A Study on Heat Source Equations for the Prediction of Weld
Shape and Thermal Deformation in Laser Microwelding

W.-S. CHANG and S.-J. NA

In the area of laser welding, numerous studies have been performed in the past decades using either
analytical or numerical approaches, or both combined. However, most of the previous studies were
process oriented and modeled conduction and keyhole welding differently. In this research, various
heat source equations that have been proposed in previous studies were calculated and compared with
anew model. Thisisto address the problem of predicting, by numerical means, the thermomechanical
behavior of laser spot welding for thin stainless steel plates. A finite-element model (FEM) code,
ABAQUS, is used for the heat transfer and mechanical analysis with a three-dimensional plane
assumption. Experimental studies of laser spot welding and measurement of thermal deformation
have al so been conducted to validate the numerical models presented. The results suggest that tempera-
ture profiles and weld deformation vary according to the heat source equation of the laser beam. For
this reason, it is essential to incorporate an accurate model of the heat source.

. INTRODUCTION

LASER welding has become a significant industrial
process because there are many outstanding advantages in
using laser welding over other widely used bonding technol -
ogies. As an aternative to the common adhesives or solders
used for the joining process, laser welding offers a number
of attractive features such as high weld strength to weld
sizeratio, reliability, and minimal heat-affected zone. These
provide the benefits of low heat distortion, a noncontact
process, repeatability, ability to automate, and high
throughput. For these reasons, the applications of laser beam
welding have broadened in the past decades.

Concurrently, the need to predict laser welding behavior
has also become more important since thermal analysis of
thelaser weld joint isaprerequisite for designing the process
parameters as well as the mechanical attributes of the joint,
i.e., thethermal distortion and residual stresses. Studies have
shown that thelaser welding processisvery complex, includ-
ing such phenomena as thermal conduction in a multiphase
system, fluid flow, gas dynamics, and plasma effects. A
number of simple analytical and numerical modelshave been
developed to describe various aspects of the laser welding
process, usualy for a specific range of conditions where
one or afew phenomena dominate the process.[*2° For this
reason, sophisticated computational models of laser welding
are required to study a wider range of conditions and the
mutual interactions among the various phenomena, although
the analysis requires a great deal of calculation.

More complicated models and much more computation-
aly intensive calculations become possible as computer
technology develops. The model to be described here was
designed to extend the capabilities of numerical analysis
using the heat source equation to a wide range of process
conditions. It especially concerns laser spot welding of thin
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plates, which is usually used for small-parts joining proc-
esses. In this study, numerical analyses, which use previous
heat source equations, and those that use the proposed one
are performed and compared with each other. Experimental
studies of laser spot welding have also been conducted to
validatethe numerical models presented. Numerical analyses
are performed using a commercial FEM code, ABAQUS.

A. Previous Model of Laser Welding

Mazumder and Steenl® developed the first numerical
model of the continuous laser welding process. This model
implemented the finite-difference technique for a Gaussian
beam intensity distribution and started with the assumption
that the laser beam source is treated as heat flux and the
absorptivity of the incident radiation below the boiling point
was 20 pct but the absorptivity of laser radiation was consid-
ered to be 100 pct when the temperature exceeded the boiling
point. They also assumed that the energy absorption followed
the Beer—Lambert’slaw, g, = goe™ %, where 3 isthe absorp-
tion coefficient and g, and ¢, are the intensities at depth z
and on the surface, respectively. This model may simulate
the physical phenomena of the initiation of the keyhole.
Zacharia et al.!*® also developed a two-dimensional finite-
difference model using a Gaussian heat-flux equation to
describe the convective flow and heat transfer in the fusion
zone. A Gaussian heat flux Q(r) is presented as follows:

A=~ exp(—s r_—) (1

wheretheeffectiveradiusty isassumed at which theintensity
fallsto 5 pct of the peak value and total optical power (P)
by the laser beam isthe integral of the optical intensity over
a transverse plane (say, at a distance 2),

