SS 525 laser was used for laser spot welding with
pulse energies between 2.1 and 5.9J, and pulse durations
of 3.0 and 4.0ms. For each combination of energy and
duration, the laser beam was defocused to different extents

Table 1. The experimental conditions.

Material 304 stainless steel
Pulse energy 2.1,3.2,59]
Pulse power 0.53, 1.0, 1.9kW
Pulse duration 3.0,4.0ms

Spot radius 0.159-0.57 mm
Spot welds 15 per plate
Shielding gas Argon

to obtain various spot diameters and power densities. By
controlling the beam shutter, individual spot welds from the
pulsed laser beam were made on 3 x 10 x 17 mm® EDM
wire cut samples. Up to 15 individual spot welds were made
on each of the samples. Laser spot size was measured with
50 um Kapton film using the method described elsewhere
[21]. Supplementary argon shielding of plate surface during
welding was provided to reduce oxide formation and for
protection of the lens. Longitudinal metallographic cross-
section measurements through several collinear welds for each
plate were averaged to determine weld pool width and depth.
The experimental conditions are indicated in table 1.

3. Mathematical formulation

3.1. Governing equations

Because of the axisymmetric nature of spot welding [6, 12, 22],
the governing equations can be solved in a two-dimensional
system to calculate the temperature and velocity fields.
However, since the heat transfer and fluid flow model is also
used for the calculations of welding with a moving heat source
which is a three-dimensional problem, the same transient,
three-dimensional, heat transfer and fluid flow model was used
for the laser spot welding. An incompressible, laminar and
Newtonian liquid flow is assumed in the weld pool. The
following equations were solved with appropriate boundary
conditions.

Mass conservation:

V.(V)=0 (1)
Momentum conservation:
V)
py ==V (V) V- (uVV) = VP +S ()

where p is the density, ¢ is the time, V is the velocity, P is
the pressure, u is the viscosity and S; is the source terms in
momentum equation which is expressed as:

(1— f)?
f+B

where Sgirr 1S a source term representing viscous diffusion
which originates from writing the momentum equations in a
general form [23]. For the x-component of the momentum
equation, the source term Sg;fr can be expressed as:

a aV, . a av, . d oV, @
ax \Pax ) T oy \Fax ) Tz \Max

The second term in the right-hand side in equation (3)

represents the frictional dissipation of momentum in the mushy

St = Saier —C V + pgB(T — Tet) 3)

Saiffx =
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zone according to the Carman-Kozeny equation for flow
through porous media [24,25], fi is the liquid fraction, B
is a very small positive number introduced to avoid division
by zero, C represents mushy zone morphology and is usually a
large number to force the velocity in the solid zone to be zero,
B is the thermal expansion coefficient of the liquid, 7 is the
temperature, and T is the reference temperature.

Energy conservation:

d(ph)
ot

=-V-(oVh)+ V- (ﬁwl) )
CP

where £ is the sensible heat, & is the thermal conductivity, C), is
the specific heat and S, is the source term in energy equation
which is expressed as:

0AH
Sr=—p———pV-(VAH) (6)

where A H is the latent heat.

3.2. Boundary conditions

A three-dimensional Cartesian coordinate system is used in
the calculation, while only half of the workpiece is considered
since the weld is symmetrical about the weld centreline. The
input heat on the top surface is assumed to have Gaussian
distribution and given as [26]:

fOn ( f(x2+y2)>
exp | —————

Hy, = )

2 2
where f is the heat distribution factor, Q is the laser power,
n is the absorption coefficient, ry, is the beam radius. For
laser welding, distribution factor f is taken as 3.0 [27]. Laser
power and beam radius were experimentally measured. The
reported values of the absorption coefficient vary significantly
[28-31]. For example, Cremers et al [28] indicated absorption
coefficient of Nd : YAG laser in 316 stainless steel in the range
0f0.21-0.62. The absorption coefficient has been related to the
substrate resistivity and the wavelength of the laser radiation
by the following relation [31]:

a\1/2 o o\3/2
n(T) = 0.365 (7) —0.0667 (7) +0.006 (7) ®)
A A A
where A is the wavelength, « is the electrical resistivity of the
materials. The average electrical resistivity of 304 stainless
steel is 80 ;€2 cm [32], and the wavelength of Nd : YAG laser
is 1.064 um. Substituting these values into equation (8), the
absorption coefficient is obtained as 0.27, which is the value
taken in the calculations reported in this paper.