P = j I (r, 227rdr 2]
0

The model of Mazumder et al. was combined with a heat-

flux eguation and used as internal heat generation in the
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case of deep penetration welding.[* The combined heat
source equation is presented as follows:

2 8P

7752

r2
Q(r, 2 = exp (—2 e BZ) (3]
wherethe effectiveradiust, isassumed at which theintensity
falls to 13.5 pct of the peak value. Sonti and Amateaul®
also treated the laser weld heat input as an interna heat
source rather than a surface flux by using the relation

2
exp(—BL—z —3§> [4]

I3

Qr, 29 =

3%

Thus, the heat source was assumed to have a Gaussian
distribution in the radia direction with exponential decay
in the thickness direction. An effective radius and depth of
the energy source, T3 and Z, respectively, were assumed at
which the intensity falls to 5 pct of the peak value. As
another model, it was proposed that the volumetric heat
source has a Gaussian transverse distribution, corresponding
to the laser intensity profile, and this distribution extends
uniformly with depth into the material for a distance dy,
forming a “Gaussian rod,”® which is represented as

P r?2
Q(r, 2 = P exp (‘ Ez) u2 (5]

wherethe effectiveradiust, isassumed at which theintensity
falls to 37 pct of the peak value, u(z) = 1 for 0 = z = dy,
and u(z) = 0 otherwise. The distance dy is the maximum
keyhole depth, or maximum penetration of the vaporization
isotherm into the material, and must be determined itera-
tively as part of the model.

B. The Proposed Heat Source Equation

Previous heat source equations have been used to solve
just the energy balance equation with appropriate initial
and boundary conditions. The laser spot welding process is
somewhat more complicated than just the simple diffusion
of heat away from the surface because of the short process
time with high beam intensity. In this study, the mechanism
of the propagation of the beam into amaterial, closely related
to the energy balance problem, is considered. In the simplest
case, the beam power absorbed locally at the keyhole wall
can be described by considering only the Fresnel absorption
of the beam intensity distribution I(x,y,2) hitting the surface.
The intensity of the laser beam has a Gaussian—like
distribution:[%

r > 2r2
|(Xayy2):|(r,Z)=I0(t)<FL:’) exp(__> -

2
re

where |, is the beam intensity at the beam’s focal point
(W/m?), r;o the beam’s focal radius (m), r; the beam’s radius
at depth z (m), and r the radia distance from the center of
the beam (m). It is determined by the focusing number F
of the focusing optics, the wavelength A, and the beam
quality M2. Whereas an ideal Gaussian TEM, beam has
M2 = 1, for real multikilowatt laser beams, alarger value for
M?2 must be used. These parameters lead to the focal radius
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2AFM?
o = [7]
T
and the Rayleigh length (depth of focus):
z = *£2rqF (8]
with the beam radius r¢(2) varying over the depth by
z— 2 2q1/2
(2 = rio [1"'( Z )} [9]

where z, is the position of the foca plane relative to the
upper surface of the workpiece; in thiswork, positive values
are in the beam direction. The peak intensity I, is expressed
as follows:

2P

7Trf02

lo = [10]
where P isdefined in Eq. [2]. Thefinal form of the volumet-
ric heat source term, Q(x,y,zt), can be expressed as

QX ¥,z t)=Q(r, zt)
2
- 20 (rf—o> exp [— zﬁ} U2 [11]

arréed \ 1 r2

where u(z) = 1for 0 = z = d and u(z) = 0 otherwise; d is
the beam penetration depth, which is given by the drilling
velocity vy, and rfq and r¢ are the beam’s focal radius at
surface and depth, respectively. At the centerline of the
workpiece, the temperature gradient in the transverse direc-
tion can be neglected due to symmetry of heat flow. The
amount of volumetric heat is determined by beam penetra-
tion depth.