The temperature and velocity boundary conditions used
in the calculations are the same as those used in the GTA spot
welding. These conditions are fairly straightforward and they
have been explicitly defined in a recent paper [33].

3.3. Discretization of governing equations

The governing equations were discretized using the control
volume method, where a whole rectangular computational
domain was divided into small rectangular control volumes.
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A scalar grid point was located at the centre of each control
volume, storing the values for scalar variables such as pressure
and enthalpy. In order to ensure the stability of numerical
calculation, velocity components were arranged on different
grid points, staggered with respect to scalar grid points.
In another word, velocity components were calculated for
the points that lie on the faces of the control volumes. Thus, the
control volumes for scalars were different from those for the
vectors. Discretized equations for a variable were formulated
by integrating the corresponding governing equation over
the three-dimensional control volumes. The final discretized
equation takes the following form [23]:

ap¢p = agPg + awdw + andn + asps + arPr + apPs
+addy + SyAV )

where subscript P represents a given grid point, while
subscripts E, W, N, S, T, B represent the east, west, north,
south, top and bottom neighbours of the given grid point P,
respectively. The symbol ¢ represents a dependant variable
such as velocity or enthalpy, a is the coefficient calculated
based on the power law scheme, AV is the volume of the
control volume, ag and qbg are the coefficient and value of
the dependant variable at the previous time step, respectively.
Sy is the constant part of the source term S, which can be
expressed as:

S = Sy + Spop (10
The coefficient ap is defined as:
ap:aE+aw+aN+as+aT+aB+ag+SpAV (]])

The governing equations were then solved iteratively on a line-
by-line basis using a tri-diagonal matrix algorithm (TDMA).
The detailed procedure to solve the equations is described
in [23].

3.4. Grid spacings and time steps

A very fine grid system and small time step were used to
improve the computation accuracy. A typical grid system
used in this paper contained 83 x 45 x 60 grid points,
and the corresponding computational domain had dimensions
of 30mm in length, 15mm in width and 15mm in depth.
Spatially non-uniform grids were used for maximum resolution
of variables. A finer grid spacing was used near the heat source.
The minimum grid space along the x, y and z directions were
about 17 um, 17 um and 10 um, respectively. The time step
used in the heating part was 0.05 ms, while the time step for
the cooling part was 0.005 ms to obtain more accurate results.

3.5. Convergence criteria

In this model, two convergence criteria are used, i.e. residuals
and heat balance. The residuals for velocities and enthalpy are
defined as:

R = {
domain

Z |(aegE + awdw + andn + asps + arpr + apPn

—1
+a8¢8+SUAV)/aP—¢p|} [ > |¢p|} (12)

domain
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Table 2. Data used for calculations [21, 32, 34-36].

Property/parameter Value
Density of liquid metal (gm cm~3) 7.2
Absorption coefficient 0.27

Effective viscosity (gmcm™! s71) 1

Solidus temperature (K) 1697
Liquidus temperature (K) 1727
Enthalpy of solid at melting point (cal gm~") 286.6
Enthalpy of liquid at melting point (cal gm™') 300.0
Specific heat of solid (cal gm~! K1) 0.17

Specific heat of liquid (cal gm~' K~1) 0.20

Thermal conductivity of solid (calcm™! s7' K1) 0.046

Effective thermal conductivity of liquid 0.5
(calem™'s7' K1)

Temperature coefficient of surface tension —0.43
(dynescm™' K1)
Coefficient of thermal expansion 1.96e—5

Convergence was assumed when the value of R in equation (12)
reached <10~*. In addition, the following heat balance
criterion for the convergence of the computed temperature
profiles was also checked.

90— net heat input (13)

" | total heat output + heat accumulation

Upon convergence, heat balance ratio 6 should be very close
to 1. In this study, the convergence criterion used was 0.999 <
6 < 1.001. The data used for calculations [21, 32, 34-36] are
presented in table 2.