C. Beam Penetration Depth

For spot welding, there are two main mechanisms for
removal of material from the beam interaction zone and
consequent propagation of melt front into the metal bulk.
They are (1) melt g ection by the vaporization-induced recail
force and (2) melt evaporation. When a high-power beam
initialy strikes, the surface temperature rapidly reaches the
melting point and even boiling point of the material. It
inducesrecoail pressureto the melt surface and makes a small
hole known as a keyhole. Semak et al.[*>!3 made the one-
dimensional (1-D) model, which considered the heat transfer
due to the recoil pressure induced melt flow. From this
model, the three-dimensiona (3-D) melt flow model was
proposed in this study to calculate the beam penetration
velocity or drilling velocity. The 3-D model of the melt layer
is shown schematically in Figure 1, in which the R-axis is
directed along the spot radius and the Z-axis coincides with
the normal to the melt surface. If the steady-state regime of
evaporation and melt gection is reached, then the melting
front and the melt-vapor interface propagate inside the mate-
rial dong the Z-axis with velocity vy, which subsequently
is called the “drilling” velocity. The rate of melting of solid
metal equals the sum of the melt gection and evaporation
rates, so the mass conservation equation gives

T 2pNg = 2718 mPmVim + 712 pmVy, [12]

where ps and p,, are the densities of the solid and liquid
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Fig. 1—Physical model of melt removal from the interaction zone.

phases, respectively; &, isthe melt-layer thickness; vy isthe
drilling velocity; v, is the melt-gjection velocity along the
radial direction of the melt layer; and v, is the evaporation
front’s velocity directed along the Z-axis. As Semak and
Matsunawa assumed, the melt thickness (§5,,), during steady-
state front propagation with velocity vy, is approximately
calculated as

Om =~ amlvy [13]

where a,, isthediffusion coefficient. Then, Eq. [12] isrewrit-
ten in the following form:

V3 — 2 vy —Z@ar—mvmzo [14]

Ps Ps Tt

Solving the quadratic Eq. [14] and taking only the positive
solution gives

2 12
del p—mvv+ p—mvv +8p—ma—mvm [15]
2 Ps Ps Ps Tt
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The value of the evaporation front velocity v, is deter-
mined by the melt's surface temperature Tg:

vy, = Vg exp (—U/Ty) [16]

where U = M,L,/(NgKp), M, is the atomic mass, L, is the
latent heat of evaporation, N, is Avogadro’s number, kj, is
Boltzmann's constant, and V, is a constant whose value is
of the order of the speed of sound in the condensed phase.

The evaporation-induced recoil pressure generates melt
flow with the dominant direction being that in which the
recoil-pressure gradient is the highest. This means that, in
laser welding or drilling, the recoil pressure will provide
melt gjection to the sides of the weld pool or cut. Assuming
that a steady state has been reached and the melt flow is
like a 1-D flow. Thus, Bernoulli’s equation was used to
relate the melt velocity v, at the edge of the laser spot to
the value of the recoil pressure P, :

V= 2 [17]
Pm

According to the calculations performed by Anisimov and
Khoklov,[*® recoil pressure (P;) is used as follows:

P, = AP (T = AByTs Y2 exp (—U/Ty) [18]

where P is saturated vapor pressure, Tg is the melt’s surface
temperature, Aisanumerical coefficient, Byisavaporization
constant, and U isthe same asthat defined in Eq. [16]. From
this relationship, the drilling velocity (vg) is calculated at
each time-step and the beam penetration depth (d) is given
asd = vyt.

D. Governing Equation and Boundary Conditions

The heat transfer of laser spot welding can be calculated
by applying heat conduction theory, and the thermal and
mechanical aspects of the problem can be decoupled without
imposing a significant penalty on the calculation accuracy.
The following assumptions were made in the formulation
of the FEM.

(1) Theworkpieceisinitialy at 20 °C. Both the laser beam
and coordinate mesh are fixed.

(2) All thermophysical properties are considered to be tem-
perature dependent, and above the boiling point, the
thermophysical properties for iron vapor at 2860 °Cl'4
are used.

(3) Thelatent heat of fusion and vaporization is considered
according to Matsuhiro et al.l*®

(4) At the surface, absorptivity of 36 pct is assumed,®!
while below the surface, absorptivity of 90 pct, which
is induced by multireflection on the internal wall and
plasma absorption, is assumed.[*”]

The energy equation of the problem is
oT
p(MCM) 7 = V- (KMVT) +Qx .2 [19]

where p(T) is temperature-dependent density, C(T) is tem-
perature-dependent specific heat capacity, K(T) is tempera
ture-dependent thermal conductivity, and Q is power
generation per unit volume in the domain.