4. Results and discussion

4.1. Comparison between the calculated and experimental
results

The experimentally determined weld pool cross sections are
compared with the corresponding computed values in figure 1.
It is observed that the calculated weld pool geometry and
dimensions agree well with the experimental results. Both
the experimental and the computed results show that with the
increase in the beam diameter, the weld pool becomes wider
and shallower. This observation is consistent with distribution
of energy over a wider area with the increase in the beam
diameter. Since the temperature coefficient of surface tension
is negative, the molten metal on the surface flows from the
centre to the periphery of the pool. As a result, the convection
in the weld pool aids in the transport of heat from the middle
to the periphery of the weld pool. The role of convection
in the heat transfer will be discussed in more details later in
this paper. The experimental values of weld pool depth and
width for various laser power densities agreed well with the
corresponding calculated values as shown in figure 2. The fair
agreement indicates validity of the transient heat transfer and
fluid flow model.

4.2. Temperature and velocity fields

Figures 3(a)—(e) show the computed temperature and velocity
fields as a function of time. The contour values in the figures
represent temperatures in kelvin. In the initial period, the
weld pool expands rapidly in size and the temperatures and

500 mm/s

o5 0

Figure 1. Experimental and calculated weld pool cross sections for
laser power of 1967 W and pulse duration of 3 ms. (a) Beam radius:
0.428 mm; (b) beam radius: 0.57 mm.
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Figure 2. The experimental and calculated results of effects of laser
power density on (a) the weld pool diameter and (b) the weld pool
depth. The power density is defined as the ratio of power and the
laser beam area of cross section.

velocities increase with time. At the end of the pulse, the
peak temperature drops and the weld pool shrinks rapidly, as
shown in figures 3(d) and (e). The liquid flow during heating
is mainly driven by surface tension force and to a much less
extent by the buoyancy force. This matter will be discussed
more fully using dimensionless numbers. The calculations
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Figure 3. Computed temperature and velocity fields at different times: (a) t = 1 ms, (b) t =3 ms, (¢) t = 4ms, (d) t = 4.5ms and
(e) t = 5ms. Laser power: 530 W, pulse duration: 4.0 ms, and beam radius: 0.159 mm.

show that the weld pool solidifies completely in about 1.7 ms
after the laser pulse is switched off. The maximum velocity in
the weld pool is about 95 cm s~!, while at the time of 5.0 ms
(1.0 ms after the laser is switched off), the maximum velocity
is still about 0.4 cms~! driven mainly by inertia.

A two-phase solid-liquid mushy zone exists in the thin
region between the solidus (1697 K) and liquidus (1727 K)
isotherms. The size of this zone is very small during heating
as shown in figures 3(a)—(c). At the end of the pulse, the size
of the mushy zone increases significantly as can be observed
from figures 3(d) and (e). The evolution of mushy zone during
laser spot welding is discussed in detail in a later section.

4.3. Weld thermal cycle

Figure 4 shows the changes in the computed temperatures at
various monitoring locations. The monitoring locations 2,
3 and 4 are at 0.1 mm distance from the weld centre but at
0°, 45°, and 90° planes, respectively. Similarly, monitoring
locations 5, 6 and 7 are at 0.2 mm from the weld centre along
0°, 45°, and 90° planes, respectively. The results indicate that
initially the heating rate in the weld pool is very fast. With the
increase in temperature, the heating rate decreases gradually
until the laser is switched off. When the solidification starts, the
temperature decreases quickly until it is close to the liquidus
temperature. At this temperature, there is a plateau in the
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thermal cycle curves indicating very low cooling rate due to
the release of the latent heat of fusion, as discussed in the
next section. When the weld pool cools below the liquidus
temperature, the temperature decreases gradually.

The peak temperatures and the heating rates vary
significantly depending on the location.  Similarly, the
cooling rates above the liquidus temperature vary significantly.
However, as the weld metal cools, the spatial variation of
the cooling rates decreases. When the temperature drops
below the solidus temperature, the variation of the cooling
rate becomes small due to nearly constant outward heat loss
from all locations of the weld. Thus, the spatial variation
of the microstructure is expected to be small in the weld
metal, except in certain special steels whose microstructures
are highly sensitive to cooling rate.

From figure 4, it can also be seen that the thermal cycles at
locations equidistant from the weld centre show considerable
variation. At the top surface, i.e. x—y plane, the shape of
the weld poolis closeto acircle. Asaresult, the temperatures at
different locations equidistant to the weld centre are the same.
However, in the x—z plane, the temperatures at the 0° plane,
represented by curve 2 are higher than those at the 90° plane
represented by curve 4 although both locations are at a distance
of 0.1 mm from the location of the laser beam axis. This
variation is mainly due to the shallow pool geometry which
increases the temperature gradient along the 90° plane in
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Figure 4. Weld thermal cycles at different locations. (a) Top
surface; (b) cross section. Distance from the weld centre:

1: 0.0mm; 2: 0.1 mm at 0°; 3: 0.1 mm at 45°; 4: 0.1 mm at 90°;
5:0.2mm at 0°; 6: 0.2 mm at 45°; and 7: 0.2 mm at 90°, as shown in
the small figure. Calculated weld pool radius is 0.254 mm and the
depth is 0.202 mm. So all points are in the weld pool at some time.
The solid horizontal lines indicates solidus temperature. Laser
power: 530 W, pulse duration: 4.0 ms, and beam radius: 0.159 mm.

comparison with the 0° plane. The average temperature
gradient in the weld pool at the 90° location is higher than
that at the 0° plane since the weld pool is shallow and wide.
For locations at the same distance to the weld centre, the higher
the average temperature gradient, the lower the temperature.
Therefore, at locations equidistant from the weld centre, the
temperatures at the 0° plane are the highest and those at the 90°
plane are the lowest. A similar observation was also made by
Wei et al [33] while studying GTA spot welding.

4.4. Role of convection from dimensionless numbers

4.4.1. Relative importance of heat transfer by conduction
and convection. In the weld pool, heat is transported by
a combination of convection and conduction. The relative
importance of convection and conduction in the overall
transport of heat can be evaluated from the value of Peclet
number, Pe, which is defined by

upC,Lr
k

Pe = (14)
where u is the average velocity, Ly is the characteristic length
taken as the pool radius at the top surface of weld pool, p, C,
and k have been defined earlier. When Pe is less than 1, the heat

Maximum Peclet Number

Time (ms)

Figure 5. The variation of maximum Peclet number with time.
Laser power: 530 W, pulse duration: 4.0 ms, and beam radius:
0.159 mm.

transport within the weld pool occurs primarily by conduction.
When Pe is much higher than 1, the primary mechanism of heat
transfer is convection. For spot welding, the value of Peclet
number is a function of time since both u and Ly depend on
time. Figure 5 shows the change of maximum Peclet number
with time in the weld pool. It can be seen that at the beginning
of pulse cycle, the Peclet number is low and conduction is
the primary mechanism of heat transfer. With time, the Peclet
number increases and convection becomes more important heat
transport mechanism in the weld pool. When the pulse is
switched off, the Peclet number drops to a very low value very
quickly and conduction becomes the main mechanism of heat
transfer again due to rapid decrease in velocity.

4.4.2.  Relative importance of different driving forces.
Several dimensionless numbers have been used in the literature
to determine the relative importance of different driving forces
in the weld pool [37]. The ratio of buoyancy force to viscous
force is determined by Grashof number:

gBLIATP?
= 2
where g is the gravitational acceleration, B is the thermal
expansion coefficient, AT is the temperature difference
between the peak pool temperature and solidus temperature
and Ly, is a characteristic length for the buoyancy force in the
liquid pool which is approximated by one eighth of the pool
radius [37]. Surface tension Reynolds number, Ma, is used to
describe the ratio of surface tension gradient force to viscous
force, and is calculated as:

_ pLrAT|dy/0T|
12
Using the physical properties listed in table 2 and the

experimental conditions of figure 3, Grand Ma att = 4 ms (i.e.
just before the laser is switched off) are calculated as follows:

~ 980 x 1.96 x 1073(0.0256 x (1/4))* x 1400 x 7.22
= P

Gr (15)

Ma (16)

Gr

=3.65x 107 17

7.2 x0.0256 x 1400 x 0.43

Ma B

= 110.96

(18)
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The relative importance of the primary driving forces
can be judged by the combination of these dimensionless
numbers. The ratio of surface tension force to buoyancy force
is expressed as:

Ma 110.96

— — 5
Gr =365 x10¢ 010

Ryp = 19
Therefore, it can be expected that the liquid flow is mainly
driven by Marangoni convection and to a much less extent by

the buoyancy force.