The natural boundary condition can be defined by
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Fig. 2—Temperature-dependent thermal properties.

kn%— q+h(T—Ty + oe(T*—Tg*) =0 [20]

where k;, is the thermal conductivity normal to surfaces that
are subject to radiation, convection, and imposed heat fluxes;
gisthe heat flux; histhe heat-transfer coefficient for convec-
tion; o is the Stefan—Boltzmann constant for radiation; and
e isemissivity. The convection coefficient used wash = 10
W/m?K and the emissivity (&) value of 0.25 was assumed for
stainless steel.[® The heat flux specified on the workpiece
surface is given by incident laser beam. During laser spot
welding, heat losses from the workpiece surface are through
natural convection, radiation, and evaporation of molten
metal. Only the convective and radiative heat losses were
applied for this study. The initial condition for the transient
analysisis T (X, ¥, z, 0) = (To(X, ¥, 2), where Ty is the
initial temperature.

E. Material Properties

As previously noted, the material to be joined is AlS|
type 304 stainless steel plate. Temperature-dependent ther-
mal properties of this material were assumed to be isotropic
and homogeneous and are shown in Figure 2. Since thermal
properties over the melting point are not known, linearly
extrapolated properties were used in the simulation. The
latent heat of fusion was 247 kJ/kg, to berel eased or absorbed
over the temperature range from solidus temperature (Tsy)
1400 °C to liquidus temperature (T.j;) 1500 °C, and the
latent heat of vaporization was 7600 kJ/kg.l*"

F. Description of Discrete Model

To simulate the pulsed laser spot welding process, a 3-D
thermal analysis was used. To consider the temperature-
dependent parameters in the formulation of the laser spot
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Fig. 3—Symmetric physical model for therma analysis of laser spot
welding.

HeN

Fig. 4—(a) and (b) Experimental setup of laser spot welding and ESPI.

welding process, the model relied on solving a nonlinear
parabolic differential equation for heat diffusion. The nonlin-
ear finite-element solver, ABAQUS, was employed to solve
the transient thermal analysis of the problem.[?’! The speci-
men was taken in the form of two flat plates connected at
thejoint part. The overall geometry and boundary conditions
of the solution domain are shown schematically in Figure 3.

Since the symmetry to the y-axis, as shown in Figure 3,
is evident, only half of the plates were modeled, based on
eight-node quadratic 3-D solid elementsin the finite-element
analysis. The mesh size was approximately 90 um near the
centerline of the laser beam at which the temperature gradi-
ent is steep. The time-step was controlled according to the
criterion that the temperature change between any two adja-
cent time-steps was less than 500 K. The thermal analysis
of one pulse laser spot welding proceeded for 4 seconds
when the temperature inside the specimen was expected to
cool down to approximately 373 K.

1. EXPERIMENTS

Experiments were designed to evaluate the numerical
results. Figure 4 shows the experimental setup of the laser
welding system and optica configuration of electronic
speckle pattern interferometry (ESPI) used for determining
the out-of -plane displacement of optoel ectronic components.
The basic idea of ESPI is to compare the typical patterns
in the image plane before and after the deformation of an
object hastaken place. Sincetheindividual imagesare stored
electronically in a computer, the handling of such a system
is convenient.?*?2 The system consists of a pulse Nd:YAG
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Fig. 5—Morphologies of a sectioned specimen with various conditions:
(a) energy = 2.5 J, pulse duration = 4 ms, and focal position = +1.0
mm,; (b) energy = 3.0 J, pulse duration = 4 ms, and focal position = +0.5
mm; and (c) energy = 3.5 J, pulse duration = 4 ms, and focal position =
+0.5 mm.

laser, a fiber optic beam delivery system, a charge-coupled
device (CCD) camera, a HeNe laser, and optics for the
speckle interferometer. A laser beam delivered from the
Nd:YAG laser to the workpiece is accurately adjusted with
athree-axis stage. Type 304 stainless steel specimens, which
consist of two sheets with thickness 0.3 and 0.33 mm as
shown in Figure 3, were prepared for the experiments. Expo-
sure of a stainless steel sheet to alaser pulse formed a spot
weld, which was then sectioned and prepared to measure
the fusion zone dimensions. Some typical morphologies of
the sectioned specimen are shown in Figure 5.