4.4.3. Order of magnitude of maximum velocity in the weld
pool. Since the surface tension force is the dominant driving
force for convection in the weld pool, the order of the maximal
velocity can be approximated by [38]:

s, dydT WP

~ e 20
“m AT dy 0.664p12 0172 20)

where dT'/dy is the average temperature gradient in the weld
pool, W is the weld pool radius and the other variables have
been defined before. Substituting corresponding value, we
can get

0.0256'/2 23
< 11/2)

~ S
tt <o.43 X 02% 10° x o

=84.1cms™! 2n

This value is in good agreement with that calculated using the
three-dimensional transient heat transfer and fluid flow model,
where the maximum velocity at t+ = 4ms was found to be
about 95 cms™!.

The foregoing dimensional analysis provided insights
about the weld pool development during spot welding. It
should be noted that these order of magnitude analyses cannot
provide accurate and detailed information about the spot
welding processes, which requires numerical calculation with
very fine grids and small time steps.

4.5. Evolution of mushy zone

The Evolution of mushy zone size during the laser spot
welding is shown in figure 6. During heating, the liquidus
and solidus isotherms are very close and the resulting size of
mushy zone is very small. After the pulse is switched off,
the mushy zone expands initially and the maximum size of the
mushy zone is reached when the pure liquid region diminishes.
The size of the mushy zone then decreases as solidification
proceeds further.

The initial expansion of the mushy zone size could be
explained by considering the effect of the latent heat of fusion.
When the temperature is higher than the liquidus temperature,
the heat loss is accompanied by a decrease in temperature.
As the temperature drops between the liquidus and solidus
temperatures, the heat loss comes mainly from the release of
the latent heat of fusion and the temperature decrease is very
slow. As a result, the liquidus isotherm moves faster than the
solidus isotherm until the pure liquid region vanishes and the
entire weld pool is transformed to mushy region. The evolution
of the mushy zone during solidification is demonstrated more
clearly in figure 7. As shown in this figure, the pure liquid
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Figure 6. Evolution of the mushy zone size during laser spot
welding. The symbols Dy, and Ds are the distances from the weld
centre to the liquid/mushy zone and mushy zone/solid interfaces at
the pool top surface, respectively. The size of the mushy zone, Dy,
is defined as the difference between Dy and Ds, as shown in the
small figure. Laser power: 530 W, pulse duration: 4.0 ms, and beam
radius: 0.159 mm.
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Figure 7. Distribution of temperature at the pool top surface at
various solidification times. Time equal to 4 ms corresponds to the
time when solidification starts. Laser power: 530 W, pulse duration:
4.0 ms, and beam radius: 0.159 mm.

region disappears in about 0.8 ms after the solidification starts
and the mushy zone exists for about another 0.9 ms before
the weld pool solidifies completely. The existence of a large
mushy region is a unique feature of the solidification during
spot welding [7, 33].

4.6. Solidification

During the rapid solidification of the weld pool, the critical
parameters in determining the fusion zone microstructure
are temperature gradient (G), solidification growth rate (R),
undercooling (AT) and alloy composition. Undercooling,
AT, indicates how far a liquid alloy of given composition is
cooled below its equilibrium liquidus temperature. Since weld
solidification proceeds from the preexisting solid substrate,
only undercooling associated with growth is important. The
undercooling is comprised of contributions from thermal,
constitutional, kinetic and solid curvature effects [38]. In this
study, in order to simplify the calculations, no undercooling is
considered. The solidification parameters were calculated by
considering only the heat transfer and fluid flow in the weld
pool. In other words, the equilibrium liquidus isotherm is
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assumed to represent the liquid/mushy zone boundary, while
the equilibrium solidus isotherm was assumed to be the mushy
zone/solid boundary.

Figure 8 shows distances of the mushy zone/liquid
interface to the weld centre as a function of time for two
laser power densities (cases A and B). The symbols, Dy and
Dy represent the distances between the mushy zone/liquid
front and the weld centre at 0° and 90° planes. It is observed
that for case A, Dy and Dgy are very close to each other,
while for case B, Dy is twice that of Doy due to the use of
larger beam radius. From this figure, the solidification rate,
defined as the rate at which the mushy zone/liquid interface
in the weld pool advances, can be calculated as the slopes
of distance versus time. Figures 9 and 10 show the four
important parameters of solidification, temperature gradient
(G), solidification rate (R) and their combinations GR and
G /R as a function of the time at the 0° and 90° planes for cases
A and B, respectively. The temperature gradients, G and Gy,
are evaluated in the liquid at the mushy zone/liquid interface.
The figures show that G and Gy at both planes decrease with
time, while the solidification rates at both planes increase with
time. The maximum solidification rate is reached when the
weld pool solidifies completely. In order to understand the
solidification phenomena, let us consider the following heat
balance equation [33]:

o & ksGs kG
- dr - f_LL

where Gg and G, are the temperature gradient in liquid at the
mushy zone/liquid interface, respectively, ks and ki, are the

(22)
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Figure 8. Distance between the mushy zone/liquid front and weld
centre as a function of time. (a) Laser power: 530 W, pulse duration:
4.0 ms, and beam radius: 0.159 mm. (b) Laser power: 1967 W,
pulse duration: 3.0 ms, and beam radius: 0.57 mm.

thermal conductivities in the solid and the liquid, respectively,
and fi, is the liquid fraction. As shown in figure 7, G, drops
more rapidly than Gg during solidification. Furthermore, fi,
decreases with time as the solidification progressed. As a
result, the solidification rate increases with time, which is
indicated in figures 9(b) and 10(b).

The solidification rate, R, and temperature gradient, G, are
important in the combined forms G /R and G R (cooling rate).
As shown in figures 9(c) and 10(c), the solidification parameter
G /R decreases with time, since G decreases while R increases
with time. The solid—liquid interface stability factor, G/R, is
related to the solidification morphology. As the value of G/R
increases, the interface morphology changes from equiaxed-
dendritic, to cellular-dendritic, to cellular grains [39]. As
the solidification progresses from the mushy zone/liquid front
to the weld centre, the mushy zone/liquid interface has the
maximum temperature gradient and minimum solidification
growth rate. While for the weld centre, the situation is
completely different. It has the minimum temperature gradient
and maximum solidification rate. Therefore, the value of G/R
decreases from the fusion line to the weld centre. As a result,
we may expect a cellular type of microstructure close to the
fusion line, an equiaxed-dendritic microstructure at the pool
centre, and a cellular-dendritic microstructure between these
two regions.

The solidification parameter G R is useful as it influences
the scale of the solidified substructure. Since G decreases
and R increases with time, the value of GR does not change
monotonically with time. Depending on how the rates of G
and R change with time, the value of GR can either increase
or decrease with time as shown in figures 9(d) and 10(d).

From figures 9 and 10, it can be seen that the solidification
parameters vary with location in the weld pool. The computed
values of these parameters at the mushy zone/liquid interface
for 0° and 90° planes are different. These differences can be
explained from weld pool geometry. From figure 8, D is very
close to Dqg for case A, while for case B, Dy is much larger than
Dyy. In other words, the weld pool cross section for case A
(figure 9) is close to a hemisphere. As a result, the values of
the four solidification parameters along 0° and 90° planes are
very close, while for case B (figure 10), there are significant
differences in the values of these four parameters between 0°
and 90° planes.