1. RESULTS AND DISCUSSIONS

The experimental results for the various laser energies
and the focal positions at 4-ms pulse duration are shown in
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Fig. 6—Experimental results at a pulse duration of 4 ms.

Figure 6. In case of low laser energy, theweld sizeis smaller
as the focal position is further from the surface. But the
bead size is enlarged and the penetration depth and nugget
size show a slow diminishing trend at high energy. It is
considered that the outside of the laser beam which has low
beam intensity, is absorbed like surface heat flux, and the
inside of the beam which has high beam intensity, creates
penetration welding as the focal position is further. So the
bead size becomes large by the convection of the molten
pool near the surface as the laser energy is higher. And
comparing the results for 0.5- and 1-mm focal position, the
enlargement of the weld size is minute in the case of 0.5
mm focal position, but the latter showsaremarkableincrease
of the weld size with increasing power. Thisis probably due
to the fact that the recoil pressure induced by an abrupt rise
of temperature in weld part expels the molten metal, and
the laser beam with high intensity causes drilling of the
plates as focal position is nearer to the surface of specimen,
as shown in Figure 5(c). These phenomena reduce the heat
transfer by convection of molten metal and make it difficult
to calculate the weld shape in thermal analysis. To compare
the numerical results of previous models and the proposed
one of the heat source equation, the specific condition of
laser energy 2.5 J and pulse duration 4 ms, which shows
the evident change of weld shapewith varying focal position,
is applied.

Temperature contoursin the workpiece simulated for Egs.
[1] and [2] are shown in Figure 7. For clarity, the contours
are presented only in the joint region herein. When Eq. [1]
is used, a high temperature occurs near the upper plate of
the joint but the melting temperature does not reach the
lower plate, which is considered to be the result of a high
power beam heating thetop surfacefor ashort pulseduration,
which is insufficient for heat to transfer by conduction. It
shows a very different weld shape from the morphology
obtained by experiments. Thisindicatesthat considering just
conduction by heat flux is not appropriate for predicting the
laser-spot-weld shape of thin plates. Conversely, the result
using Eq. [2], which treats the laser beam as heat generation
in plates from the beginning of pulse duration, shows a
low temperature compared to the result using Eq. [1]. The
maximum temperature does not even reach the melting point,
1723 K. The absorption coefficient multiplied to power in
Eqg. [2] weskens the entire power. Therefore, Eq. [2] is
appropriate for high-powered CO, laser welding of thick
plates, which is influenced by plasma in the keyhole.

In the same way, numerical analysis using Egs. [3] and
[4] and the proposed model was performed, and the results
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Fig. 7—Calculated results for various heat source equations at a laser
energy of 2.5 J and pulse duration of 4 ms: (a) Eq. [1] and (b) Eq. [2].

New model
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Fig. 8—Comparison of calculated results with the experimental one for
various focal positions at energy of 2.5 J and pulse duration of 4 ms: (a)
focal position: +1.0, and (b) focal position: +0.5.

are displayed on the morphology of the sectioned specimen
in Figure 8. It shows atypical comparison example of cross
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Fig. 9—Comparison of calculated results with the experimental one for
various laser energies at a pulse duration of 4 ms: (a) focal position: +1.0,
and (b) focal position: +0.5.

sections of experiments and simulations obtained for the
thickness combination of 0.3 mm + 0.33 mm with laser
energy of 2.5 Jand pulse time of 4 ms. In Figure 8(a), the
focal point was located 1 mm above the plate, while it was
0.5 mmfor theresultsof Figure 8(b). Thismicrograph shows
that the penetration depth is deeper than the former one,
which also appears in numerical results. This comparison
has shown that the penetration depth associated with pulsed
laser welding is changing drastically as the focal position
varies.