It should be noted that the calculated solidification
parameters have not been validated by comparing with the
corresponding experimental results in 304 stainless steel laser
spot welds. Calculations presented here indicate aspects of
solidification in a qualitative manner, since the focus here was
the examination of the results of the transient heat transfer
and fluid flow model. Furthermore, the solidification process
investigated in this model is governed only by the transfer of
heat. An accurate prediction of the weld pool solidification will
require consideration of both the thermodynamics and kinetics
of solidification.

4.7. Comparison of laser spot welding with GTA spot
welding and GTA linear welding

Laser spot welding is characterized by a much shorter time
span than the GTA spot welding or GTA linear welding. As
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Figure 9. The values of G, R, G/R, GR along 0° and 90° planes at the mushy zone/liquid interface as a function of time. (@) G; (b) R;
(c) G/R; (d) GR. Laser power: 530 W, pulse duration: 4.0 ms, and beam radius: 0.159 mm.
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a result, the temperature gradients in the work piece and its
cooling rates are significantly different in the three processes.
The computed values of spatial and the temporal variations of
temperature for the three welding processes are compared in
table 3. The laser spot welding is characterized by higher
power intensity, higher peak temperature and smaller weld
pool size. As a result, the cooling rate, temperature gradient
and the solidification rate in the weld pool are much higher
than those in GTA linear and spot welding. The computed
results in table 3 indicate that during laser spot welding, the
maximum temperature gradient in the weld pool can reach
to 3050 Kmm~! and the maximum solidification rate can be
as high as 920mms~!. For a typical GTA spot welding of
1005 steel, the maximum temperature gradient in the weld
pool is about 430 K mm~' and solidification rate of 30 mms~".
More important, the cooling rate in the laser spot welding
is significantly higher than the GTA welding. Therefore, it
is possible to obtain the different solidification substructures
in the fusion zone depending on the welding process. The
computed results in the table provide a good understanding
of the relative values of important parameters for the three
welding processes. However, the results must be used with
caution, since the temperature gradients and the cooling rates
presented in table 3 depend strongly on the welding parameters.

5. Conclusions

(1) The fusion zone geometry, calculated from the transient
heat transfer and fluid flow model, was in good agreement
with the corresponding experimentally measured values
for various laser spot welding conditions. During heating,
the heating rate varies significantly at different locations.

Table 3. Comparison of laser spot welding variables with GTA
linear welding [18] and GTA spot welding [33].

GTA linear  GTA spot Laser spot
welding welding welding
Materials AISI 1005 AISI 1005 304 stainless
carbon carbon steel
manganese  manganese
steel steel
Power (kW) 1.9 1.9 1.9
Beam radius (mm) 2.35 2.35 0.57
Pulse duration/ Velocity = 16s 3ms
welding velocity 0.6mms~!
Peak 2000 2100 2700
temperature (K)
Depth (mm) 1.85 1.8 0.22
Half-width (mm)  4.41 43 0.48
Cooling rate 40 250 41380
between
773 and 1073 K
(Ks™)
Maximum 120 430 3050
temperature
gradient at the
top surface
(Kmm™")
Maximum 0.6 30 920
solidification
rate at the
top surface
(mms~")

As the weld pool cools below the solidus temperature, the
spatial variation of cooling rates decreases.

(2) The liquid flow is mainly driven by the surface tension
and to a much less extent, by the buoyancy force. Liquid
metal convection significantly affects heat transfer in the
weld pool towards the end of the pulse. Heat transfer
by conduction is important when the liquid velocity is
small at the beginning of the pulse and during weld pool
solidification.

(3) The size of the mushy zone, i.e. liquid + solid two-phase
region, grows significantly with time during solidification
and the maximum size of the mushy zone is reached when
the pure liquid region vanishes. This behaviour can be
explained from the heat transfer consideration taking into
account the latent heat of fusion.

(4) The temperature gradients (G) in the liquid at the mushy
zone/liquid interface decrease with the solidification time.
The solidification rate (R) of the mushy zone/liquid
interface increases with time. The combination of
solidification parameters G and R, i.e. G/R and GR,
were quantitatively calculated in laser spot welding of
304 stainless steel.

(5) For laser spot welding, the cooling rate, temperature
gradient and the solidification rate in the weld pool were
much larger than those for GTA linear welding and GTA
spot welding.
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