The result using Eq. [3] shows a similar weld shape with
the experimental one at the 0.5-mm focal position, but it
does not reflect the change of the weld shape as the focal
position becomes further. Equation [3] does not represent a
sensitive change of penetration depth with varying focal
positionand it givesanarrower bead size than the experimen-
tal one. In Eq. [4], the beam penetration depth d, is cal culated
iteratively to find the most similar weld shape with the
morphology of the sectioned specimen. It isassumed that the
laser beam islike the Gaussian rod in penetration welding, so
there is no change in weld width from the top surface to
the bottom of platesin the case of the 0.5-mm focal position.
It also givesanarrow bead sizefor both of thefocal positions.
These results, which are obtained by Egs. [3] and [4], show
that there is a limit to predict weld shape for laser spot
welding of thin plates. On the other hand, the proposed
model, which is modeled to simulate the beam penetration
from the surface to the inside of the material, gives fairy
well accorded results. It also represents the change of weld
shape with varying focal positions. To verify the calculated
results, experimental and calculated joint shapes were com-
pared for various welding conditions, as shown in Figures
9. It is shown that the proposed model can predict better
than previous models not only the penetration depth and
nugget size but also the top bead size well to allow for the
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Fig. 10—Boundary conditions for the mechanical analysis.

error in measurement of the sectioned weld parts. From these
results, it was shown that the combined model of FEM
analysis using the proposed heat source equation could be
effectively applied for the prediction of spot weld shape
such as penetration depth, nugget size, and top bead size
for the thin workpiece pairs.

For verifying the trend of distortion, several mechanical
analyses and experiments were performed using the previous
heat source equations, which show similar weld shape with
the experiment for the lap joint plates. The boundary condi-
tions are shown in Figure 10.

The digital frame memory for measurement has a rela
tively high input rate of 1/15 sec for each frame. Taking
advantage of this fact, transient shape change of the laser-
welded plate has been investigated by using ESPI. Some
typical fringe patterns obtained are shown in Figure 11(a),
and the number of fringes is calculated in a specific time
and the numerical results displayed in Figure 11(b) to show
the displacement history. It shows clearly that, among vari-
ous heat source models considered, the results of measure-
ment are in the best agreement with the results obtained by
using the new model adopted in this study.

[V. CONCLUSIONS

From the results of finite-element analysis for laser spot
welding of thin stainless stedl sheets, the following conclu-
sions may be drawn.

1. To simulate the laser spot welding, which is sensitively
affected by process parameters, the heat source equation
reflecting the real phenomena is required.

2. The FEM using the proposed heat source equation can
estimate the laser spot weld bead shape of thin stainless
steel sheets more precisely than the previously used ones.

3. The proposed heat source equation can predict the laser-
spot-weld bead shape of thin stainless steel sheets with
varying process parameters such as focal position and
laser energy well.

4. Precise thermal analysis using the proposed heat source
equation could be effectively used to analyze the mechan-
ical attributes of the small structurejoint, i.e., the thermal
distortion and residual stresses.

NOMENCLATURE
P(t) time-dependent laser power (W)
p(T) temperature-dependent density (kg m—3)
C(T) temperature-dependent specific heat capacity
(Jkg K™
K(T) temperature-dependent thermal  conductivity
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Fig. 11—Typica fringe patterns and comparison of displacement history
at the end of the plate in the z direction with varying heat source equations.
(a) Fringe patterns on the lap welded plates. (b) Comparison of results.

(WmtK™

Q power generation per unit volumein the domain
(W m~9)

K, thermal conductivity normal to surfaces that are

subject to radiation, convection, and imposed
heat fluxes (W m™t K1)

q heat flux (W m~2)

h heat-transfer coefficient for convection (W
m—2 K™

o Stefan—Boltzmann constant for radiation (W
m2K™%

€ emissivity

Tso solidus temperature (K)

TLiq liquidus temperature (K)
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